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Cell-cell communication coordinates cellular differentiation, tissue homeostasis, and immune responses in states of health and disease. In abdominal aortic aneurysm (AAA), a relatively common and potentially life-threatening vascular disease, intercellular communications between multiple cell types are not fully understood. In this study, we analyzed published single-cell RNA sequencing (scRNA-seq) datasets generated from the murine CaCl2 model, perivascular elastase model, Angiotensin II model, and human AAA using bioinformatic approaches. We inferred the intercellular communication network in each experimental AAA model and human AAA and predicted commonly altered signaling pathways, paying particular attention to thrombospondin (THBS) signaling between different cell populations. Together, our analysis inferred intercellular signaling in AAA based on single-cell transcriptomics. This work provides important insight into cell-cell communications in AAA and has laid the groundwork for future experimental investigations that can elucidate the cell signaling pathways driving AAA.

Keywords: abdominal aortic aneurysm, cell-cell communication, single-cell RNA sequencing, thrombospondin, animal models


INTRODUCTION

Abdominal aortic aneurysm (AAA), defined as a focal dilation of the abdominal aorta beyond 50% of its normal diameter, is a common and potentially lethal aortic disease (1). Decades of basic and clinical research have revealed multiple molecular processes that underlie the development and growth of AAAs, including infiltration of immune cells, degeneration of extracellular matrix (ECM), and depletion of medial smooth muscle cells (SMCs) (2). Experimental data also implicate the importance of intercellular communication between inflammatory cells and SMCs during aneurysm development (3). Various anti-inflammatory strategies that were found to prevent aneurysm formation in mice were shown to reduce SMC death and preserve the contractile phenotype in the aortic wall (4, 5). Reciprocally, inhibiting cell death in aneurysm models has been shown to reduce intra-aortic accumulation of inflammatory cells (6, 7). Despite these early insights, a comprehensive understanding of communication patterns between different cell populations in healthy and aneurysmal aorta remains elusive.

Single-cell RNA sequencing (scRNA-seq) is a powerful research tool that has been recently employed by multiple groups to investigate transcriptomic profiles of human and experimental aortic aneurysm tissue at single-cell resolution (3, 8–11). The large data sets produced by published scRNA-seq studies confirmed the involvement of multiple cell types and subtypes in aneurysm pathophysiology. In addition, the published scRNA-seq data contained information on gene expression of ligands, receptors, and cofactors that could be used to analyze cell-cell communication status in the tissues (12, 13). CellChat is an analytic tool developed by Jin and colleagues that quantitatively deduces intercellular communication networks from scRNA-seq data (14). In this study, we applied CellChat to our scRNA-seq dataset as well as other published datasets generated from analyzing murine and human AAA tissues. Our data inferred the intercellular communication status of healthy and diseased aortas, and predicted potential signaling pathways altered by AAA in each model.



MATERIALS AND METHODS

CaCl2-, elastase-, or Angiotensin II (Ang II) induced mouse experimental AAA as well as human AAA scRNA-seq datasets were downloaded from the NCBI GEO data repository (GSE164678, GSE152583, GSE118237, and GSE166676). Data preprocessing, normalization, scaling, and cell clustering were performed with Seurat package (version 4.0.3) in R (version 4.1.1) environment (15). Cell populations were determined using the marker genes in the original studies (3, 9–11). Red blood cells were excluded for cell-cell interaction analysis. Seurat preprocessed data was then subjected to CellChat package (version 1.1.3) to infer, analyze, and visualize cell-cell communication (14). The ligand-receptor interaction database was included in the package. Conserved and context-specific signaling pathways identified by CellChat were subjected to EVenn to generate Venn diagrams or Venn networks for the visualization for set relationships (16).


Statistics

Statistical analysis was performed within the CellChat package. Interaction strength represents ligand-receptor mediated intercellular communication probability, quantified by the law of mass action. Incoming (or outgoing) interaction strength is the communication probabilities of the incoming (or outgoing) signaling to (or from) a cell population. The overall information flow for a given signaling pathway is the sum of communication probability among all pairs of cell groups in the inferred network (14).




RESULTS


Cell-Cell Communication in Murine CaCl2 Model

CellChat is an R toolkit that includes a database comprising 2,021 validated mouse molecular interactions or 1,939 human molecular interactions between signaling ligands, receptors, and their cofactors (14). The communication probability of a specific signaling pathway (such as COLLAGEN signaling) was the sum of the communication probability of each ligand-receptor pair of that specific signaling pathway. We evaluated cell-cell communication patterns in the murine CaCl2 model by applying CellChat to the scRNA-seq dataset published by our lab (GSE164678). In that study, we perivascularly treated the infrarenal abdominal aortas of C57BL/6J mice with 0.5 M CaCl2 (AAA group) or NaCl (sham group). Aortas were collected 4 days after AAA induction (10) to capture acute transcriptional responses within the aortic wall. This CaCl2 scRNA-seq dataset contains 3,896 cells in total, including 2,537 cells from the sham group and 1,359 cells from the AAA group. Cells were clustered into 12 populations, including two fibroblast (Fib), two smooth muscle cell (SMC), and three macrophage (Maph) populations, as well as several other cell types such as endothelial cell (EC), neutrophil (Neutro), dendritic cell (DC), T and natural killer cell (T/NK), and B cell (Supplementary Figure 1A).

CellChat analysis of the CaCl2 dataset revealed 8,799 total ligand-receptor interactions in the sham group and 8,601 interactions in the AAA group (Supplementary Figure 1B). The strength of a given ligand-receptor interaction is quantified by a probability value. This probability value is modeled by the law of mass action based on the average expression value of a ligand by one cell group and the expression value of a corresponding receptor in another cell group, as well as the cofactors of the ligand or receptor (14). On post-surgery day 4, the total interaction strength of the AAA group was moderately lower than that of the sham group (Figure 1A). When comparing the outgoing and incoming signals of each cell population in sham and AAA tissues, we found that SMCs and Fib-1 were the major signaling sources, and that SMCs also functioned as the major signaling target in both tissues (Figure 1B). Compared to the sham group, AAA induction increased signals sent from Maph-2 to SMC-1 and from DC to SMC-2, and decreased signals from fibroblasts (Fib-1 and Fib-2) and SMCs (SMC-1 and SMC-2) to SMC-2 (Figure 1C).
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FIGURE 1. Inferred intercellular communication network in the murine CaCl2 model. (A) Total interaction strength in sham (NaCl treated) and AAA (CaCl2 treated) groups. (B) Scatter plot of incoming and outgoing interaction strength of each cell population in sham and AAA groups. (C) Heatmap of differential interaction strength in AAA group compared to sham group. The top colored bar plot represents the sum of column of values displayed in the heatmap (incoming signaling). The right colored bar plot represents the sum of row of values (outgoing signaling). In the heatmap, red (or blue) represents increased (or decreased) signaling in AAA compared to sham group. Relative value = the interaction strength from source to target in AAA group – the interaction strength from source to target in sham group. (D) Overall information flow of each signaling pathway in sham and AAA groups. Relative information flow is the ratio of the communication probability of a certain group (sham or AAA group) relative to sham and AAA combined. (E–I) Signaling changes of SMC-1 (E), SMC-2 (F), Maph-1 (G), Maph-2 (H), Maph-3 (I) in AAA compared to sham group.


To identify the conserved and context-specific signaling pathways induced by AAA, we compared the overall information flow for each signaling pathway, which was defined by the sum of communication probability among all cell populations in each condition (14). As shown in Figure 1D, the majority of signaling pathways were found in both sham and AAA groups. There were seven signaling pathways (PTN, ANNEXIN, GDF, VISTA, CD6, ALCAM, SN) unique to sham, and three pathways (TNF, FASLG, LIFR) unique to AAA.

We next investigated the signaling changes in each population. Since SMC-1 and SMC-2 are enriched in transcripts related to the contractile and synthetic phenotypes, respectively (10), we examined signaling activities of these two cell populations more closely. AAA induction increased incoming SPP1 signaling and decreased incoming LAMININ signaling in both SMC-1 and SMC-2. In contrast, SMC-1 of the AAA group showed more outputs related to THBS signaling and less COLLAGEN signaling, whereas SMC-2 sent less THBS signaling and more COLLAGEN signaling upon AAA stimulation. Of note, SPP1 signaling in SMC-1 was AAA specific, which means in the sham group SPP1 signaling was undetectable (Figures 1E,F). All three macrophage populations sent out more SPP1 signaling and received less COLLAGEN signaling in AAA group compared to sham. Maph-2 also sent out more THBS signaling in the AAA group (Figures 1G–I). Fibroblasts showed elevated incoming COLLAGEN signals and reduced outgoing COLLAGEN signals (Supplementary Figure 1C).



Cell-Cell Communication in Murine Peri-Adventitial Elastase Model

We next analyzed the scRNA-seq dataset published by Zhao et al. using the peri-adventitial elastase model (GSE152583) (11). In this model, infrarenal abdominal aortas from C57BL/6J mice were treated with 30 μl elastase or heat-inactivated elastase (control). Aortas were collected 7 or 14 days after elastase exposure or 14 days after heat-inactivated elastase exposure (control group) (11). After filtering out the red blood cells, we identified 16 cell populations using the markers from Zhao et al.'s study, including two fibroblast, two EC, three SMC, three macrophage, and two DC populations, as well as T cells, B cells, NK cells, and neural cells (Supplementary Figure 2A). Among the three macrophage populations, Maph-1 highly expressed the inflammatory gene Il1b, Maph-2 was enriched for the M2 macrophage marker Cd163, and Maph-3 expressed high levels of the proliferation marker Mki67 (Supplementary Figures 2D-G). SMC-1 expressed high level of contractile genes such as Acta2 (Supplementary Figure 2H). SMC-2 highly expressed inflammatory genes such as Neat1 and Cebpb (Supplementary Figures 2I,J).

Application of CellChat to this dataset identified 7,233 total interactions in the control group, 10,453 interactions in Day 7 group, and 9,343 interactions in Day 14 group (Supplementary Figure 2B). We also calculated the interaction strength of all cell populations in each group. The AAA induction by elastase treatment increased communication probability over the control group, with higher interaction strength at Day 7 than Day 14 (Figure 2A). Additionally, the AAA induction altered the communication patterns (Figures 2B–D). In both AAA groups, SMCs and fibroblasts served as the major signal source and target. Macrophage populations, especially Maph-3 and Maph-1, showed increased incoming signaling in elastase treatment groups compared to the control group (Figures 2B–D).
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FIGURE 2. Inferred intercellular communication network in the murine perivascular elastase model. (A) Total interaction strength in control, Day 7, and 14 groups. (B–D) Scatter plot of incoming and outgoing interaction strength of each cell population in control (B), Day 7 (C), and Day 14 (D) groups. (E,F) Heatmap of differential interaction strength in Day 7 compared to control group (E), and Day 14 compared to control group (F). The top colored bar plot represents the sum of column of values displayed in the heatmap (incoming signaling). The right colored bar plot represents the sum of row of values (outgoing signaling). In the heatmap, red (or blue) represents increased (or decreased) signaling in Day 7 (E) or Day 14 (F) compared to control group. Relative value = the interaction strength from source to target in Day 7 (E) or Day 14 (F) group—the interaction strength from source to target in control group. (G) Overall information flow of each signaling pathway in control, Day 7, and 14 groups. Relative information flow is the ratio of the communication probability of a certain group (control, Day 7, or Day 14) relative to all groups combined. (H) Signaling changes of SMC and macrophage populations in Day 7 compared to control group.


A more detailed dissection of the communication probability between each population highlights Fib-2 as an important node in aneurysmal tissues. Fib-2 received intensive signals from SMCs and fibroblasts and also sent abundant signals to SMCs and macrophages. Interestingly, SMC-3 became idle in response to elastase, sending fewer signals to the SMC populations compared to control (Figures 2E,F). Comparing Day 14 with Day 7, signals sent from Fib-2 to B cells and NK cells, as well as Fib-2 autocrine signaling were further elevated (Supplementary Figure 2C).

We next examined the overall changes in each signaling pathway in both conditions. As shown in Figure 2G and Supplementary Figures 2K,L, five signaling pathways were exclusively expressed in the control group (ncWNT, IL16, CEACAM, OCLN, and NEGR) and 21 pathways were only expressed by elastase treated groups. Among these 21 pathways, 5 of them were only expressed by Day 7 group (SN, CD23, BAFF, CD137, and TRAIL), and 4 out of 21 pathways were expressed only by Day 14 group (CALCR, SEMA7, VISTA, and CX3C).

We further evaluated the specific signaling pathways that were altered during the early aneurysmal response. In macrophages, particularly Maph-1 (the pro-inflammatory type), THBS signaling was prominent in the elastase treated group however absent in the control. All macrophage populations also showed elevated incoming COLLAGEN signaling and increased outgoing SPP1, MIF, and GALECTIN signaling. Outgoing COLLAGEN signaling was also upregulated, but only in Maph-2 and Maph-3. Similarly, COLLAGEN signaling was also the most increased incoming signaling pathway in all SMC populations and the most enhanced outgoing signaling pathway in SMC-1 and SMC-2 (Figure 2H). All fibroblast populations showed elevated incoming and outgoing COLLAGEN as well as FN1 signaling (Supplementary Figure 2M).



Cell-Cell Communication in Murine Ang II Model

We next examined the scRNA-seq dataset published by Hadi et al. (GSE118237) (3). In this model, Apoe−/− mice were infused with 1,000 ng/kg/min Ang II via osmotic pumps for 28 days. No control group was included in this data set. Our analysis identified nine cell populations, including two SMC, two fibroblast, two EC populations, and macrophage, T/NK, and B cell populations (Supplementary Figure 3A). Specifically, SMC-1, the cell population characterized by enrichment of contractile marker Myh11 (Supplementary Figure 3B), was the major signal sender and receiver (Figure 3A). As shown in Figure 3B, fibroblast and SMC populations were the major signal source, and SMC-1 was the major signal receiver. COLLAGEN, FN1, LAMININ, THBS, APP, and TENASCIN were overall highly expressed signaling pathways.


[image: Figure 3]
FIGURE 3. Inferred intercellular communication network in the murine Angiotensin II infusion model. (A) Scatter plot of incoming and outgoing interaction strength of each cell population in Angiotensin II group. (B) Outgoing and incoming signal strength of each signaling pathway in each cell population in Angiotensin II group.




Cell-Cell Communication in Human Aneurysm Tissue

Davis et al. conducted scRNA-seq on infrarenal abdominal aortas of patients undergoing open aortic aneurysm repair (AAA group) or open aortobifemoral bypass (control group) (GSE166676) (9). We identified 14 populations in this dataset, including two monocyte and two macrophage populations, SMC, fibroblast, EC, CD4+ T cell, CD8+ T cell, NK, B, plasma, and mast cell populations, as well as one unknown population (Supplementary Figure 4A). We ran CellChat analysis on this dataset and identified 52 total interactions in the control group, and 972 total interactions in AAA group (Supplementary Figure 4B). The AAA group showed higher communication probability than the control group, as the interaction strength of control group was almost undetectable (Figures 4A,B). In the AAA group, SMC and fibroblast populations were the major signal senders, and the NK cell population was the major signal receiver (Figure 4C). Compared to the control group, the AAA group showed more signals sent from SMCs and fibroblasts to monocytes and macrophages, especially Mono-2 and Maph-1, as well as to B cells and mast cells. Signaling from Mono-2 to EC was the only decreased interaction in AAA compared to the control group (Figure 4D). Most signaling pathways were exclusively expressed in the AAA group, with only MK signaling being expressed primarily in the control group (Figure 4E). COLLAGEN signaling was enhanced at both the incoming and outgoing level in SMC and fibroblast populations, and was also elevated among incoming signals in monocytes, macrophages, CD4+ T cells, B cells, and mast cells, especially in Mono-2 and Maph-1. There were more incoming MHC-II signals in Mono-1 and Maph-2 populations, and increased outgoing MHC-II signals from Maph-1 and B cells (Figure 4F and Supplementary Figure 4C).
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FIGURE 4. Inferred intercellular communication network in human AAA tissues. (A) Total interaction strength in control and AAA samples. (B,C) Scatter plot of incoming and outgoing interaction strength of each cell population in control (B) and AAA (C) groups. (D) Heatmap of differential interaction strength in AAA compared to control group. The top colored bar plot represents the sum of column of values displayed in the heatmap (incoming signaling). The right colored bar plot represents the sum of row of values (outgoing signaling). In the heatmap, red (or blue) represents increased (or decreased) signaling in AAA compared to control group. Relative value = the interaction strength from source to target in AAA group – the interaction strength from source to target in control group. (E) Overall information flow of each signaling pathway in control and AAA groups. Relative information flow is the ratio of the communication probability of a certain group (control or AAA group) relative to control and AAA combined. (F) Signaling changes of different cell populations in AAA compared to control group.




Commonly Altered Signaling Pathways Among Different AAA Models

As demonstrated in Figures 1–4, numerous signaling pathways were significantly altered in aneurysm tissues. Among the altered pathways (including both upregulated and downregulated pathways), eight were common to all murine models and time points as well as human AAA tissue. These include the MK, MIF, COLLAGEN, PDGF, FN1, COMPLEMENT, THBS, and CLEC signaling pathways (Figure 5A). MIF signaling was upregulated in all AAA groups compared to their respective controls, and eight signaling pathways were upregulated in all murine AAA groups (MIF, KIT, MK, CD39, HSPG, TNF, CD200, and PDL2) (Figure 5B). Regarding downregulated signaling pathways, three pathways were decreased in all murine AAA groups (ncWNT, CEACAM, CHEMERIN), while MK signaling was the only downregulated signaling pathway in human AAA (Figure 5C and Supplementary Figure 5).
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FIGURE 5. Altered signaling in murine and human AAA. (A) Venn diagram and bar graph of the numbers of altered signaling pathways in the murine CaCl2 model (CaCl2 treated compared to sham group), elastase model (Day 7 group compared to control group and Day 14 group compared to control group), and human AAA samples (AAA compared to control group). (B,C) Venn network of upregulated (B) or downregulated (C) signaling pathways in the murine CaCl2 model, elastase model, and human AAA samples.




THBS Signaling in AAA

Since we have previously reported the importance of thrombospondin-1 (TSP1)—the matricellular protein encoded by THBS1—in two murine AAA models, we examined THBS signaling in a greater detail. Consistent with our previous reports (17, 18), THBS signaling was found to be common to the three murine scRNA-seq data sets analyzed in the current study as well as to human AAA (3, 9–11). However, in each murine model and human AAA, THBS signaling appeared to be produced by different cell populations, received by different cell populations, and the contribution of each ligand-receptor pair was different.

In the sham group of the CaCl2 model, SMC-2 and Fib-1 were the major cell types sending out THBS signaling. Upon AAA induction, THBS signaling sent from SMC-2 and Fib-1 populations was diminished, while signaling generated by Maph-2 was elevated. Specifically, THBS signaling sent from Maph-2 to SMC-1 or SMC-2 was most abundant in AAA (Figure 6A). Among the ligand-receptor pairs of THBS signaling, the Thbs1-Sdc4 ligand-receptor pair showed the highest communication probability, especially in Maph-2 to SMC-2 communication (Figure 6B). In contrast, the SMCs to macrophage communication that was prominent in sham tissue utilized the Thbs1-Cd47 ligand-receptor pair (Supplementary Figure 6A). As the communication probabilities were calculated based on the expression of ligands, receptors, and co-factors, we further plotted the gene expression of each ligand and receptor of THBS signaling. As shown in Supplementary Figure 6B, ligand Thbs1 was highly expressed by SMC-2 in the sham group, and reduced in AAA group. Thbs1 was also expressed by Maph-2, and its expression was elevated in AAA. Expression of receptor Sdc4 was also increased by AAA treatment in SMC-2, but Cd47 expression was comparable between sham and AAA in all populations.
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FIGURE 6. THBS signaling in murine and human AAA. (A,C,E) Circle plot of THBS signaling network in the murine CaCl2 model (A), elastase model (C), or human AAA (E). The edge colors are consistent with the signal sender, and edge weights are proportional to the interaction strength. Thicker edge line indicates a stronger signal. (B,D,F) Bubble plot of the communication probability of all the significant ligand-receptor pairs that contributed to THBS signaling sent from macrophages to SMCs in the murine CaCl2 model (B) or elastase model (D), and from Maph-1 to each cell population in human AAA (F). The dot color and size represent the communication probability and p-values, respectively. p-values were computed from one-sided permutation test.


In the peri-adventitia elastase model, THBS signaling was not highly expressed by the control group, but was elevated after elastase treatment. Signals from Fib-2 to SMCs and macrophages, and from Maph-1 to SMCs were increased the most by AAA induction (Figure 6C). Examination of each ligand-receptor pair in THBS signaling revealed that Thbs1-Sdc4 signaling was the dominant pathway from macrophages to SMCs, especially from Maph-1 to SMC-2 (Figure 6D). Thbs1-Sdc4 and Thbs1-Cd47 were responsible for communication from SMCs to macrophages, and from Fib-2 to fibroblasts, SMCs, and macrophages (Supplementary Figures 6C,D). Gene expression of each ligand and receptor of THBS signaling also showed that Thbs1 was strongly induced by AAA in Fib-2 and Maph-1, and that receptors Sdc4 and Cd47 were increased by AAA in Fib-2 and Maph-3 (Supplementary Figure 6E).

Similar to the elastase model, THBS signaling was not detected in control human aorta. In the human AAA group, THBS signaling originated from Maph-1 and was received by SMCs and other cell populations such as Mono-1, Maph-2, CD4+ T cells, B cells, NK cells, and Mast cells (Figure 6E). THBS1-CD47 was the main contributor of THBS signaling in the human AAA group (Figure 6F).

Since the murine Ang II model data set does not contain a control/sham group, we could only examine THBS signaling in the Ang II group. As shown in Supplementary Figures 6G,H, THBS signaling in this model was generated from Fib-1 and received by EC-1 (mediated by Comp-Cd36) and from Fib-2 to EC-1 (mediated by Thbs3-Cd36). Examination of ligand and receptor expression also confirmed that Comp and Thbs3 were highly expressed by Fib-1 and Fib-2 respectively, and that Cd36 was enriched in EC-1 (Supplementary Figure 6I).




DISCUSSION

Within a multicellular environment, cell-cell communication plays a fundamental role in governing tissue function, regulating individual cell processes, and intercellular relationships, thus driving tissue homeostasis and pathophysiology in states of health and disease (12, 13). Historically, studies investigating cell-cell communication could only be performed in the in vitro setting, examining one or two cell types and a limited number of genes at a time. This investigative approach fails to capture the rich network of cell-cell communications that occur in a diverse multicellular environment. In recent years, single-cell transcriptomics, which allows gene expression to be studied at the single-cell level, has generated an opportunity to examine complex networks of cell-cell communication in a multicellular community. Studies of single-cell transcriptomics in mouse models and human tissues have revealed cell clusters present in healthy and aneurysmal aortas. In this study, we inferred intercellular relationships between cell populations in AAA, in particular focusing on communications between SMCs and macrophages.

In an early-stage of the mouse CaCl2 model (Day 4 after AAA induction), we predicted that SMCs were actively sending and receiving signals in both sham and AAA groups. CaCl2 treatment increased signal sending from Maph-2 (pro-inflammatory macrophages) to SMC-1 (contractile SMCs). Among all the signaling pathways altered by AAA, SPP1 signaling was the most up-regulated outgoing signal in Maph-2, and the most elevated incoming signal in SMC-1. Similarly, in an early-stage of the elastase model (Day 7), macrophages also sent out more SPP1 signals compared to control, and increased incoming SPP1 signaling was detected in SMCs. Spp1 encodes osteopontin, which participates in vascular calcification and is associated with the synthetic SMC phenotype (19, 20). Our analysis suggests that pro-inflammatory macrophages may regulate SMC phenotypic changes through SPP1 signaling at an early-stage in murine AAA models.

In the perivascular elastase model, we inferred that fibroblasts became the primary signal source after elastase incubation. Signaling changes of each cell population also confirmed that COLLAGEN signaling was the most increased outgoing signaling in fibroblasts, and the most elevated incoming signaling in SMCs, macrophages, and endothelial cells in the Day 7 group compared to the control group. In contrast, SMCs, macrophages, and endothelial cells in the CaCl2 model received fewer COLLAGEN signals compared to the sham group; fibroblasts received more incoming COLLAGEN signals, but likely from synthetic SMCs. These results indicate that vascular remodeling and fibrosis may contribute to early progression of AAA in elastase model, but not CaCl2 model.

Our analysis revealed that THBS signaling was one of the eight signaling pathways that were altered in all AAA groups compared to their respective controls. Thrombospondins are a family of secreted glycoproteins that regulate multiple biological processes such as angiogenesis, apoptosis, and migration (21). Among the five family members, TSP1 is most studied in the context of AAA. How TSP1 contributes to AAA pathogenesis is still not entirely clear. Our group found that TSP1 level was upregulated in human AAA as well as in murine models including CaCl2, Ang II, and intraluminal elastase perfusion model (17). In contrast, Krishna et al. reported reduced TSP1 expression in aneurysm tissues from AAA patients (22). Similarly, opposing outcomes were observed when globally deleting Thbs1 in mouse models for AAA (17, 22). These controversial findings may highlight the cell type specificity of TSP1 functions in aneurysmal disease. TSP1 binds to a wide range of receptors including syndecans, CD36, integrins, and CD47 (23, 24), but the role of these ligand-receptor pairs in AAA has not been investigated.

In this study, we inferred that synthetic SMCs (SMC-2) were the main source of THBS signaling in the sham group of CaCl2 model. AAA treatment decreased THBS signals sent from SMC-2, and enhanced THBS signals sent from pro-inflammatory macrophages (Maph-2) to other cell types, especially SMCs. This finding is consistent with our previous publication in which we showed that macrophages are the major source of TSP1 in murine CaCl2, Ang II models, and human AAA tissues (18). By analyzing each ligand-receptor pair of THBS signaling between macrophages and SMCs, we identified that Thbs1-Sdc4 was the most elevated pathway sent from Maph-2 to SMCs (especially synthetic SMC-2), and that Thbs1-Cd47 signaling sent from SMC-2 to macrophages (especially pro-inflammatory Maph-2) was decreased by AAA. Expression of each THBS signaling gene further showed that ligand Thbs1 expression was increased in Maph-2 and decreased in SMC-2. Receptor Sdc4 expression was elevated in SMC-2, explaining the signaling changes between macrophages and SMCs.

In the elastase model, THBS signaling was relatively quiescent in the control group, but was induced by elastase stimulation. Similar to the CaCl2 model, the Thbs1-Sdc4 pathway was also the most increased pathway sent from pro-inflammatory macrophages (Maph-1) to SMCs (especially synthetic SMC-2). Of note, Thbs1-Sdc4 signaling was increased the most at Day 7, and slightly decreased at Day 14. Expression of each THBS signaling gene also showed that, in Maph-1, Thbs1 was robustly increased at Day 7 and slightly decreased at Day 14 compared to control. Thbs1-Sdc4 and Thbs1-Cd47 were the major signaling pathways sent from SMCs (SMC-3) to macrophages. In contrast to observations in macrophages, these two signaling pathways were most elevated at Day 14, consistent with the up-regulated expression of Thbs1 in SMC-3 at Day 14. These results suggested that THBS signaling from pro-inflammatory macrophages to SMCs was activated at early stage, and from SMCs to macrophages at a later stage.

This study has several limitations. First, our analysis infers cell-cell communication based on gene expression of ligands and their receptors and cofactors, while cell signaling ultimately occurs at the protein level. In the setting of post-transcriptional and post-translational modifications, as well as multi-subunit protein complex assembly, gene expression may not always accurately reflect protein level. Second, the proximity of cells, ligands, cofactors, and receptors to one another is critically important to cell signaling. Many ligands activate signaling cascades either by diffusing through the extracellular environment from a sender cell to a nearby receiver cell, or through gap-junctions between directly adjacent cells. Unfortunately, this spatial information is not captured in scRNA-seq data (12). In addition, the ligand-receptor database used in this study is CellChatDB, which is included in the CellChat package. It is a manually curated database of literature-supported ligand-receptor interactions in both human and mouse. CellChatDB in mouse contains 2,021 validated molecular interactions, and is composed of 60% secreted autocrine/paracrine signaling interactions, 21% extracellular matrix (ECM)-receptor interactions, and 19% cell-cell contact interactions. CellChatDB in human contains 1,939 validated molecular interactions, and is composed of 61.8% paracrine/autocrine signaling interactions, 21.7% extracellular matrix (ECM)-receptor interactions, and 16.5% cell-cell contact interactions (14). The inference of cell-cell communication relies highly upon the quality of the ligand-receptor database, and different ligand-receptor databases used in different computational tools could lead to various predicted results. Finally, currently there is no single animal model that mimics the full clinical characteristics of human AAA, and human AAA tissue can only be obtained at an advanced stage during surgical repair. In this study, we predicted cell-cell communication in human AAA and different animal models at different disease stages. Validation of these intercellular signaling networks would be informative.

In conclusion, we inferred intercellular communication networks in the murine CaCl2 model, elastase model, and Ang II model, as well as in human AAA. Our analysis also predicted commonly altered signaling pathways in AAA, paying particular attention to THBS signaling between different cell populations. Our data provide a guide for future experimental investigations to elucidate the cell-cell communications driving AAA.
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Background and Aims: Current evidence suggests that lipoprotein(a) [Lp(a)] level above 50 mg/dL is associated with increased cardiovascular risk. Our study aim was to determine the relationship of apolipoprotein(a) [apo(a)] phenotypes and Lp(a) concentration below and above 50 mg/dL with coronary atherosclerosis severity and myocardial infarction (MI).

Material and Methods: The study population consisted of 540 patients (mean age 54.0 ± 8.8 years, 82% men) who passed through coronary angiography. The number of diseased major coronary arteries assessed atherosclerosis severity. Lipids, glucose, Lp(a) levels and apo(a) phenotypes were determined in all patients. All patients were divided into four groups: with Lp(a) <50 mg/dL [ “normal” Lp(a)] or ≥50 mg/dL [hyperLp(a)], and with low-molecular (LMW) or high-molecular weight (HMW) apo(a) phenotypes.

Results: Baseline clinical and biochemical characteristics were similar between the groups. In groups with LMW apo(a) phenotypes, the odds ratio (OR; 95% confidence interval) of multivessel disease was higher [10.1; 3.1–33.5, p < 0.005 for hyperLp(a) and 2.2; 1.0–4.9, p = 0.056 for normal Lp(a)], but not in the group with HMW apo(a) and hyperLp(a) [1.1; 0.3–3.3, p = 0.92] compared with the reference group with HMW apo(a) and normal Lp(a). Similarly, MI was observed more often in patients with LMW apo(a) phenotype and hyperLp(a) and normal Lp(a) than in groups with HMW apo(a) phenotype.

Conclusion: The LMW apo(a) phenotype is associated with the severity of coronary atherosclerosis and MI even when Lp(a) level is below 50 mg/dL. The combination of Lp(a) level above 50 mg/dL and LMW apo(a) phenotype increases the risk of severe coronary atherosclerosis, regardless of other risk factors.

Keywords: lipoprotein(a), coronary atherosclerosis, apolipoprotein(a) [apo(a)], myocardial infarction, phenotypes


INTRODUCTION

Lipoprotein(a) [Lp(a)] is the supramolecular complex consisting of low-density lipoprotein (LDL)-like particle and highly-glycosylated protein—apolipoprotein(a) [apo(a)]. Apo(a) is an unique one among the apolipoproteins family. First, the structure and primary sequence of apo(a) has high homology with the plasminogen and consists of the kringle domains that are specific for such blood coagulation factors as plasminogen, prothrombin, urokinase, and tissue-type plasminogen activator. Second, apo(a) is one of the most polymorphic proteins in blood plasma, having more than 40 isoforms, and third, apo(a) plasma level is controlled by the LPA gene (1).

The relationship between Lp(a) level and polymorphism of apo(a) with cardiovascular diseases (CVD) have been studied for several decades. The association of the low molecule weight (LMW) apo(a) isoforms with a higher risk of CHD in various populations was shown in 1992 (2). It was shown that Lp(a) level with LMW apo(a) phenotype is associated with CVD to a greater extent than with high molecular weight (HMW) apo(a) phenotypes (3–5). However, there are conflicting results from some studies regarding the role of apo(a) phenotype in CVD (6, 7). The European Atherosclerosis Society considers desirable Lp(a) level below the 80th percentile or <50 mg/dL (8). Given the high prevalence of LMW apo(a) isoforms in the population (9), the question of the significance of apo(a) phenotypes in the evaluation of CVD risk remains to be actual. Our study was aimed to determine the relationship of apo(a) phenotypes and Lp(a) concentration with coronary atherosclerosis severity and myocardial infarction (MI).



MATERIALS AND METHODS

In the single-center study, we included 540 consecutive patients (mean age 54.0 ± 8.8 years, 82% men) who passed through coronary angiography with subsequent angiogram analysis. The Institutional Review Board approved the study. All patients provided their informed consent for participation in the study. Main exclusion criteria were acute, inflammatory, or autoimmune diseases, significant thyroid, liver or kidney dysfunction, alcohol abuse, treatment with any hormones, PCSK9 inhibitors, and apheresis. In accordance with clinical indications, patients received different doses of statins and ezetimibe. However, some of them (n = 257) admitted for initial examination and/or without CHD were statin naïve.

The quantitative analysis of coronary artery lesions was conducted with an integrated computer system (Philips Medical Systems, Germany). Stenosis of more than 50% in a magistral artery or its major branches was considered significant. Patients were classified in accordance with the number of affected main coronary arteries: 0—no lesions (n = 57), 1—one vessel (n = 127), two- and three-vessel disease (n = 356). Coronary heart disease (CHD) was diagnosed in those with diseased coronary arteries (n = 483). CHD manifestation should be confirmed by history of MI, and/or typical angina pectoris with subsequent angiography confirmation. Discharge summaries had to be provided by subjects.


Laboratory Tests

Lipids, glucose, Lp(a) level, and apo(a) phenotypes were determined in all patients. Total cholesterol (TC), triglycerides (TG), and high-density lipoprotein cholesterol (HDL-C) were measured in blood serum. LDL-cholesterol (LDL-C) was estimated by the Friedewald equation for patients with TG levels <4.5 mmol/L: LDL-C = TC – HDL-C – TG/2.2 (mmol/L). The level of LDL-C corrected (LDL-Ccorr) for Lp(a)-cholesterol was estimated with the modified Friedewald formula: LDL-Ccorr (mmol/L) = LDL-C – 0.3 × Lp(a) mass (mg/dL)/38.7 (10). Lp(a) concentration was determined by enzyme-linked immunosorbent assay (ELISA) with monospecific polyclonal sheep anti-human-apo(a) antibodies as previously reported (11). Apo(a) phenotyping was performed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis of plasma under reducing conditions followed by immunoblotting (12) with the same antibodies. All isoforms were divided into two major types according to the original G. Uttermann nomenclature (13). High-molecular weight (HMW) phenotype included S3, S3S4, S4 isoforms (more than 22 KIV2 repeats), and “null” alleles; low-molecular weight (LMW) phenotype had at least one of the B, S1, or S2 isoforms (up to 22 KIV2 repeats). In the presence of two bands and the major band was as follows—S2, S1, B, or F, the subject was considered as the one with LMW apo(a) phenotype. Serum samples were kept at 70°C until use.



Statistical Analysis

For continuous variables with an approximately normal distribution, data were presented as means ± standard deviation (SD). For parameters with non-Gaussian distribution, data were expressed as median and interquartile intervals. In univariate analysis, variables were compared by t-tests and Mann–Whitney test. To compare the frequency data in the groups, the Chi-squared criterion or Fisher's exact test was used. Spearman's correlation analysis and the multiple logistic regression method were used to assess the association of risk factors with the severity of coronary atherosclerosis. The odds ratio (OR) with 95% confidential interval (CI) in different patients‘ groups was calculated to assess the relationship of Lp(a) concentration and apo(a) phenotype with coronary atherosclerosis severity or MI. P-values for all tests were two-tailed, and differences were significant at the p level below 0.05. An independent investigator double-checked all measurement calculations and database entries. All statistical analyses were performed with MedCalc 20.022 software (MedCalc Software Ltd, Ostend, Belgium).




RESULTS

We included 540 patients (mean age 54.0 ± 8.8 years, 82% men) subjected to coronary angiography in the Institute of Clinical Cardiology. We observed a wide distribution of Lp(a) concentrations, most pronounced for LMW apo(a) (Supplementary Figure 1).

All patients were divided into four groups: in accordance with Lp(a) concentration (<50 mg/dL [ “normal” Lp(a)] or ≥50 mg/dL [hyperLp(a)]), and apolipoprotein(a) phenotypes: low-molecular weight (LMW) or high-molecular weight (HMW) (Table 1 and Supplementary Figure 2). There no differences in medications between the groups. CHD in patients with hyperLp(a) and LMW apo(a) phenotype (Group 4) was manifested by 5 years earlier than in patients with HMW apo(a) type (Group 1): median [95% CI] 45 [45;47] vs. 50 [48;50] years (p < 0.01). CHD manifestation before the age of 49 years was observed in patients with LMW apo(a) phenotype more frequently, than HMW apo(a) phenotype (Figure 1). The presence of LMW apo(a) phenotype (group 4) was associated with earlier CHD debut in comparison with group with HMW apo(a) phenotype (group 2) for patients with Lp(a) concentration more than 50 mg/dL (OR = 2.9; 95% CI 1.1–7.3, p = 0.026).


Table 1. The clinical and biochemical characteristics of patients with different lipoprotein(a) levels and apolipoprotein(a) phenotype.
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FIGURE 1. Distribution of patients with coronary heart disease onset before and after median age, stratified according to Lp(a) level and apo(a) phenotype. Lp(a), lipoprotein(a); Group1, HMW apo(a) and Lp(a) <50 mg/dL; Group 2, HMW apo(a) and Lp(a) ≥50 mg/dL; Group 3, LMW apo(a) and Lp(a) <50 mg/dL; Group 4, LMW apo(a) and Lp(a) ≥50 mg/dL; LMW apo(a), low-molecular weight apo(a) phenotype; HMW, high-molecular weight apo(a) phenotype.


According to multiple regression analysis adjusted for sex, age, hypertension, and hyperlipidemia, Lp(a) concentration (r = 0.14, p = 0.0006) was an independent predictor of severity of coronary atherosclerosis, as well as sex (r = 0.15, p = 0.0001), and hyperlipidemia (r = 0.22, p < 0.0001). The level of Lp(a) ≥50 mg/dl as a categorical binary variable or the presence of the LMW apo(a) phenotype were associated with the number of affected coronary arteries (Table 2). When the apo(a) phenotype and Lp(a) concentrations above 50 mg/dl were simultaneously introduced into the regression model, the LMW apo(a) phenotype remained an independent predictor of the severity of coronary atherosclerosis (Table 2). LMW apo(a) phenotype was associated with CHD and MI independent of age, sex, hypertension, hyperlipidemia and Lp(a) ≥50 mg/dL according to logistic regression analysis (Supplementary Table 1).


Table 2. Multiple regression analysis of the relationship of lipoprotein(a) with the number of affected coronary arteries.
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The proportion of patients with more severe atherosclerosis increased steadily in groups stratified by apo(a) phenotype and Lp(a) concentration and reached 98% in group 4. There was a trend to association between the presence of LMW apo(a) and coronary atherosclerosis in patients with Lp(a) level below 50 mg/dL. For patients with LMW apo(a) and Lp(a) ≥50 mg/dL (group 4) the CHD probability increased by nine-fold (OR = 9.3, p < 0.0005; Table 3). There were no differences between groups 1 and 2. Coronary atherosclerosis was more severe in the presence of LMW phenotype regardless of Lp(a) concentration (Figure 2). The patients with hyperLp(a) and LMW apo(a) phenotype had stenotic lesions in three coronary vessels more frequently than patients with Lp(a) <50 mg/dL and HMW apo(a) (OR = 2.4; 1.01–5.4, p = 0.046).


Table 3. The odds ratios for coronary atherosclerosis and myocardial infarction depending on lipoprotein(a) levels and apolipoprotein(a) phenotype.
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FIGURE 2. Number of diseased coronary vessels in different groups of patients regarding Lp(a) levels and apo(a) phenotype. Lp(a), lipoprotein(a); Group1, HMW apo(a) and Lp(a) <50 mg/dL; Group 2, HMW apo(a) and Lp(a) ≥50 mg/dL; Group 3, LMW apo(a) and Lp(a) <50 mg/dL; Group 4, LMW apo(a) and Lp(a) ≥50 mg/dL; LMW apo(a), low-molecular weight apo(a) phenotype; HMW, high-molecular weight apo(a) phenotype.


Of all cohort, 338 (62.6%) patients had MI, the proportion of patients with MI were comparable in groups of patients with HMW apo(a) phenotype and different Lp(a) levels (56 and 55% for Lp(a) <50 mg/dL and Lp(a) ≥50 mg/dL, correspondingly). In group 3 [LMW apo(a) and normal Lp(a)] MI was registered in 72%, that was more frequent than in group 1 (OR = 2.1; 1.2–3.4, p = 0.006). The probability of MI in patients from group 3 was comparable with those from group 4 (OR = 1.8; 1.2–2.7, p = 0.007; Table 3). Thus, the presence of LMW apo(a) phenotype doubled the likelihood of MI regardless the Lp(a) level.

We have analyzed the relationship between apo(a) phenotypes and atherosclerosis severity in the subgroup of 74 patients with Lp(a) level between 30 and 49 mg/dL. Multivessel disease was detected in 31 out of 42 patients (74%) with the LMW apo(a) phenotype and in 17 out of 32 (53%) patients with the HMW apo(a) phenotype, p = 0.08. Of 42 patients with the LMW apo(a) phenotype and Lp(a) concentration in the range from 30 to 49 mg/dl, 36 (86%) had MI, and this accounted for 11% of all patients with MI. LMW apo(a) phenotype was associated with MI in 360 patients with Lp(a) <50 mg/dL (OR = 2.2; 1.3–3.6, p = 0.003).



DISCUSSION

Lp(a) concentration varies widely between individuals from <0.1 mg/dl to more than 300 mg/dl, while there is a minimum number of people who have not detectable levels of Lp(a) in plasma [reviewed in (1)]. In 1990, the Lp(a) level of 30 mg/dL was selected as a cut-off level and was associated with the presence and severity of coronary atherosclerosis (10, 14). According to epidemiological data from the Copenhagen General Population Study, about 20% of the population have a concentration of Lp(a) >50 mg/dL (8). This level is associated with the increased risk of atherosclerosis and cardiovascular events and hyperLp(a) is one of the most common lipid metabolism disorders (8).

Lp(a) plasma concentration is under strong genetic control and a major part of this variability is explained by KIV2 repeat size polymorphism (15). As a rule, individuals expressing LMW apo(a) isoforms (up to 22 KIV2 repeats or electrophoretic mobility S2 and faster) have higher Lp(a) concentrations than individuals carrying only HMW apo(a) isoforms (more than 22 KIV2 repeats or electrophoretic mobility S3 and slower) (1). In accordance with population studies an inverse correlation between the Lp(a) concentration and apo(a) phenotype is not strictly linear, and ethnic differences contribute significantly to the variability of allele-specific Lp(a) concentrations (15). It was demonstrated the widest variation in Lp(a) level for LMW apo(a) phenotype (16). A highly frequent SNP in the KIV2 region was identified recently and possibly explains the strikingly wide range of Lp(a) levels observed in LMW carriers (17). In addition, several genetic mutations have been described in KIV2 and KIV8 that lead to the synthesis of a truncated protein that is degraded within the cell and is associated with low Lp(a) concentration (18). The same wide variation of Lp(a) concentration for LMW apo(a) phenotype was seen in our study.

There is an assumption, that at the same elevated Lp(a) level, a person with LMW apo(a) isoform will have a higher risk of CVD and coronary events. Determination of apo(a) isoforms would have been able to serve as an additional tool for assessing CVD risk. However, the methodological complexity of immunoblotting for the serum apo(a) phenotyping or DNA genotyping and the limitations of the quantitative polymerase chain reaction (qPCR) method, which takes into account the sum of KIV2 repeats in the two alleles, complicates the assessment of the significance of apo(a) isoforms as a cardiovascular risk discriminator.

Our study was conducted in the single center, this excluded the variability of results due to different methods, as it occurs in meta-analyses (19). We showed the significant association of Lp(a) level with coronary atherosclerosis and MI in patients with the presence of LMW apo(a) phenotype independently of classic risk factors. It seems that elevated Lp(a) concentration (≥50 mg/dL) in the presence of HMW apo(a) phenotype is a less pronounced risk factor for CHD. The presence of LMW apo(a) phenotype, even at Lp(a) concentration lower than 50 mg/dL increases the probability of CHD and multivessel atherosclerosis by almost two-fold (Table 2).

It was shown that LMW apo(a) phenotype especially in combination with high concentrations of Lp(a) increased the risk of CHD, acute coronary syndrome, atherosclerosis of different vascular beds (5, 20, 21). However, one large-scale study (995 CHD patients and 998 controls) showed that Lp(a) concentration could be a more significant risk factor than LMW apo(a) phenotype (7). The authors concluded that the effect of KIV2 repeats on CHD risk is mediated through their impact on Lp(a) levels, suggesting that absolute level of Lp(a), rather than apo(a) isoform size, is the main determinant of CHD risk. The concentration of Lp(a), but not the size of apo(a) isoform, was independently associated with the severity of atherosclerosis in coronary or carotid arteries according to the study included 263 patients with early CHD development (6). The differences between this study and ours were the inclusion of patients with premature CHD and another method of assessment of severity of coronary atherosclerosis. LMW apo(a) phenotypes were associated with severe carotid atherosclerosis in patients with Lp(a)concentrations ≤32 mg/dL (4). Similar results were obtained in patients with symptomatic peripheral arterial disease (22). Our study demonstrates that the combination of elevated Lp(a) level and LMW apo(a) phenotype increases the probability of multivessel coronary disease. But the presence of the LMW apo(a) phenotype even at concentrations <50 mg/dL is associated with myocardial infarction in the past confirming the role of apo(a) in atherothrombosis. The reason of the same risk of MI in the groups with LMW apo(a) phenotype could be explained the difference in mechanisms of atherosclerosis and thrombosis. The severity of atherosclerosis depends on time-cumulative effects of lipoproteins and apo(a) whereas MI depends on plaque instability and associated with it inflammation and thrombosis. Thus, we found the significant relationship of LMW apo(a) phenotype with multivessel disease only if Lp(a) level >50 mg/dL and the same and statistically significant probability of MI in subjects with LMW apo(a) phenotype regardless Lp(a) concentration (Table 3).

The Mendelian randomization Pakistan Risk of the Myocardial Infarction Study (PROMIS) consisted of 9,015 patients with acute MI and 8,629 controls demonstrated that both apo(a) size and Lp(a) concentration are independent risk factors for MI. OR for MI was 0.93 (95% CI 0.90–0.97, p < 0.0001) per 1 SD increase in the number of LPA KIV2 repeats after adjustment for Lp(a) and lipids plasma levels. OR for MI was 1.10 (1.05–1.14, p < 0.0001) per 1 SD increase of Lp(a) concentration after adjustment for LPA KIV2 repeats and lipids levels (5).

In the Copenhagen City Heart Study (n = 10,855) and the Copenhagen General Population Study (n = 87,242), the risk of heart failure due to MI and aortic stenosis increased in the subgroups of participants with Lp(a) concentration more than 20 mg/dL (23). The association of the LMW apo(a) phenotype with the risk of all-cause mortality has been described for patients with T2D younger than 66 years old (24).

It has been shown that Lp(a) with LMW apo(a) isoforms can circulate longer in blood plasma (25). It has also been suggested that different receptors may be involved in Lp(a) catabolism depending on the isoform expressed (26, 27). Lp(a) is the carrier of a larger part of the total pool of oxidized phospholipids (28). The oxidized phospholipids concentration is associated with the allele-specific Lp(a) level and predominantly with LMW apo(a) isoforms, and this fact can explain differences in the atherogenicity of Lp(a) due to apo(a) phenotype (29, 30).

The incubation of the serum samples from patients with LMW apo(a) phenotype causes a significantly greater accumulation of cholesterol by macrophage cells of THP-1, compared with serum samples from patients with HMW apo(a) phenotype, regardless of Lp(a) concentration (31) and this observation may be related to the difference in Lp(a) particles atherogenicity.

Our data, obtained in a single-center study of 540 subjects, provide a new information on LMW apo(a) phenotype significance for coronary atherosclerosis severity and MI development. Unlike all the studies described above, we have shown that LMW apo(a) phenotype with Lp(a) below 50 mg/dL is associated with a significant increase of probability of CHD, MI, and multivessel coronary lesions compared to HMW apo(a) phenotype.

Thus, the results of our study on the association of LMW apo(a) phenotype with coronary atherosclerosis and MI requires additional studies for a possible revision of the cut-off Lp(a) level.



STUDY LIMITATIONS

Lp(a) concentration was determined by an in-house ELISA utilizing monospecific polyclonal sheep anti-human-apo(a) antibodies. The method was validated with concern to two known kits “TintElize Lp(a)” (Biopool AB Sweden) and “Immunozym Lp(a),” (Progen Biotechnik GmbH, Germany). Control samples approved by the International Federation of Clinical Chemistry (“Technoclone” Austria), were used to standardize the ELISA. The ELISA method was sensitive to apo(a) isoforms toward a slight increase in Lp(a) concentration in samples with HMW apo(a) isoforms and low Lp(a) concentration. The absolute bias (median [25%; 75%]) was ~1.5 [−0.4 to 5.7] mg/dL.

Considering the results of a meta-analysis of the relationship between the Lp(a) level and development of CHD did not show significant differences in the relative risk in studies using methods sensitive and insensitive to the size of apo(a) isoforms (32) and high variability in the Lp(a) measurement, regardless of isoforms (33, 34), allows us to assume that sensitivity of ELISA to apo(a) isoforms did not affect the results of our study.

We did not determine the number of KIV-2 kringles, but used a classification based on mobility of apo(a) isoforms in polyacrylamide gel electrophoresis and dichotomized all patients into those with LMW or HMW apo(a) phenotypes.



CONCLUSIONS

The low-molecular phenotypes of apo(a) are associated with the severity of coronary atherosclerosis and myocardial infarction even when Lp(a) level is <50 mg/dL. The combination of elevated concentrations of Lp(a) and low molecular weight apo(a) phenotype potentiate the risk of atherosclerosis and MI, regardless of other risk factors.
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CagA+ Helicobacter pylori, Not CagA– Helicobacter pylori, Infection Impairs Endothelial Function Through Exosomes-Mediated ROS Formation
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Background: Helicobacter pylori (H. pylori) infection increases the risk for atherosclerosis, and ROS are critical to endothelial dysfunction and atherosclerosis. CagA is a major H. pylori virulence factor associated with atherosclerosis. The present study aimed to test the hypothesis that CagA+ H. pylori effectively colonizes gastric mucosa, and CagA+ H. pylori, but not CagA– H. pylori, infection impairs endothelial function through exosomes-mediated ROS formation.

Methods: C57BL/6 were used to determine the colonization ability of CagA+ H. pylori and CagA– H. pylori. ROS production, endothelial function of thoracic aorta and atherosclerosis were measured in CagA+ H. pylori and CagA– H. pylori infected mice. Exosomes from CagA+ H. pylori and CagA– H. pylori or without H. pylori infected mouse serum or GES-1 were isolated and co-cultured with bEND.3 and HUVECs to determine how CagA+ H. pylori infection impairs endothelial function. Further, GW4869 was used to determine if CagA+H. pylori infection could lead to endothelial dysfunction and atherosclerosis through an exosomes-mediated mechanism.

Results: CagA+ H. pylori colonized gastric mucosa more effectively than CagA– H. pylori in mice. CagA+ H. pylori, not CagA– H. pylori, infection significantly increased aortic ROS production, decreased ACh-induced aortic relaxation, and enhanced early atherosclerosis formation, which were prevented with N-acetylcysteine treatment. Treatment with CagA-containing exosomes significantly increased intracellular ROS production in endothelial cells and impaired their function. Inhibition of exosomes secretion with GW4869 effectively prevented excessive aortic ROS production, endothelial dysfunction, and atherosclerosis in mice with CagA+ H. pylori infection.

Conclusion: These data suggest that CagA+ H. pylori effectively colonizes gastric mucosa, impairs endothelial function, and enhances atherosclerosis via exosomes-mediated ROS formation in mice.
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INTRODUCTION

Helicobacter pylori (H. pylori) colonizes the human gastric epithelium in a significant portion of the general population, ranging from 30 to 50% in developed countries and to approximately 80% in developing countries especially in Asia (1, 2). H. pylori has multiple strains, and based on the presence of cytotoxin-associated gene antigen (CagA), H. pylori is divided into two major categories: CagA-positive and CagA-negative (3, 4). The majority of patients in East Asian countries with H. pylori infection (>90%) are infected with CagA-positive H. pylori (5). CagA is a major virulence factor in H. pylori, which encodes the CagA protein and can be translocated into host cells through the type IV secretion system (T4SS) (5). Epidemiological data and meta-analysis reveal a much stronger correlation between infection with CagA+ H. pylori strains and atherosclerosis in patients compared to that of CagA– H. pylori strains (6). However, it is not clear why CagA+ H. pylori is the dominant strain in patient infections, and how it is associated with extra gastrointestinal conditions including atherosclerosis.

Endothelial dysfunction contributes to the development and progression of atherosclerosis (7). H. pylori infection significantly increases the risk for cardiovascular diseases including atherosclerosis and hypertension (8, 9). Recent studies with both human subjects and animal models have demonstrated that H. pylori infection significantly impairs endothelial function through a pathway involving exosomes (10). Exosomes are known to be critically involved in cell-to-cell communication and cell functions through various mechanisms including regulation of extra- and intracellular redox states via direct and/or indirect modification (either increase or decrease) of reactive oxygen species (ROS) content (11–13). The present study was to test the hypotheses that: (1) CagA+ H. pylori colonizes gastric mucosa more effectively than CagA– H. pylori; and (2) CagA+ H. pylori infection, but not CagA– H. pylori infection, impairs endothelial function through CagA-containing exosomes-mediated ROS formation. The objectives were to determine: (1) if there was a significant difference in gastric colonization between CagA+ H. pylori and CagA– H. pylori; (2) if there were significant differences in endothelial function and atherosclerosis between mice infected with CagA+ H. pylori and CagA– H. pylori infection; (3) if a significant difference in exosomes production was evident in human gastric epithelial cells (GES-1) co-cultured with either CagA+ H. pylori or CagA– H. pylori; and 4) if CagA-containing exosomes impair endothelial function and enhance development of atherosclerosis via increased ROS formation.



MATERIALS AND METHODS


Helicobacter pylori Culture

CagA+ H. pylori in the present study was isolated from the gastric specimens of a gastric ulcer patient during gastroscopy at the Third Xiangya Hospital of Central South University (Changsha, Hunan, China), and its identity confirmed using the complete sequence data of H. pylori 16s rRNA gene from GenBank data and positive biochemical tests as described (10). CagA– H. pylori (ATCC 51932) were purchased from American Type Culture Collection (ATCC, Manassas, VA, United States). Both strains were cultured for 3–4 days on Columbia blood agar plates supplemented with antibiotics and 10% sheep blood (Fisher Scientific 50863755, Waltham, MA, United States) under a microaerophilic milieu (5% O2, 10% CO2, and 85% N2) at 37°C. The concentration of H. pylori was determined by measuring the optical density at OD 600 nm, where 1 unit of OD 600 nm corresponds to about 2 × 108 colony-forming unit (CFU)/ml (10).



Cell Culture and Cell-Bacteria Co-culture

Human gastric epithelial cell line (GES-1) was obtained from Professor Canxia Xu in Department of Gastroenterology, the Third Xiangya Hospital, Central South University; Changsha, Hunan, China. Human umbilical vein endothelial cells (HUVECs) and mouse brain microvascular endothelial cells (bEnd.3) were purchased from ATCC and cultured in RPMI-1640 (Gibco, Grand Island, NY, United States), endothelial cell medium (Sciencell Research Laboratories, Carlsbad, CA, United States), and DMEM (Gibco, Grand Island, NY, United States), respectively, supplemented with 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY, United States), 100 U/ml penicillin, and 100 mg/ml streptomycin in a controlled humidified incubator with 5% CO2 and 95% room air. To evaluate the effect of exosomes on endothelial cells, exosomes (100 ug/ml) from conditioned media of GES-1 co-cultured with CagA+ H. pylori, CagA– H. pylori or PBS without H. pylori, or exosomes from the serum of mice with CagA+ H. pylori, CagA– H. pylori infection or without H. pylori infection were cultured with HUVECs or bEND.3. After being cultured for 4 h, HUVECs or bEND.3 were tested for ROS production using the fluorescent dye 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA, Invitrogen D399, Waltham, MA, United States) as described (14). GES-1 was cultured with H. pylori at a MOI (multiplicity of infection) of 100 for 12 h as described (10).



Animal Models

All animal experiments were performed in accordance with the “Guide for the Care and Use of Laboratory Animals of the US National Institutes of Health.” The experimental protocols were reviewed and approved by the Institutional Animal Care and Use Committee of the University of Missouri School of Medicine, Columbia, MO, United States. Specific-pathogen-free 4–6 week-old male C57BL/6 wild-type mice (WT) and LDLR knockout mice (LDLR–/–) were from Jackson Lab (ME, United States), and were fed rodent diet and water ad libitum.

After fasting overnight, mice were given 0.2 ml of PBS, CagA– H. pylori or CagA+ H. pylori inoculums (approximate 4 × 109 CFU/ml) by intragastric gavage as described (10). The presence of H. pylori infection was assessed at 1-week post-infection or at the time when mice were sacrificed, using Rapid Urease Test (RUT) and Giemsa staining of gastric mucosa. To evaluate the effect of H. pylori infection on the development of early atherosclerosis, LDLR–/– mice were fed a high fat diet (HFD) (Envigo TD.88137, Indianapolis, IN, United States) beginning 1 week after H. pylori gavage. WT mice were sacrificed 1 week after the last gavage to collect thoracic aorta to determine endothelium-dependent and -independent vascular relaxation responses and ROS production (see details below). LDLR–/– mice were sacrificed after week 3, 5, and 12 of HFD feeding to collect whole aorta and aortic root for atherosclerotic lesion analysis (see details below).



Evaluation of Vascular Endothelium Relaxation in Mice

Thoracic aorta was isolated from mice to evaluate endothelium-dependent and -independent vascular relaxation responses as described (10). The thoracic aorta was cut into 2–3 mm segments and mounted onto a four-channel Wire Myograph System (610M; DMT, Aarhus, Denmark). Aortic segments were equilibrated with a resting tension of 4.9 mN for 45–60 min in a temperature-controlled tissue bath filled with 5 ml of Krebs’ solution and bubbled continuously with 95% O2 and 5% CO2, at 37°C. The aortic preparations were then tested for maximal contraction with 50 mM KCl, and concentration-dependent vasocontractile responses to phenylephrine (PE). After adequate washout with Krebs solution and equilibration, the aortic tissues were examined for endothelium-dependent relaxation to cumulative doses of acetylcholine (ACh, 10–9–10–5M) and endothelium-independent relaxation to cumulative doses of nitroglycerin (NTG, 10–9–10–5M) after submaximal contraction with PE.



Administration of N-Acetylcysteine

To further confirmed the role of oxidative stress on endothelial dysfunction caused by H. pylori infection, the antioxidant NAC was used to treat the mice in vivo and endothelial cells in vitro. NAC is an FDA-approved drug and has been traditionally considered an antioxidant that effectively attenuates ROS production (15).

Mice in the NAC treatment group received NAC (Sigma-Aldrich, MO, United States, 1 mg/ml in drinking water) 3 days before the first gavage until the end of the experiment (16). NAC was changed every other day and covered with aluminum foil to avoid exposure to direct light. For the in vitro study, endothelial cells were incubated with 10 mM NAC as described (17).



Quantification of Atherosclerotic Lesions

Atherosclerotic burden in thoracic aorta and cross sections of aortic root was quantified with Oil Red O staining as described (18). Briefly, the thoracic aorta was collected immediately from euthanized mice and carefully prepared with the removal of periadventitial fat after perfusion with sterile phosphate-buffered saline (PBS). Thoracic aorta was cut open longitudinally after being washed twice with 60% isopropanol and images taken with a digital camera after being stained with Oil Red O dye for 30 min at room temperature. Aortic roots were frozen with optimum cutting temperature O.C.T. Compound (Fisher, Waltham, MA, United States) and serial sections (10-μm thick) were cut through the aortic valve as described (18). The sections were stained with Oil Red O for plaque quantification in the cross-section areas. The total lesion area and lesion area percentage were analyzed and quantified using Image J software.



Determination of Reactive Oxygen Species Formation in Cryostat Sections of Aorta

Dihydroethidium (DHE, Invitrogen D23107, Waltham, MA, United States) was used to assess ROS formation in cryostat sections of aorta using fluorescence microscopy (19). Cryostat sections (5 μm) of mouse aortic rings were incubated with 5 μM DHE in normal physiological saline solution (NPSS, composition in mmol L-1: NaCl 140, KCl 5, CaCl2 1, MgCl2 1, glucose 10, and HEPES 5) for 7 min as described (19). Aortic rings were washed three times to remove DHE after incubation, and then examined with a fluorescence microscope. The fluorescence intensity was evaluated with 518 nm excitation and 606 nm emission, and the images were analyzed using Image J software.



Measurement of Intracellular Reactive Oxygen Species Production

The level of intracellular ROS in HUVECs or bEND.3 was evaluated using the fluorescent dye 2’7’-dichlorodihydrofluorescein diacetate (H2DCFDA; Invitrogen D399) (14) after treatment with exosomes from conditioned media or mouse serum as describe (14). H2DCFDA is a non-polar compound that is converted by cellular esterase to the polar and membrane impermeable derivative H2DCF. H2DCF is non-fluorescent but becomes highly fluorescent 2’,7’-dichlorofluorescein (DCF) when oxidized in the presence of intracellular ROS. After treatment with exosomes for 4 h, endothelial cells were washed twice with pre-warmed PBS, and then incubated with 15 uM H2DCFDA for 30 min at 37°C in the dark. Cells were washed twice with pre-warmed PBS after removing the dye. The fluorimetric signal in the cells was examined and analyzed using a fluorescence microscope. The fluorescence intensity was evaluated using ImageJ software.



Exosome Isolation and Characterization

To prepare exosomes from conditioned media, human gastric epithelium cells (GES-1) were cultured with PBS, CagA– H. pylori or CagA+ H. pylori at MOI of 100 for 12 h. The conditioned media and mice serum were collected to isolate the exosomes as described (20). Briefly, the conditioned media were successive centrifuged at 4°C (300 × g for 10 min, 2,000 × g for 20 min, and 10,000 × g for 30 min) to eliminate the cells and cell debris. The supernatant was then ultracentrifuged at 100,000 × g at 4°C for 70 min for two times (Beckman Coulter, Indianapolis, IN, United States). Exosome pellets were re-suspended in PBS for further analysis. Serum from mice with CagA– H. pylori or CagA+ H. pylori infection and control mice was collected for exosome isolation similar to conditioned media as described above (20). Exosomes identification of morphologies, size distribution, and biomarkers were assessed using a transmission electron microscopy (TECNAI G2 Spirit; FEI, Hillsboro, OR, United States), dynamic light scattering with a particle and molecular size analyzer (Zetasizer Nano ZS) and Western blotting as described (10).



Statistical Analysis

Data were expressed as mean ± standard error of the mean (SEM) and analyzed with SPSS statistical software (22.0 for Windows; SPSS, Chicago, IL, United States). A two-tailed unpaired t-test was used for the analysis of two groups of data with normal distribution and equal variance, and a two-tailed unpaired t-test with Welch’s correction for analyzing two groups of data with normal distribution and unequal variance. Mann–Whitney U test was used for comparisons between two groups of data with abnormal distributions. One-way analysis of variance (ANOVA) was used for three or more groups of data analysis with normal distributions and equal variance, and the Kruskal–Wallis test with Dunn post-hoc multiple comparison tests was used for three or more groups of data analysis with normal distributions and unequal variance or abnormal distributions. P < 0.05 was considered significant.




RESULTS


CagA+ Helicobacter pylori Colonized Gastric Mucosa More Effectively Than CagA– Helicobacter pylori in Mice

As over 90% of Asian H. pylori patients are infected with CagA+ H. pylori, we hypothesized that CagA+ H. pylori would exhibit greater gastric colonization than CagA– H. pylori. A total of 110 male C57BL/6 mice were divided into 11 groups (10 mice in each group) and infected with either CagA+H. pylori or CagA– H. pylori using 4 different infection protocols (Table 1). Phospho-buffered saline (PBS) treatment served as negative control. Animals were considered infected when both RUT and Giemsa staining were positive. A 100% infection rate was achieved in mice receiving three daily doses of CagA+ H. pylori, whereas six doses of CagA– H. pylori were required to achieve a 100% infection rate (Table 1). CagA+ H. pylori exhibited a higher gastric colonization rate than CagA– H. pylori under all infection conditions. All control mice were negative for H. pylori infection, confirming that no H. pylori contamination existed in the animal facility.


TABLE 1. Infection rate of CagA+ Helicobacter pylori and CagA– H. pylori 1 week after last intragastric gavage.
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CagA+ Helicobacter pylori, Not CagA– Helicobacter pylori Infection, Induced Endothelial Dysfunction, and Promoted Atherosclerosis

To determine if a significant difference in endothelial dysfunction existed between mice infected with CagA+ H. pylori and CagA– H. pylori, both acute (1 week) and chronic (12 weeks) infection models were established using C57BL/6 mice with PBS as control. Ex vivo acetylcholine (ACh)-induced endothelium-dependent relaxation of aortic rings was significantly decreased in mice with CagA+ H. pylori infection at both 1 week and 12 weeks post-infection compared with control (Figures 1A,B). Endothelium-independent relaxation to nitroglycerin (NTG) was unchanged between the groups (Supplementary Figures 1A,B). In contrast, no significant changes in ACh-induced relaxation (Figures 1C,D) or NTG-induced relaxation (Supplementary Figures 1C,D) were observed in mice with CagA– H. pylori infection compared with control.
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FIGURE 1. CagA+ Helicobacter pylori, not CagA– H. pylori infection, led to significant endothelial dysfunction, and promoted the development of atherosclerosis. ACh-induced aortic relaxation was significantly reduced in male C57BL/6 mice after 1 week (A) or 12 weeks (B) of CagA+ H. pylori infection compared with control, while no change in ACh-induced aortic relaxation in mice with CagA– H. pylori infected was observed (C,D); (E–I) Representative images and quantification of Oil-red O-stained whole aorta of LDLR–/– mice with PBS, CagA+ H. pylori or CagA– H. pylori infection after 3, 5, and 12 weeks of high-fat diet (HFD). (J–N) Representative images of cross-section histological and quantification of atherosclerotic lesions in aortic roots. NC(1/2): normal control; ACh: acetylcholine; CagA+Hp: CagA+ H. pylori; CagA– Hp: CagA– H. pylori. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01 by t-test, N = 8–10 mice for each group at each time point.


To determine if CagA+ H. pylori infection promotes the development of atherosclerosis, LDLR–/– mice were infected with CagA+ H. pylori or CagA– H. pylori with PBS as control. Infection with CagA+ H. pylori significantly increased aortic atherosclerotic lesion areas in mice compared with PBS-treated controls after 3 and 5 weeks of HFD. However, no significant differences in aortic atherosclerotic lesion areas were present between LDLR–/– mice with CagA– H. pylori infection and PBS-treated controls. After 12 weeks of HFD, all LDLR–/– mice developed extensive atherosclerotic lesions with or without CagA+ H. pylori or CagA– H. pylori infection (Figures 1E–N). These data suggest that CagA+ H. pylori, but not CagA– H. pylori infection, accelerates early atherosclerotic development in LDLR–/– mice on an HFD.



CagA+ Helicobacter pylori Infection Impaired Endothelial Function via Reactive Oxygen Species Production in Aorta

To test the hypothesis that CagA+ H. pylori infection impairs endothelial function through increased ROS production, aortic vasodilation and ROS levels were assessed in C57BL/6 mice infected with CagA+ H. pylori or CagA– H. pylori and controls receiving PBS. CagA+ H. pylori infection significantly decreased ACh-induced aortic relaxation in association with significantly increased aortic ROS production compared with their controls (Figure 2A). In contrast, CagA– H. pylori infection had no significant effect on either aortic ACh-induced relaxation or ROS levels compared with controls (Figure 2A). There was no change in NTG-induced aortic relaxation in mice infected with CagA+ H. pylori or CagA– H. pylori (Supplementary Figure 1). N-acetylcysteine (NAC) treatment effectively blocked excessive ROS production in aortic segments (Figure 2B) and preserved ACh-induced relaxation in mice after 1 or 12 weeks of CagA+ H. pylori infection (Figures 2C,D), without differences in NTG-induced relaxation (Figures 2E,F).
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FIGURE 2. CagA+ H. pylori, not CagA– H. pylori infection, impaired endothelial function through increased ROS production in mice. Representative fluorescent images and quantification of ROS formation in the aorta of male C57BL/6 mice (A) (**P < 0.01, ***P < 0.001 by t-test) with CagA+ H. pylori, CagA– H. pylori or PBS gavage. Aortic ROS production was significantly increased in mice with CagA+ H. pylori infection, not with CagA– H. pylori infection. Treatment with NAC prevented aortic ROS production (B) (*P < 0.05**P < 0.01 by one-way ANOVA) and preserved ACh-induced aortic relaxation (C,D) in mice with 1 or 12 weeks of CagA+ H. pylori infection, without change in NTG-induced aortic relaxation (E,F). *P < 0.05, **P < 0.01 (compared with NC), #P < 0.05 (compared with CagA+ H. pylori + NAC); $P < 0.05, $$P < 0.01 (compared with NAC) by one-way ANOVA. NC(1/2): normal control. NAC: N-acetylcysteine; ACh: acetylcholine; NTG: nitroglycerin. Data are presented as mean ± SEM; N = 8–10 mice for each group at each time point.


CagA+ H. pylori, not CagA– H. pylori infection also significantly increased aortic ROS production in LDLR–/– mice with 3 or 5 weeks of HFD feeding compared with their controls (Supplementary Figures 2A,B). After 12 weeks of HFD feeding, all LDLR–/– mice exhibited increased ROS production with or without CagA+ H. pylori or CagA– H. pylori infection (Supplementary Figure 2C).



CagA-Containing Exosomes Impaired Endothelial Function

To test the hypothesis that CagA+ H. pylori, but not CagA– H. pylori, infection promotes exosomes production, leading to endothelial dysfunction, serum exosomes were prepared from mice with CagA+ H. pylori and CagA– H. pylori infection as well as non-infected control mice. Exosomes were characterized using transmission electron microscopy (TEM), nanoparticle tracking analysis (NTA), and western blotting (Figures 3A–C). Although there was no significant difference in serum exosomes level from mice infected with either H. pylori strain or controls (Figure 3D), treatment with serum exosomes from mice infected with CagA+ H. pylori significantly inhibited the function of mouse bEND.3 cells in vitro with decreases in migration, tube formation and proliferation compared with control exosomes (Figures 3E–G). Culture with serum exosomes from mice with CagA– H. pylori infection had no significant effect on endothelial function (Figures 3E–G).
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FIGURE 3. Serum exosomes from CagA+ H. pylori infected mice impaired endothelial function. Mouse serum exosomes displayed typical features for exosomes including morphology on transmission electron microscopy (A) and size distribution (B). Western blotting analysis showed that the exosomes markers HSP70 and CD9 were present in the exosomes without the presence of calnexin (C). Although there was no significant difference in serum exosomes levels from mice infected with H. pylori compared to the controls (D), treatment with serum exosomes from mice with CagA+ H. pylori infection significantly inhibited the function of mouse bEND.3 cells in vitro with decreased migration (E, scale bars = 25 μm), tube formation (F, scale bars = 25 μm), and proliferation (G, scale bars = 100 μm). Exo, Exosomes; Exo-serum: exosomes isolated from mouse serum; NC(1/2): normal control. Data are resented as mean ± SEM; *P < 0.05; **P < 0.01 by t-test, N = 8–10 mice for each group. Experiment was repeated 3 times for every measurement.


Exosomes from conditioned medium of human gastric epithelial cells (GES-1) cultured with CagA+ H. pylori or with CagA– H. pylori were prepared and similarly characterized by TEM, NTA and western blotting (Figures 4A–C). Co-culture of GES-1 with CagA+ H. pylori, not CagA– H. pylori, significantly increased the exosomes level in conditioned media (Figure 4D). When using the same amount of exosomes (by protein level), exosomes from GES-1 co-cultured with CagA+ H. pylori significantly inhibited the functional properties of HUVECs in vitro with decreased proliferation, migration, and tube formation compared with non-infected control, while exosomes from GES-1 co-cultured with CagA– H. pylori did not significantly impact endothelial cell function (Figures 4E–G).
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FIGURE 4. Exosomes from conditioned medium of human gastric epithelial cells (GES-1) cultured with CagA+ H. pylori, not with CagA– H. pylori, impaired endothelial function in vitro. Exosomes from conditioned medium of GES-1 cultured with CagA+ H. pylori exhibited typical exosome morphology (A) and size distribution (B). Western blotting analysis confirmed the presence of exosomes markers (HSP70, CD9) and absence of calnexin in exosomes (C). Exosome protein concentration was significantly higher in the conditioned medium of GES-1 cultured with CagA+ H. pylori than that cultured with CagA– H. pylori (D). Treatment of HUVECs with exosomes-CM (100 ug/ml) from CagA+ H. pylori, not from CagA– H. pylori, infected GES-1 significantly inhibited the function of HUVECs with decreased migration (E, scale bars = 25 μm), tube formation (F, scale bars = 100 μm), and proliferation (G, scale bars = 100 μm). NC(1/2): normal control; GES-1: human gastric epithelial cells; HUVEC: human umbilical vein endothelial cell; Exo-CM: Exosomes from conditioned medium. Data are presented as mean ± SEM; **P < 0.01; ***P < 0.001 by t-test. Experiment was repeated 3 times for every measurement.




CagA-Containing Exosomes Impaired Endothelial Function via Reactive Oxygen Species Production

To test the hypothesis that CagA-containing exosomes impair endothelial function via ROS-mediated mechanisms, mouse bEND.3 cells were treated with serum exosomes from mice infected with CagA+ H. pylori, or CagA– H. pylori or from non-infected control mice. HUVECs were treated with exosomes from conditioned medium of GES-1 co-cultured with CagA+ H. pylori, CagA– H. pylori or PBS. H2DCFDA assay showed that serum exosomes from mice with CagA+ H. pylori, not CagA– H. pylori infection, significantly increased intracellular ROS formation in mouse bEND.3 cells compared to exosomes from non-infected controls (Figure 5A). Similarly, exosomes from conditioned media of GES-1 co-cultured with CagA+ H. pylori, not CagA– H. pylori, significantly increased intracellular ROS levels in HUVECs (Figure 5B). CagA-containing exosomes-induced increase in intracellular ROS formation was associated with decreased endothelial function with reduced proliferation, migration, and tube formation in both bEND.3 (Figures 5C–F) and HUVECs (Figures 5G–J). NAC treatment decreased intracellular ROS production, and preserved function of bEND.3 (Figure 5C) and HUVECs (Figure 5G) in the presence of CagA-containing exosomes (Figures 5D–F,H–J). These data suggest that the effect of CagA-containing exosomes on endothelial function was indeed mediated via ROS formation.
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FIGURE 5. CagA-containing exosome impaired endothelial function via increased ROS formation. (A) Representative fluorescent images and quantification of ROS formation in bEND.3 co-cultured with serum exosomes from mice infected with CagA+ H. pylori, CagA– H. pylori or PBS. Intracellular ROS formation was significantly increased in bEND.3 co-cultured with serum exosomes from mice infected with CagA+ H. pylori, not from mice infected with CagA– H. pylori or PBS. (B) Representative fluorescent images and quantification of ROS formation in HUVECs co-cultured with exosomes from conditioned media of GES-1 cultured with CagA+ H. pylori, CagA– H. pylori or PBS. Intracellular ROS formation was significantly increased in HUVECs co-cultured with exosomes from GES-1 cultured with CagA+ H. pylori, not from GES-1 co-cultured with CagA– H. pylori or PBS. NAC treatment significantly decreased intracellular ROS production and preserved endothelial function of bEND.3 (C–F) and HUVECs (G–J) treated with CagA-containing exosomes. NC(1/2): normal control; Exo-serum: exosomes from mouse serum; Exo-CM: Exosomes from conditioned medium; CagA+ HP: CagA+ H. pylori; CagA– HP: CagA– H. pylori.; NAC: N-acetylcysteine. Data were presented as mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001 by t-test or one-way ANOVA. Experiment was repeated 3 times for every measurement. Scale bars (all, except for D,H,E) = 100 μm. Scale bars (D,H) = 25 μm. Scale bars (E) = 10 μm.




Treatment With GW4869 Prevented CagA+ Helicobacter pylori Infection-Induced Reactive Oxygen Species Production, Endothelial Dysfunction, and Atherosclerosis

To further test the hypothesis that CagA+ H. pylori infection impairs endothelial function through CagA-containing exosomes-mediated ROS formation, C57BL/6 mice were pre-treated with GW4869 to block exosomes release in vivo. As detailed earlier, CagA+ H. pylori infection significantly increased aortic ROS level (Figure 2A) in mice in association with impaired ACh-induced relaxation (Figures 1A,C). Treatment with GW4869 significantly reduced serum exosomes levels (Figure 6A), prevented excessive aortic ROS production (Figures 6B,C) and preserved ACh-induced relaxation in mice with CagA+ H. pylori infection (Figures 6D,E).
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FIGURE 6. Blocking exosomes release with GW4869 prevented endothelial dysfunction and atherosclerosis in mice with CagA+ H. pylori infection. Treatment with GW4869 significantly decreased the serum exosome level (A) and ROS formation in thoracic aorta (B–C) with improved ACh-induced aortic relaxation (D,E) (*P < 0.05, **P < 0.01, CagA+ H. pylori vs. CagA+ H. pylori + NAC by one-way ANOVA) in C57BL/6 mice with CagA+ H. pylori infection. GW4869 treatment also significantly decreased serum exosomes level in LDLR–/– mice with CagA+ H. pylori infection (F). After 3 or 5 weeks of high-fat diet (HFD), ROS formation (G,H) and atherosclerotic plaque formation in aorta and aortic root (I–N) were significantly increased in LDLR–/–mice with CagA+ H. pylori infection that were prevented with GW4869 treatment. NC: normal control; ACh: acetylcholine; CagA+ Hp: CagA+ H. pylori; DMSO: dimethylsulfoxide (solvent for GW4869). Data are presented as mean ± SEM. *P < 0.05, **P < 0.01 by one-way ANOVA, N = 8–10 mice for each group at each time point.


Treatment with GW4869 significantly decreased serum exosomes level in LDLR–/– mice with H. pylori infection (Figure 6F), and effectively prevented excessive aortic ROS formation (Figures 6G,H). Blocking exosomes release with GW4869 also prevented CagA+ H. pylori infection-induced increases in aortic atherosclerotic burden. At three and 5 weeks of HFD feeding, there were no differences in the prevalence of aortic atherosclerotic lesion and total lesion areas between LDLR–/– mice with CagA+ H. pylori infection with GW4869 treatment and non-infected LDLR–/– control mice (Figures 6I–N). No significant effects of DMSO (vehicle for GW4869) on aortic ROS formation or aortic atherosclerotic burden were observed in hyperlipidemic LDLR–/– mice with CagA+ H. pylori infection (Figures 6A–N). Treatment with GW4869 had no significant effect on atherosclerosis in hyperlipidemic LDLR–/– mice without CagA+ H. pylori infection (Supplementary Figure 3). These data suggest that CagA+ H. pylori infection leads to significant endothelial dysfunction and increased atherosclerosis through CagA-containing exosomes-mediated ROS formation.




DISCUSSION

The data from the present study demonstrated: (1) CagA+ H. pylori achieved gastric colonization more effectively than CagA– H. pylori; (2) CagA+ H. pylori infection induced endothelial dysfunction and promoted atherosclerosis; (3) exosomes from the serum of mice with CagA+ H. pylori infection, and exosomes from conditioned media of GES-1 co-cultured with CagA+ H. pylori significantly increased intracellular ROS and decreased endothelial function that were prevented with NAC treatment; and (4) NAC or GW4869 treatment effectively prevented aortic ROS production and aortic endothelial dysfunction in mice with CagA+ H. pylori infection. Importantly, these effects appear specific to CagA+ H. pylori and were not evident following CagA– H. pylori infection. Collectively, these data suggest that CagA+ H. pylori infection impairs endothelial function through ROS production induced by CagA-containing exosomes.

The finding that CagA+ H. pylori colonized gastric mucosa more effectively than CagA– H. pylori may provide an explanation for the clinical observation that over 90% of H. pylori patients are infected with the CagA+ H. pylori strain. Colonization in gastric epithelial cells is the critical initial event for H. pylori invasion and survival, and subsequent pathological changes in vasculature and other organ systems. With pH values as low as 1.5 – 2.5, the stomach fluid has been recognized as a natural antibiotic barrier (21). To colonize and survive in gastric mucous, bacteria have to overcome the extremely acidic and hypoxic environment. H. pylori in general has established multiple mechanisms to adapt and encounter the challenges in the stomach (22). However, CagA protein in CagA+ H. pylori may help their gastric colonization and promote persistent infection. Although some data shows that CagA+ H. pylori may be more susceptible to re-exposure to acidic environment (at pH 3.0) than CagA– H. pylori in culture, CagA expression could increase the acid-tolerance and resistance capabilities of H. pylori (23), enabling the bacteria to survive under the acidic conditions of the stomach. CagA+ H. pylori delivers CagA through a T4SS into gastric epithelial cells. The translocated CagA then dysregulates the homeostatic signal transduction of gastric epithelial cells involved in chronic inflammation and malignancy by changing cell polarity, apoptosis, and proliferation (24). In addition, CagA could activate host cell survival and antiapoptotic pathways to enhance self-renewal of gastric epithelium, helping sustain H. pylori infection (25). CagA could abrogate human β-defensin-3 expression via EGFR dephosphorylation, enhancing the ability to achieve persistent gastric infection of CagA+ H. pylori (24).

Compared to those with CagA– H. pylori infection, patients with CagA+ H. pylori infection have a much higher incidence of CVDs, including atherosclerosis (26–30). Endothelial dysfunction is a key contributing factor for CVDs including atherosclerosis. The present study showed that infection with CagA+ H. pylori, not CagA– H. pylori, significantly impaired endothelial function in C57BL/6 mice, and promoted the development of early atherosclerosis in hyperlipidemic LDLR–/– mice. Atherosclerosis is characterized by chronic inflammation with increased ROS formation (31, 32). CagA+ H. pylori infection produces persistent low-grade systematic inflammation with increased production of pro-inflammatory cytokines, including CRP, IL-6, and IL-18 (33, 34). Immune-mediated responses targeting self-antigens may play an important role in atherosclerosis (35, 36). Interestingly, CagA has been proposed as an antigen that could activate autoimmune mechanisms. The anti-CagA antibodies are able to react with both bacterial CagA and proteins in medium and large arteries (35). Thus, anti-CagA antibodies may cross-react with proteins in vascular smooth muscle cells, fibroblast-like cells, and other cells that are involved in the initiation and progression of atherosclerosis (37). In addition, gut microbiota plays an important role in the development of atherosclerosis, and there is a relationship between gastric and intestinal microbiome and H. pylori infection. It has been demonstrated that there are significant differences in the diversity and number of gut microbiota between H. pylori infected and uninfected individuals (38, 39). It will be important to determine if CagA+ H. pylori infection could impair the population and balance of gut microbiota more than CagA– H. pylori infection, thus leading to endothelial dysfunction and atherosclerosis.

The present study showed that CagA+ H. pylori, but not CagA– H. pylori, infection significantly increased the level of aortic ROS in mice. This is consistent with the concept that CagA+ H. pylori, not CagA– H. pylori, infection attenuates endothelial function and promotes the development of early atherosclerosis, and may provide an explanation for the clinical findings that patients with CagA+ H. pylori infection have significantly increased risk for atherosclerosis as compared with those with CagA– H. pylori infection. This finding is also consistent with the results from our previous study with human subjects that H. pylori infection selectively increases the risk of carotid atherosclerosis for male patients younger than 50 years of age (40). A recent study, using a large database of 208,196 patients, reveals that there is a significant decrease in composite endpoints for CAD and death for younger patients (<65 years old) with early H. pylori eradication therapy, but not for older patients (≥65 years old) or control subjects (41). Further studies are needed to address the important question why H. pylori infection selectively increases the risk of atherosclerosis for young males.

Exosomes are critically involved in cell function and disease development through direct and indirect cell-cell communications and the transfer of bioactive substances including proteins and microRNAs (42, 43). There are extensive interactions between exosomes and ROS. Exosomes can increase or decrease ROS production through various mechanisms, and ROS can regulate exosomes production and their contents as extensively summarized in a recent review by Bodega and colleagues (44). Study shows that PKH67-labeled CagA-containing exosomes readily enter HUVECs, and significantly inhibited cellular function (10). In the present study, serum exosomes from mice with CagA+ H. pylori infection, and exosomes from conditioned media of human GES-1 co-cultured with CagA+ H. pylori increased intracellular ROS production and inhibited the function of endothelial cells. In both situations, the effects of CagA+ H. pylori infection were effectively prevented with NAC treatment. Inhibition of exosomes release with GW4869 effectively prevented aortic ROS production and aortic endothelial dysfunction in mice as well as atherosclerotic burden in hyperlipidemic LDLR–/– mice with CagA+ H. pylori infection. One may argue that GW4869 is a non-specific inhibitor of exosomes release, and thus the effect of GW4869 on atherosclerosis in mice with CagA+ H. pylori infection might be non-specific. However, our previous study showed that GW4869 treatment had no effect on endothelial function in mice without H. pylori infection (10). In the present study, no significant effect of GW4869 on atherosclerosis was observed in hyperlipidemic LDLR–/– mice without CagA+ H. pylori infection. Collectively, these data support a mechanism whereby CagA+ H. pylori infection impairs endothelial function through CagA-containing exosomes-induced ROS production. Soluble components from H. pylori, including CagA, VacA, urease, and neutrophil activating factor A (NapA), could conceivably enter the circulation through exosomes, and trigger inflammatory responses and oxidative stress (45). Exosomal CagA from H. pylori-infected gastric epithelial cells has been shown to induce macrophage foam cell formation (46). Further studies are needed to define the specific molecule(s) in the exosomes that contributes to ROS production in endothelial cells and the consequent impairments in cellular function.

There are many factors that are important for H. pylori infection and the specific strains of infection, including (but not limited to) geographic locations and dietary habits. The prevalence of H. pylori infection varies significantly in the globe due to substantial differences in the population, culture, individual lifestyles, social and economic status, as well as environmental factors. Studies have shown that the prevalence of H. pylori infection are higher in Central/South America and Asia than other regions (47). However, the association between H. pylori infection and dietary habits remains inconsistent. It has been reported that intake of some uncooked vegetables and seafood, such as tomato, pepper, and mussels, correlates significantly with H. pylori infection (48). In contrast, no association is observed between H. pylori infection and intake of fruits, fish, legumes, honey, spices, meats, milk, and milk products. A cross-sectional study has shown no relationship between H. pylori infection and dietary habits (49). Some data suggest that consumption of honey and green/black tea may be associated with decreased prevalence of H. pylori infection (50). Further studies are needed to determine if diet could play a different role in the infection of CagA+ H. pylori vs. CagA– H. pylori.

It is very concerning that cardiovascular mortality has been increasing since 2010 especially for male subjects for unknown reasons (51). Studies suggest that H. pylori infection could be a significant risk factor for endothelial dysfunction, atherosclerosis, and CAD in young patients, and could provide a potential explanation for young patients who develop CAD without a clear etiology (41, 52). It is unclear why H. pylori infection does not increase the risk for atherosclerosis for patients older than 50 years. The pathophysiology of atherosclerosis is very complex and multifactorial that has not been fully understood. The data from the present study and our previous study (10) suggest that H. pylori infection could serve as a trigger to initiate the development of early atherosclerosis by compromising endothelial function at the initial phase of atherosclerosis. Other important factors including diabetes mellitus, hypertension, and hyperlipidemia may play a dominant role that could unmask the contribution of H. pylori infection to atherosclerosis in older patients. Further studies are needed to investigate the mechanism(s) on the selective effect of H. pylori infection on atherosclerosis in young populations. Clinically, it is reasonable to screen young male populations for H. pylori infection once a year and to treat them accordingly as an effective approach for early prevention of CVDs, especially premature atherosclerosis as the majority of patients with H. pylori infection are asymptomatic.


Study Limitations

The limitations in the present study include: (1) only male mice were used; (2) no studies were performed to determine the specific molecules in CagA-containing exosomes that could be primarily responsible for increasing ROS production and endothelial dysfunction and related mechanism(s); and (3) no studies were conducted to define the key pathway(s) that may significantly contribute to increased ROS levels in endothelial cells with CagA+ H. pylori infection.




CONCLUSION

The data suggested that CagA+ H. pylori colonized gastric mucosa more effectively than CagA– H. pylori. CagA+ H. pylori, but not CagA– H. pylori, infection induced endothelial dysfunction and promoted development of atherosclerosis through CagA-containing exosomes-mediated ROS formation.
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Background and Objective: Inflammatory bowel disease (IBD) produces significant local and systemic inflammation with increased reactive oxygen species (ROS) formation. IBD Patients are at an increased risk for developing endothelial dysfunction and cardiovascular diseases. The present study tested the hypothesis that IBD impairs aortic endothelial function via ROS formation and investigate potential sex-related differences.

Methods and Results: Acute and chronic colitis models were induced in male and female C57BL/6 mice with dextran sodium sulfate (DSS) treatment. Aortic wall stiffness, endothelial function, and ROS levels, as well as serum levels of pro-inflammatory cytokines were evaluated. Acetylcholine (Ach)-induced endothelium-dependent relaxation of abdominal aorta without perivascular adipose tissue (PVAT) was significantly reduced in female mice, not males, with chronic colitis without a change in nitroglycerin-induced endothelium-independent relaxation. PVAT effectively preserved Ach-induced relaxation in abdominal aorta of female mice with chronic colitis. Aortic peak velocity, maximal intraluminal diameters, pulse wave velocity, distensibility and radial strain were preserved in mice with both acute and chronic colitis. Although pro-inflammatory cytokines levels were increased in mice with acute and chronic colitis, aortic ROS levels were not increased.

Conclusion: The data demonstrate that abdominal aortic endothelial function was attenuated selectively in female mice with chronic colitis independent of ROS formation. Further, PVAT played an important role in preserving endothelial function in female mice with chronic colitis.

Keywords: endothelial dysfunction, colitis, ROS, inflammatory bowel disease, aorta


INTRODUCTION

Inflammatory bowel disease (IBD), including Crohn’s disease (CD) and ulcerative colitis (UC), is characterized by chronic and recurrent intestinal inflammation and is associated with significant extra-intestinal manifestations (EIMs) including arthropathy and arthritis, metabolic bone disease, skin disease, hepato-pancreato-biliary disease, renal disease, and cardiovascular disease (CVD) (1, 2). Several studies have suggested that patients with IBD are at an increased risk for developing CVD especially in young women (3, 4), however, the underlying mechanisms are poorly defined.

Endothelial dysfunction is closely associated with the development and progression of CVD including atherosclerosis and hypertension (5). Studies have shown that endothelium-dependent flow-mediated vasodilation is significantly decreased in patients with IBD (6). Microvascular endothelial dysfunction as measured using pulse arterial tonometry (PAT) has been reported in IBD patients with decreased PAT indices (7), and increased aortic stiffness (an indicator for vascular endothelial dysfunction and an independent predictor of cardiovascular events) (8). Reactive oxygen species (ROS) contribute to significant endothelial dysfunction and subsequent development and progression of CVD, especially atherosclerosis (9). IBD is a chronic and recurrent condition with significant local (intestine) and systemic inflammation, and significant increases in pro-inflammatory cytokines including tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6 (10). While this altered cytokine profile could be expected to increase ROS production, leading to endothelial dysfunction (11, 12) it is however, unclear if aortic endothelial function is impaired in IBD, and if there are sex-dependent differences.

Perivascular adipose tissue (PVAT) could release a variety of chemokines (including CCL2, CCL5, and CX3CL1) and adipocytokines that may have a significant impact on endothelial function via macrophage-mediated mechanism or anti-inflammatory activities (13, 14). It is known that aorta is heterogenous in its developmental origin, gene expression, and functionality (15). The present study was designed to test the hypothesis that experimental IBD leads to aortic endothelial cell dysfunction (thoracic and abdominal aorta) and excessive arterial stiffness through a mechanism related to increased ROS formation. There were four objectives: (1) to determine if IBD could decrease aortic endothelial function (as assessed by acetylcholine-mediated relaxation) both in vivo and ex vivo; (2) to determine if a sex difference was present in IBD-induced endothelial dysfunction; (3) to define the contribution of ROS formation to IBD-induced endothelial dysfunction; and (4) to investigate the role of PVAT in IBD-induced aortic endothelial dysfunction. As IBD likely exhibits temporal relationships, both acute (7 days) and chronic (51 days) mouse models were used to achieve the objectives, using dextran sodium sulfate (DSS)-induced colitis in both male and female mice for the study.



MATERIALS AND METHODS


Animals

All animal experiments were conducted in accordance with the “Guide for the Care and Use of Laboratory Animals of US National Institutes of Health”. The experimental protocols were reviewed and approved by the Institutional Animal Care and Use Committee of the University of Missouri, Columbia, MO, United States (protocol number 9227). Six-week-old C57BL/6 male and female mice were purchased from Jackson Laboratory (Bar Harbor, ME, United States), and were housed under standard laboratory conditions (22 ± 1°C, 12:12-h light/dark cycle).



Acute and Chronic DSS-Induced Colitis Mouse Models

Colitis was induced by oral administration of 2.5% DSS (MP Biomedicals, Santa Ana, CA, United States). DSS solution was made fresh every other day. Mice for the acute model were randomly assigned into four groups with 5–8 mice in each group, and for the chronic model 8–10 mice were included in each group: (1) female control, (2) female with DSS treatment, (3) male control, and (4) male with DSS treatment. For acute DSS-induced colitis, mice were treated for 7 days with DSS, and were euthanized on day 8 of DSS treatment. For chronic DSS-induced colitis, mice were treated with three cycles of DSS (7 days of treatment with 14 days of drinking water between each cycle) and subsequently euthanized on day 51 as described (16).



Assessment of Colitis Severity

All mice were weighed daily and assessed for stool consistency and fecal occult blood (Germaine Laboratories, San Antonio, TX, United States). The disease activity index (DAI) was obtained using a scoring system for each mouse as described (17). At the termination of each experiment colon length was measured from the ileocecal junction to the anal verge. Colon tissues were fixed in 10% formalin for 24 h, rehydrated in graded alcohol, hyalinized with xylene, embedded in paraffin, and cut into 5 μm thick tissue sections of. The colon tissue preparations were stained with hematoxylin and eosin (H&E), and examined using an upright microscope (Leica DM5500B, Wetzlar, Germany). The level of inflammation in colon tissue was determined using a scoring system that included degrees of tissue damage and lamina propria inflammatory cell infiltration as described (16).



Analyses of Plasma Cytokines

After fully isoflurane anesthesia, retroorbital blood was collected in K3EDTA micro tubes (Sarstedt, Nümbrecht, Germany) and plasma separated by centrifugation (3,000 g for 10 min at 4°C). Plasma samples were kept at -80°C until analysis. The levels of plasma cytokines were determined by multiplex immunoassay with a BioPlex 200 Mouse Cytokine Array/Chemokine Array (Eve Technologies, Calgary, Canada) (18).



Blood Pressure Measurements

Blood pressure was measured non-invasively on conscious mice using a CODA volume pressure recording tail-cuff system (Kent Scientific Corporation, Torrington, CT, United States). Systolic, diastolic, and mean blood pressures were recorded.



TransAbdominal Ultrasound Imaging of Abdominal Aorta

Transabdominal ultrasound imaging of the abdominal aorta was conducted for each mouse at baseline and at days 8, 22, 36, and 50 after DSS treatment under general anesthesia with oxygen (1 L/min) and vaporized isoflurane (1.5% vol/vol). Adequate levels of anesthesia were confirmed by the absence of withdrawal reflexes via toe pinching. The animals were placed on a heated imaging stage in the supine position. Body temperature, heart rate, and respiratory rate were continuously monitored during imaging. Abdominal hair was removed by applying hair removal cream followed by cleaning with wet gauze prior to abdominal aorta measurements. Warm ultrasound gel was applied to the abdominal wall for placement of ultrasound probe (MS400, 18–38 MHz) to collect B-mode, M-mode, PW doppler mode, as well as ECG based Kilohertz Visualization (EKV) mode images, using a high-resolution ultrasound imaging system (Vevo 2100, FUJIFILM VisualSonics Inc., Bothell, WA, United States). Peak blood flow velocity within abdominal aorta was quantified using PW doppler mode. Maximal aortic intraluminal diameters (MILD) were measured using M mode. Pulse wave velocity (PWV), distensibility, and radial strain were measured in the abdominal aorta with EKV mode using VevoVasc software as described (19).



Aortic Endothelial Function Studies

Thoracic and abdominal aorta were carefully excised, dissected, and placed in ice-cold physiological saline solution (PSS) containing (in mM): 130 NaCl, 4.7 KCl, 1.18 KH2PO4, 1.17 MgSO4, 14.9 NaHCO3, 5.5 Glucose, 0.026 EDTA, and 1.6 CaCl2, pH 7.4, gassed with 95% O2 and 5% CO2. Thoracic and abdominal aorta (with and without PVAT) were carefully cut into rings (2 mm in length) under a stereo-dissection microscope (20). The aortic rings were mounted to a multi-wire myograph system (620M; Danish Myo Technology, Aarhus, Denmark). The organ chambers were filled with 5 ml PSS at 37°C and aerated continuously with carbogen (95% O2 + 5% CO2). Based on vessel length/tension relationships, a preload tension of 10 and 12.5 mN/mm was applied to thoracic and abdominal aortic rings, respectively. The rings were allowed to equilibrate for 1 h with replacement of PSS every 20 min. To determine vascular contractility, aortic rings were incubated with high potassium PSS containing (in mM): 74.7 NaCl, 60 KCl, 1.18 KH2PO4, 1.17 MgSO4, 14.9 NaHCO3, 5.5 Glucose, 0.026 EDTA, and 1.6 CaCl2 (pH 7.4). After adequate washout with PSS, a dose-response curve to endothelium-dependent vasodilator acetylcholine (Ach, 10–9 to 10–5 M, accumulative) and a dose-response curve to endothelium-independent vasodilator nitroglycerin (NTG, 10–9 to 10–5 M) for each aortic ring after submaximal precontraction with phenylephrine (PE, 10–6 M).



Measurement of ROS Formation Using Dihydroethidium Assay

Thoracic and abdominal aorta were cleaned of perivascular tissue (especially PVAT) and vertically embedded in Tissue-Tek optimal cutting temperature (OCT) compound (Sakura Finetek, Torrance, CA, United States), and frozen in liquid nitrogen immediately. Liver tissue was embedded in OCT compound and frozen in liquid nitrogen with subsequent assessment of whether ROS levels were increased in the liver of mice with chronic DSS-induced colitis. Frozen cross-sections (5 μm in thickness) of aorta and liver were prepared and incubated with 5 μM dihydroethidium (DHE; Molecular Probes, Eugene, OR, United States) for 15 min as described (21). Images were obtained using a fluorescence microscope (Olympus CKX53, Tokyo, Japan), and analyzed with Image J (NIH, Bethesda, MD, United States) software.



Statistical Analysis

All data were presented as mean ± SEM, and analyzed using an unpaired, two-tailed Student’s t-test or two-way ANOVA followed by Bonferroni correction. All statistical analyses were conducted using Prism 8.0 software (GraphPad Software Inc., La Jolla, CA, United States). A two-sided p < 0.05 was considered statistically significant.




RESULTS


Assessment of Acute and Chronic DSS-Induced Colitis Models

All mice (both male and female) treated with 2.5% DSS for 7 days developed acute colitis (Figure 1A), as indicated by significant decreases in body weight (Figure 1B), colon length (Figure 1C), and significant increases in disease activity index (DAI) score (reflecting the severity of colitis) compared to control mice (Figure 1D). Increased colonic inflammation was also confirmed by histological analysis, showing mucosal erosions and lamina propria inflammatory cell infiltration in colon tissues of mice with acute colitis, compared to non-DSS treated mice (Figure 1E). In addition, plasma G-CSF, IL-6, and IL-17 were significantly increased in both female and male mice with acute colitis, while IFN-γ was only significantly increased in males (Figure 1F).
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FIGURE 1. Both female and male mice with acute DSS-induced colitis displayed significant inflammation in the colon and systemic inflammation. (A) Experimental scheme illustrating DSS treatment protocol for acute models. Changes in (B) body weight and (D) disease activity index (DAI) during DSS treatment. (C) Colon length and representative photographs for colon tissue in DSS-treated and control mice. (E) Representative images of H&E staining of colon tissue (×200; scale bar, 50μm), and summary of histological score. (F) Levels of plasma cytokines in male and female mice with acute colitis model. Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001, in unpaired 2-tailed Student’s t-test (B–F), n = 5–8 mice each group. F and M, female and male mice, respectively. G-CSF, granulocyte colony-stimulating factor; TNF-α, tumor necrosis factor alpha; IFN-γ, interferon gamma; IL, interleukin.


Chronically DSS-treated mice (3 cycles of 2.5% DSS for 7 days and interspaced with 14 days of drinking water) developed chronic colitis (Figure 2A), as demonstrated by significant decreases in colon length with fluctuating body weight (Figure 2B), enlarged mesenteric lymph nodes (Figure 2C), and fluctuating DAI scoring (Figure 2D), compared to control mice. Increased colonic inflammation was confirmed by histological analysis that showed marked tissue damage and lamina propria inflammatory cell infiltration in colon tissues of mice with chronic colitis, compared to the controls without DSS treatment (Figure 2E). For mice with chronic colitis, plasma G-CSF and IL-6 were significantly increased in both females and males, while TNF-α and IL-17 were increased only in females (Figure 2F).
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FIGURE 2. Both female and male mice with chronic DSS-induced colitis displayed significant inflammation in the colon and systemic inflammation. (A) Experimental scheme illustrating the experimental protocol with treatment of DSS and water for chronic models. Changes in (B) body weight and (D) disease activity index (DAI) during DSS treatment. (C) Colon length and representative photographs for colon tissue in DSS-treated and control mice. (E) Representative images of H&E staining of colon tissue (×200; scale bar, 50 μm), and summary of histological score. (F) Levels of plasma cytokines in male and female mice with chronic colitis model. Results are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, in unpaired 2-tailed Student’s t-test (B–F), n = 5–8 mice each group. F and M, female and male mice, respectively. G-CSF, granulocyte colony-stimulating factor; TNF-α, tumor necrosis factor alpha; IFN-γ, interferon gamma; IL, interleukin.




Abdominal Aortic Peak Blood Flow Velocity, MILD, PWV, Distensibility, and Radial Strain Were Preserved in Both Male and Female Mice With Acute and Chronic Colitis

To determine if acute and chronic DSS-induced colitis could affect hemodynamics and arterial stiffness in vivo, transabdominal ultrasound imaging of abdominal aorta was conducted at baseline and day 8, 22, 36, and 50 after DSS administration (Supplementary Figure 1). Peak velocity was measured locally in the abdominal aorta using PW doppler mode images and MILD was measured using M-mode images, while PWV, distensibility and radial strain were measured by analyzing EKV data. There were no differences in peak velocity, MILD and PWV of abdominal aorta in either male and female mice with and without DSS-induced colitis (Figures 3A–I). Except in male mice at day 22 after DSS treatment, no differences in distensibility and radial strain were observed in abdominal aorta from either male or female mice with or without DSS-induced colitis (Figures 3J–N). There were no differences in heart rate, respiratory rate and blood pressure in either male and female mice with and without DSS-induced colitis (Supplementary Figure 2).
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FIGURE 3. No significant changes in hemodynamics and arterial stiffness of abdominal aorta were observed in both male and female mice with DSS-induced acute and chronic colitis. (A–C) Analysis of PW doppler mode images for peak velocity. (D–F) Analysis of M-mode images for MILD. (G–I) Analysis of EKV images for PWV. (J–N) Analysis of EKV images for distensibility and radial strain. Results are expressed as mean ± SEM. *p < 0.05, in two-way ANOVA followed by Bonferroni correction (E–N), n = 6–8 mice each group. F and M, female and male mice, respectively. MILD, maximal intraluminal diameter; PWV, pulse wave velocity.




Aortic Endothelium-Dependent Vasodilation Was Preserved in Both Male and Female Mice With Acute Colitis

To determine if acute DSS-induced colitis could negatively affect aortic endothelial function in mice, endothelium-intact rings of both thoracic and abdominal aorta from both male and female mice were evaluated for endothelium-dependent and endothelium-independent relaxation after submaximal contraction with PE. There were no differences in Ach-induced endothelium-dependent relaxation (Figure 4) or NTG-induced endothelium-independent relaxation (Supplementary Figure 5) of thoracic and abdominal aorta in either male and female mice with and without acute DSS-induced colitis. No differences in PE-induced contraction were observed in either thoracic or abdominal aorta from either male or female mice with or without PVAT in acute DSS-induced colitis (Supplementary Figure 3).


[image: image]

FIGURE 4. Aortic endothelial function was preserved in both male and female mice with DSS-induced acute colitis. (A–D) Ach-induced endothelium-dependent relaxation of thoracic aorta with or without PVAT. (E–H) Ach-induced endothelium-dependent relaxation of abdominal aorta with or without PVAT. (I) Maximal relaxation and EC50 for Ach were calculated in the table. Results are expressed as means ± SEM. *p < 0.05, in two-way ANOVA followed by Bonferroni correction (A–H), n = 5–8 mice in each group. PVAT, perivascular adipose tissue; F and M, female and male mice, respectively. Ach, acetylcholine.




Endothelium-Dependent Vasodilation Was Selectively Impaired in Abdominal Aorta in Female Mice With Chronic Colitis

To assess aortic endothelial function in chronic colitis, endothelium-intact rings of thoracic and abdominal aorta were precontracted sub-maximally with PE as above. Ach-induced endothelium-dependent relaxation (Figures 5A–D) and NTG-induced endothelium-independent relaxation(Supplementary Figure 6A–D) of thoracic aorta remained intact in both male and female mice with DSS-induced chronic colitis. However, Ach-induced endothelium-dependent relaxation of abdominal aorta was significantly reduced in female mice but not in male mice with chronic colitis mice (Figures 5E,G). The maximal relexation in the control mice was 81.25 ± 3.23% that was significantly reduced to 66.94 ± 3.00% in chronic female colitis mice (p = 0.006, n = 8 mice per group). The EC50 values (-Log[M]) for Ach-induced relaxation of abdominal aorta was significantly increased in female mice with chronic colitis over the control (6.63 ± 0.22 versus 7.26 ± 0.19; p = 0.047) (Figure 5I). In contrast, no differences were observed in NTG-induced endothelium-independent relaxation (Supplementary Figure 6E–H). No difference in PE-induced contraction was observed in either thoracic or abdominal aorta from either male or female mice with or without PVAT in chronic DSS-induced colitis (Supplementary Figure 4).
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FIGURE 5. Ach-induced endothelium-dependent relaxation of abdominal aorta was selectively impaired in female mice with DSS-induced chronic colitis. (A–D) Ach-induced endothelium-dependent relaxation of thoracic aorta with or without PVAT. (E–H) Ach-induced endothelium-dependent relaxation of abdominal aorta with or without PVAT. (I) Maximal relaxation and EC50 for Ach were calculated in the table. Results are expressed as means ± SEM. *p < 0.05, in two-way ANOVA followed by Bonferroni correction (A–H), n = 5–8 mice in each group. PVAT, perivascular adipose tissue; F and M, female and male mice, respectively. Ach, acetylcholine.




Perivascular Adipose Tissue Restored Endothelium-Dependent Vasodilation of Abdominal Aorta in Female Mice With Chronic Colitis

To determine if PVAT could have a significant impact on endothelial function in mice with chronic colitis, endothelium-intact rings of thoracic and abdominal aorta with or without PVAT were sub-maximally precontracted with PE. Ach-induced endothelium-dependent relaxation of abdominal aorta without PVAT was significantly reduced in female mice with chronic colitis (Figure 5E) without change in NTG-induced endothelium-independent relaxation (Supplementary Figure 6E). Interestingly, Ach-induced endothelium-dependent relaxation of abdominal aorta was preserved when PVAT was present (Figure 5F).



ROS Levels Remained Unchanged in Thoracic and Abdominal Aorta in Mice With Either Acute or Chronic Colitis

Both acute and chronic colitis trigger a systemic inflammation with increased ROS production. Thus, frozen aortic cross-sections were prepared for ROS measurement using DHE. To our surprise, there were no significant differences in ROS levels in fresh aortic cross-sections of either thoracic and abdominal aorta in male and female mice with acute or chronic colitis (Figures 6A–D), while ROS levels were significantly increased in the livers of both male and female mice with DSS-induced chronic colitis (Supplementary Figure 7).
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FIGURE 6. Reactive oxygen species (ROS) levels remained unchanged in thoracic and abdominal aorta in mice with acute and chronic colitis in both female and male mice. Representative images of ROS in acute colitis model (A,B) and chronic colitis model (C,D) for thoracic and abdominal aortic rings using DHE staining (×100) and graph for quantification of ROS levels in the aortic rings. Results are expressed as means ± SEM. *p < 0.05, in unpaired 2-tailed Student’s t-test (A–D), n = 5 mice in each group. DHE, dihydroethidium. AU, arbitrary units. F and M, female and male mice, respectively.





DISCUSSION

In the present study, we demonstrated that: (1) DSS treatment successfully induced acute and chronic colitis in mice with significant increases in plasma pro-inflammatory cytokines; (2) no significant changes in arterial stiffness was observed in either male and female mice with acute and chronic DSS-induced colitis; (3) no significant changes in endothelium-dependent and endothelium-independent relaxation of both thoracic and abdominal aorta were observed in either male and female mice with acute DSS-induced colitis; (4). endothelium-dependent relaxation was selectively impaired in the abdominal aorta of female mice with DSS-induced chronic colitis but not in males; (5) PVAT preserved endothelium-dependent relaxation of abdominal aorta in female mice with chronic colitis; and (6) no changes in ROS levels were observed in either thoracic and abdominal aorta from male or female mice with acute or chronic colitis. These data suggest that endothelium-dependent relaxation is selectively attenuated in abdominal aorta of female mice with DSS-induced chronic colitis via a PVAT-associated mechanism that is independent of ROS formation.

Systemic inflammation and endothelial dysfunction are considered among the key factors that are critically involved in the development and progression of CVDs. IBD is characterized by chronic and recurrent inflammation of the gastrointestinal tract, and is associated with significant EIMs including non-infectious systemic inflammation and increased risk for CVD, especially in women (3, 4, 22). The data from the present study indeed showed plasma G-CSF, IL-6, and IL-17 levels to be significantly increased in both female and male mice with acute colitis, while IFN-γ was only significantly increased in males. For mice with chronic colitis, plasma G-CSF and IL-6 were significantly increased in both females and males, while TNF-α and IL-17 levels were selectively increased in female mice. These data confirmed that the plasma levels of pro-inflammatory cytokines were increased in mice with acute or chronic colitis.

Intact endothelial function is critical to normal vascular function. Studies have shown that the intestinal microvasculature of IBD patients with inflammatory flare exhibits significant endothelial dysfunction as evident by loss of Ach-induced endothelium-dependent relaxation (23). Surprisingly, there are very limited data on defining the relationship between IBD and endothelial dysfunction in animal models. It has been shown that mice and rats with UC have a significant endothelial damage with increased vascular permeability and perivascular edema in colonic mucosa (24). Mice with DSS-induced colitis and T-cell transfer are reported to exhibit a significant decrease in retinal blood flow (25, 26). The data from the present study showed that ex vivo abdominal aortic endothelial function was significantly attenuated in female mice with DSS-induced chronic colitis, while the thoracic aortic endothelial function was preserved. The mechanism(s) for this finding is unclear at this point. It is known that thoracic and abdominal aorta are heterogeneous with different origins during embryogenesis (27). A recent study using different aortic segments and single-cell RNA-sequencing has shown that the cell populations in mouse aorta to be very diverse/heterogeneous. The composition of aortic cell populations, their gene expression profiles and intercellular signaling networks could dramatically and differentially change segmental aortic responses to changes in local and systematic conditions including hemodynamic and metabolic factors (including fats, ions, and glucose) (15). Further studies are needed to define the mechanisms on the selective effect of DSS-induced chronic colitis on abdominal aorta and the apparent sex differences.

One of the interesting findings in the present study is that the endothelial function of abdominal aorta in female mice with DSS-induced chronic colitis is preserved in vivo, as is the ex vivo function of aortic rings with PVAT. In rodents, mesenteric arteries are surrounded with white adipose tissue, while the thoracic aorta is surrounded with brown adipose-like tissue and the PVAT of abdominal aorta is a mixture of white and brown adipose tissues (28). Historically, PVAT was usually removed from the vascular preparations for ex vivo vascular function studies. PVAT is juxtaposed to the vascular adventitia and is now considered to be important for vascular function. PVAT is comprised of dynamic cell populations including nerve terminals and immune cells in addition to adipocytes (29). These cells could directly communicate and interact with vascular cells including adventitial fibroblasts, vascular smooth muscle cells, and endothelial cells (28), thus participating in the regulation of vascular function. Clinical studies have demonstrated that perivascular nerve fiber subclasses are changed in colonic, mesenteric and submucosal blood vessels of IBD patients (30). Animal studies have shown that perivascular sensory neurotransmitter function of mesenteric arteries is profoundly impaired in an IL-10 knock out mouse colitis model (31). The findings in the present study suggests that abdominal aortic PVAT plays an important protective role in relation to endothelial function in female mice with DSS-induced chronic colitis. Further studies are needed to investigate the molecular mechanisms of PVAT in vascular endothelial function in different anatomical locations in IBD and sex difference.

There are significant sex differences in incidence and prevalence, clinical course, EIMs and response to therapies in IBD. Epidemiological studies have shown a greater predominance and severity of CD in women than in men, but a greater predominance and severity of UC in men than in women (32, 33). EIMs are diverse and commonly involve skin, joints, eye, liver and the cardiovascular system. Female IBD patients carry a higher risk of CVDs and anemia, while male patients have a higher risk of primary sclerosing cholangitis and primary ankylosing spondylitis (34–36). Several population studies have shown that women with IBD are at higher risk for acute arterial thrombotic events compared with men with IBD (3, 4). The mechanisms for sex differences in EIMs are unclear. Sex hormones not only affect gut-specific function, including gastric contractility, gastrointestinal transit, and sensitivity to pain (37), but are also important for endothelial function. Estrogen contributes significantly to the regulation of vasomotor activities through estrogen receptors α and β on endothelial cells and vascular smooth muscle cells (38). Physiological levels of testosterone are beneficial to cardiovascular system, while decreased serum levels of testosterone are associated with impaired endothelial function (39). The present study showed that endothelial function is impaired selectively in female mice with chronic colitis. As sexual dimorphism has been implicated in a number of vascular diseases, further studies, using female mice with oophorectomy or male mice with estrogen treatment, are needed to determine if sex hormones contribute to the sex difference in endothelial function observed in mice with chronic colitis.

Significant production of a variety of pro-inflammatory cytokines occurs in IBD, both locally and systemically. In the present study, we observed that plasma TNF-α and IL-17 were selectively increased in female mice with chronic colitis. Increased levels of TNF-α could increase ROS production, and lead to endothelial dysfunction (11, 40). IL-17 is also a potent pro-inflammatory cytokine and activates RhoA/Rho-kinase, leading to endothelial dysfunction (41). However, the ROS levels in both thoracic and abdominal aorta were not increased in either male mice or females with acute and chronic DSS-induced colitis, suggesting that abdominal aortic endothelial dysfunction in female mice with DSS-induced chronic colitis may not be related to ROS formation. Further studies are warranted to explore the mechanism(s) by which abdominal aortic endothelial dysfunction occurs in female mice with chronic colitis.

In conclusion, the present study demonstrated that abdominal aortic endothelial function was attenuated selectively in female mice with DSS-induced chronic colitis independent of ROS formation, and PVAT played an important role in preserving endothelial function in female mice with chronic colitis.
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Recent increased visibility on racial issues in the United States elicited public outcry and a collective call for action. The social justice movement has facilitated energetic discussions about race, sexual orientation, and various issues of diversity, equity, and inclusion. This article discusses issues faced by people of color that we as scientists can address, as well as challenges faced by women and internationally trained scientists in the scientific community that need immediate attention. Moreover, we highlight various ways to resolve such issues at both institutional and individual levels. Silence and incremental solutions are no longer acceptable to achieving lasting social justice and ensure prosperous societies that work for all.
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INTRODUCTION

Everyone deserves to live in dignity. However, reality is far from ideal, even in highly developed nations. Barriers to diversity, equity, and inclusion are major obstacles. The United States (US) recently faced an immediate need to address complex issues associated with the consequences of racism against people from the African-American and Asian-American communities. In addition to fundamental diversity issues, apathy may be another challenge. As the media's attention to racially charged events fades, attention shifts, particularly for those who are not directly affected. Lawmakers turn to other issues and potentially fail to act. Indeed, while the large-scale protests of summer 2020 have diminished, racial inequality and disparity remain inadequately unaddressed. Other diversity issues in the scientific community (e.g., gender, sexual orientation, culture, socioeconomic status, and religion) need equal attention. Recognizing such issues is only the first step, and international organizations, governments, institutes, and individuals must work to understand problems, educate each other, and find solutions. Professional organizations must adopt strict, zero tolerance policies toward any form of racism and inequality.

As scientists, we should act swiftly to find solutions. The North American Vascular Biology Organization (NAVBO) has built a strong tradition of embracing and promoting diversity. In response to the need for justice, NAVBO launched the new Diversity, Equity, and Inclusion Committee and issued a Statement of Commitment to Diversity, Equity, and Inclusion1,2. Here, the committee offers potential solutions to the various issues of diversity and inclusion the world and scientific communities face. Together, we can work to protect our core values and establish safe and compassionate environments.



I: OVERCOMING SOCIAL INJUSTICE AND MOVING FORWARD


Racial Inequality Is Real and Can Affect Public Health

Recent elevated visibility on the issues of racial injustice in the US has elicited public protests and a collective call for action3, prompting us to increase our fight against prejudice, ignorance, and indifference. We hope these protests end all forms of discrimination, not only against African-, Native-, and Asian-American people but also against other races and ethnicities, gender or gender identity, sex or sexual orientation, age, religion, culture, beliefs, national origin, immigration status, language proficiency, socioeconomic status, or intellectual or physical ability4,5,6 (1). NAVBO's moral convictions cannot tolerate discrimination. The positive side of recent events is that they created an opportunity for people of all backgrounds to unite and form transformational movements in many institutions in the US and around the globe, leading to the development of policies and legal frames designed to uproot all forms of inequality in society at large.

Study after study, from all angles, clearly show that many institutions suffer from biases and discrimination against African Americans and other people of color (1–5). In the US, most African Americans (92%), Latinx (78%), Native Americans (75%), and Asian Americans (61%) report experiencing racial discrimination (i.e., racial slurs, violence, threats, and harassment) at work and in schools. Institutions that honestly assessed their own racial fairness discovered concerns of inequality. For instance, an institutional assessment of the American College of Physicians (ACP) reported that its membership applications considered race and religion, required citizenship in North America, and limited membership to English-language speakers in the first half of the 20th century (1). Gathering evidence from similar efforts by other groups would increase awareness of racial inequality. This is an important first step in establishing fair environments in the scientific community.

Racial injustice and disparity, including reduced access to employment, education, and crowded and substandard housing, affects public health and life expectancy in several ways. Discrimination causes adverse cognitive and emotional inadequacy, which can lead to lack of interest in healthy behaviors (e.g., sleep and exercise) and increased desire for unhealthy behaviors (e.g., alcoholism, drug abuse, and unhealthy food consumption) (6–8). Minorities have contracted COVID-19 far more often than the White populations. Recently published data show that African Americans disproportionately lost employment or income (9). Additionally, African Americans are more likely than White people to display vaccine hesitancy due to confidence and circumspection (10). As described by the Okorodudus, unfair treatment of young people by medical professionals may have led African Americans to distrust the entire medical system (11). Moreover, Albert et al. showed that health disparities are not merely differences in health status but rather an accumulated unfair practice in the healthcare system that can be modified for the well-being of the entire community (12). The social injustice and health disparities does not stop with African Americans, it is well documented in American Indian and Alaska Native people who have experienced health disparities when compared with other Americans. Lower life expectancy and disproportionate disease burden. They also experienced inadequate education, disproportionate poverty, discrimination in the delivery of health services, and cultural differences. All these issues are directly connected to socioeconomic difficulties (13).



The Role of Educational Institutions in Promoting Social Justice

Institutions of higher learning are critical platforms for fostering equality and promoting social justice. Accessibility to these institutions by people of color represents an important socioeconomical tool for supporting their communities. Because a college degree can alter a family's trajectory for generations, scholarships and other resources are important to the success of students from underrepresented communities. Thus, institutions should increase their financial commitment to diversity as a means to retain and graduate students of color (14). Updated curricula that highlight the historical struggle of African Americans and offer restorative approaches to expose the past head-on can provide avenues for a brighter future. Training is crucial to the success of underrepresented students.

Importantly, faculty should mirror the student body because the success of African American and other faculty of color helps ensure the success of students from underrepresented communities (15, 16). Institutions should provide resources (e.g., adequate startup packages, mentorship, fair performance assessments) and tools that ensure the success of these faculty members. To retain faculty and trainees from underrepresented communities, institutional leadership must acknowledge and understand their experiences of racism (17). In addition, minority faculty require access to federal funding (2). Importantly, fair treatment by professional organizations helps ensure people of color that they can present their scientific work at conferences and symposia, chair scientific sessions, and compete for recognition (i.e., awards and recognitions), boosting their career and ensuring academic growth.

Professional organizations such as NAVBO should adopt strict policies and zero tolerance approaches to any form of racism or inequality, and work toward eliminating all forms of implicit bias in professional activities. Further, professional organizations must implement proactive methods to ensure fairness and support members of underrepresented communities. Dedicated committees that focus on programs and policies that promote diversity, equity, and inclusion can foster the success of faculty members from underrepresented communities. Some scientists, who do not understand how much underrepresented groups and minorities struggle, can unconsciously fall into implicit bias. Therefore, professional organizations must regularly conduct training programs and seminars on diversity and implicit biases and encourage scientists to increase diversity in their own institutions, research programs, and leadership positions. Notably, several studies indicate that diversity in the faculty or student body alone is not sufficient for resolving inequality. While many institutions have done a remarkable job diversifying their campuses, leadership often remains disproportionally dominated by white men (18).

We now recognize a greater need for reforming institutional practices in government, academia, sports, cultural societies, arts, etc. Inequality and injustice cannot be resolved without greater awareness, real efforts, and commitments from all sections of a society. It is not enough to merely issue statements that condemn injustice or simply post policies or statements on institutions' webpages. Our workforce should reflect the community. Identifying hidden discrimination in hiring, promotion, and access to resources is very important when implementing a fair workforce environment (Figure 1). Leaders, administrators, and educators of all backgrounds and at all levels need to act by adopting strategies with measurable outcomes.
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FIGURE 1. Barriers to equity: who can provide solutions and how?




Role of the National Institutes of Health

The US National Institutes of Health (NIH) is the largest public funding agency of biomedical and behavioral research worldwide. Its mission is to seek fundamental knowledge about the nature and behavior of living systems and then apply that knowledge to enhance health, lengthen life, and reduce illness and disability. In response to recent events that highlighted the reality of racial injustice in the US, the NIH issued a statement that recognizes systemic racism in biomedical research and strengthened its commitments to end structural racism in the biomedical workforce. The statement also acknowledged its previous efforts have been insufficient7. The NIH is committed to developing new ways to support diversity, equity, and inclusion, and identifying and dismantling any policies and practices that may harm our workforce and our science (2).

The NIH recently launched UNITE, a new initiative that aims to identify and address structural racism within the NIH and the greater biomedical community7. Briefly, UNITE aims to establish an equitable culture within the biomedical research enterprise, reduce barriers to racial equity in its workforce, and advance health equity research to eliminate or lessen health disparities and inequities. UNITE also seeks to (i) identify critical elements that perpetuate structural racism and leads to a lack of diversity, equity, and inclusion in the biomedical enterprise; (ii) investigate and eliminate health disparities and inequities; (iii) change the organizational culture and structure of NIH to promote diversity, equity, and inclusion; (iv) coordinate NIH-wide efforts to ensure transparency, accountability, and sustainability of all UNITE efforts; and (v) evaluate NIH extramural policies and processes to identify and change cultures, practices, and structures to promote inclusivity and diversity within the extramural research ecosystem.

The NIH also promotes diversity, equity and inclusion by requiring the involvement of African American and other underrepresented people as presenters, a score-driving factor for R13 applications to support scientific conferences. This effort helps increase awareness of social injustice issues in science communities.

In addition to the NIH's efforts, collective action by all stakeholders (i.e., communities of scientific research, advocacy, clinical practice) and non-scientific communities, including the public, is crucial to ending systemic racism in the biomedical research workforce.




II: CHALLENGES IN CAREER DEVELOPMENT FOR WOMEN


The Underrepresentation of Women in Medicine Biological Sciences, and Science, Technology, Engineering, or Math

Although women's participation in biomedical sciences and other sciences, technology, engineering, and math (STEM) fields has increased, evidence suggests that women are still underrepresented in education, careers, and leadership positions (19). A large comprehensive bibliometric analysis of 1.5 million authors, led by systems scientist Albert-László Barabási, reported longitudinal gender gaps in academic publishing and significantly higher dropout rates in women (20). Particularly, women from racial and ethnic minority groups (e.g., African American, Hispanic, or indigenous) are insufficiently represented in various scientific professions and career levels. After graduating from high school, women are less likely than men to choose any of the STEM fields as a major in college. Women's representation in science decreases further at the graduate level, the transition to the workplace, and still further at senior and professorial levels8. Barriers to women's career progression partly explain their underrepresentation in faculty and leadership positions in medicine, biological sciences, and STEM. Importantly, women and men would share similar opportunities if the legal system supported them equally. Gender inequality should be recognized as a major social problem and a primary consideration for the members of our scientific community. A resolution of gender inequality will help improve women's education and careers and encourage more women to establish a career in science, benefitting society at large.



Understanding Barriers to Women's Career Development in Science

Evidence suggests that higher dropout rates for women in academic careers compared to men (20). Why? Barriers to career development for women are institutional, cultural, individual, and family-bounded. Institutional barriers include (i) lower-level professional positions, (ii) lower pay, (iii) dysfunctional legislations that hinder promotion, (iv) negative attitudes, and (v) limited access to networks and mentors (21). Other barriers include gender stereotypes, discrimination and harassment, and gender-role expectations. Self-recognized stereotyping and common biases seem to be the first obstacles for female graduates who begin a career in STEM. Such misconceptions include: (i) men are better than women in STEM fields; (ii) women are not interested in careers in science; and (iii) successful women behave in masculine ways. Gender bias may exist in peer review, job applications, recruitment, and promotions (22, 23). Responsibility for childcare or caring for an ill or aging family member is another typical barrier to women's career development. Frequently, men and women do not share housework, childcare, and looking after the family's emotional well-being equally. Thus, many women scientists who strive to establish an independent career must balance work and family responsibilities, leading to career breaks or part-time appointments. A consequent reduction in publications has a negative impact on grant success rates and career development, resulting in job insecurity and reduced career retention.



Strategies to Overcome Barriers to Career Progression for Women

Mentoring and role-modeling programs help women develop a network with multiple mentoring relationships for degree and career success, in STEM (24). Mentoring programs can strengthen women's motivation and persistence in career pathways through (i) providing female role models; (ii) teaching women how to grow their mentor–mentee network; and (iii) introducing women to local mentors and sponsors. Training for issues related to stereotypes and unconscious biases, along with transparent recruitment and promotion processes, are required. Detailed plans to promote cultural shifts can ensure that women have equal access to opportunities and adequate paths to develop their career in science. Since most research appointments depend on active, independent grants with short-term contracts, women's pathways for promotion are often unclear9,10.

Understanding a diversity-oriented working environment and identifying good mentors, collaborators, and peers can help women avoid isolation, stay connected with networks, and develop their careers in science. Organizations should train employees on unconscious bias, diversity, and inclusion to encourage shifts in culture and improve strategies to recruit and retain female scientists. In addition, policies should promote an inclusive workplace and foster transparent promotion processes that ensure pay equity.

When facing such issues, female scientists should not struggle alone. Our institutions have a key responsibility to create safe working conditions that enable all employees to deliver high-quality work in an effective manner. Such environments have no place for workplace bullying or any other form of harassment (25). All personnel need active support to make our academic and research institutes gender-balanced at all the levels, from technical or administrative staff to junior investigators to full professor, provost, or institute director. Simply stated, diverse organizations perform better (26).

Any organization that is seriously interested in expanding gender diversity can instantly implement a “Zipper quota,” a method coined by Curt Rice11. This method shortlists suitable women candidates and “zips” them together with a shortlist of suitable male candidates. Next, shortlisted candidates are selected by putting the first woman on the interview list, then the first man, followed by the 2nd woman, the 2nd man, and so on. Thus, any zipped list will yield a new shortlist for interviewing the best candidates. The strategy can be applied to recruitment for any position, and it provides recruitment committees with the exciting opportunity to interview the best female and best male candidates. In addition, the composition of recruitment committees can be established by “zipping” shortlists of its female and male members. This strategy minimizes the chances of selecting or promoting “the usual suspects;” instead, the best person is hired based on their own merits and the best scholars are promoted. Since women and men are equally smart and skilled, hiring qualified women will become part of the norm.



Imposter Syndrome

Imposter syndrome (i.e., doubting your own abilities) often hinders women's success, and it can be generalized to any underrepresented group. Imposter syndrome internalizes thoughts that you are not good enough, do not belong, feel like a fraud, do not deserve the job or promotion. Additionally, you devalue your worth and think you have only succeeded due to luck, not because of your talent or qualifications. Imposter syndrome disproportionately affects minority groups and high-achieving women who struggle to accept their own accomplishments (25, 27). It persists throughout college and graduate school and into the working world, where women tend to judge their performance as worse than it is, while men judge their own performance as better. Even the most successful and accomplished women have this experience. Although imposter phenomenon is not an official diagnosis, psychologists and others acknowledge that it is a real and specific form of intellectual self-doubt. Imposter feelings generally include anxiety and depression, which greatly reduce confidence and cause women to consider leaving the field. Mentors who provide advice on how to deal with impostorism are especially helpful. Importantly for women, overcoming imposter syndrome involves recording their accomplishments; visualizing and recognizing their success; talking to mentors, colleagues, or friends; removing doubt; becoming confident; realizing that no one is perfect, and reminding themselves that they are good at what they do.



Impact of COVID-19 on Women's Career Development in Science

COVID-19 continues to spread around the world with unexpected consequences for health systems and global economies. Compared to men in science, the pandemic has greatly affected disadvantaged women, particularly in STEM (28–32). Women from diverse backgrounds have additional barriers during the pandemic, including homeschooling their children, general housework, and managing their paid workload. Therefore, women are less likely than men to attend STEM workplaces, submit manuscripts and grant applications, and start new projects. Because COVID-19 has caused budgetary restraint at some universities and academic medical centers, STEM jobs are at risk. Significantly reduced short-term contracts are held mainly by women (28). We hope that pandemic-related budget cuts do not influence ongoing equity programs. The future of women in STEM could be jeopardized if developments achieved in recent years are lost. Solving this issue requires consideration and discussion of how to mitigate the impact of COVID-19 on job security and career progression for women in medicine, biological sciences, and STEM.




III: LGBTQ+ IN STEM

Although social science research has made great strides in documenting and reporting the problems that racial minorities and women face in STEM, other sociodemographic minorities (e.g., sexual and gender minorities) have received less attention. This article refers to such minorities including but not limited to gay, lesbian, transgender, queer, non-binary, and asexual groups as LGBTQ+ (sometimes LGBTQ, LGBQ, or LGBT+, depending on context). These minorities are interesting in the context of inequality, but sampling limitations have prevented investigation into systemic inequalities faced by LGBTQ+ scientists. Recent studies report the climate surrounding LGBTQ+ individuals in STEM as significantly less pleasant compared to their heterosexual counterparts (32, 33). Specifically, sexual minorities were 7% less likely to finish a STEM degree compared to switching to a non-STEM major, although sexual minorities were more likely to participate in undergraduate research programs (34). In the workplace, up to 28% of LGBT scientist respondents have considered leaving their STEM workplace; transgender individuals were hardest hit, with nearly half having considered leaving; and 20% of transgender respondents frequently considered leaving (34, 35). Forty-nine percent of respondents agreed that there is an overall lack of awareness of LGBT+ issues in STEM. Notably, however, 70% of respondents reported that the working environment for LGBT+ scientists was improving (35).



IV: FIRST GENERATION IN STEM

Being a first-generation (“first-gen”) scientist comes with its own unique challenges. First-gen students are those whose parents did not acquire any higher education after high school or the equivalent (36). These students often do not know how to navigate the college application process, especially for graduate school. Disadvantages facing first-gen students include (i) inability to speak to their parents and/or guardians about college resources, (ii) navigating college applications, and (iii) applying for grants or scholarships. These disadvantages are compounded for first-gen students from underrepresented racial groups, who may experience discrimination, racism, and language barriers while dealing with the hurdles of the college application process (37). In fact, Latinx students comprise a significantly larger portion of first-gen students (38). First-gen students are less likely to pursue an undergraduate or graduate degree due to many factors, but notably many must work one or more jobs to pay for college. Therefore, first-gens cannot fully devote themselves to extracurricular activities and gain experience to pursue graduate education (Figure 2) (38–40).


[image: Figure 2]
FIGURE 2. How can we be part of the solution.




V: CHALLENGES OF INTERNATIONALLY TRAINED SCHOLARS


Barriers in Communication and Grant Writing

While this section focuses on how young international students can overcome difficulties and succeed, we also wish to increase awareness of the challenges foreign-born scientists experience in a new country, particularly the US. Discussing cultural differences and immigration restrictions can present fundamental challenges. Starting new careers as postdoctoral scientists and then moving into faculty positions in a new country are further compounded by cultural and language barriers. Although most postdocs and faculty members were educated in English and/or have acquired English language skills, developing effective communication skills across deep-rooted accents and vastly different cultural settings can be very difficult.

Alongside informal and social interactions, grant writing and presentation skills are critical to success in an academic career. Mastering such skills requires a great deal of practice and adaptation by foreign-trained scholars. When writing competitive grants, such scholars encounter differences in language and cultural communication styles, which often hinder the process and logical flow of ideas. Some languages, such as Japanese, are indirect and less clear compared with American-style English (e.g., the concept of “conclusion first”). Understanding differences in writing styles plays a substantial role in shaping grant applications, leading to successful funding that is a deciding factor for achieving career milestones.



Cultural Differences

International scholars, whose cultural backgrounds are vastly different from Western nations such as the US, sometimes think they will seem too bold, straightforward, or even disrespectful to superiors and authority figures if they speak up without permission or hesitation. Some people misinterpret cultural and language barriers as a lack of confidence or initiative, or as intention to challenge people or propose solutions. Potentially, such misinterpretations can harm one's growth and career. International scholars benefit tremendously when they learn and adapt to Western or American cultures, which encourage innovation, proactive thinking, and self-promotion. In a rapidly evolving research landscape marked by new and emerging technologies, gaining courage to “jump on a moving train” may be critical for scientists from nations where more careful approaches are common or respected. Compared to other nationalities, Americans tend to be goal-oriented, a characteristic that may help speed actions and favor competitive environments. Asian scientists may take a more process-oriented, step-by-step approach that does not necessarily win competitions. Notably, blending new experiences and skills with the strengths they learned at home can strengthen their career prospects.

Having completed their doctoral degrees abroad, most international scientists' first encounter with the American academic system is as a postdoctoral fellow. Thus, they must navigate vastly different academic institutional policies and systems. Foreign scholars, particularly women, are often young adults venturing into family responsibilities, which add to the burden of acclimating to a new country with different norms. From deciphering amenities (e.g., finding good housing, setting up utilities and bank accounts, working out transportation options and schooling for children) to familiarizing themselves with distinctly different work cultures in a completely new environment can overwhelm some international trainees. Moreover, the rigors of academia (e.g., challenging experiments and long hours, working toward multiple publications, and writing successful grants) exponentially compound the challenges faced by international scholars. Some institutions have international societies or postdoctoral associations that can help with setting up some accommodations, but such support groups are relatively rare. Thus, many internationally trained scientists struggle alone. These challenges drive our efforts to share our views with young international scholars.

Beyond postdocs, similarly challenging scenarios confront the larger spectrum of international scholars who enter the academic system in the US, either early as doctoral students or later as faculty members. Regardless of where international scholars begin their journey, early steps to successfully assimilate into the new academic system and way of life can make a large difference. Learning to communicate effectively, think beyond one's limitations, and open up to new opportunities can be very beneficial. Importantly, students must learn to network, be openminded and proactive, and take a multidisciplinary approach to introduce themselves and their work to their new community. International students and postdocs must do their due diligence in finding the right doctoral lab and mentor and seek to match not only the science and academic experiences that interest them, but also the culture of the lab and the mentoring history of the principal investigator (PI). Importantly, she/he should recognize that a mentor–mentee relationship works both ways. Proactive communication helps a PI understand each trainee's goals and makes a mentor–mentee team productive. Since grants are paramount in shaping one's academic career, international scholars should strive to develop their scientific communication skills and grant writing styles. The importance of guiding international scholars to various grant opportunities cannot be stressed enough. Administrative offices or leadership departments may help identify funding opportunities, and grant writing classes can help students write competitive applications for institutional, regional, and national funding.

Navigating visas to maintain legal status to live and work in the US is a significant liability for international scholars. International students begin their US journey with F-1 student visas, then optional practical training (OPT) visas, and finally J-1 (exchange visitors) or H-1B (specialty occupations) visas. Most international postdoctoral researchers have a J-1 visa until they are eligible to apply for a self- or employer-sponsored green card. Some institutions may not support postdocs' H-1B visa or green card applications, adding the pressure on internationally trained scientists who wish to develop careers in the US12. Visa restrictions and requirements are complex, expensive, and may risk work–life status, creating stress. Depending on the flexibility and understanding of mentors and institutions that sponsor them, this vulnerability can limit available opportunities. Academic research institutions have administrative services dedicated to international students, postdocs, and faculty members. International scholars should familiarize themselves with such resources and utilize them appropriately for routing daunting, meticulous, and time-sensitive visa transitions.




CONCLUSIONS

Silence is no longer acceptable when social injustice issues become intolerable in our progressive scientific society. The May 2020 murder of George Floyd in Minneapolis, Minnesota, led to worldwide protests of police brutality, racism, and lack of accountability toward African Americans, opening a wide door for an overall review of the issues of social justice and equality beyond racism in the US and around the globe. Attempts to address disparities in health care, education, judicial systems, and the spectrum of workplaces have been an ongoing demand for several decades. Using technology to document violations and social media to spread awareness of prejudices has helped increase awareness in all institutions, including those in the scientific community. This article discussed social justice issues relevant to African- and Asian-Americans, women, and LGBTQ+ as well as challenges faced by international scholars. Importantly, we provide future perspectives to resolve these self-made social determinants (Figure 2). While increased awareness is a critical first step, it is not enough. We must act together, as individuals and as institutions, to introduce real changes that establish and provide inclusive, fair, and safe environments to all. NAVBO's commitment to diversity, equity, and inclusion strongly supports these goals.
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FOOTNOTES

1https://www.navbo.org/about-us/policies

2https://www.navbo.org/archive/

3https://www.nytimes.com/2020/05/31/us/george-floyd-investigation.html

4https://www.cnn.com/2021/04/20/us/derek-chauvin-trial-george-floyd-deliberations/index.html

5https://www.washingtonpost.com/national-security/george-floyd-police-officers-federal-charges-civil-rights/2021/05/07/c30fdfb6-ac34-11eb-acd3-24b44a57093a_story.html

6https://economictimes.indiatimes.com/news/international/world-news/us-president-joe-biden-to-america-after-floyd-verdict-we-cant-stop-here/articleshow/82185501.cms?from=mdr

7https://www.nih.gov/ending-structural-racism/unite

8https://www.nsf.gov/statistics/seind14/content/chapter-5/at05-15.pdf

9https://www.science.org/content/article/more-action-needed-retain-women-science

10https://publications.parliament.uk/pa/cm201314/cmselect/cmsctech/701/701.pdf

11http://curt-rice.com/about/

12https://www.ncbi.nlm.nih.gov/books/NBK268781/



REFERENCES

 1. Serchen J, Doherty R, Atiq O, Hilden D. Racism and health in the United States: a policy statement from the American College of Physicians. Ann Intern Med. (2020) 173:556-7. doi: 10.7326/M20-4195

 2. Stevens KR, Masters KS, Imoukhuede PI, Haynes KA, Setton LA, Cosgriff-Hernandez E, et al. Fund black scientists. Cell. (2021) 184:561-5. doi: 10.1016/j.cell.2021.01.011

 3. Trotochaud K. Ethical issues and access to healthcare. J Infus Nurs. (2006) 29:165-70. doi: 10.1097/00129804-200605000-00007

 4. Cleveland Manchanda EC, Macias-Konstantopoulos WL. Tackling gender and racial bias in academic emergency medicine: the perceived role of implicit bias in Faculty Development. Cureus. (2020) 12:e11325. doi: 10.7759/cureus.11325

 5. Maupin J, Kaiksow F, Kenik J, Sheehy A, Sterken D. Assessing perspectives on systemic racism in an academic hospital medical group: the ARCH Project. WMJ. (2021) 120:S66-9.

 6. Paradies Y, Ben J, Denson N, Elias A, Priest N, Pieterse A, et al. Racism as a determinant of health: a systematic review and meta-analysis. PLoS ONE. (2015) 10:e0138511. doi: 10.1371/journal.pone.0138511

 7. Churchwell K, Elkind MSV, Benjamin RM, Carson AP, Chang EK, Lawrence W, et al. Call to action: structural racism as a fundamental driver of health disparities: a presidential advisory from the American Heart Association. Circulation. (2020) 142:e454-68. doi: 10.1161/CIR.0000000000000936

 8. Ramirez-Valles J. Public health has an equity problem: a Latinx's voice. Front Public Health. (2020) 8:559352. doi: 10.3389/fpubh.2020.559352

 9. Sparks JR, Kebbe M, Flanagan EW, Beyl RA, Altazan AD, Yang S, et al. Impact of COVID-19 stay-at-home orders on health behaviors and anxiety in black and white Americans. J Racial Ethn Health Disparities. (2021) 19:1–5. doi: 10.1007/s40615-021-01131-3

 10. Liu R, Li GM. Hesitancy in the time of coronavirus: temporal, spatial, and sociodemographic variations in COVID-19 vaccine hesitancy. SSM Popul Health. (2021) 15:100896. doi: 10.1016/j.ssmph.2021.100896

 11. Okorodudu DO, Okorodudu DE. An issue of trust-vaccinating Black patients against COVID-19. Lancet Respir Med. (2021) 9:228-9. doi: 10.1016/S2213-2600(21)00002-3

 12. Albert MA, Carnethon MR, Watson KE. Disparities in cardiovascular medicine. Circulation. (2021) 143:2319-20. doi: 10.1161/CIRCULATIONAHA.121.055565

 13. Indian Health Service. Available online at: https://www.ihs.gov/newsroom/factsheets/disparities/ (accessed December 15, 2021). 

 14. James GB Jr. The perception of black male students of black faculty/staff involvement in mentorship at a predominantly white institution (Masters Theses), Eastern Illinois University, Lincoln Avenue Charleston, IL (2015). 

 15. Bush M,. Lack Of Black Faculty Leads To Fewer Mentors For African-American Students In WNC. (2018). Available online at: https://www.bpr.org/post/lack-black-faculty-leads-fewer-mentors-african-american-students-wnc#stream/0 (accessed December 15, 2021). 

 16. Ambrose AJ, Andaya JM, Yamada S, Maskarinec GG. Social justice in medical education: strengths and challenges of a student-driven social justice curriculum. Hawaii J Med Public Health. (2014) 73:244-50.

 17. Grubbs V. Diversity, equity, and inclusion that matter. N Engl J Med. (2020) 383:e25. doi: 10.1056/NEJMpv2022639

 18. Kezar AJ. Rethinking Leadership in a Complex, Multicultural, and Global Environment: New Concepts and Models for Higher Education. Sterling, VA: Stylus Publishing, LLC (2009). 

 19. Celebrating women in science. Nat Cell Biol. (2018) 20:993. doi: 10.1038/s41556-018-0190-4

 20. Huang J, Gates AJ, Sinatra R, Barabási AL. Historical comparison of gender inequality in scientific careers across countries and disciplines. Proc Natl Acad Sci USA. (2020) 117:4609-16. doi: 10.1073/pnas.1914221117

 21. Coe IR Wiley R Bekker L-G: Organisational best practices towards gender equality in science and medicine. Lancet. (2019) 393:587-93. doi: 10.1016/S0140-6736(18)33188-X

 22. Holman L, Stuart-Fox D, Hauser CE. The gender gap in science: how long until women are equally represented? PLoS Biol. (2018) 16:e2004956. doi: 10.1371/journal.pbio.2004956

 23. Shannon G, Jansen M, Williams K, Cáceres C, Motta A, Odhiambo A, et al. Gender equality in science, medicine, and global health: where are we at and why does it matter? Lancet. (2019) 393:560–9. doi: 10.1016/S0140-6736(18)33135-0

 24. González-Pérez S, Mateos de Cabo R, Sáinz M. Girls in STEM: is it a female role-model thing? Front Psychol. (2020) 11:2204. doi: 10.3389/fpsyg.2020.02204

 25. National National Research Council (US) Panel on Race Ethnicity and Health in Later Life. 2, Racial and Ethnic Identification, Official Classifications, and Health Disparities. In: Anderson NB, Bulatao RA, Cohen B, editors. Critical Perspectives on Racial and Ethnic Differences in Health in Late Life. Washington, DC: National Academies Press (US) (2004). 

 26. Nielsen MW, Alegria S, Börjeson L, Etzkowitz H, Falk-Krzesinski HJ, Joshi A, et al. Gender diversity leads to better science. PNAS. (2017) 114:1740-2. doi: 10.1073/pnas.1700616114

 27. National National Academies of Sciences Engineering and and Medicine; Health and Medicine Division; Board on Population Health and Public Health Practice; Committee on Community-Based Solutions to Promote Health Equity in the United States. 2, The State of Health Disparities in the United States. In: Baciu A, Negussie Y, Geller A, et al., editors. Communities in Action: Pathways to Health Equity. Washington, DC: National Academies Press (US) (2017). 

 28. Speer JE, Lyon M, Johnson J. Gains and losses in virtual mentorship: a descriptive case study of undergraduate mentees and graduate mentors in STEM research during the COVID-19 pandemic. CBE Life Sci Educ. (2021) 20:ar14. doi: 10.1187/cbe.20-06-0128

 29. Wester ER, Walsh LL, Arango-Caro S, Callis-Duehl KL. Student engagement declines in STEM undergraduates during COVID-19-driven remote learning. J Microbiol Biol Educ. (2021) 22:22.1.50. doi: 10.1128/jmbe.v22i1.2385

 30. Gebhard C, Regitz-Zagrosek V, Neuhauser HK, Morgan R, Klein SL. Impact of sex and gender on COVID-19 outcomes in Europe. Biol Sex Differ. (2020) 11:29. doi: 10.1186/s13293-020-00304-9

 31. Punjani N, Ha A, Caputo J, Wang V, Wiechmann L, Chiasson MA, et al. Outcome disparities among men and women With COVID-19: an analysis of the New York City population cohort. J Drugs Dermatol. (2020) 19:960-7. doi: 10.36849/JDD.2020.5590

 32. Lassale C, Gaye B, Hamer M, Gale CR, Batty GD. Ethnic disparities in hospitalisation for COVID-19 in England: the role of socioeconomic factors, mental health, and inflammatory and pro-inflammatory factors in a community-based cohort study. Brain Behav Immun. (2020) 88:44-9. doi: 10.1016/j.bbi.2020.05.074

 33. Cech EA, Waidzunas TJ. Systemic inequalities for LGBTQ professionals in STEM. Sci Adv. (2021) 7:933–48. doi: 10.1126/sciadv.abe0933

 34. Hughes, Bryce E. Coming out in STEM: factors affecting retention of sexual minority STEM students. Sci Adv. (2018) 4:eaao6373. doi: 10.1126/sciadv.aao6373

 35. Institute Institute of Physics Royal Royal Astronomical Society the Royal Society of Chemistry. Exploring the Workplace for LGBT+ Physical Scientists. (2019). Available online at: https://www.rsc.org/globalassets/04-campaigning-outreach/campaigning/lgbt-report/lgbt-report_web.pdf (accessed December 15, 2021). 

 36. Chen X. First-Generation Students in Postsecondary Education A Look at Their College Transcripts Postsecondary Education Descriptive Analysis Report, Blacksburg, VA (1988). 

 37. Hossler D, Schmit J, Vesper N. Going to College: How Social, Economic, and Educational Factors Influence the Decisions Students Make (1999). 

 38. Verdin D, Godwin AF. First in the Family: A Comparison of First-Generation and Non-First-Generation Engineering College Students Custom Citation APA First in the Family: A Comparison of First-Generation and Non-First-Generation Engineering College Students, School of Engineering Education, Purdue University, West Lafayette, Indiana (2015). 

 39. Phinney JS, Haas K. The process of coping among ethnic minority first-generation college freshmen: a narrative approach. J Soc Psychol. (2003) 143:707–26. doi: 10.1080/00224540309600426

 40. Michael F. Report of the APS ad-hoc committee on LGBT issues – presentation of findings and recommendations. Bull Am Phys Soc. (2016) 61:2. 

Author Disclaimer: Contents of this article do not necessarily represent the official position of NAVBO. The authors of this article represent their own opinions.

Conflict of Interest: GG was employed by Healthcare and Public Health at Google/YouTube.

The remaining 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.

Copyright © 2022 Garelnabi, Cowdin, Fang, Shrestha, Ushio-Fukai, Aikawa, Graham, Molema, Yanagisawa and Aikawa. 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.












	 
	ORIGINAL RESEARCH
published: 28 April 2022
doi: 10.3389/fcvm.2022.882821





[image: image]

Long-Term Effect of Febuxostat on Endothelial Function in Patients With Asymptomatic Hyperuricemia: A Sub-Analysis of the PRIZE Study
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Background: Xanthine oxidase is involved in the production of uric acid and the generation of superoxide anion. We evaluated the long-term effect of febuxostat, a non-purine selective xanthine oxidase inhibitor, on endothelial function in patients with asymptomatic hyperuricemia.

Methods: In the PRIZE study, patients with hyperuricemia were randomly assigned to either add-on febuxostat treatment (febuxostat group) or non-pharmacologic hyperuricemia treatment (control group). Among the 514 participants, endothelial function was assessed in 41 patients in the febuxostat group and 38 patients in the control group by flow-mediated vasodilation (FMD) of the brachial artery at the beginning of the study and after 12 and/or 24 months of treatment (63 men; median age, 68.0 years).

Results: The least squares mean concentration of serum uric acid was significantly lower in the febuxostat group than in the control group at 6 months (mean between-group difference [febuxostat group - control group], −2.09 mg/dL [95% confidence interval (CI), −2.520 to −1.659]; P < 0.001), 12 months (mean between-group difference, −2.28 mg/dL [95% CI, −2.709 to −1.842]; P < 0.001), and 24 months (mean between-group difference, −2.61 mg/dL [95% CI, −3.059 to −2.169]; P < 0.001). No significant differences were found between groups in the least squares mean estimated percentage change in FMD at 12 months (mean between-group difference, −0.56% [95% CI, −1.670 to 0.548]; P = 0.319) and at 24 months (mean between-group difference, −0.60% [95% CI, −1.886 to 0.685]; P = 0.357).

Conclusion: Febuxostat treatment did not alter endothelial function assessed by FMD during a 2-year study period in patients with asymptomatic hyperuricemia.

Keywords: xanthine oxidase, xanthine oxidase inhibitor, febuxostat, flow-mediated vasodilation, endothelial function, hyperuricemia


INTRODUCTION

Endothelial dysfunction is regarded as the initial step in the pathogenesis of atherosclerosis and plays a critical role in progression to cardiovascular complications (1, 2). In addition, endothelial function has been shown to be an independent predictor of future cardiovascular events (3, 4). Therefore, it is important to select an appropriate intervention that will effectively improve or augment endothelial function to prevent cardiovascular events in the management of patients with cardiovascular disorders.

Xanthine oxidase (XO) has been regarded as one of the major oxidase enzymes involved in the generation of reactive oxygen species (ROS) (5, 6). During purine metabolism catalyzed by XO, not only uric acid but also superoxide anion (O2⋅–) is generated concomitantly (7). Therefore, generation of ROS and production of uric acid are simultaneously increased with an increase in XO activity. ROS are involved in endothelial dysfunction by decreasing nitric oxide (NO) bioavailability through increasing NO inactivation and decreasing NO production via endothelial NO synthase uncoupling (2, 5). Although it remains unclear whether hyperuricemia is causally related to endothelial dysfunction in humans, experimental studies have indicated the possibility that hyperuricemia per se causes endothelial dysfunction through increasing inflammation or oxidative stress (8–10). Therefore, XO inhibitors have been expected to augment endothelial function by decreasing the generation of ROS and lowering serum uric acid levels (11, 12). Febuxostat is a non-purine selective XO inhibitor (13, 14). The short-term effect of febuxostat on endothelial function in humans has been investigated in a few studies (15–17). However, little information exists regarding the long-term effect of febuxostat on endothelial function in patients with asymptomatic hyperuricemia.

The PRIZE (program of vascular evaluation under uric acid control by xanthine oxidase inhibitor, febuxostat: multicenter, randomized controlled) study was a prospective, multicenter study conducted to evaluate the inhibitory effect of febuxostat on the progression of carotid artery intima-media thickness (IMT) over a 2-year follow-up period (18). In that study, flow-mediated vasodilation (FMD) of the brachial artery, an index of endothelial function, was measured in a subset of participants. Therefore, we carried out the present study as a pre-specified sub-analysis of the PRIZE study to evaluate the long-term effect of febuxostat treatment on endothelial function assessed by FMD of the brachial artery in patients with asymptomatic hyperuricemia.



MATERIALS AND METHODS


Study Design and Patients

The rationale and design of the PRIZE study (University Hospital Medical Information Network Center: ID 000012911) have been described previously (18, 19). In brief, the PRIZE study was a multicenter, prospective, randomized, open-label and blinded-endpoint trial carried out at 48 Japanese institutions. Eligible patients were at least 20 years of age and had asymptomatic hyperuricemia with a serum uric acid level >7.0 mg/dL and a maximum IMT of the common carotid artery (CCA) ≥1.1 mm, defined as a carotid arterial plaque in the guidelines of the Japan Society of Ultrasonics in Medicine and the Japan Academy of Neurosonology (20). Patients who had taken any serum uric acid-lowering agents within the 8-week period before assessment of eligibility, those who had gouty tophus, and those who had had symptoms of gouty arthritis within 1 year before assessment of eligibility were excluded. Other exclusion criteria are described elsewhere (19).

Between May 2014 and June 2016, a total of 514 patients with asymptomatic hyperuricemia were enrolled and randomly assigned in a 1:1 ratio to either add-on febuxostat treatment (febuxostat group: n = 257) or non-pharmacologic hyperuricemia treatment (control group: n = 257). Randomization was stratified on the basis of age, sex, presence or absence of type 2 diabetes, serum uric acid level (<8.0 or ≥8.0 mg/dL), and maximum CCA-IMT (<1.3 or ≥1.3 mm) (19). Treatment of patients in the febuxostat group was initially started with febuxostat at a dose of 10 mg daily. The dose could be increased to 20 mg daily at 1 month and 40 mg daily at 2 months. Febuxostat 40 mg daily was the targeted maintenance dose. At 3 months or later, febuxostat could be further increased up to 60 mg daily. When serum uric acid levels decreased to ≤2.0 mg/dL during the study period, the maintenance dose of febuxostat was decreased by 20 mg. Participants were followed up annually for 2 years.

The primary endpoint of the PRIZE study was the percentage change in mean CCA-IMT from baseline to 24 months after treatment. Carotid ultrasound examinations were performed at the beginning of treatment and after 12 and 24 months of treatment. Exploratory endpoints included percentage changes in FMD of the brachial artery from baseline to 12 and 24 months of treatment (19). In some participating institutions, measurement of FMD of the brachial artery was optional. Among a total of 514 patients, serial measurement of FMD was performed in 41 patients in the febuxostat group and 38 patients in the control group at the beginning of the study and after 12 and/or 24 months of treatment. The data for these 79 patients from 10 institutions were analyzed in the present study. This sub-study is a pre-specified analysis (19). The study protocol was approved by the local institutional review boards and independent ethics committees at all sites. The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki. Written informed consent for participation in the study was obtained from all subjects.



Study Protocol

All assessments were performed in the morning, after overnight fasting, in a quiet, dark, and air-conditioned room (constant temperature of 22 to 25°C). Subjects were kept in the supine position throughout the study. A 23-gauge polyethylene catheter was inserted into the left deep antecubital vein to obtain blood samples. The vascular response to reactive hyperemia in the brachial artery was used for the assessment of endothelium-dependent FMD. FMD measurements were performed by skilled and trained physicians or sonographers without detailed knowledge of the baseline clinical characteristics of the subjects.



Measurement of Flow-Mediated Vasodilation

The same protocol for measurement of FMD in the brachial artery was used at all study sites. FMD was measured with the same ultrasound instrument specialized for FMD measurement in all institutions. A high-resolution linear artery transducer was coupled to computer-assisted analysis software (UNEXEF18G, UNEX Co, Nagoya, Japan) that used an automated edge detection system for measurement of brachial artery diameter. Detailed information on measurement of FMD of the brachial artery is provided in the online-only Data Supplement. In brief, FMD was measured by using a protocol in which an occlusion cuff placed around the forearm was inflated to 50 mm Hg above systolic blood pressure for 5 min to induce reactive hyperemia. Percentage of FMD [(Peak diameter - Baseline diameter)/Baseline diameter] was used for analysis (21). Intra-observer variability (coefficient of variation) was 10.1–11.2% (22).



Statistical Analysis

All reported probability values were 2-sided, and a probability value of <0.05 was considered statistically significant. Continuous variables are summarized as mean and standard deviation for normally distributed continuous variables or median (interquartile range [IQR]) for skewed ones. The Shapiro-Wilk test was used to evaluate normality. For between-group comparisons of continuous values, Student’s t-test and the Wilcoxon test were used according to their respective distributions. Categorical variables are presented as frequencies and percentages and were compared by means of the χ2 test. We used a mixed-effects model to estimate changes in serum uric acid and percentage changes in FMD over time by treatment (febuxostat group vs. control group). To estimate group differences in serum uric acid and percentage changes in FMD, models included treatment, follow-up time, and a treatment × follow-up time interaction term. The model for percentage changes in FMD included covariates of age, sex, serum uric acid levels at each time point, and FMD at baseline. The data were processed using R 4.0.1. (R Foundation for Statistical Computing, Vienna, Austria).




RESULTS


Baseline Clinical Characteristics

The baseline clinical characteristics of the subjects are summarized in Table 1. Of the 79 patients (mean age, 67.3 years; SD, 10.3 years), 63 (79.7%) were men, and 16 (20.3%) were women. Seventy-six (96.2%) had hypertension, 40 (50.6%) had dyslipidemia, 20 (25.3%) had diabetes mellitus, 11 (13.9%) were current smokers, 1 (1.3%) had previous gouty arthritis, 7 (8.9%) had previous myocardial infarction, 4 (5.1%) had stroke, and 10 (12.7%) had heart failure. There was no significant difference between the febuxostat group and the control group in any of the variables at baseline. In the febuxostat group, 11 (26.8%) patients received 10 mg, 15 (36.6%) received 20 mg, 3 (7.3%) received 30 mg, 7 (17.1%) received 40 mg, and 1 (2.4%) received 60 mg daily as the final adjusted dose of febuxostat.


TABLE 1. Subject clinical characteristics.
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Serum Uric Acid Level Control

Baseline serum uric acid levels were 7.67 mg/dL (95% confidence interval [CI], 7.38 to 7.96 mg/dL) in the febuxostat group and 7.51 mg/dL (95% CI, 7.21 to 7.82 mg/dL) in the control group. Significant differences in the serum uric acid levels were seen between the two groups at 6, 12, and 24 months (Figure 1). The least squares means of serum uric acid were lower in the febuxostat group than in the control group at 6 months (5.29 mg/dL [95% CI, 5.00 to 5.59] vs. 7.38 mg/dL [95% CI, 7.07 to 7.69]; mean between-group difference [febuxostat group - control group], −2.09 mg/dL [95% CI, −2.52 to −1.66]; P < 0.001), 12 months (5.24 mg/dL [95% CI, 4.94 to 5.54] vs. 7.51 mg/dL [95% CI, 7.20 to 7.83]; mean between-group difference, −2.28 mg/dL [95% CI, −2.71 to −1.84]; P < 0.001), and 24 months (4.76 mg/dL [95% CI, 4.46 to 5.07] vs. 7.38 mg/dL [95% CI, 7.06 to 7.70]; mean between-group difference, −2.61 mg/dL [95% CI, −3.06 to −2.17]; P < 0.001).
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FIGURE 1. Changes in estimated serum uric acid levels in the febuxostat group and the control group. The mixed-effects model included treatment, follow-up time, and a treatment × follow-up time interaction term. *P < 0.05 vs. control group at each time point.




Endothelial Function

Baseline FMD values were 5.34% ± 2.61% in the febuxostat group and 4.59% ± 2.73% in the control group. Estimated percentage changes in FMD from baseline at 12 and 24 months in the febuxostat group and control group are shown in Figure 2. There were no significant differences between the febuxostat group and control group in the least squares means of estimated percentage changes in FMD at 12 months (−0.38% [95% CI, −1.07 to 0.31] vs. 0.18% [95% CI, −0.64 to 1.00]; mean between-group difference, −0.56% [95% CI, −1.67 to 0.55]; P = 0.319) and 24 months (−0.46% [95% CI, −1.28 to 0.37] vs. 0.14% [95% CI, −0.70 to 0.98]; mean between-group difference, −0.60% [95% CI, −1.89 to 0.69]; P = 0.357).
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FIGURE 2. Changes in estimated percentage change in flow-mediated vasodilation (FMD) in the febuxostat group and the control group. The mixed-effects model included treatment, follow-up time, a treatment × follow-up time interaction term, age, sex, serum uric acid levels at each time point, and FMD at baseline.


Diabetic complications accounted for 20 (25.3%) of the 79 cases: 9 in the febuxostat group and 11 in the control group. We examined the interaction between the presence and absence of diabetic complications and found no interaction in the present model (p for interaction = 0.886) (Figure 3).
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FIGURE 3. Changes in estimated percentage change in flow-mediated vasodilation (FMD) in the febuxostat group and the control group according to the presence or absence of diabetic complications. The mixed-effects model included treatment, follow-up time, a treatment × follow-up time interaction term, age, sex, serum uric acid levels at each time point, and FMD at baseline. DM indicates diabetes mellitus; nDM, non-diabetes mellitus.




Relationship Between Serum Uric Acid Levels and Flow-Mediated Vasodilation

There was no significant difference in the relationship between estimated percentage change in FMD and serum uric acid levels at 24 months between the febuxostat group and control group (P for interaction = 0.550, P for treat = 0.687) (Figure 4). In addition, there was no significant difference in the relationship between estimated percentage change in FMD and change in serum uric acid levels at 24 months between the two groups (P for interaction = 0.066, P for treat = 0.126) (Figure 5).
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FIGURE 4. Relationship between estimated percentage change in flow-mediated vasodilation (FMD) and serum uric acid levels at 24 months in the febuxostat group and the control group adjusted for baseline FMD.
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FIGURE 5. Relationship between estimated percentage change in flow-mediated vasodilation (FMD) and change in serum uric acid levels at 24 months in the febuxostat group and the control group adjusted for baseline FMD.





DISCUSSION

The results of the present study demonstrated that 24 months of febuxostat treatment did not alter endothelial function assessed by FMD of the brachial artery in patients with asymptomatic hyperuricemia. To our knowledge, this is the first study in which the long-term effect of febuxostat treatment on endothelial function was investigated in patients with hyperuricemia.

NO is directly inactivated by O2⋅– that is concomitantly generated in the process of purine metabolism catalyzed by XO. Direct reaction of NO with O2⋅– results in the formation of peroxynitrite, a highly potent oxidant (6, 23). Tetrahydrobiopterin, an essential cofactor required for catalytic activity of endothelial NO synthase (eNOS), is oxidized to the biologically inactive form by peroxynitrite, leading to eNOS uncoupling with reduced NO formation and increased O2⋅– production (24). Therefore, NO bioavailability is decreased by O2⋅– generated in the process of purine metabolism catalyzed by XO through increased NO inactivation and/or decreased NO production, resulting in endothelial dysfunction. Experimental studies have indicated the possibility that uric acid per se causes endothelial dysfunction by being absorbed into endothelial cells through uric acid transporters and increasing inflammation or oxidative stress in endothelial cells (8, 9). Considering those putative mechanisms underlying endothelial dysfunction in patients with hyperuricemia, XO inhibitors are expected to ameliorate endothelial function through decreasing the generation of ROS and lowering serum uric acid levels in patients with hyperuricemia. Indeed, treatment with allopurinol, an XO inhibitor, has been shown clinically to improve endothelial function assessed by FMD (25, 26). Febuxostat is a non-purine selective XO inhibitor that is officially approved for treatment of patients with asymptomatic hyperuricemia in Japan. Febuxostat has been shown to have a stronger inhibitory effect than that of allopurinol on XO (27). In addition, febuxostat is expected to have antioxidative and antiatherosclerotic effects that are superior to those of allopurinol (28). Therefore, febuxostat potentially has a more beneficial effect than allopurinol on endothelial function in patients with hyperuricemia.

The short-term effect of febuxostat on endothelial function in humans has been investigated in a few studies. Tsuruta et al. reported that 4 weeks of febuxostat treatment improved endothelial function assessed by FMD in patients with hyperuricemia on hemodialysis (15), whereas Nakata et al. reported that endothelial function assessed by peripheral artery tonometry deteriorated after 3 months of febuxostat treatment in patients with hyperuricemia (16). Hays et al. reported that 6 weeks of febuxostat treatment did not improve coronary endothelial function assessed by magnetic resonance imaging in patients with stable coronary artery disease (17). Taken together, it remains controversial whether short-term febuxostat treatment ameliorates endothelial function in humans. Moreover, the long-term effect of febuxostat treatment on endothelial function remains unclear. In the present study, we showed that FMD was not improved at 12 and 24 months after febuxostat treatment in patients with asymptomatic hyperuricemia. Our findings support the main results of the PRIZE study. The PRIZE study showed that 24 months of febuxostat treatment did not delay the progression of carotid IMT in patients with asymptomatic hyperuricemia (18). These findings suggest that long-term febuxostat treatment has little antiatherosclerotic effect in patients with hyperuricemia. Although the precise reasons for the ineffectiveness of febuxostat treatment on endothelial function are unclear, one possible explanation is that the final doses of febuxostat were lower than expected. In the present study, 40 mg daily was a targeted maintenance dose of febuxostat. However, only 8 (19.5%) of 41 patients in the febuxostat group received febuxostat at ≥40 mg daily after 24 months. Therefore, we cannot exclude the possibility that the doses of febuxostat were inadequate to exert beneficial effects on endothelial function independent of the urate-lowering effect. Further studies are needed to determine whether adequate doses of febuxostat ameliorate endothelial function in patients with asymptomatic hyperuricemia.

A major limitation of the present study is the small sample size. Since this study was a sub-analysis, and FMD was a voluntary measurement parameter in the PRIZE study, the number of study subjects was relatively small. If the present results were obtained by a simple group comparison at 24 months, the power would be 20∼25% at best, and although the power is expected to be a little higher due to the mixed effects model used in this study, the number of cases is too small to be considered robust. Further studies with larger numbers of participants are needed to confirm the long-term effect of febuxostat on endothelial function in patients with asymptomatic hyperuricemia. Since most of the study’s participants were men, the results of the present study may not be generalizable to female subjects with asymptomatic hyperuricemia (29). Moreover, all of the participants were Japanese. Therefore, the results may not be generalizable to other populations. A large proportion of the patients in the present study had comorbidities such as hypertension, dyslipidemia and diabetes mellitus as well as a smoking habit and a history of cardiovascular diseases, all of which are associated with endothelial dysfunction. Although there was no statistical difference in the prevalence of those comorbidities between the febuxostat group and control group, we cannot deny the possibility that those comorbidities affected the results of the present study.



CONCLUSION

In patients with asymptomatic hyperuricemia, 24 months of febuxostat treatment did not alter endothelial function. The results of the present study do not support the use of febuxostat for ameliorating endothelial function in this population.
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Background: The aim of this study was to evaluate the prognostic values of five lymphocyte-based inflammatory indices (platelet-lymphocyte ratio [PLR], neutrophil-lymphocyte ratio [NLR], monocyte-lymphocyte ratio [MLR], systemic immune inflammation index [SII], and system inflammation response index [SIRI]) in patients with acute coronary syndrome (ACS).

Methods: A total of 1,701 ACS patients who underwent percutaneous coronary intervention (PCI) were included in this study and followed up for major adverse cardiovascular events (MACE) including all-cause death, non-fatal ischemic stroke, and non-fatal myocardial infarction. The five indices were stratified by the optimal cutoff value for comparison. The association between each of the lymphocyte-based inflammatory indices and MACE was assessed by the Cox proportional hazards regression analysis.

Results: During the median follow-up of 30 months, 107 (6.3%) MACE were identified. The multivariate COX analysis showed that all five indices were independent predictors of MACE, and SIRI seemingly performed best (Hazard ratio [HR]: 3.847; 95% confidence interval [CI]: [2.623–5.641]; p < 0.001; C-statistic: 0.794 [0.731–0.856]). The addition of NLR, MLR, SII, or SIRI to the Global Registry of Acute Coronary Events (GRACE) risk score, especially SIRI (C-statistic: 0.699 [0.646–0.753], p < 0.001; net reclassification improvement [NRI]: 0.311 [0.209–0.407], p < 0.001; integrated discrimination improvement [IDI]: 0.024 [0.010–0.046], p < 0.001), outperformed the GRACE risk score alone in the risk predictive performance.

Conclusion: Lymphocyte-based inflammatory indices were significantly and independently associated with MACE in ACS patients who underwent PCI. SIRI seemed to be better than the other four indices in predicting MACE, and the combination of SIRI with the GRACE risk score could predict MACE more accurately.

Keywords: acute coronary syndrome, percutaneous coronary intervention, lymphocyte-based inflammatory indices, GRACE risk score, major adverse cardiovascular events


INTRODUCTION

In previous studies, vulnerable plaques are generally considered to be the typical feature of acute coronary syndrome (ACS). Acute events caused by thrombosis after plaque rupture are considered to be the leading cause of death in patients with coronary artery disease (1). In recent years, plaque erosion has also been demonstrated to be one of the important causes of ACS (2–4). Compared with those with plaque rupture, patients with plaque erosion are more likely to develop non-ST segment elevation myocardial infarction (5). However, for patients with ST segment elevation myocardial infarction (STEMI), plaque rupture is still the major pathological factor in most patients (6).

The application of percutaneous coronary intervention (PCI) and the upgrading of interventional technologies and devices have significantly reduced the incidence of major adverse cardiovascular events (MACE), thereby improving the prognosis of patients with ACS (7). However, ACS patients undergoing PCI are still at high risk, and recurrent or persistent angina symptoms are still a thorny problem. By instantaneous wave-free ratio assessment, nearly one-quarter of patients still had residual ischemia after stent implantation (8), and 10.7% of patients were re-hospitalized within 30 days after procedure (9). Therefore, accurate and comprehensive risk assessment is particularly important in treatment decision-making for high-risk patients.

Inflammation plays an important role in the formation and development of atherosclerosis, and has been identified as a key harmful mediator and pathogenic factor of ischemia-reperfusion injury in STEMI patients (5, 10). Inflammatory cells like white blood cells and inflammation-related indices, such as platelet-lymphocyte ratio (PLR) and neutrophil-lymphocyte ratio (NLR), can affect the prognosis of ACS patients (11). These indices can be combined with the Global Registry of Acute Coronary Events (GRACE) risk score, the SYNergy between PCI with TAXus and cardiac surgery (SYNTAX) score, and other scores to improve the risk stratification ability for ACS patients (12). Two novel inflammatory markers, systemic immune inflammation index (SII) and system inflammation response index (SIRI), consisting of three blood routine markers, were first used to predict the prognosis of cancer (13, 14). Recently, their association with cardiovascular disease has attracted much attention. Studies have found that they can be used as risk stratification indices and predict adverse events (15). However, few studies have compared their predictive abilities with indices such as NLR. The lymphocyte-based inflammatory indices have attracted our attention because of their simple source and low cost. If they can predict the prognosis of ACS patients undergoing PCI, they will be good tools for stratifying patients at high risk.

The GRACE risk scoring system (16), which is widely used to predict the cumulative risk of death or myocardial infarction (MI) in ACS patients (17), includes age, heart rate, systolic blood pressure, creatinine, chronic heart failure, cardiac arrest at admission, ST-segment deviation, and elevated cardiac enzymes, but fails to involve any biological indicator. Therefore, we explored the ability of lymphocyte-based inflammatory indices in combination with the GRACE risk score to assess prognosis.

In this study, we evaluated the ability of five lymphocyte-based inflammatory indices including PLR, NLR, monocyte-lymphocyte ratio (MLR), SII, and SIRI to predict the long-term prognosis, and to improve the value of the GRACE risk score for risk stratification of ACS patients undergoing PCI.



METHOD


Study Design and Baseline Characteristics

This was a single-center prospective observational study based on cardiovascular center from Beijing Anzhen Hospital, Capital Medical University, which included 1,770 patients who underwent PCI for ACS between June 2016 and November 2017. We excluded 65 patients with at least one of the following conditions: prior coronary artery bypass grafting, acute and/or chronic infection, autoimmune diseases, known malignancy, Killip class > II, left ventricular ejection fraction <30%, or renal dysfunction with creatinine clearance <30 ml/min. Four patients were also excluded because of missing follow-up data despite at least four separate attempts to contact them. Finally, 1,701 patients were included in the analysis. All patients participating in the study were in line with the diagnostic criteria of ACS set by the American College of Cardiology Foundation/American Heart Association (ACC/AHA). This study was performed in accordance with the Helsinki Declaration of Human Rights and was approved by the institutional review board of Beijing Anzhen Hospital, Capital Medical University (IRB number: 2016034x).



Measurements

Demographics, lifestyle, and clinical history were collected through standard questionnaires on admission. Body mass index was calculated based on height and weight [a ratio of weight to height squared (kg/m2)] of the patients on admission. The first peripheral venous blood after 12 h of fasting was obtained after admission at the hospital. Routine laboratory data and discharge medications were collected from the electronic medical system.

The counts of lymphocyte, platelet, neutrophil, and monocyte were measured in the Central Laboratory of Beijing Anzhen Hospital. In this study, the lymphocyte-based inflammatory indices included: PLR (platelet/ lymphocyte), NLR (neutrophil/ lymphocyte), MLR (monocyte/ lymphocyte), SII (platelet* neutrophil/ lymphocyte), and SIRI (neutrophil* monocyte/ lymphocyte) (15, 18). The GRACE risk score was analyzed as a numerical value and calculated according to the GRACE risk model by using a computer program (http://www.outcomes-umassmed.org/grace).



Definition of Clinical Endpoints and Follow-Up

The primary endpoint of this study was the composite of all-cause death, non-fatal ischemic stroke, and non-fatal MI. Ischemic stroke was defined as ischemic cerebral infarction, clinically documented on brain computed tomography or magnetic resonance imaging. MI was defined as the appearance of new pathological Q waves in two or more contiguous leads, or the level of cardiac enzymes/markers exceeding the upper limit with either ischemic symptoms or electrocardiogram (ECG) implicating ischemia. However, within 1 week after the PCI, only new pathological Q-wave MI was defined as adverse event. The end of follow-up was the date of the first non-fatal MI or non-fatal ischemic stroke or all-cause death occurrence. If more than one event occurred, the most severe event was chosen (death > stroke > MI). Patients were followed up since the date of one month after discharge and every six months thereafter by telephone. Trained personnel who never knew the baseline data of patients achieved the telephone contact.



Statistical Analysis

Statistical analyses were performed using the R, version 3.6.3 software (R Foundation for Statistical Computing, Vienna, Austria) and SPSS 24.0 (IBM Corporation, Chicago, IL). All statistical tests were two-tailed and p < 0.05 was considered statistically significant. Categorical variables were expressed as the percentage (number) tested with the chi-square test. Continuous variables were presented as mean with standard deviation or median with interquartile range (IQR). The normal distributions of the continuous variables were investigated by Kolmogorov-Smirnov test or histograms. Data with normal distribution were compared by ANOVA, otherwise by Kruskal-Wallis H tests. Receiver operating characteristic curves were used to calculate the cutoff values. The lymphocyte-based inflammatory indices were statistically analyzed as categorical variables according to the optimal cutoff values that were determined by Youden's index (sensitivity + specificity – 1). Univariate and multivariate Cox proportional hazards regression models were used to estimate the hazard ratio (HR) and 95% confidence interval (CI). The cumulative risk of the endpoint over time was presented graphically using Kaplan-Meier curve, and log-rank test was used to compare the two groups. To further evaluate the discrimination performance, the sensitivity, positive predictive value (PPV), and C-statistics were calculated, and C-statistics were compared pair-wise. Sensitivity refers to the probability of a positive laboratory test in a confirmed patient, and PPV refers to the probability of actual disease in a population with a positive laboratory test (19). To evaluate the ability of lymphocyte-based inflammatory indices to improve the predictive value of the GRACE risk model, we added these indices to the GRACE risk score as new models and performed net reclassification improvement (NRI) and integrated discrimination improvement (IDI) statistical analyses.




RESULT


Cohort Demographics

The mean age of the 1,701 patients at baseline was 60 ± 10 years, and 76.7% were men (n = 1,305). Among the 1,701 patients, more than one-half of the patients had hypertension (63.6%, n =1082), 46.0% (n = 783) had diabetes, 79.9% (n = 1,359) had dyslipidemia, and 12.8% (n = 218) were diagnosed as STEMI. During the median follow-up of 30 months (IQR, 30–36 months), 107 (6.3%) patients had MACE. Compared with those without event, patients with MACE had higher fasting plasma glucose levels, high-sensitivity C-reactive protein levels and SYNTAX score, but lower left ventricular ejection fraction. Also, patients with MACE had higher rate of aspirin and angiotensin-converting enzyme inhibitor (ACEI)/angiotensin II receptor blocker (ARB) use at discharge.

We sorted out the relevant variables of the GRACE risk model. Except creatinine and cardiac arrest, other GRACE variables were significantly different between patients with and without MACE. Compared with those without MACE, patients with MACE had higher GRACE risk scores, and had higher levels of NLR, PLR, MLR, SII, and SIRI. Baseline characteristics of the study population are summarized in Table 1.


Table 1. Baseline characteristics of study population by major adverse cardiovascular events (MACE).
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Lymphocyte-Based Inflammatory Indices as Independent Predictors of MACE

The results of univariate and multivariate Cox proportional hazards regression analyses of lymphocyte-based inflammatory indices predicting MACE are summarized in Table 2. The univariate COX analysis showed higher rates of MACE corresponding to higher PLR (HR: 2.234; 95% CI: 1.530–3.264; p < 0.001), NLR (HR: 2.852; 95% CI: 1.951–4.169; p < 0.001), MLR (HR: 2.641; 95% CI: 1.794–3.887; p < 0.001), SII (HR: 3.055; 95% CI: 2.079–4.490; p < 0.001), and SIRI (HR: 3.847; 95% CI: 2.623–5.641; p < 0.001). In the multivariate COX analysis, the associations of PLR (HR: 1.768; 95% CI: 1.186–2.636; p = 0.005), NLR (HR: 1.767; 95% CI: 1.163–2.685; p = 0.008), MLR (HR: 1.795; 95% CI: 1.185–2.719; p = 0.006), SII (HR: 2.241; 95% CI: 1.471–3.414; p < 0.001), and SIRI (HR: 2.561; 95% CI: 1.681–3.902; p < 0.001) with MACE remained significant. As shown in Figure 1, Kaplan-Meier curves showed that the patients with higher lymphocyte-based inflammatory indices had higher incidences of MACE (all log-rank p < 0.001) (Supplementary Table 1).


Table 2. The univariate and multivariate Cox proportional hazards analyses of lymphocyte-based inflammatory indices predicting MACE.
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FIGURE 1. Kaplan-Meier curves of lymphocyte-based inflammatory indices and cumulative incidence of major adverse cardiovascular events (MACE) at follow-up. (A) Grouped by platelet-lymphocyte ratio (PLR) (<139.89 vs. ≥139.89); (B) Grouped by neutrophil-lymphocyte ratio (NLR) (<2.83 vs. ≥2.83); (C) Grouped by monocyte-lymphocyte ratio (MLR) (<0.24 vs. ≥0.24); (D) Grouped by systemic immune inflammation index (SII) (<580.86 vs. ≥580.86); (E) Grouped by system inflammation response index (SIRI) (<1.13 vs. ≥1.13). MACE was defined as a composite of all-cause death, non-fatal ischemic stroke, and non-fatal myocardial infarction.




Comparisons Among Various Lymphocyte-Based Inflammatory Indices

The comparisons among various lymphocyte-based inflammatory indices for predicting MACE are shown in Table 3. We observed that the sensitivity of MLR was the highest (59.1%), and the PPV of SIRI was the highest (13.4%). The C-statistics of the lymphocyte-based inflammatory indices were 0.692 [0.611–0.773] for PLR, 0.739 [0.666–0.812] for NLR, 0.729 [0.654–0.805] for MLR, 0.754 [0.682–0.825] for SII, and 0.794 [0.731–0.856] for SIRI. According to pair-wise comparison of the C-statistics, SIRI seemingly performed best.


Table 3. Comparisons among various lymphocyte-based inflammatory indices.
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Combinations of Lymphocyte-Based Inflammatory Indices With the GRACE Risk Score

To assess whether the combinations of lymphocyte-based inflammatory indices with the GRACE risk score could improve the predictive ability, we built six models with the GRACE risk score numerically incorporated into the models (Table 4). Compared with the basic model, the risk models consisting of the GRACE risk score and lymphocyte-based inflammatory indices had superior discrimination performance for MACE. We observed that the C-statistics increased significantly after adding NLR (0.668 [0.612–0.724], p = 0.018), MLR (0.672 [0.619–0.725], p = 0.010), SII (0.680 [0.627–0.733], p = 0.005), and SIRI (0.699 [0.646–0.753], p < 0.001) to the GRACE risk score. Among the five new models, the model with the GRACE risk score in combination with SIRI had the best reclassification significance with NRI of 31.1% (p < 0.001) and IDI of 2.4% (p < 0.001).


Table 4. Discrimination performance of GRACE risk score plus lymphocyte-based inflammatory indices in predicting MACE.
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DISCUSSION

In this observational study, we evaluated the prognostic values of five lymphocyte-based inflammatory indices in ACS patients who underwent PCI for the first time. Lymphocyte-based inflammatory indices are readily available in clinical practice. We observed that the five indices were significantly and independently associated with MACE in ACS patients. Through univariate and multivariate analysis, SIRI showed the highest C-statistics (0.794; 0.699), affirming the predictive value of SIRI. Although the C-statistic of SIRI was higher in univariate analysis, it did not mean that the predictive value of SIRI alone was higher. In multivariate analysis, multiple influencing or confounding factors were comprehensively considered.

In previous studies, NLR attracted the most attention from researchers. A number of studies showed that NLR promoted the development of atherosclerosis. Choi et al. found that NLR > 2.8 was an independent predictor of adverse cardiovascular events in patients with CAD undergoing PCI (20). Our study had a similar result that NLR ≥ 2.83 could predict the occurrence of MACE. The study of XU et al. showed a significant increase in 2-year adverse cardiovascular events in patients with left main and/or three-vessel disease when NLR ≥ 3.39 (21). An increase in neutrophils can promote oxidative damage to the vessel wall, while a decrease in lymphocytes can also exacerbate oxidative and inflammatory damage, both of which are associated with increased stiffness of the arteries (22, 23). NLR has been shown to be independently associated with coronary artery calcification, which increases the risk of CAD (24). Of note, even after receiving dual antiplatelet therapy, ACS patients with high NLR levels still have poor platelet inhibition, which promotes thrombosis and increases the risk of recurrent ischemic events (25).

Elevated PLR levels may be related to inflammatory activation and pro-thrombotic status in patients with ACS due to megakaryocyte proliferation and relative prothrombotic status (26). Li and colleagues observed that PLR significantly increased in elderly patients, resulting in poor prognosis (27). The study of Trakarnwijitr et al. showed that PLR was an independent risk factor for CAD in patients aged 55 years and above, but was negatively associated with CAD in younger patients (28). The mean age of patients in our study was 60 ± 10 years, and we found that PLR has a limited prognostic value in ACS patients. Based on the results of our study, we do not recommend using PLR alone to predict cardiovascular outcomes, but we may consider combining PLR with other indices for risk stratification. The study of Liu et al. indicated that PLR-NLR combination could better predict the prognosis of acute MI and had higher sensitivity than PLR or NLR alone (29).

One study showed that MLR was independently associated with CAD and could be used to predict coronary lesion severity (30). The study of Song et al. yielded similar results (31). As one of the most important inflammatory cells, monocytes are directly involved in the formation and development of atherosclerosis. Monocytes adhere to vascular endothelium and differentiate into macrophages, and then transform into foam cells by ingesting oxidized lipoprotein, which can activate various inflammatory signal factors and oxidized free radicals in plaque (32, 33). It is encouraging that therapies targeting monocytes, macrophages, and foam cells are available to treat atherosclerosis (34).

SII and SIRI were originally used to evaluate the prognosis of tumors. In recent years, SII and SIRI have been shown to be good predictors of CAD. In fact, SII and SIRI are more comprehensive because both are a combination of three inflammatory cells compared to the other three indices. Therefore, it is not surprising that SII and SIRI outperformed the other three indices in predicting cardiovascular outcomes. Of note, in addition to neutrophil and lymphocyte, the other component included in SII is platelet, while in SIRI it is monocyte. Monocyte may be more closely related to the development of atherosclerosis than platelet. SII was shown to be positively correlated with SYNTAX score (35, 36), which could be used for CAD risk stratification and prognostic prediction after PCI. Jin and colleagues found that the high rates of stroke and all-cause death corresponded to high levels of SII and SIRI, while the high risk of MI was only independently related to high SIRI (15). In the present study, we demonstrated that the predictive ability of SIRI for MACE was better than SII.

The GRACE scoring system is relatively common, standardized, and authoritative. The GRACE risk score combined with other indicators (such as platelet reactivity, hemoglobin A1c, and red blood cell distribution width) had a better predictive value than the GRACE risk score alone (37–39). One of our purposes is to explore the ability of five indicators to improve the GRACE score. Previous studies showed that adding neutrophil count to the GRACE risk score increased the C-statistic (0.698 vs. 0.796, p < 0.001), and enhanced the NRI (0.637, p = 0.020) and IDI (0.180, p < 0.001) (40). Similar results were obtained by Zhou et al., where the GRACE risk score combined with NLR improved the C- statistic (0.69 vs. 0.77) (41). In our study, adding NLR to the GRACE risk score also increased the C-statistic (0.624 vs. 0.668), as well as enhanced the levels of NRI (0.250, p < 0.001) and IDI (0.015, p < 0.001). However, few studies investigated whether the addition of the other four indices, particularly SII and SIRI (higher predictive value in univariate analysis), improves the predictive ability of the GRACE risk score. In our study, for the first time, we added five lymphocyte-based inflammatory indices to the GRACE risk score, further illustrating their respective predictive ability, and we found that the addition of NLR, MLR, SII, or SIRI to the GRACE risk score, especially SIRI, outperformed the GRACE risk score alone in the risk predictive performance.



LIMITATION

The present study has some limitations. First, this was a single-center study with a relatively small sample size. Second, our study was limited to Chinese subjects, and thus the conclusion requires further validation before extending to other ethnic groups. Third, our study did not investigate the correlation between the lymphocyte-based inflammatory indices with the severity of CAD in ACS patients, which needs to be explored in subsequent studies.



CONCLUSION

The values of PLR ≥ 139.89, NLR ≥ 2.83, MLR ≥ 0.24, SII ≥ 580.86, and SIRI ≥ 1.13 were significantly and independently associated with MACE in ACS patients who underwent PCI. SIRI seemed to be better than the other four indices in predicting MACE, and the combination of SIRI with the GRACE risk score could predict MACE more accurately. In the future, we can add the SIRI as a categorical variable to the GRACE risk score to complement the inflammation deficit. As for the classification threshold or the score weight in the GRACE scoring system of SIRI, further exploration is required.
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Intimal hyperplasia is the leading cause of graft failure in aortocoronary bypass grafts performed using human saphenous vein (SV). The long-term consequences of the altered pulsatile stress on the cells that populate the vein wall remains elusive, particularly the effects on saphenous vein progenitors (SVPs), cells resident in the vein adventitia with a relatively wide differentiation capacity. In the present study, we performed global transcriptomic profiling of SVPs undergoing uniaxial cyclic strain in vitro. This type of mechanical stimulation is indeed involved in the pathology of the SV. Results showed a consistent stretch-dependent gene regulation in cyclically strained SVPs vs. controls, especially at 72 h. We also observed a robust mechanically related overexpression of Adhesion Molecule with Ig Like Domain 2 (AMIGO2), a cell surface type I transmembrane protein involved in cell adhesion. The overexpression of AMIGO2 in stretched SVPs was associated with the activation of the transforming growth factor β pathway and modulation of intercellular signaling, cell-cell, and cell-matrix interactions. Moreover, the increased number of cells expressing AMIGO2 detected in porcine SV adventitia using an in vivo arterialization model confirms the upregulation of AMIGO2 protein by the arterial-like environment. These results show that mechanical stress promotes SVPs' molecular phenotypic switching and increases their responsiveness to extracellular environment alterations, thus prompting the targeting of new molecular effectors to improve the outcome of bypass graft procedure.

Keywords: saphenous vein progenitors, intimal hyperplasia, bypass graft, mechanosensitivity, AMIGO2


INTRODUCTION

Bypass grafting surgery is the main treatment for coronary artery disease, which represents the leading cause of morbidity and mortality in the industrialized western world (1, 2). Every year about one million surgical revascularization procedures are performed worldwide, and the saphenous vein (SV) remains the most widely used conduit as bypass graft (3). The reasons for this preference are the ease and rapid SV harvesting technique and its relatively higher length compared to radial or mammary arteries, which ensures enough supply for “multi-vessel” pathology (4). However, up to 20–50% of vein grafts will require intervention within 5 years due to the development of graft stenosis caused by intimal hyperplasia (IH) (5, 6). A better understanding of the development and progression of vein graft disease is crucial for the development of new treatments. The causes of the progressive thickening of the tunica intima of SVs, used as a coronary bypass graft, leading to IH can be partially identified in surgical mismanagement at the time of harvesting, for which recently has been introduced “no-touch” harvesting technique (7). A better outcome in terms of SV graft patency has been also observed when coronary artery bypass graft surgery is performed in off-pump mode (8). However, IH represents a long-term consequence of vein adaptation to coronary blood flow (8) consisting of a change from a constant pressure (5–10 mmHg) and a steady flow, to a counter pulsed 120/80 mmHg and pulsatile flow, with a circumferential strain of 10–15% (9, 10). Under these conditions, wall shear stress on the endothelial monolayer increases by four times, and the quasi-steady venous flow rises to a mean flow rate of 250 ml/min (10). Opposite to arteries, the SV wall is incompliant at high pressures resulting in a blood flow rate in SV bypass graft 5–10 times higher than in arterial bypass graft (11–13). As a consequence, the cells in the tunica media of the vessel are exposed to severe stretching causing an increase in proliferation, changes in the extracellular matrix, and phenotype switching (14–16). There is an increasing number of evidence about the detrimental effect of mechanical stress on the tunica adventitia and strain-related activation of cells dwelling in the proximity of the vasa vasorum of the SV' bypass graft (17–20). In particular, it has been observed that paracrine signals, established in an arterial-like pressure setting, might activate a multipotent population of cells, known as saphenous vein progenitors (SVPs), which uphold differentiation capacity in aged cardiovascular patients (21). Of note, we recently showed that mechanical straining of SV-derived smooth muscle cells (SMCs) determines their transition from a contractile to a secretory phenotype with associated release of the matricellular protein Thrombospondin-1 (TSP-1), which consequently induces the migration and proliferation of cells with SVP phenotype (19). Given the importance of tissue mechanics for the progression of vein graft disease and the potential role of SVP in SV remodeling, in this study, we aimed to assess the strain-related modification of SVPs. Using an RNAseq-based approach we evaluated whether mechanical strain could induce a specific phenotypic modification of SVPs. To investigate stress-related phenotypic changes we exposed primarily isolated SVPs to in vitro uniaxial mechanical strain. Genome-wide transcriptional alterations were examined using RNA-seq and analyzed for specific function/gene regulations.



MATERIALS AND METHODS


Ethics

The experimental investigation on human-derived SVPs was approved by the local Ethical Committee at Centro Cardiologico Monzino, IRCCS. Twelve patients recruited for the study were, females or males undergoing surgical removal of saphenous vein because of varicosity. All tissues used in the study are surgical leftovers. Exclusion criteria include concomitant neoplastic, infectious, connective tissue or inflammatory diseases, pregnancy. The Research Ethics Committee approved the study which was performed according to the ethical principles recorded in the 1964 Declaration of Helsinki and later amendments. All the subjects gave written informed consent to participate. The main clinical characteristics of the participants are included in Supplementary Table 1.



Isolation of SVPs

Isolation of cells for in vitro experiments was performed as previously described, using two consecutive immunomagnetic selections to obtain CD31negative/CD34positive homogenous cell populations from saphenous vein, known as SVPs (21). After saphenectomy, veins were washed in PBS containing Penicillin/Streptomycin 100 U/mL (PBS + P/S). Saphenous vein walls were finely shredded using scissors and digested with Liberase Blendzyme 2 (Roche) diluted 2 mg/ml in Dulbecco Modified Eagle's Medium (DMEM, GIBCO) for 4h at 37°C. The minced tissue was serially filtered through 70 μm, 40 μm, and 30 μm cell strainers using PBS + P/S and then centrifuged at 300xg for 10 min at room temperature. SVPs were isolated as a result of two consecutive magnetic beads–assisted cell sorting (MACS, MiltenyiBiotec) using a MACS MS column, according to manufacturer's instructions. First selection was performed using CD31 magnetic beads (MiltenyiBiotec), in which the negative fraction (CD31negative) was retained and subjected to a second magnetic sorting performed with CD34 magnetic beads (MiltenyiBiotec). After that, CD31negative/CD34positive cell fraction was centrifuged and resuspended in endothelial growth medium EGM-2 (Lonza). SVPs were plated on fibronectin/gelatin-coated plate (0.1% fibronectin - 0.4% gelatin in PBS) 3 × 103 cells/cm2 and cultured at 37°C in a cell culture incubator with 5% CO2. Culture medium was replaced twice a week and once cells reached 80% confluency, they were trypsinized and split 1:3. Cells used in RNA-seq were between passage 3 and 5.



Immunocytochemical Characterization

To validate the identity of isolated SVPs we performed immunocytochemical characterization of the cultured cells for expression of neural/glial antigen 2 (NG2), platelet derived growth factor receptor-β (PDGFRβ), GATA Binding Protein 4 (GATA4), CD31, CD146 and α-smooth muscle actin (α-SMA) (Supplementary Figure 1). SVPs were seeded at 5x103 cells/cm2 on fibronectin/gelatin-coated plate chamber slides, after 24 hours (h) cells were washed with PBS and fixed with 4% PFA in PBS for 15 min at room temperature. When required (GATA4 and α-SMA), the cells were permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) in PBS for 10 min at room temperature. Non-specific staining was blocked with 5% Fetal Bovine Serum (FBS) (GIBCO) in PBS for 30 min at room temperature. Following elimination of excess serum, the cells were exposed to the unconjugated primary antibodies at 4°C for 16 h: NG2 (1:100, Millipore AB-5320), PDGFRβ (1:50, Santa Cruz SC-339), GATA4 (1:100, Abcam ab61767), CD31 (1:100, R&D BBA7), CD146 (1:100, Abcam ab75769), α-SMA (1:200, Dako M0851). After washing in PBS, the appropriate fluorescent secondary antibody (Alexa Fluor) diluted 1:200 in PBS was added to the cells for 60 min at 37°C. Nuclei were stained with DAPI (Thermo Fisher Scientific)1 μg/ml for 10 min at room temperature. Photos of random fields were taken at 20x magnification with Zeiss Observer Z1 inverted microscope.



In vitro Mechanical Stimulation of SVPs

To investigate the effect of mechanical strain on cultured cells, SVPs were subjected to cyclic strain using the FlexCell Tension Plus FX-5000T system. Before cell seeding, six-well uniaxial Bioflex plates were surface-coated with human fibronectin (10μg/ml) in PBS after covalent crosslinking with a crosslinking reagent (sulfosuccinimidyl 6-(4'-azido-2'-nitrophenylamino) hexanoate; Sulfo-SANPAH) at 0.2 mg/ml in Hepes 50 mM (pH 8.5), photo-activated by exposure to UV-light (365 nm). Cells were subjected to uniaxial cyclic deformation protocol (0–10% deformation, 1 Hz frequency), for 24 and 72 h [according to a protocol established in (19)], while static controls were provided by seeding an equal amount of cells, under the same atmospheric conditions, but without mechanical stimulation (Supplementary Figures 2A,B). For imaging of mechanically stimulated SVPs, cells were fixed after 72 h of uniaxial cyclic straining with 4% PFA in PBS, and thereafter stained with Phalloidin-TRITC (1:500, Sigma) and DAPI 1μg/ml (Thermo Fisher Scientific) at room temperature for 1 h.



Total RNA Isolation

For RNA-Seq analysis, total RNA was extracted from 5 different donors using RNeasy Mini kit (Qiagen). Cultured SVPs, approximately 4×105 to 5×105 cells per well, were resuspended in 700 μl of QIAzol Lysis Reagent (Qiagen) and residual DNA was removed by on-column DNase digestion. Total RNA was purified following the manufacturer's instructions and quantified by using NanoDrop-1000 spectrophotometer before integrity assessment with Agilent 2100 Bioanalyzer (RNA Integrity Number values >8).



RNA-Seq on in vitro Mechanical Stimulated SVPs

Next-generation sequencing experiments, including samples quality control and bioinformatics analysis, were performed by Genomix4life S.R.L. (Baronissi, Salerno, Italy). Indexed libraries were prepared from 500 ng/ea purified RNA with TruSeqStranded total RNA Sample Prep Kit (Illumina) according to the manufacturer's instructions. Libraries were quantified using the Agilent 2100 Bioanalyzer (Agilent Technologies) and Qubit fluorometer (Invitrogen Co.), then pooled such that each index-tagged sample was present in equimolar amounts, with a final concentration of the pooled samples of 2 nM. The pooled samples were subject to cluster generation and sequencing using an Illumina HiSeq 2,500 System (Illumina) in a 2 × 100 paired-end format at a final concentration of 8 pmol. The raw sequence files generated (.fastq files) underwent quality control analysis using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and the quality checked reads were trimmed with cutadapt v.1.10 and then aligned to the human genome (hg38 assembly) using STAR v.2.5.2, with standard parameters. Differentially expressed mRNAs were identified using DESeq2 v.1.12. Gene annotation was obtained for all known genes in the human genome, as provided by GenCode (GRCh38.p7 release 25). Using the reads mapped to the genome, we calculated the number of reads mapping to each transcript with HT Seq-count v.0.6.1. These raw read counts were then used as input to DESeq2 for calculation of normalized signal for each transcript in the samples, and differential expression was reported as Fold Change along with associated adjusted p-values (computed according to Benjamini-Hochberg). Raw data of RNA-Seqthat support the findings of this publication have been deposited in NCBI's Gene Expression Omnibus (22) and are accessible through GEO Series accession number GSE192712 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE192712).



RNA-Seq Data Pre-processing and Analysis

Upon inspection of quality control features with FastQC (version 0.11.8) [Andrews (2010). FastQC: a quality control tool for high throughput sequence data. Available online at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc] and MultiQC (version 1.8), the raw sequencing reads were trimmed to remove adaptor contaminations, using Cutadapt (version 1.18) with the following parameters: cutadapt-a AGATCGGAAGAGCACACGTCTGAACTCCAGTCA -A AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT –trim-n –pair-filter=any –minimum-length 20. Genome contamination screening was performed through FastQ Screen (version v0.14.0). The sequencing reads were, then, aligned to GENCODE's human reference genome (GRCh38 primary assembly v31) and quantified at the gene level using STAR (version2.7.3a), with default parameters and allowing up to 3 mismatches.

Evaluation of sequencing alignment data was performed through Qualimap application (v.2.2.2-dev) (23), using the following analysis types: Multi-sample BAM QC, RNA-seq QC, and Counts QC.

RNA-Seq analysis was performed using DESeq2 package (version 1.22.2) (24) in the R software (version 3.6.3) [R Core Team (2020). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/]. Samples were normalized for sequencing depth and RNA composition according to DESeq2 median of ratios method. Differential gene expression analysis was performed on genes that passed genefilter/DESeq2 independent filtering procedure (alpha = 0.05). Genes showing a BH-adjusted p-value ≤ 0.05 and log2FoldChange > 1.5 or log2FoldChange < −1.5 were considered differentially expressed (DEGs).

For visualization purposes, counts were transformed using DESeq2 regularized log-transformation. DESeq2 plotPCA function was used for PCA analysis. Samples correlations were computed using the cor.dat function from the stats package (version 3.6.3). Heatmaps were plotted using the pheatmap package (version 1.0.12) [RaivoKolde (2019). pheatmap: Pretty Heatmaps. R package version 1.0.12. https://CRAN.R-project.org/package=pheatmap] and volcano plots with the EnhancedVolcano package (version 1.4.0) [Kevin Blighe, Sharmila Rana and Myles Lewis (2019). EnhancedVolcano: Publication-ready volcano plots with enhanced coloring and labeling. R package version 1.4.0. https://github.com/kevinblighe/EnhancedVolcano] (BH-adjusted p-value cutoff = 0.05, FC cutoff = 1.5).

Motif-based TF prediction was performed in Cytoscape (version 3.8.0) running iRegulon App (25) on the complete set of differentially expressed genes in the dynamic vs. static conditions, with the following parameters: Motif collection = 10 K (9,713 PWMs), Track collection = 1,120 ChIP-seq tracks (ENCODE raw signals), min NEScore = 2, ROC threshold for AUC calculation (% = 3), max FDR = 0.05, Motif rankings database = 20 kb centered around TSS (7 species), Track rankings database = 20 kb centered around TSS (ChIP-seq derived).

DEGs from each contrast and the corresponding logFCs and adjusted p-values were uploaded to Ingenuity Pathways Analysis (IPA) software (version 60467501) (QIAGEN Inc.) (26). Core Analysis was performed using default settings: only protein-protein interaction networks, upstream regulators networks and Diseases and Biological Functions enriched pathways involving AMIGO2 were considered, along with evaluation of the IPA TGF-β signaling canonical pathway. Bubble plots were produced using ggplot2 package (version 3.3.2) [H. Wickham. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York, 2016.] in R.

Pathway enrichment analysis on DEGs at 24 h and 72 h was performed using Metascape (27) (Express Analysis), only pathways involving AMIGO2 gene were considered.



Porcine in vivo Model of Vein Graft Remodeling

In vivo studies were performed with Large White-Landrace cross pigs (weight 25 to 30 kg) using the saphenous vein-to-carotid artery interposition grafting model previously described (28). This investigation was performed in accordance with the Home Office Guidance on the operation of the Animals (Scientific Procedures) Act 1986 (HMSO, London, UK; PPL numbers 30/2585 and 30/3064) and was compliant with the EU Directive 2010/63/EU and principles stated in the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, 1996).

The animals were subjected to unilateral or bilateral autologous saphenous vein (SV) into common carotid artery bypass grafting. In brief, pigs were anesthetized with ketamine (Ketaset, 100 mg/mL), intubated, and maintained on 1–3% halothane under spontaneous ventilation. The animal was heparinized by intravenous administration of 100 IU/kg of heparin. The long saphenous vein was harvested from the hind leg using the “no touch” technique (29), rinsed in a saline solution containing 2 IU/ml heparin and 50 μg/ml glyceryl trinitrate, and stored in the same solution at room temperature until needed. A 3-cm length of the vein was placed as an interposition graft to the internal carotid artery using continuous 7/0 Surgipro sutures. The flow was re-established and checked using a hand-held Doppler flow meter (Multidoplex II (model MD2), Huntleigh Diagnostics Ltd, Cardiff, UK), and the animals were given antibiotic (ampicillin) and analgesic (buprenorphine) before and during recovery. The pigs were anesthetized and the SV grafts were collected at the established time points (1, 3, 7, 14, and 90 days), followed by euthanasia using an intra-cardiac overdose of pentobarbital. The grafts were fixed in 4% paraformaldehyde for 16 h and then embedded in paraffin for immunohistochemical analyses. Paraffin-embedded tissue sections were dehydrated and after blocking with 6% BSA for 1 h, incubated for 16 h at 4°C with the primary antibodies: AMIGO2 (1:100, Abcam ab84416) and α-SMA (1:150, Dako M0851) to enable the identification between the medial and adventitial layer. Subsequently, sections were incubated with appropriate secondary antibodies diluted 1:200 for1 h at room temperature. Nuclei were stained with DAPI 1μg/ml for 10 min at room temperature. Digital images were obtained using an ApoTome fluorescence microscope or LSM-710 confocal scanning microscope (both Carl Zeiss, Germany). Cells positive for AMIGO2, counted in 3 fields per section, were expressed as a percentage of cells in the whole adventitia. Measurements and quantifications were performed using ImageJ (version 1.46r, National Institutes of Health, USA). Differences between time points were analyzed in GraphPad Prism 5 using ANOVA with Newman-Keuls post hoc test, with a significance level of 0.05.



Ex vivo Mechanical Stimulation of Human SV

SV segments for ex vivo culture were supplied from the Department of Cardiovascular Surgery at Centro Cardiologico Monzino. The veins were obtained from patients undergoing coronary artery bypass operations under protocols approved by the Ethical Committees of the Centro Cardiologico Monzino (Italy). Mechanical stimulation of SVs was performed using a custom-made bioreactor tailored to reproduce the coronary mechanics. SV were harvested with a “no-touch” technique (7) and stored at 4°C in DMEM supplemented with 10% FBS, 1% L-Glutamine, and 1% P/S. The ex vivo culture system exploited for veins stimulation was designed by Dipartimento di Elettronica, Informazione e Bioingegneria, Politecnico di Milano and Unità di Ingegneria Tissutale of Centro Cardiologico Monzino-IRCCS in Milan (30). This culture system allowed mimicking the arterial-like stimulation with a circumferential strain applied to the SV wall typical of the coronary circulation (31). Briefly, the arterial-like flow is accomplished in 4 independent phases: i) a loading step, ii) a pulsatile stimulation step, iii) an unloading step, and iv) a recirculation step. In the first phase, the vessel is filled with DMEM, 10% FBS, 1% L-Glutamine, and 1% P/S. During the pulsatile step, the medium is put under oscillating pressure between 80 mmHg and 120 mmHg and in the third phase the medium flows out of the vessels. The fourth phase is necessary to replace the medium inside the vein, thus maintaining stable nutrients and oxygen supply (17). The culture system was placed in a standard incubator at 37°C in a 5% CO 2 atmosphere and for a culture period of 14 days. Then, SV segments were un-mounted from the culture system, fixed in formalin 37% for 16 h, and then embedded in paraffin for immunohistochemical analyses. In brief, tissue sections were subjected to heat-induced antigen retrieval with 10 mM Sodium Citrate buffer pH 6.0 at 94°C for 30 min. Non-specific binding was blocked with 20% goat serum (Sigma-Aldrich) for 30 min at room temperature. Following the elimination of excess serum, the sections were exposed to the unconjugated primary antibodies at 4°C for 16 h:CD34 (1:50, R&D AF7227), AMIGO2 (1:200, Abcam ab84416), CD31 (1:50, R&D BBA7). After washing in PBS, the appropriate fluorescent secondary antibody (Alexa Fluor) diluted 1:200 in PBS was added to the cells for 60 min at 37°C. Nuclei were stained with DAPI (Thermo Fisher Scientific)1 μg/ml for 10 min at room temperature. Photos were taken at 20x magnification with Zeiss Observer Z1 inverted microscope and reconstructed using Photoshop (Adobe) to obtain the adventitia-lumen image.




RESULTS


Cyclic Uniaxial Strain Induces Changes in the Transcriptome of Human SVPs

To assess the effect of mechanical stress on SVP transcriptome, we subjected cells to cyclic uniaxial strain (defined as dynamic, dyn, from now on) for 24 and 72 h compared to standard culture (static, stat) and performed RNA-Seq. This in vitro system allowed us to identify the early alterations in the transcription, underscoring the mechanisms associated. First, we conducted an unsupervised clustering of the results based on the top 100 most variables expressed genes in the different culture conditions. This analysis and principal component analysis (PCA) showed no stretch-related groupings among replicates (Supplementary Figures 3A,B). However, since the sequencing depth allowed us to quantify the expression of 28,624 genes that represent <50% of the ones annotated for Homo sapiens and include genes expressed at low levels, results may be non-consistent when performing differential expression analysis. Therefore, we next conducted a selection of genes expressed at reliable levels according to DESeq2 independent filtering procedure. The four datasets resulting from this filtering were paired in four comparisons to perform the differential expression analysis as follows: 1) 24 h dyn vs. 24 h stat, and 2) 72 h dyn vs. 72 h stat assessed the effect of strain at the two different time points 24 and 72 h; 3) 72 h stat vs. 24 h stat, and 4) 72 h dyn vs. 24 h dyn evaluated the effect of time on the culture conditions. These comparisons led to the following number of differentially expressed genes (DEGs): 1) 103 DEGs (24 hdyn vs. 24 h stat), 2) 819 DEGs (72 h dyn vs. 72 h stat), 3) 245 DEGs (72 h stat vs. 24 h stat), and 4) 72 DEGs in (72 h dyn vs. 24 h dyn) (Supplementary Table 2). We used hierarchical cluster analysis to assess the relationships between the DEGs in the four experimental conditions (Figure 1). As shown, the heatmaps built using the four different datasets indicated a major prevalence of DEGs in the static vs. dynamic conditions at 72 h. In addition, coherent differential regulation of genes was already observed at an earlier time point in dynamically strained vs. control cells for 24 h (Figure 1A). Moreover, a time-dependent effect both in static and dynamic conditions was observed (Figures 1B,C). The higher number of DEGs resulting from the comparison between dynamic vs. static conditions at 72 h prompted us to further analyze the identity of the top-score genes up/downmodulated in this specific condition and to explore whether these genes were represented already at the earlier time point (24 h of stimulation). To this aim, we listed the 10 most up-regulated and the 10 most down-regulated genes in the 72 h dyn vs. 72 h stat condition (Table 1). These genes can be easily visualized in a volcano plot displaying the 819 DEGs arranged by fold change and Benjamini-Hochberg (BH)-adjusted p-value (Figure 2), they all had significantly higher expression (at least 1.5-fold more) than static controls along with a significant p-value (BH-adjusted p-value ≤ 0.05). In addition, Table 2 shows the top regulated DEGs in the 24 h dyn vs. 24 h stat conditions. Only five genes were present in the top regulated lists at both time points representing candidates consistently regulated by mechanical stress in SVPs: Adhesion Molecule with Ig Like Domain 2 (AMIGO2), Serine/threonine-protein kinase 38-like (STK38L), Caveolae Associated Protein 4 (CAVIN4), Growth differentiation factor 5 (GDF5) and Polypeptide N-acetylgalactosaminyltransferase 15 (GALNT15) (Table 3).


[image: Figure 1]
FIGURE 1. Hierarchical clustering in the four comparisons. (A) Heatmap representation showing 103 DEGs in 24 h dyn vs. 24 h stat. (B) Heatmap representation showing 245 DEGs in 72 h stat vs. 24 h stat. (C) Heatmap representation showing 72 DEGs in 72 h dyn vs. 24 h dyn. (D) Heatmap representation showing 819 DEGs in 72 h dyn vs. 72 h stat. For all heatmaps BH-adjusted p-value ≤ 0.05.



Table 1. Top scored DEGs 72 h dyn vs. 72 h stat.
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FIGURE 2. Top regulated genes after 72 h of mechanical strain. Volcano plot showing significant genes in the 72 h dyn vs. 72 h stat comparison. The top 10 upregulated and down regulated DEGs are highlighted. Genes are colored if they pass the thresholds for BH-adjusted p-value and/or LogFC (blue if BH-adjusted p-value ≤ 0.05, green if logFC < −1.5 or logFC> 1.5, red if they pass both thresholds).



Table 2. Top scored DEGs 24 h dyn vs. 24 h stat.
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Table 3. DEGs consistently regulated by mechanical stress.
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Characterization of AMIGO2 Regulation Induced by Mechanical Stress in SVPs

Among the genes that appear to be involved in vascular biology/pathology, our interest focused on AMIGO2, a gene encoding for a cell surface type I transmembrane receptor, which is a member of a novel class of leucine-rich repeat (LRR) and Ig superfamily proteins (32). AMIGO2 was identified for the first time in 2003, as an adhesion molecule necessary for the development of the axonal tract of neurons (33). Later, numerous other studies have reported AMIGO2 expression in gastrointestinal tract cancers, revealing its anti-apoptotic and cell adhesion activities which bestow to the tumor cells a higher metastasis formation capacity (34–38). Therefore, considering that cell adhesion and migration are two of the main mechanisms involved in the reorganization of the SV wall during the formation of the neointima, we explored the putative functions of AMIGO2 in mechanically stimulated SVPs and the signaling that may lie upstream of its differential expression at a transcriptional level.

First, we validated the RNA-Seq results using RT-qPCR on the same RNA pools used to perform the RNA-seq and on RNAs isolated from SVPs of different patients subjected to uniaxial strain. Results confirmed the overexpression of AMIGO2 in the SVPs when mechanically stimulated (Figure 3).


[image: Figure 3]
FIGURE 3. RNA-seq validation. Bar graphs showing relative expression of AMIGO2 in SVPs after mechanical stimulation assessed by real-time qPCR. (A) Analysis performed in the same samples of the RNA-Seq (N = 5); difference among groups are evaluated using one-way ANOVA for normal distributed values, based on the result of normality tests. (B) Analysis performed using SVPs obtained from a new set of donors (N = 7), statistical analysis conducted using Kruskal–Wallis test for not normal distributed values, based on results from normality tests. Data are presented as mean ± SEM of 2-ddCt vs static (Stat) condition of each time point, *p < 0.05 **p < 0.01 (t-test stat vs. dyn).


We then investigated the regulation of AMIGO2 in SVPs under mechanical stress by examining the DEGs in all data sets, taking into consideration the AMIGO2-associated expression processes, the interactions with other proteins, and the biological functions in which it is putatively involved. First, through iRegulon motif-based prediction we identified 8 transcription factors (TFs) potentially involved in AMIGO2 expression regulation. Hierarchical clustering showed a partial grouping among SVPs samples after 24 h of strain, which becomes robust when considering the samples cultured for 72 h (Figure 4). Interestingly, 5 out of 8 TFs were related to transforming growth factor β (TGF-β) pathways (RUNX1, PRDM1, SOX4, PPARG, and SMAD3), known for modulating mesenchymal phenotype acquisition (39–43). The TF CBFB acts in coordination with RUNX1 regulating the transcription of several genes, one of which is NOTCH3 (44). FOXD1 mediates gene expression of the cell during the reprogramming process (45). These activities combined with the negative effect of stretching on TEF expression suggest the switching of SVPs toward a proliferative phenotype (46). For a better understanding the effects of the mechanical stretching on the TGF-β pathway, we performed Ingenuity Pathway Analysis (IPA) at both 24 h dyn vs. 24 h stat (Supplementary Figure 4) and 72 h dyn vs. 72 h stat conditions (Figure 5). Through pathway enrichment analysis for TGF-β signaling at 72 h dyn vs. 72 h stat, we were able to identify 36 genes associated with the TGF-β pathway that were down-regulated and 45 genes up-regulated (Supplementary Figure 5). To show relevant relationships between modulated genes we performed IPA analysis in the complete dataset. The topmost identified networks are shown in Figures 6A,B. In both comparisons 24 h dyn vs. 24 h stat and 72 h dyn vs. 72 h stat, AMIGO2 expression was predicted to be controlled by NR3C1, the human glucocorticoid receptor gene, and NEUROG1, a regulator of neural progenitors' differentiation (47, 48). Connections were also found for the mesenchymal oncogenes FUS-DDIT3 at both time points and for RASSF1 at 72 h (49, 50).
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FIGURE 4. Transcription factors potentially regulating AMIGO2. Hierarchically clustered heatmap showing differentially expressed TFs, that are predicted to regulate AMIGO2. The motif-based TF prediction was performed using iRegulon on the complete set of DEGs at both time points.
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FIGURE 5. TGF-β signaling pathway map 72 h dyn vs. 72 h stat condition. Network depicting the regulation of TGF-β signaling cascade at 72 h, as represented by IPA. The values underneath each protein (when expressed in the dataset) indicate respectively the logFC and the adjusted p-value from the DE analysis between 72 h dyn and 72 h stat.
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FIGURE 6. AMIGO2 upstream regulators-gene interaction networks. (A) Network depicting AMIGO2 upstream regulators predicted activity at 24 h (24 h dyn vs. 24 h stat). (B) Network depicting AMIGO2 upstream regulators predicted activity at 72 h (72 h dyn vs. 72 h stat). The values underneath each gene (when expressed in the dataset) indicate respectively the logFC and the adjusted p-value from the DE analysis. AMIGO2 is circled in red.




AMIGO2 Expression Is Associated With a Mechanical Strain-Mediated Phenotypic Shift in SVPs

To gain further insight into mechanical strain-associated changes in SVPs in relation to AMIGO2 we analyzed the human protein-protein interaction networks by IPA (Figures 7A,B). In the 24 h dyn vs. 24 h stat comparison, AMIGO2 was found connected to NFkB complex which was predicted up-regulated by the modulation of DEGs present in the network. After 72 h of culture, the specific modulation of several genes, including AMIGO2, suggested an interaction with Akt, which was predicted to be inhibited as a result of the stretch-dependent changes in the transcriptional profile of SVPs. This finding was in contrast with what has been reported in AMIGO2's activation mechanism in endothelial cells (ECs) (36), and suggests that in SVPs AMIGO2 could operate through different pathways, independent of PDK-Akt. Next, the effect of mechanical strain on the molecular and cellular functions of SVPs has been closely examined via Gene Ontology (GO) analysis of the 24 h dyn vs. 24 h stat and 72 h dyn vs. 72 h stat conditions. Table 4 shows the top 5 enriched pathways involving AMIGO2. The topmost function in SVPs stretched cells was cell-matrix adhesion (p-value 7.72 × 10−10), along with chemotaxis (p-value 6.92 × 10−10) and cell-cell adhesion via plasma-membrane adhesion molecules (p-value 2.07 × 10−10), describing a potential switching of the SVPs phenotype toward migration. Ultimately, diseases and biological function-related pathways involving AMIGO2 were obtained through IPA (Figures 8A,B). We observed an increase in the number of functions identified prolonging mechanical stress from 24 to 72 h. For example, the Cell Death and Survival macro-category after 24 h addressed only the regulation of apoptosis and necrosis, but after 72 h we also detected activation of cell viability and cell survival pathways. Of note, the cancer-related biofunctions were the most associated with AMIGO2 at both time points, reflecting its potential role in tissue invasion and remodeling (34, 35, 37, 38). Thus, the investigations performed with iRegulon and IPA as well as the AMIGO2-related GO findings shed a light on how mechanical stress could produce a phenotypic switching in the SVPs, mediating their activation and increasing their responsiveness to modifications occurring in the extracellular environment.
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FIGURE 7. AMIGO2-protein interaction networks. (A) Protein-protein interaction network involving AMIGO2, identified by IPA analysis (24 h dyn vs. 24 h stat). (B) Protein-protein interaction network involving AMIGO2, identified by IPA analysis (72 h dyn vs. 72 h stat). The values underneath each protein (when expressed in the dataset) indicate respectively the logFC and the adjusted p-value from the DE analysis. AMIGO2 is circled in red.



Table 4. AMIGO2 related pathways regulation.
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FIGURE 8. AMIGO2 associated functions. (A) Bubbleplot portraying a selection of “Diseases and Biological Functions” enriched pathways involving AMIGO2 from IPA analysis, in the 24 h dyn vs. 24 h stat comparison. (B) Bubbleplot portraying a selection of “Diseases and Biological Functions” enriched pathways involving AMIGO2 from IPA analysis, in the 72 h dyn vs. 72 h stat comparison. Pathways are organized by macro-categories on the x-axis and ordered by -log10BH-adjusted p-value on the y-axis. The bubble size is proportional to the number of molecules involved in the pathway.




Arterial-Like Mechanic of SV Induces an Increase of AMIGO2 Positive Cells Only in Long Term in vivo Model

Given that the cyclic mechanical stress on SVPs produced a significant overexpression of AMIGO2 at the transcription level, we explored the effect of pulsatile coronary flow on AMIGO2 protein expression. This was assessed in two experimental systems that we previously used to validate Thrombospondin-1 as a relevant target of mechanical stress in the human SV arterialization process (19). These consisted of an in vivo SV arterialization model, performed by surgical SV interposition into carotid arteries in pigs, and of direct stimulation of human SVs using a coronary pulse duplicator that allows reproducing the mechanical conditions of the coronary circulation in vitro. Immunofluorescence staining was used to quantify the percentage of AMIGO2 positive cells in pig SV native conduits (T0) and at 1, 7, 14, and 90 days after grafting into the carotid artery (Figure 9A). <40% of the cells in the SV adventitia expressed AMIGO2 at T0 (37.13 ± 5.84%, N = 3) (Figure 9B). This percentage remained relatively unaffected during the following 7 days after surgery. On day 14, the percentage reached almost 70% of the total cells of the adventitia (69.35 ± 3.52%, N = 4), but this was not statistically different from the previous time points. Only at day 90 post-surgery, we observed a significant increase of AMIGO2 positive cells compared to T0, day 1, and day 7. In addition, we successfully identified numerous AMIGO2 expressing cells in human SV, both in the untapped conduit (T0) and following the application of a pulsatile pressure regimen for 14 days in ex vivo culture (Figure 9C). It is interesting to note that in both experiments AMIGO2 expression was not restricted to the adventitia layer, but was also detected in several cells in the tunica media, as well as ECs. Particularly significant was the detection of AMIGO2/CD34 positive cells in the proximity of the vasa vasorum, where the SVPs are normally localized (21). The quantification of AMIGO2 expression in SVs from 4 different donors did not highlight any significant difference in the comparison T0 vs. Day 14 (data not shown). These data consolidate AMIGO2 as an important effector in the response to pathologic mechanical stress. Thus, despite the early AMIGO2 upregulation driven by the mechanical strain at 24 and 72 h in the SVPs, the protein increase in the adventitia appears to be delayed when the entire vein wall undergoes pulsatile arterial flow.


[image: Figure 9]
FIGURE 9. AMIGO2 expression in vein graft remodeling. (A) Confocal microscopy analysis of paraffin-embedded porcine SVs for AMIGO2 (red) expression, nuclei are labeled with DAPI. Scale bar indicates 20 μm. (B) Bar graphs showing the percentage of AMIGO2 positive cells in porcine SV adventitia after grafting into the carotid artery (T0: N = 3, Day 1: N = 3, Day 7: N = 5, Day 14: N = 4, Day 90: N = 5; all data shown as Mean ± SEM, * = p < 0.05). (C) Confocal microscopy analysis of paraffin-embedded human SVs for CD34 (green), AMIGO2 (red), CD31 (white), nuclei are labeled with DAPI. Scale bar indicates 50 μm.





DISCUSSION

In this study, we showed for the first time that mechanical strain specifically alters the transcriptomic profile of human SVPs. The validation of the identified molecules and the further investigation of the molecular mechanisms associated with vein arterialization in specific cells is fundamental to developing targeted preventive and curative strategies to combat the failure of bypass grafts.

The existing causal relationship between arterial hemodynamic and IH in vein grafts is long known and well-established (51). Experimental evidence demonstrated that when dissected veins are re-anastomosed to venous circulation they do not develop IH (52), while vein grafts transposed from the arterial circulation back to the venous flow exhibited the regression of IH (53, 54). Therefore, mechanical stress resulting from the coronary flow pattern is sufficient for the molecular setting of IH. Further validation of the detrimental role of coronary mechanical load on the integrity of the SV wall is provided by the significant reduction in IH and beneficial effects on vessel compliance exerted by external stenting or photochemical tissue passivation (20, 55). Recently we demonstrated the role of mechanical forces in the pathologic evolution of the human SV, identifying phenotypic switching of resident smooth muscle cells and the activation of TGF-b/Thrombospondin-1 signaling in the SV medial layer as the nexus between the fibrotic activation of vessel-resident cells and non-physiologic vessel perfusion (19). We also demonstrated that coronary flow mechanics endured by the SV induces progressive recruitment of SVPs from the adventitia and transition toward the medial layer. In the current study, we assessed the mechanical sensitivity of the SVPs themselves which, like resident smooth muscle cells, were responsive to mechanical stress and thus may participate in the pathologic programming of the vein wall.

Using a platform that enables us to perform uniaxial strain in vitro, we subjected human primary culture amplified SVPs to a cyclic elongation pattern with a nominal deformation (10%) and a frequency (1 Hz) compatible with the predicted uniaxial strain component acting in SV wall (19). We then conducted a genome-wide RNA-Seq analysis to observe whether this stimulus was sufficient to elicit a robust change in SVPs gene expression. Through the analysis of DEGs in the four comparisons, two times of stimulation (24/72 h) and two experimental conditions (static/dynamic), we identified the 72 h dyn vs. 72 h stat as the most powerful in terms of transcriptomic alterations, with 819 DEGs. Interestingly, the variation in the transcriptome of SVPs subjected to mechanical stimulation occurred progressively and led to the identification of a few transcripts that were robustly up/downmodulated by mechanical treatment, highlighting them as “top scores” in the differentially expressed genes with possible important roles in SV pathologic programming.

Interestingly, this transcriptomic alteration is SVP-specific and potentially occurs before the phenotypic changes induced by paracrine signaling (17, 19). Moreover, SVP response to mechanical strain is similar to what has been observed in smooth muscle cells and ECs when comparable mechanical stress was applied (56). Several studies have demonstrated that cyclic strain exerts an effect on cellular proliferation, but there is no agreement with regard of this effect increases or reduces cell mitosis (56). Our results showed the activation in SVPs of apoptosis and necrosis pathways after 24 h with the addition of necrosis of epithelial tissue, neuronal cell death, cell viability, and cell survival pathways after 72 h of mechanical stress. This rather conflicting data would require further analysis. However, in the physiological environment of SV subjected to arterial flow, the paracrine signaling seems to generate a positive effect on SVPs proliferation, mainly through TGF-β and TSP-1 (19).

Among the DEGs, we found particularly interesting the upregulation of AMIGO2 for its putative role in intercellular communication and cell migratory activity, one of the functions which appear to be activated in SVPs by mechanical straining. AMIGO2 was first described in the development and survival of the nervous system, although following studies discovered numerous activities related to its expression in different cell phenotypes (33–38). AMIGO2 belongs to the leucine-rich repeat (LRR) protein superfamily. LRR proteins share a common structural framework of 20 to 30 amino acids rich in the hydrophobic amino acid leucine (57). This family includes intracellular, extracellular, and membrane proteins with a wide range of functions such as cell adhesion, signaling, extracellular matrix assembly, RNA processing, and immune response. AMIGO2 acts as a cell adhesion molecule involved in signal transduction and, like other LRR proteins, functions mainly through homophilic and heterophilic interactions with proteins of the same family, i.e. AMIGO and AMIGO3 (32, 34). It has been reported that in ECs and in gastric adenocarcinoma cell lines the inhibition of AMIGO2 affected the ability to adhere to extracellular matrix components (34, 36). Moreover, Hossain et al. demonstrated the presence of AMIGO2 in human microvascular ECs and pericytes, pointing to an interaction between these cells in vascular remodeling (58). In mechanically stressed SVPs the up-regulation of AMIGO2 could confer a firmer adhesion to adhesion substrates but also enhance their sensitivity to modifications of the extracellular matrix. Since mechanical strain during IH induces the remodeling of LLR proteins (such as biglycan, versican, and decorin) (59–62), AMIGO2 could participate in SVP migration across the SV wall as observed in our previous study. This hypothesis is further supported by our GO analysis performed to identify the top regulated molecular functions enriched with AMIGO2 showing that in stretched SVPs cell-matrix adhesion, chemotaxis, and cell-cell adhesion via plasma-membrane adhesion molecules pathways were significantly up-regulated compared to static cultures, and by our unpublished evidences showing that mechanically strained-SVPs have a higher migratory mobility (Garoffolo et al., in preparation). Moreover, this finding is coherent to the invasive behavior that AMIGO2 expression provides to tumor cells in the formation of metastasis (34, 35, 37, 38). Furthermore, a protein belonging to the LLR family, TSP-1, was already described as SVP's migration drive r (19). Notably, motif-based prediction of TFs potentially regulating AMIGO2 revealed the presence of 5 TFs involved in TGF-β pathway. Previous studies reported that arterial-mimicking pressure elevates the expression of TGF-β in the SV and that TGF-β directly influences both ECs and SVPs, increasing the expression of SMC/mesenchymal differentiation markers and proliferation (19, 63). In addition, the presence of AMIGO2 positive cells in the tunica media and not only the adventitia of the ex vivo stimulated human SVs and of in vivo arterialized pig SVs strongly suggest the involvement of the protein in a fibrotic process of the vessel wall controlled by mechanical-dependent pathways. Finally, we believe it would be worthy to investigate if the proneuronal transcription factor NEUROG1 (64) and the glucocorticoid receptor NR3C1 (48) play a role in the SVPs differentiation toward intimal hyperplasia onset in the contest of mechanical stress.

In summary, our results concur to a better understanding of the mechanisms underlying the SV remodeling and reveal a novel target for future investigations. In particular, new studies are warranted to assess the regulation of AMIGO2 within the combination of mechanical and paracrine stimuli, such as TGF-β, to support the relevance of mechanically activated pathways in the onset and the progression of vein graft disease.
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Background: Endovascular abdominal aortic repair (EVAR) and thoracic endovascular aortic repair (TEVAR) have become the first-line treatment for aortic diseases, but current evidence is uncertain regarding whether a percutaneous approach has better outcomes than cutdown access, especially for patient-centered outcomes (PCOs). This study is designed to compare these outcomes of percutaneous access vs. cutdown access after endovascular aortic repair.

Method: The SWEET study is a randomized, controlled, single-blind, single-center non-inferiority trial with two parallel groups in two cohorts respectively. After eligibility screening, subjects who meet the inclusion criteria will be divided into Cohort EVAR or Cohort TEVAR according to clinic interviews. And then participants in two cohorts will be randomly allocated to either intervention groups receiving percutaneous access endovascular repair or controlled groups receiving cutdown access endovascular repair separately. Primary clinician-reported outcome (ClinRO) is access-related complication, and primary patient-centered outcome (PCO) is time back to normal life. Follow-up will be conducted at 2 weeks, 1 month, 3 months postoperatively.

Discussion: The choice of either percutaneous or cutdown access may not greatly affect the success of EVAR or TEVAR procedures, but can influence the quality of life and patient-centered experience. Given the very low evidence for ClinROs and few data for PCOs, comparison of the percutaneous vs. cutdown access EVAR and TEVAR is essential for both patient-centered care and clinical decision making in endovascular aortic repair.

Trial registration: Chinese Clinical Trial Registry ChiCTR2100053161 (registered on 13th November, 2021).

KEYWORDS
 percutaneous, cutdown, access, endovascular aortic repair, randomized controlled trial


Introduction

Aortic diseases consist of degenerative, inflammatory, traumatic, infectious and congenital disorders, among which aortic aneurysm and aortic dissection are two common and life-threatening diseases. In terms of abdominal aortic aneurysm alone, the worldwide prevalence in people aged 75 to 79 was 2,275 per 100,000 in 2010 (1). Alarmingly, 34% patients died before reaching a hospital or during first admission once aneurysm ruptured (2). As for aortic dissection, the pre-hospital and in-hospital mortality was even higher, and reached 39% (2). Therefore, timely and correct intervention is quite essential. According to the European Society for Vascular Surgery (ESVS) 2019 guidelines for abdominal aortic aneurysm and 2017 guidelines for thoracic aortic diseases, endovascular abdominal aortic repair (EVAR) or thoracic endovascular aortic repair (TEVAR) is the first-line treatment option for aortic diseases when the anatomy is appropriate, and this recommendation is Class I with level of evidence A (3, 4).

Endovascular intervention techniques continue to evolve, and it is now feasible to obtain percutaneous femoral artery access and close the arterial puncture site with a vascular closure device remotely. Compared with conventional cutdown access, percutaneous procedure was reported to have potential advantages, involving lower risks of access site infection and lymphorrhagia, as well as shorter operation time (5). However, endovascular aortic repairs usually require large-profile sheath in the femoral arteries, which can carry challenges to percutaneous access closure, especially in patients with calcified or small femoral arteries (6, 7). Failure in percutaneous closure can lead to surgical repair. The risk-benefit balance in the choice of access procedures is still uncertain.

Most previous data were mainly based on cohort studies of different periods with low level of evidence (8). Only four randomized controlled trials (RCTs) were published comparing two types of access during EVAR, but all trials were judged to have low or very low certainty of evidence with high risk of bias (9–12). In addition, no RCTs have been published comparing two types of access in TEVAR. Though the recent meta-analysis revealed comparable access complication rates between two access procedures, it is noteworthy that no studies reported patient-centered outcomes (PCOs), for instance, patient's experience and quality of life after surgery (13). Considering its relatively small impact on prognosis and large impact on quality of life, PCOs may be a new perspective to shed light on the selection of access procedures in EVAR or TEVAR.

Given the current gap in evidence, this study intends to design a single-center, parallel, non-inferiority, randomized controlled trial in a 1:1 ratio, comparing both clinician-reported outcomes (ClinROs) and PCOs between percutaneouS vs. cutdoWn accEss in patients after Endovascular aorTic repair (SWEET) in two cohorts (EVAR and TEVAR).



Materials and methods


Study setting

The SWEET trial is a single-center study conducted at West China Hospital, Sichuan University in Chengdu, China. The protocol is reported in accordance with the Standard Protocol Items: Recommendations for Interventional Trials (SPIRIT) guidelines (14). The SPIRIT checklist is shown in Supplementary Table S1 (Supplementary Material). The trial was registered in the Chinese Clinical Trial Registry (registration number: ChiCTR2100053161) on 13th November, 2021.



Participants
 
Recruitment

The participant characteristics derived from the PICO framework are presented in Supplementary Table S2 (Supplementary Material). Eligible patients with an indication for endovascular aortic repair will be informed concisely about the study by the attending resident. Subsequently, a trained research nurse will provide the consent and inform the patient in detail prior to the procedure. After careful consideration by the patient and relatives, the informed consent form will be signed prior to randomization in case of participation. Withdrawal from the study is permitted at any time for any reason, and it will not cause any consequence. To encourage participation, we will provide priority or fast track for outpatient appointments, follow-up assessment and consultation. If extra transportation costs are incurred due to the study, they will be paid by the sponsor.



Eligibility criteria

The study population consists of two independent cohorts: Cohort EVAR and TEVAR. The inclusion criteria of participants in Cohort EVAR are as follows: a. patient scheduled for EVAR because of abdominal aorto-iliac artery aneurysm or dissection, b. patient has signed informed consent. The inclusion criteria of participants in Cohort TEVAR are similar: a. patient scheduled for TEVAR because of thoracic aortic aneurysm or type B aortic dissection, b. patient has written informed consent.

The following exclusion criteria are applicable to both Cohort EVAR and TEVAR: a. emergent cases with ruptured or impending rupture aortic diseases, b. subjects with heavily calcified common femoral artery (more than 70% circumferential calcification).



Sample size

As no previous studies reported PCOs, we used the incidence of access site complications to estimate the sample size of the SWEET trial. According to previous studies, the incidence of access site complications in percutaneous EVAR was 7.64%, compared with 11.81% in cutdown EVAR (13). We estimated the number of patients needed in this non-inferiority trial with non-inferiority margin of 0.10 (bilateral α 5%, power 80%) by PASS 15.0 software, and 54 patients are required for percutaneous and cutdown EVAR group, respectively. To allow for 10% drop out, 60 patients will be recruited per group, i.e., 120 for Cohort EVAR.

Previous TEVAR studies lacked solid data in above aspects, however, the relevant data of transcatheter aortic valve implantation (TAVI) can be used for reference due to their similar surgical approach (15). The incidence of access site complications was 8.7% in percutaneous TAVI and 8.5% in cutdown TAVI (16). The sample size was calculated with non-inferiority margin of 0.15 (bilateral α 5 %, power 80 %), 45 patients are required for percutaneous and cutdown TEVAR group separately. Fifty patients will be recruited each group allowing for 10% drop out, and the number of subjects in Cohort TEVAR is 100. Therefore, the total sample size of the SWEET trial is 220. The whole calculation process can be found in Supplementary Tables S3, S4 (Supplementary Material).




Intervention

In the percutaneous EVAR or TEVAR group, access is obtained through puncture of the common femoral artery deployment of two ProGlide devices (Abbott Vascular, Santa Clara, Calif) using a Preclose technique. The technique consists of deploying the needles of the first ProGlide device 30° medially or laterally from the midline. The second ProGlide needles are then deployed vertically from the first device, and then 16Fr sheath is inserted in the percutaneous access in EVAR and 18Fr sheath is used in TEVAR. When endovascular aortic repair is finished, the pretied knot and sutures of both devices are tightened and form knots by using the closure device remotely to achieve hemostasis. Pressuring and bandaging the puncture site gently also help stop bleeding. After percutaneous closure, it is necessary to observe whether the distal artery pulse well.

In the cutdown EVAR or TEVAR group, a 5-cm longitudinal incision is positioned in the groin area and common femoral artery is controlled by vessel loops. Femoral access is obtained through puncture under direct vision. After endovascular repair, the femoral artery is repaired thoroughly by a running 6-0 prolene suture. The subcutaneous tissue and skin are then sutured in standard fashion layer by layer.



Assignment of intervention

Cohort EVAR and TEVAR in the SWEET trial are designed as a parallel randomized controlled, single-blind, single-center non-inferiority trial in a 1:1 ratio. The flow diagram for the study is outlined in Figure 1. After eligibility screening, eligible subjects in the two cohorts will be randomly allocated to either intervention groups receiving percutaneous access endovascular aortic repair or control groups receiving cutdown access endovascular aortic repair separately. As for patients who require brachial artery access in Cohort TEVAR, the assignment will be based on their femoral artery access, independent of the approach for upper extremity access.


[image: Figure 1]
FIGURE 1
 Flow of participants randomly assigned to percutaneous groups and cutdown groups.


Block randomization stratified by age and body mass index (BMI) using permuted blocks of random sizes will be performed with 1:1 allocation in both cohorts. Randomization sequence is generated by SPSS 26.0 statistical software by a biostatistician. The block size will be concealed until the primary endpoints are analyzed. An independent research coordinator will be responsible for keeping the sequentially numbered allocation sequence list, and will inform the surgeons about the assigned access procedure prior to intervention. To avoid performance bias, every surgeon must have had 10 or more ProGlide procedures, and experience of at least 20 surgical cutdowns to expose the access artery is also needed.

Obviously, trial participants and operating team cannot be blinded to the allocation. The data will be entered into the computer in separate tables by employees outside the research team so that the analysts can analyze data without knowing the allocation information. Therefore, only data analysts are blinded in this study.



Outcome measures

The endpoints or composites in the SWEET trial are classified as ClinROs and PCOs. Cohort EVAR and TEVAR share the same primary and secondary endpoints. Primary and secondary outcomes will be assessed at 2 weeks, 1 month, and 3 months after surgery. An overview of the clinical outcome measures based on the SPIRIT recommendations is provided in Table 1.


TABLE 1 SPIRIT schedule for the SWEET randomized controlled trial.

[image: Table 1]


Primary outcomes

The primary ClinRO endpoint is access-related complications assessed in-hospital, 2 weeks and 1 month after surgery. The definition of access-related complications includes

• Access-site infection: inflammation of the groin presenting redness, swelling or exudation and requiring consecutive oral or intravenous antibiotics therapy.

• Bleeding/hematoma: fresh oozing blood or old blood stains seen on wound dressing/blood accumulation around the access site.

• Access-related arterial injury: arterial injuries requiring endarterectomy or patching due to the access technique.

• Femoral artery occlusion: femoral artery thrombosis presenting as distal artery pulse poorly requiring thrombectomy.

• Pseudoaneurysm: false aneurysm at the site of arterial injury presenting as a painful and pulsatile mass.

• Lymphorrhagia/seroma: swelling at access site caused by damage to lymphatic duct during access obtaining.

• Access-related nerve injury: nerve injuries presenting as persistent paresthesia of the thigh due to the access technique.

• Wound dehiscence: a partial or complete separation of previously close access wound edges.

The primary PCO endpoint is time (days) back to normal life/work assessed at 2 weeks by telephone interview and checked at 1 month and 3 months in outpatient clinics after surgery. To determine the outcomes that patients care most, we conducted a preliminary survey in 50 patients who received EVAR or TEVAR prior to our trial, and recovery time back to normal life or work represented the major PCO endpoint.



Secondary outcomes

The secondary ClinRO endpoints will be assessed in-hospital, 2 weeks and 1 month postoperatively, involving

• Operative time (minutes): defined as duration of whole EVAR or TEVAR procedure.

• Length of hospital stay (days): defined as the period of time a patient remains in hospital.

• 30-day limb graft occlusion: defined as a complete limb occlusion regardless of symptoms or lumen stenosis of more than 50% detected by image examination within 30 days postoperatively (17).

• 30-day overall complications: defined as all systemic or local complications within 30 days postoperatively, whether related to the access or not.

• 30-day mortality: defined as all-cause deaths occurring in the intervention population within 30 days postoperatively.

The secondary PCO endpoints involve quality of life scores and duration of access-related pain, which will be assessed simultaneously with the primary PCO endpoint.

• Quality of life scores: participants' perception of physical and mental health form various aspects over time, scored with European Quality of Life 5 Dimensions (EQ-5D) questionnaire.

• Duration of access-related pain (days): length of participants' unpleasant sensory and emotional experience associated with access wound.



Withdraw and dropout

Patients who agreed to participate in the trial can quit the study at any time for any reason without any consequences. After withdrawal, the subjects will not be replaced by others and their randomization number will not be re-used. Subjects are considered as dropout if they are lost to follow-up within 1-month postoperatively or they withdraw from the study.




Data collection and management
 
Data collection methods

Baseline data required are shown in Supplementary Table S5 (Supplementary Material). Age, sex, BMI, comorbidity etc., should be collected before assignment to achieve maximum balance between groups. Anatomical characteristics of aortic aneurysm, aortic dissection and access artery that have potential impact on treatment success and prognosis should also be routinely measured by the operating team with computed tomography angiography (CTA). In particular, the heavily calcified femoral artery, defined as an estimated over 50% area of calcification in the superficial surface, needs more attention of investigator (7). So does the severe tortuous iliac artery, which is defined as any portion of iliac artery with tortuous angle more than 90° so that visually doubled or more on a single slice of axial CTA (18).

All patients after surgery will be examined for access-related complications during the everyday ward rounds and dressing changes. After discharge, the remaining primary and secondary outcomes can be gotten by telephone interviews and outpatient re-examination over several months. Quality of life scores will be quantified by EQ-5D questionnaire during follow-up, which reduces the variability in life quality assessment by various researchers. The EQ-5D questionnaire evaluates overall quality of life from 5 dimensions of mobility, self-care, usual activities, pain/discomfort, anxiety/depression, with each dimension ranging level 1 to 5. And its reliability and validity have been verified in many studies (19, 20).



Data management and confidentiality

In this trial, all data will be entered into the computer and several databases will be established. Modifications to data of the database will be documented. Moreover, data management personnel will use the mobile hard disk to back up the data of the databases once a month. Statisticians and supervisors will conduct regular data verification.

All written materials concerning to the study, including informed consent, medical history, surgical records, etc., will be securely stored in file cabinets. All random assignment, data collection, and follow-up management containing participant information will be conducted in the form of a web spreadsheet, which can only be accessed and edited with specific permissions. Participants' information will not be disclosed outside of this study without their written consent.




Statistical methods
 
Analysis population

As Cohort EVAR and Cohort TEVAR were powered and randomized separately, the statistical analysis of both cohorts is planned to be reported separately. The analysis populations of this trial involve modified intention-to-treat (ITT) and per-protocol (PP) populations. The modified ITT is determined after randomization and when the patient started endovascular aortic repair, hence all patients who indeed receive endovascular aortic repair are involved in the primary analysis within the respective access group as originally allocated. In this trial, the modified ITT will be the main analysis set for the summary of both ClinROs and PCOs data. Both ITT and PP analysis are required for test of non-inferiority, and PP analysis serves as a sensitivity analysis. The non-inferiority margin was predetermined at 10%, and the non-inferiority test will be evaluated as a two-sided test at alpha = 0.05. When non-inferiority is reached, ITT is further tested for superiority.



Analysis of primary and secondary outcomes

Generalized linear model (GLM) will be used to compare continuous primary and secondary endpoints, and further adjustment for age, gender, BMI and femoral artery calcification will be performed by multivariate GLM analysis. Logistic regression using generalized estimating equations (GEE) will be applied to compare categorical primary and secondary endpoints. Using multivariate GEE models, the subsequent analysis will be adjusted for age, gender, BMI and femoral artery calcification. The access-related complications are counted and analyzed by the number of femoral accesses instead of the number of patients.

To address heterogeneity among study population, pre-specified subgroup analyses will be performed in the following populations: heavily calcified femoral artery vs. lightly calcified femoral artery, tortuous iliac artery vs. non-tortuous iliac artery, obesity or overweight vs. normal weight, smoking vs. none, elderly or octogenarian vs. younger population.



Handing of missing data

Missing data for baseline covariates will be addressed by multiple imputation in overall adjusted analyses, but those patients will not be included in the corresponding subgroup analysis.




Monitoring
 
Data monitoring

Data Monitoring Committee (DMC), completely independent of the research team, will monitor the validity of data through reviewing interim analysis related to primary outcomes. And the interim analysis would be conducted by an independent statistician after 50% participants have been randomly assigned and completed a 3-month follow-up. The DMC will also make recommendations for the amendments of the study protocol according to the results of interim analysis.



Harms

Adverse events are defined as any unfavorable and unintended experience happening to participants during hospitalization and follow-up, whether they are considered to be related to the intervention or not. The presence of underlying disease at enrollment will not be reported as an adverse event, but any increase in the severity of the underlying disease will be considered an adverse event. Details of all adverse events reported voluntarily by participants or observed by investigators will be recorded on the case record forms, such as start date, end date, action taken, results etc.

Any event leading to death, prolonged or renewed hospitalization, disability or permanent damage could be described as a serious adverse event, which should be reported to the ethics committee timely. The principal investigator is required to conduct periodic cumulative reviews of all adverse events and, if necessary, convene meetings to assess the risks and benefits of the study.



Auditing

The DMC initial meeting will be held early stage of study, and the agenda contains familiarizing study background, reviewing study protocol, and setting a deadline of interim analysis report etc. Every 6 months, DMC will review enrollment data, adverse events data, validity and completeness of study data with unlimited access. If necessary, the DMC may request additional analysis beyond the interim analysis or an unscheduled security meeting to further understand the efficacy and safety of the trial.




Ethics considerations and dissemination
 
Ethic approval

Ethics approval has been obtained from the Ethics Committee on Biomedical Research, West China Hospital of Sichuan University (approval number: 2021-1316) on 8th November 2021. Informed consent will be obtained from all participants, and the trial will be conducted in compliance with the Declaration of Helsinki and other regulations.



Protocol amendments

The protocol of SWEET trial may be amended during the progress of the trial, and any major amendments will be notified to the accredited medical research ethics committee and competent authority. Any revision in the informed consent forms will also be updated to the patients. Major amendments are defined as any change to the protocol that is likely to affect the conduct or management of the trial, safety of the patients or intervention details. Potential major amendments may include sample size adjustment based on actual clinical outcome difference between two groups, newly added outcomes and adjustment in statistical methods.



Ancillary and post-trial care

Participants will be compensated 2,000 yuan once primary wound adverse events occur. The primary wound adverse events are defined as access-site infection, bleeding/hematoma, access-related arterial injury, femoral artery occlusion, pseudoaneurysm, lymphorrhagia/seroma, access-related nerve injury and wound dehiscence during postoperative care in hospital or follow-up. China Postdoctoral Science Foundation will be responsible for the compensation.



Dissemination policy

The study has been registered in a public trial registry (www.chictr.org.cn). At the end of the SWEET trial, the principal investigator will write a summary concerning the main results and present it at annual congress or forum of vascular surgery in China. Simultaneously, related articles will be prepared for publication in an international authoritative journal. After approval by the principal investigator, all abstracts and publications concerning the primary and secondary outcomes from the trial could be submitted.





Discussion

With the accelerated development of minimally invasive technology, the treatment for aortic diseases has undoubtedly entered the era of endovascular therapy. In line with the newest ESVS clinical guidelines, EVAR or TEVAR is the first-line option for aortic diseases with appropriate anatomy (3, 4). However, there is no consensus in vascular surgery community regarding the choice of access in endovascular aortic repair. In Sweden, 42% of all EVAR used percutaneous access in 2013, while 21% still used cutdown access simultaneously (21). The lack of high-quality evidence was the main reason for this phenomenon.

Previous cohort studies comparing percutaneous vs. cutdown EVAR or TEVAR demonstrated that percutaneous access had better outcomes on access site infection, wound healing and lymphorrhagia/seroma, while performed worse on pseudoaneurysm (8). However, those cohort studies analyzed patients from different periods with unequal treatment protocol and few studies reported standard deviation (SD) of continuous outcomes. Even though previous four RCTs compared percutaneous and cutdown access, their level of evidence is not high enough due to their outcomes measures, selection of reported results and inadequate sample size (9–12). Our trial uses access-related complications as the composite primary ClinRO endpoint, which contains infection, bleeding/hematoma, arterial injury, artery occlusion, pseudoaneurysm, lymphorrhagia/seroma, nerve injury, wound dehiscence. And this makes the primary outcome measures more statistically and clinically representative.

Patient-centered experience has been overlooked and rarely reported in studies, let alone as primary outcome. Uhlmann et al. evaluated access-related pain postoperatively by visual analog scale (VAS) and reported percutaneous EVAR did better in this aspect, however, solid data reflecting the quality of life and patient-centered experience were still lacking (10). Neither did the PiERO trial (9). PCO endpoints in the SWEET trial includes recovery time back to normal life, quality of life scores quantified by EQ-5D questionnaire and duration of access-related pain, which will fill in the blank.

Calcified femoral artery, tortuous iliac artery, obesity and inguinal scar were considered as risk factors for failure of percutaneous access EVAR (7, 22–24). Conversely, some researchers found that obesity and calcified femoral artery had no significant impact on the procedure success (25, 26). All these controversies were based on single-center experience or retrospective studies. The PEVAR trial stringently exclude patients with the any risk factor to ensure a highly homogeneous study population, but it also limited real-world applicability of the results (11). As for remaining trials, although selection criteria were wider, screening of participants were still limited by femoral artery calcification, previous femoral artery surgery, obesity and other conditions (9, 10). Our trial further broadens the selection criteria and plans pre-specified subgroup analysis based on population who break through these limitations. According to the results of the subgroup analysis, we hope to explore which part of the population would be suitable for and benefit from percutaneous endovascular aortic repair.

The choice of either percutaneous or cutdown access may not greatly affect the success of EVAR or TEVAR procedures, but can influence the quality of life and patient-centered experience. Given the very low evidence for ClinROs and few data for PCOs, comparison of the percutaneous vs. cutdown access EVAR and TEVAR is essential for both patient-centered care and clinical decision making in endovascular aortic repair.
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We have shown that membrane-associated guanylate kinase with inverted domain structure-1 (MAGI1), a scaffold protein with six PSD95/DiscLarge/ZO-1 (PDZ) domains, is involved in the regulation of endothelial cell (EC) activation and atherogenesis in mice. In addition to causing acute respiratory disease, influenza A virus (IAV) infection plays an important role in atherogenesis and triggers acute coronary syndromes and fatal myocardial infarction. Therefore, the aim of this study is to investigate the function and regulation of MAGI1 in IAV-induced EC activation. Whereas, EC infection by IAV increases MAGI1 expression, MAGI1 depletion suppresses IAV infection, suggesting that the induction of MAGI1 may promote IAV infection. Treatment of ECs with oxidized low-density lipoprotein (OxLDL) increases MAGI1 expression and IAV infection, suggesting that MAGI1 is part of the mechanistic link between serum lipid levels and patient prognosis following IAV infection. Our microarray studies suggest that MAGI1-depleted ECs increase protein expression and signaling networks involve in interferon (IFN) production. Specifically, infection of MAGI1-null ECs with IAV upregulates expression of signal transducer and activator of transcription 1 (STAT1), interferon b1 (IFNb1), myxovirus resistance protein 1 (MX1) and 2′-5′-oligoadenylate synthetase 2 (OAS2), and activate STAT5. By contrast, MAGI1 overexpression inhibits Ifnb1 mRNA and MX1 expression, again supporting the pro-viral response mediated by MAGI1. MAGI1 depletion induces the expression of MX1 and virus suppression. The data suggests that IAV suppression by MAGI1 depletion may, in part, be due to MX1 induction. Lastly, interferon regulatory factor 3 (IRF3) translocates to the nucleus in the absence of IRF3 phosphorylation, and IRF3 SUMOylation is abolished in MAGI1-depleted ECs. The data suggests that MAGI1 inhibits IRF3 activation by maintaining IRF3 SUMOylation. In summary, IAV infection occurs in ECs in a MAGI1 expression-dependent manner by inhibiting anti-viral responses including STATs and IRF3 activation and subsequent MX1 induction, and MAGI1 plays a role in EC activation, and in upregulating a pro-viral response. Therefore, the inhibition of MAGI1 is a potential therapeutic target for IAV-induced cardiovascular disease.
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Highlights

- IAV infection increases MAGI1 expression.

- MAGI1 depletion upregulates anti-viral response including STATs and IRF3 activation and inhibits EC infection by IAV.

- OxLDL induces MAGI1 expression and amplifies IAV infection in ECs.

- Anti-viral effects of MAGI1 depletion is at least partially depends on MX1 induction.

- De-SUMOylation and the consequent activation of IRF3 are induced by MAGI1 depletion.

- MAGI1 plays a crucial role in both accelerating EC activation and IAV infection.



Introduction

Whereas, three types of influenza viruses (A, B, and C) (1), negative-strand RNA viruses belonging to the Orthomyxoviridae family, infect humans, seasonal flu epidemics are usually caused by influenza A virus (IAV) (2, 3), which targets epithelial cells in the human respiratory tract. The gap between the airspace and the capillary ECs is ~0.5 μm, and alveolar wall cells and capillary ECs are separated only by the basal lamina and so that the endothelium is likely to be also exposed to free virus particles during IAV infection (4). According to some studies, IAV infects ECs in vivo, in association with development of flu symptom (5–8). However, other studies have suggested that ECs indirectly contribute to the pathogenesis of virus infection through control of the local inflammatory milieu in the lungs (9, 10). Indeed, some studies implicate EC function in IAV pathogenesis; i.e., in addition to causing acute respiratory disease IAV may trigger acute coronary syndromes and fatal myocardial infarction (11–15). Also, IAV infection of the vascular wall and/or increased levels of circulating pro-inflammatory cytokines may contribute to atherosclerotic lesion progression (16, 17). However, the molecular pathway by which IAV promotes atherogenesis has not been identified so that these processes may simply share common risk factors (10, 17).

The severity of IAV infection depends on the host inflammatory response. During inflammation, EC activation is a key step. Our previous studies showed that MAGI1 depletion prevents EC activation induced by pro-atherogenic type of flow (18–20). MAGI1, a scaffold protein with six PDZ domains, one guanylate kinase domain, and two WW (rsp5) domains flanked by the first and second PDZ domains, localizes to the tight and adherens junctions (20–22). A genome-wide association study revealed a strong association between MAGI1 locus and various chronic inflammatory diseases including Crohn's disease, in which MAGI1-dependent maintenance of the tight seal of the gastrointestinal tract is compromised (23). Indeed, we also showed that MAGI1 plays a critical role in regulating EC permeability (19).

Although the role of MAGI1 in EC activation has been reported (18–20), its role in IAV-induced EC activation is unknown. The aim of the study was to test the hypothesis that MAGI1 drives EC activation after IAV infection, and that this process promotes IAV-mediated cardiovascular disease.



Experimental procedures


Mice

All mice were fed a normal diet and housed in a room with an ambient temperature of 22°C and a 12-h light/12-h dark cycle in a pathogen-free environment at the Texas A&M Institute of Biosciences and Technology. MAGI1−/− (homozygous knocked out) mice were generated and characterized as we have previously described (20). C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME). First, MAGI1−/− mice were crossed with C57BL/6 mice to generate MAGI1−/+ (heterozygous) mice, which were then used to generate MAGI1−/− and the wild type (WT) littermate control mice. All procedures on mice were approved by the Institutional Care and Use Committees of the Texas A&M Institute of Biosciences and Technology (2014-0231, 2017-0154) and The University of Texas MD Anderson Cancer Center (00001652, 00001109).



Cells

HUVECs were isolated through a collagenase digestion of the endothelium of human umbilical cord veins and were grown on culture dishes coated with 0.2% gelatin type A (MP Biomedicals, Solon, OH, USA) in Endothelial Cell Medium (ECM, Catalog #1001, Science Cell, San Diego, CA, USA). HUVEC isolation was approved by the Houston Methodist Research Institute (HMRI) Institutional Review Board (IRB, permit No. Pro00020559). Mouse lung ECs were isolated as we have performed and described previously (17, 22, 23). Mouse lung EC isolation was approved by the HMRI Institutional Animal Care and Use Committee (IACUC, permit No. IS00006725). Briefly, lungs were harvested from 6 to 8 weeks old mice, washed thoroughly in cold PBS, minced finely with scissors, then digested by collagenase. Sheep anti-rat PECAM-1-conjugated Dynabeads (Catalog #11035, Invitrogen, Carlsbad, CA, USA) were prepared and used to isolate mouse lung ECs. Mouse lung ECs were cultured in DMEM (Catalog #SH30243.0, Hyclone, Logan, UT, USA) supplemented with 20% FBS (Catalog #F2442, Sigma-Aldrich, Saint Louis, MO), 1% EC growth supplement (Promo Cell, Heidelberg, Germany), 25 mM HEPES buffer (Catalog #25-060-CI, Corning, Manassas, VA, USA), 1% non-essential amino acid solution (Catalog #25-025-CI, Corning, Manassas, VA, USA), 100 mg/ml heparin (Catalog #67457037399, Mylan Institutional, Rockford, IL, USA) and 1% penicillin/streptomycin solution (Catalog #30-002-CI, Corning, Manassas, VA, USA). HULECs (ATCC, CRL-3244, Manassas, VA, USA) were cultured in MCDB 131 medium (Catalog #10372019, Thermo Fisher Scientific (Waltham, MA, USA) supplemented with Microvascular Endothelial Cell Growth Kit-BBE (Catalog #PCS-110-040, ATCC, Manassas, VA, USA) containing 0.2% bovine brain extract, 5 ng/mL rh EGF, 10 mM L-glutamine, 0.75 Unit/mL heparin sulfate, 1 μg/mL hydrocortisone, 50 μg/mL ascorbic acid and 5% FBS.



Influenza A viral infection

For in vitro influenza A viral infection, as previously described (24), frozen stocks of mouse-adapted influenza A/Hong Kong/8/68 virus (H3N2) were diluted 1:1000 in 1x PBS and viral inocula (multiplicities of infection [MOI] of 0.1) were added to EC monolayer. For heat inactivation: influenza virus stocks were incubated for 30 min at 22.0, 35.0, 38.3, 43.7, 49.6, 55.6, 61.3, 66.7, and 70°C in a T-Gradient thermal cycler (Biometra, Göttingen, Germany) and subsequently stored at −80°C until in vitro infection (24, 25).



Gene expression profiling

Gene expression profiling was performed as we have previously described (20). Briefly, HUVECs were transfected with either control siRNA (siCont) or MAGI1 siRNA (siMAGI1), and total RNA was isolated approximately 48 h post-transfection using RNeasy Plus Micro Kit (Cat# 74034, QIAGEN, Germantown, MD) with DNA digestion. Total RNA was then hybridized using a GeneChip Human Transcriptome Array 2.0 (Affymetrix, Santa Clara, CA). The array data was analyzed using the Transcriptome Analysis Console 3.0 (Affymetrix) followed by data normalization using Tukey's biweight average algorithm. Significance was determined using unpaired ANOVA (P < 0.05) as we have previously described (20). The differential expression data were analyzed using Ingenuity Pathway Analysis (IPA) (application build 377306M [2016-03-16] and content version 27216297 [2016-03-16]; QIAGEN). All molecular interactions and relationships were based on curated findings in the literature stored in the Ingenuity Knowledge Base (QIAGEN).



siRNA-mediated MAGI1 depletion and transient MAGI1 overexpression

The siRNA sequence corresponding to nucleotides 843-857 of human MAGI1 coding sequence (5'-GGACCCUUCUCAGAAGUUCCCUCAA) (20) that specifically targets human MAGI1 for degradation was obtained from Sigma-Aldrich (Burlington, MA, USA). Authenticated siRNA sequence targeting human MX1 was obtained from Santa Cruz Biotechnology (Santa Cruz, Dallas, TX, USA). Non-target siRNA sequence (control) was obtained from Thermo Fisher Scientific (Waltham, MA, USA). siRNA-mediated MAGI1 depletion and transient MAGI1 overexpression were performed as we have previously described (20).



RNA extracts and qRT-PCR

Studies were performed 48 h after siRNA transfection, as indicated in each corresponding figure. Total RNA was then extracted using the PureLink RNA mini-Kit (Thermo Fisher Scientific; Waltham, MA, USA). cDNAs were synthesized using the iScript cDNA synthesis Kit (Bio-Rad, Hercules, CA 94547, USA). Mixtures for qRT-PCR reactions (10 μL) contained cDNA synthesized from 20 ng of total RNA, 5 μ L of iQ SYBR Green Supermix (Bio-Rad, Hercules, CA 94547, USA), and 0.5 μM each forward and reverse primer. qRT-PCR reactions were carried out at 95°C for 3 min followed by 40 cycles of denaturation at 95°C for 10 s, 60°C for 15 s, and 72°C for 30 s. qRT-PCR data acquisition was carried out using the CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA 94547, USA). The comparative Ct (2−ΔΔCt) method was used to relatively quantified changes in mRNA expression of samples, in which cycle threshold (Ct) values of target genes were normalized to that of the reference genes (26). All qRT-PCR primers were obtained from Sigma-Aldrich. The sequences of qRT-PCR primers were listed in the Supplementary Table 1.



Protein extracts and immunoblotting

The cells were lysed on ice in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate, 0.25% sodium deoxycholate) containing protease and phosphatase inhibitors (Sigma-Roche, Mannheim, Germany) (20). Cell lysates were briefly sonicated and then centrifuged at 16,000 xg for 10 min at 4°C to remove any debris. Cell extracts were mixed with SDS gel loading buffer and loaded on SDS-PAGE gels and separated proteins were transferred to nitrocellulose membranes. The membranes were probed with antibodies that specifically recognize proteins of interest. Some samples were analyzed by using the automated capillary electrophoresis Western analysis (Wes) system (ProteinSimple, San Jose, CA, USA) as we have performed previously (27).



Antibodies and reagents

The following antibodies were purchased: MAGI1 (Catalog #M5691, Sigma-Aldrich, St. Louis, MO, USA), STAT1 (Catalog #ab103813, Abcam, Cambridge, MA, USA), MX1 (Catalog #sc-271024, Santa Cruz Biotechnology, Dallas, TX, USA), phopsho-STAT1 Y701 (Catalog #9167S, Cell Signaling, Danvers, MA, USA), IRF3 (Catalog #ab76409, Abcam, Cambridge, MA, USA), phopsho-IRF3 S396 (Catalog #29047, Cell Signaling, Danvers, MA, USA), GAPDH (Catalog #ab9484, Abcam, Cambridge, MA, USA), b-actin (Catalog #4970, Cell Signaling, Danvers, MA, USA), NP (Catalog #sc-80481, Santa Cruz, Biotechnology, Dallas, TX, USA), and M2 (Catalog #sc32238, Santa Cruz, Biotechnology, Dallas, TX, USA).



OxLDL preparation

LDL at 0.2 mg/mL was incubated with 5 mM CuSO4 at 37°C for 24 h. The oxidation reaction was stopped by the addition of 20 mM EDTA. The preparations were concentrated by cone filtration and followed by dialyzed and sterilized by filtration through a 0.22 mm filter. The extent of oxidation of the LDL preparation was determined by measuring Thiobarbituric acid reactive substance (TBARS, Catalog #10009055; Cayman Chemicals, Ann Arbor, MI, USA). Another control LDL sample was processed in parallel, without CuSO4 addition. The results showed that OxLDL contained 14 nmol/mg protein and LDL contained 1 TBBARS/mg protein.



Human IFN-β in cell culture supernates

ECs were transfected with either siCont or siMAGI1. Approximately after 48 h of transfection, conditioned medium was collected and levels of IFNβ were measured using the human IFN-β Quantikine ELISA kit (Catalog #DIFNB0, R&D Systems, MN, USA).



Immunofluorescent staining

At the end of experiment, the cells were quickly washed twice with warm PBS, fixed with 4% paraformaldehyde in PBS for 15 min, and permeabilized with 0.2% Triton X-100 in PBS for 10 min. The cells were then incubated with a blocking solution (5% goat serum and 0.1% NP-40 in PBS) for 60 min at room temperature and incubated with the primary antibodies (IRF3 or NP) overnight at 4°C. Next, the cells were washed three times with PBS and incubated with fluorescently labeled secondary antibodies for 1 h at room temperature then were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) to identify nuclei at room temperature. Imaging was done using an Olympus FV1200 multiphoton-confocal dual microscope (Olympus, Tokyo, Japan).



Statistical analysis

First, we performed Shapiro-Wilk test for checking the normality of each group, and we performed an ordinary one-way ANOVA followed by Fisher's LSD testing for multiple group comparisons or unpaired student t-test with only the data that passed these normality tests. If the data did not pass the normality test, we performed Brown-Forsythe and Welch ANOVA or unpaired t-test with Welch's correction tests using the Prism software (GraphPad Software). P-values < 0.05 were considered statistically significant.



Data availability

The microarray data and MAGI1 sequence were deposited in the NCBI's Gene Expression Omnibus database (accession GSE95066) and GenBank (accession KY651081), respectively. All other data, analytic methods, and study materials that support the findings of this study are available in the Data supplement or from the corresponding authors upon reasonable request.




Results


IAV infection increases MAGI1 expression and MAGI1 depletion suppresses IAV infection

To determine if MAGI1 expression in ECs in response to IAV infection promotes atherogenesis, we infected primary HUVECs with IAV. Given that the umbilical vein carries oxygenated blood, which is completely different from the systemic venous blood, HUVEC is the preferred in vitro cell culture system for determining the molecular mechanism of EC activation-induced atherogenesis (28). HUVECs infected with heat-inactivated virus was used as the mock control. After 24 h of infection, the cells were lysed, total RNA was extracted and analyzed by qRT-PCR to determine relative changes in Magi1 mRNA expression levels (Figure 1A). Neither phosphate-buffered saline (PBS, vehicle control) nor the heat-inactivated virus (mock treatment control) had an effect, whereas the IAV infected cells increased Magi1 mRNA expression level. We next knocked down MAGI1 by transfecting HUVECs with either the small interfering RNA (siRNA) that specifically targets Magi1 mRNA for degradation (siMAGI1) or the siRNA negative control (siCont). After 48 h of siRNA transfection, the cells were infected with either IAV or mock control. After 24 h of virus infection, the cells were lysed, and total RNA was extracted and analyzed by qRT-PCR to determine relative changes in viral nucleoprotein (NP) mRNA expression levels. With the heat-inactivated IAV mock infection, there was no difference between siMAGI1 and siCont samples in the level of viral NP mRNA expression (Figure 1B). Conversely, infecting HUVECs transfected with siMAGI1 with live virus drastically downregulates the viral NP mRNA expression level relative to that of the siCont (Figure 1B). Studies of the cells themselves using immunofluorescence staining for the influenza NP protein showed similar results (Figures 1C,D).


[image: Figure 1]
FIGURE 1
 IAV infection increases MAGI1 expression and MAGI1 depletion suppresses IAV infection and inhibits EC inflammation. (A) HUVECs were infected with IAV, heat-inactivated virus, or treated with PBS for 24 h. Total RNA was extracted and qRT-PCR was performed. Relative changes in Magi1 mRNA expression was calculated using the comparative Ct (2−ΔΔCt) method. Ct values of Magi1 were normalized to that of Gapdh (26). Each group passed the Shapiro-Wilk normality test, then one-way ANOVA followed by Turkey's multiple comparisons test were performed using the Prism software (GraphPad Software). The graph shows mean ± SD (n = 4). **p < 0.01. (B) HUVECs were transfected with either siCont or siMAGI1. After 48 h of transfection, the cells were infected with IAV or heat-inactivated virus for 24 h. Total RNA was extracted then qRT-PCR was performed. Relative changes in the viral NP mRNA expression was calculated using the comparative Ct (2−ΔΔCt) method. Ct values of the viral NP were normalized to that of the 18S ribosomal RNA (26). Each group passed the Shapiro-Wilk normality test, then two-way ANOVA followed by Turkey's multiple comparisons test were performed using the Prism software (GraphPad Software). The graph shows mean ± SD (n = 3). **p < 0.01. (C) HUVECs were transfected with either siCont or siMAGI1. After 48 h of transfection, the cells were infected with IAV and immunofluorescence staining for the viral NP protein (red) and DAPI staining for the nucleus (blue) were performed. Scale bars: 20 μM. (D) We analyzed a total of 30–120 cells per 2–3 fields per dish to determine the percentage of NP positive cells in a blinded manner. Each group passed the Shapiro-Wilk normality test, then unpaired student t-test was performed using the Prism software (GraphPad Software). The graph shows mean ± SD (n = 4). **p < 0.01. (E) HUVECs were transfected with either siCont or siMAGI1. After 48 h of transfection, the cells were infected or not infected with IAV for 24 h. Total RNA was extracted, and qRT-PCR was performed. Relative changes in Icam-1 mRNA expression was calculated using the comparative Ct (2−ΔΔCt) method. Ct values of Icam-1 were normalized to that of gapdh (26). Each group passed the Shapiro-Wilk normality test, then two-way ANOVA followed by Turkey's multiple comparisons test was performed using the Prism software (GraphPad Software). The graph shows mean ± SD (n = 4–6). **p < 0.01.


Because MAGI1 induces EC activation (20), we investigated whether IAV activated ECs through upregulation of MAGI1 by determining relative changes in mRNA expression level of intercellular adhesion molecule 1 (ICAM-1), a marker of EC activation, using qRT-PCR in MAGI1-depleted HUVECs with or without virus infection. IAV infection increased Icam-1 mRNA expression level and knocking down MAGI1 prevented this virus induced upregulation of Icam-1 expression (Figure 1E). These results indicate that MAGI1 is essential to IAV infection, and in addition, mediates the activation of ECs by the virus. Interestingly, 24 h after virus infection, vascular cell adhesion molecule 1 (Vcam-1) mRNA expression was downregulated (Supplementary Figure 2).

We speculated that other pathological conditions in ECs also upregulate MAGI1 expression. IAV induces acute respiratory disease and the association between serum lipid levels and prognosis after severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and influenza virus has been reported (29–34). Therefore, we investigated the role of MAGI1 in HUVECs and in human lung endothelial cells (HULECs) and found that OxLDL increased MAGI1 expression in both HUVECs and HULECs (Figures 2A,B). Furthermore, we also found that the pre-treatment of EC with OxLDL increased IAV infection (Figure 2C). Taken together, these data suggest a possible role for MAGI1 in IAV-associated cardiovascular and acute respiratory disease in dyslipidemia patients through driving virus infection.
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FIGURE 2
 OxLDL increases MAGI1 expression and enhances IAV infection in ECs. (A,B) HUVECs (A) and HULECs (B) were pre-treated with OxLDL (10 μg/mL) for the indicated times. Upper: relative changes in MAGI1 protein expression were analyzed using the automated capillary electrophoresis Western analysis (Wes) system (ProteinSimple, San Jose, CA, USA) (27). Lower (densitometric quantification): relative changes in MAGI1 protein expression after OxLDL treatment. Fold increases are shown after normalization with β-actin at each time point. Quantification was performed using Image J. Each group passed the Shapiro-Wilk normality test, then one-way ANOVA followed by Turkey's multiple comparisons test was performed using the Prism software (GraphPad Software). The graph shows mean ± SD (n = 3). **P < 0.01. (C) HUVECs were pre-treated with OxLDL (10 μg/mL) for 24 h then infected with IAV for another 24 h. Total RNA was extracted then qRT-PCR was performed. Relative changes in the viral NP mRNA expression were calculated using the comparative Ct (2−ΔΔCt) method. Ct values of the viral NP were normalized to that of the 18S ribosomal RNA (26). Each group passed the Shapiro-Wilk normality test, then an unpaired student t-test was performed using the Prism software (GraphPad Software). The graph shows mean ± SD (n = 4). **p < 0.01.




MAGI1 depletion upregulates IFN signaling

To gain insights into the biological relevance of the reduced MAGI1 expression in ECs, we transfected HUVECs with either siCont or siMAGI1. Approximately 48 h after transfection, the cells were lysed, total RNA were extracted and transcriptionally profiled. A set of genes in the siMAGI1-treated ECs with Significant Differential Gene Expression (absolute fold-change >2, p-value < 0.05) was submitted to IPA (QIAGEN, Redwood City, CA) for core analysis. We identified 252 genes that were differentially expressed in siMAGI1-transfected ECs compared to that in siCont-transfected ECs. Using Fisher's Exact Test enrichment analysis for curated gene sets categorized by biological function and disease, we find that gene sets categorized as Dermatological-Disease and Conditions, Antimicrobial Response, Inflammatory Response, and Infectious Disease are the top four most significant groups (-log[P] >20, Figure 3A). The gene enrichment calculations and predicted biological gene effects, based upon directional expression changes and literature-substantiated causal relationships, indicated that the gene expression pattern will reduce viral infection in siMAGI1-transfected ECs compared to that in siCont-transfected ECs and that 45 of the 82 genes had the measurement direction consistent with decreased viral infection (z-score, −2.7; P = 5.6E-23) (Supplementary Table 2). The high z-score predicts that MAGI1 depletion will down-regulate the expression of genes belonging to the viral infection category.
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FIGURE 3
 Differential gene expression profiles between siMAGI1 vs. siCont-treated ECs. (A) Statistical significance of the IPA-determined biological function and disease gene enrichment in siMAGI1-treated ECs calculated by the right-tailed Fisher exact test and presented as –log(P) value. A larger value on the y-axis represents greater significance. A total of 252 genes were differentially expressed in siMAGI1-transfected ECs compared to that in siCont-transfected ECs (P < 0.05; absolute fold change >2). The p-value, calculated by the Fischer's exact test, reflects the likelihood that the association among a set of genes in the data set and a related biological function is significant. (B) Graphical summary of IPA results showing significant predictor genes that are related to antiviral response.


Figure 3B is the graphical summary constructed by the algorithm based on machine learning techniques to prioritize and connect entities identified by IPA. It shows the relationship which may not yet be connected by findings in the QIAGEN Knowledge Graph and suggests that MAGI1 depletion induces strong antiviral responses and IFN signaling by increasing Ifih1 (interferon-induced helicase C domain-containing protein 1), Irf (interferon regulatory factor) 3/7, Parp9 (poly(ADP-ribose) polymerase family member 9), Stat (signal transducer and activator of transcription) 1/2, Mavs (mitochondrial antiviral signaling protein), Eif2ak2 (eukaryotic translation initiation factor 2 alpha kinase), and Ifng (interferon gamma).

The predicted biological gene expression affected by MAGI1 depletion is shown as heat maps (Supplementary Figure 1). The results show the unique and strong downregulation of infectious disease category (Supplementary Figure 1) including viral infection (z-score, −2.7; P = 5.6E-23, Supplementary Table 2), replication of virus (z-score, −4.1; P = 1.97E-24, Supplementary Table 3), infection of mammalia (z-score, −3.6; P = 9.1E-17, Supplementary Table 4), and production of virus (z-score, −3.1; P = 3.1E-07, Supplementary Table 5; Supplementary Figure 1B). We also find that IFN signaling is the top-ranked enriched IPA canonical pathway, which comprises of 36 genes, 14 of which are expressed at higher levels and thereby supporting the prediction that this pathway activation is increased in siMAGI1-transfected ECs compared to that in siCont-transfected ECs (z-score, 3.7; P = 1.1E-18) (Figures 4A,B; Supplementary Table 6). Following the IPA generated network, which optimizes the interconnectivity of differentially expressed genes under the constraint of the maximal network size, we carried out Fisher's Exact Test gene set function and disease enrichment analysis to predict biological functions that are expected to be affected by a given interaction network. The gene set function and disease enrichment of the top ranked interaction networks, based on the number of interconnected differentially expressed genes, were Antimicrobial Response, Inflammatory Response, and Infectious Diseases (differentially expressed genes, 28) (Figure 4C; Supplementary Table 7). As demonstrated in our network analysis (Figure 4C), although the expression of antiviral response-related genes, including Mx1, Mx2, and Ddx58, were upregulated in MAGI1-depleted ECs, NF-κB expression did not exceed the gene expression significance threshold.
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FIGURE 4
 IFN signaling is the top-rank enriched IPA canonical pathway. (A) IPA-based identification of canonical pathways (–log[P] >5) associated with differentially expressed genes in HUVECs transfected with siMAGI1 vs. siCont. The bar chart indicates the –log(P) value of the significance of enrichment of each category. (B) Induction of IFN signaling in MAGI1-depleted ECs. Pathway models of IFN signaling in ECs based on data in the Ingenuity Knowledge Base are shown. Expression of genes in red is higher in siMAGI1-treated ECs compared to that in siCont-treated ECs. (C) Gene enrichment analyses (right-tailed Fisher exact test) according to the IPA downstream effects analysis identified Antimicrobial Response, Inflammatory Response, and Infectious Diseases as the highest scoring IPA interaction networks. Green and red symbols denote genes with lower and higher expression, respectively, in siMAGI1-treated ECs compared to that in siCont-treated ECs. The arrows with solid lines indicate direct (usually physical) interactions between two molecules in the direction of the arrow, Whereas, arrows with dashed lines denote indirect interactions (e.g., molecule/gene X affects molecule/gene Y). The abbreviations shown are defined in Supplementary Table 6.


To verify key microarray results, we performed qRT-PCR using HUVECs transfected with siCont or siMAGI1 and evaluated relative changes in mRNA expression level of Magi1, Mx1, Ifnb1, Ifna1, Ifng, Stat1, Stat5a, and Stat5b. Knocking down MAGI1 increases mRNA expression level of Ifnb1, Mx1 and Stat1, but decreases mRNA expression level of Ifng. MAGI1 depletion did not alter mRNA levels of Ifna1, Stat5a, and Stat5b (Figure 5A). To determine the anti-viral effects by MAGI1 depletion, we also evaluated Oas2, another anti-viral molecule that can cause viral RNA degradation and inhibition of viral replication (35) and find that depletion of MAGI1 by siRNA upregulated Oas2 mRNA expression (Figure 5B). Although the goal of this study is to investigate the role of MAGI1 in IAV-associated cardiovascular diseases, we also treated HULECs with siCont or siMAGI1 and quantified Ifnb1 mRNA expression and observed a clear increase in Ifnb1 mRNA expression (Supplementary Figures 2B,C), indicating that the yin-yang form of correlation between Magi1 and Ifnb1 expressions is not specific to HUVECs.
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FIGURE 5
 MAGI1 suppresses IFN signaling in ECs. (A) HUVECs were transfected with either siCont or siMAGI1. After 48 h of transfection, total RNA was extracted then qRT-PCR was performed. Relative changes in Magi1, Mx1, Ifnb1, Ifna1, IfngI, Stat1, Stat5a, and Stat5b expression were calculated using the comparative Ct (2−ΔΔCt) method. Ct values of each target gene were normalized to that of the Gapdh (26). Each group passed the Shapiro-Wilk normality test, then an unpaired student t-test was performed using the Prism software (GraphPad Software). The graph shows mean ± SD (n = 11). **p < 0.01, *p < 0.05. (B) HUVECs were transfected with either siCont or siMAGI1. After 48 h of transfection, total RNA was extracted then qRT-PCR was performed. Relative changes in Oas2 mRNA expression were calculated using the comparative Ct (2−ΔΔCt) method. Ct values of Oas2 were normalized to that of the Gapdh (26). Each group passed the Shapiro-Wilk normality test, then an unpaired student t-test was performed using the Prism software (GraphPad Software). The graph shows mean ± SD (n = 3). **p < 0.01. (C) HUVECs were transfected with either siCont or siMAGI1. After 48 h of transfection, cell lysates were analyzed by immunoblotting with each specific antibody as indicated. The graphs represent densitometry data from 3 independent gels, one of which is shown in the left panel. Each group passed the Shapiro-Wilk normality test, then an unpaired student t-test was performed using the Prism software (GraphPad Software). The graph shows mean ± SD, n = 3, **P < 0.01, and * P < 0.05. Uncropped figures were provided in the supplements. (D) HUVECs were transfected with either siCont or siMAGI1. After 48 h of transfection, conditioned medium was collected and levels of IFNβ were measured. Each group passed the Shapiro-Wilk normality test, then an unpaired student t-test was performed using the Prism software (GraphPad Software). The graph shows mean ± SD, n = 4–6, *P < 0.05. (E,F) HUVECs were transfected with either the pCMV-MAGI1 or the pCMV-2B backbone construct (control) (20). After 24 h of transfection, total RNA was extracted then qRT-PCR was performed. Relative changes in Magi1 (E) and Ifnb1 (F) mRNA expression were calculated using the comparative Ct (2−ΔΔCt) method. Ct values of each target gene were normalized to that of the gapdh (26). At least, one of the groups did not pass the Shapiro-Wilk normality test, we performed an unpaired t-test with Welch's correction using the Prism software (GraphPad Software). The graph shows mean ± SD, n = 5, **P < 0.01. (G) HUVECs were transfected with either the pCMV-MAGI1 or the pCMV-2B backbone construct (control) (20). After 24 h of transfection, the cells were treated with IFN (200 U/mL) for 6 h, and immunoblotting was performed with each specific antibodies as indicated. The graph (lower) represents densitometry data from 4 independent gels, one of which is shown in the top panel. Each group passed the Shapiro-Wilk normality test, then one-way ANOVA followed by Turkey's multiple comparisons test was performed using the Prism software (GraphPad Software). The graph shows mean ± SD (n = 4). *p < 0.05.


We also confirmed key microarray results using immunoblotting to detect protein expression level. STAT1 protein expression was augmented by MAGI1 depletion (Figure 5C). Total STAT5 activity (p-STAT5 T694 represents total STAT5 activity including total STAT5 expression) was increased by siMAGI1 transfection (Figure 5C). We have also shown that the level of secreted IFNb in conditioned medium from siMAGI1-transfected ECs was increased compared to that from siCont-transfected ECs (Figure 5D). These data suggest that MAGI1 depletion differentially affects IFN signaling both in mRNA and protein levels.

To clarify the role of MAGI1 in IFN signaling, we performed two types of overexpression studies. First, we overexpressed MAGI1 and measured the relative changes in Ifnb1 mRNA expressions. In ECs overexpressing MAGI1, Ifnb1 mRNA expression levels were decreased (Figures 5E,F). Next, we determined if MAGI1 overexpression altered MX1 expression and observed little change (data not shown). Therefore, we stimulated ECs overexpressing MAGI1 with a low dose of IFN (200 U/mL), and observed a decreased MX1 expression (Figure 5G). It is unclear why Ifnb1 mRNA and MX1 protein expression respond differently to MAGI1 overexpression; however, it is possible that IFN-mediated signaling such as p90RSK activation may potentiate the inhibitory effects of MAGI1 on MX1 expression through promoting MAGI1 post-translational modification (20). These data support a role for MAGI1 in promoting viral infection in ECs.



Knocking down MAGI1 suppresses IAV infection partially through increasing MX1 expression

Since MX1 exerts broad antiviral activity against several strains of viruses including IAV (36–38), we tested whether the MAGI1 depletion-induced virus suppression could be due to increased MX1 expression. HUVECs were transfected with siCont, siMX1, siMAGI1, or siMX1+siMAGI1 and then infected with IAV. We extracted total RNA from these cells and performed qRT-PCR to detect relative changes in viral NP mRNA expressions. Cell lysates were also immunoblotted for MX1 protein expression. Knocking down MAGI1 increased MX1 expression. However, depletion of MX1 exerted no effect on MAGI1 expression (Figures 6A,B). Since we also noted the reduced MX1 expression by MAGI1 overexpression only occurs under IFN stimulation (Figure 5G), these data have suggested that MAGI1 is an upstream signaling event for regulating MX1 expression in ECs. The depletion of MAGI1 by siMAGI1 increased MX1 expression (Figure 6B), and the partial significant inhibition of MX1 expression after siMX1 transfection was due to the incomplete transfection efficiency by siMX1. We also observed that siMX1 reversed the anti-viral effects induced by siMAGI1, suggesting that siMAGI1-mediated induction of MX1 plays a meaningful role in siMAGI1-mediated anti-viral response. However, siMAGI1 leads to the inhibition of influenza infection (Figure 6C), which was in part due to the induction of MX1. In fact, in addition to MX1, we also found that the depletion of MAGI1 by siMAGI1 upregulated Oas2 mRNA expression (Figure 5B). Furthermore, we also found the upregulation of Ifnb1 (Figures 5A,B) and Stat1 (Figures 5A,C) expression, STAT5 activation (Figure 5C), and IRF3 nuclear translocation (Figure 7B) which played a significant role in developing anti-viral response (Figure 7E) (39–42). Therefore, siMAGI1 can induce anti-viral effects not only through MX1 but also by induction of other anti-viral molecules (Figure 7E).
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FIGURE 6
 MX1 depletion reverses MAGI1 depletion-mediated suppression of IAV infection. (A,B) HUVECs were transfected with either siCont, siMX1, siMAGI1, or siMX1+siMAGI1. After 48 h of transfection, cell lysates were analyzed by immunoblotting with each specific antibody as indicated. Gels are representative of 3 independent experiments. (C) HUVECs were transfected with either siCont, siMX1, siMAGI1, or siMX1+siMAGI1. After 48 h of transfection, the cells were infected with IAV for 24 h. Total RNA was extracted then qRT-PCR was performed. Relative changes in the viral NP mRNA expression were calculated using the comparative Ct (2−ΔΔCt) method. Ct values of the viral NP were normalized to that of the 18S ribosomal RNA (26). Each group passed the Shapiro-Wilk normality test, then one-way ANOVA followed by Turkey's multiple comparisons test was performed using the Prism software (GraphPad Software). The graph shows mean ± SD (n = 3-4). **p < 0.01, *p < 0.05. (D) Mouse lung ECs were isolated from Magi1−/− and littermate wild type (WT) control mice and cultured. The cells were infected with IAV for 24h. Total RNA was extracted then qRT-PCR was performed. Relative changes in the viral NP mRNA expression were calculated using the comparative Ct (2−ΔΔCt) method. Ct values of the viral NP were normalized to that of the 18S ribosomal RNA (26). Each group passed the Shapiro-Wilk normality test, then an unpaired student t-test was performed using the Prism software (GraphPad Software). The graph shows mean ± SD, n =11. NS: not significant.
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FIGURE 7
 MAGI1 depletion promotes IRF3 nuclear translocation and de-SUMOylation without affecting IRF3 S396 phosphorylation. (A) HUVECs were transfected with either siCont or siMAGI1. After 48 h of transfection, cell lysates were analyzed by immunoblotting with each specific antibody as indicated. The graphs represent densitometry data from 3 independent gels, one of which is shown in Figure 5C. Each group passed the Shapiro-Wilk normality test, then an unpaired student t-test was performed using the Prism software (GraphPad Software). The graphs show mean ± SD, n = 3, **P < 0.01. (B) HUVECs were transfected with either siCont or siMAGI1. After 48 h of transfection, immunofluorescence staining for IRF3 protein (green) and DAPI staining for the nuclei (blue) were performed. Scale bars: 20 μM. Robust IRF3 nuclear translocation noted in siMAGI1-transfected cells. The percentages of cells with nuclear staining were quantified by counting the cells with the mean intensity of IRF3 staining in the nucleus ≥ mean intensity of IRF3 cytoplasmic staining by each dish (n = 5–6) in a blinded manner. (C) HUVECs were transfected with either siCont or siMAGI1. After 48 h of transfection, cell lysates were immuno-precipitated IRF3 with the antibody that specifically recognizes this protein then immunoblotting with the antibody that recognizes SUMO1 to detect IRF3 SUMOylation (20). IgG antibody was used as a negative control. Total cell lysates were immunoblotted with each specific antibody as indicated. (D) The graphs represent densitometry data from 3 independent gels, one of which is shown in shown in (C). Median intensities of IRF3 SUMOylation were calculated after subtracting the background, which is median intensities of IgG control. Each group passed the Shapiro-Wilk normality test, then an unpaired student t-test with Welch's correction was performed using the Prism software (GraphPad Software). The graph shows mean ± SD, n = 3, **P < 0.01. (E) The scheme depicts the relationship between MAGI1 and IFN signaling. IAV infection induces anti-viral responses including STATs and IRF3 activation and subsequent MX1 and OAS2 induction. For efficient infection of IAV to ECs, IAV induces MAGI1 expression, resulting in inhibition of anti-viral responses by inhibiting STATs and IRF3 activation. Especially, MAGI1 inhibits IRF3 de-SUMOylation and subsequent IRF3 activation. Importantly, OxLDL also upregulates MAGI1 expression and promotes IAV infection, which may explain the relationship between hypercholesterolemia and IAV infection in patients. The scheme was generated using BioRender.


The Mx1 gene in C57BL/6 mice contains a large deletion, which creates the MX1 null phenotype, a condition that increases susceptibility of this mouse strain to IAV (43, 44). We took advantage of this fact (i.e., Mx1 null condition in C57BL/6 mice) to further determine if MAGI1 depletion in mice lacking MX1 still inhibits IAV infection. Mouse ECs were isolated from the lungs of Magi1−/− and WT littermate control mice and cultured to confluence on gelatin-coated plates. The cells were then infected with virus for 24 h. Total mRNA was extracted from the infected cells, and relative changes in viral NP mRNA expression levels were determined by qRT-PCR (Figure 6D). No difference in NP mRNA expression was found between WT and Magi−/− mouse ECs. Whereas, we showed that NP mRNA burden is correlated with viral burden and infectivity (24), these results indicate that MX1 promotes the inhibition of virus replication caused by MAGI1 depletion.



Knocking down MAGI1 promotes IRF3 nuclear translocation and de-SUMOylation without affecting IRF3 phosphorylation

MAGI1 depletion in human lung epithelial cells increases phosphorylation of IRF3, an upstream transcriptional regulator of IFN genes, at S396, which triggers IRF3 translocation into the nucleus and activation IFN-β signaling (45, 46). Following activation in the cytoplasm, IRF3 translocate into the nucleus and promotes the transcription of IFN-α and -β and IFN-stimulated genes by binding to the interferon-stimulated response element (ISRE) (47, 48). However, it is still not clear if ECs respond in the same manner. To address this question, we treated HUVECs with either siMAGI1 or siCont and detected IRF3 S396 phosphorylation and nuclear translocation. According to immunoblot analysis, similar levels of IRF3 phosphorylation at S396 was observed in control and MAGI1-depleted cells (Figures 5C, 7A,C). By contrast, IRF3 nuclear translocation was clearly observed in MAGI1-depleted HUVECs while the cytoplasmic staining was prevalent in cells treated with siCont (Figure 7B), suggesting that IRF3 nuclear translocation is involved in siMAGI1-mediated upregulation of IFN expression. Kubota et al. showed that virus infection enhances IRF3 SUMOylation, thereby attenuating IFN production (49). This finding has led us to investigate the potential role of MAGI1 on IRF3 SUMOylation. After 48 h of either siMAGI1 or siCont transfection, we lysed the cells and immuno-precipitated IRF3 with the antibody that specifically recognizes this protein. IgG antibody was used as a negative control. We then utilized immunoblotting to assess SUMOylated IRF3 using the antibody that recognizes only SUMO1. We found a significant decrease in IRF3 SUMOylation by MAGI1 depletion (Figures 7C,D), suggesting the upregulation of IRF3 transcriptional activity as described previously (49). These data suggest that MAGI1 depletion increased IRF3 transcriptional activity via downregulated IRF3 SUMOylation and promoted IRF3 nuclear translocation, which may be independent of IRF3 phosphorylation (Figure 7E).




Discussion

In this study, we find that IAV infection and OxLDL pre-treatment upregulate MAGI1 expression in ECs. Influenza replication is increased by OxLDL pre-treatment, Whereas, MAGI1 depletion decreased virus replication, suggesting the crucial role of IAV-induced MAGI1 expression in promoting IAV infection in hypercholesterolemia patients. In MAGI1-depleted ECs, we also noted heightened anti-viral events such as upregulation of IFN signaling and response-related gene expression including MX1 and OAS2. Lastly, we find that MAGI1 depletion inhibits IRF3 SUMOylation, which subsequently induces IRF3 activation. Our results suggest that IAV and/or OxLDL-induced MAGI1 expression accelerates virus infection in ECs and that MAGI1 depletion effectively inhibits this process. The data collectively provides insights into the role of MAGI1 in influenza infection as well as associated cardiovascular disease observed in dyslipidemia patients (11–15).

This study is the first to show that IAV infection increases MAGI1 expression in cultured ECs and that MAGI1 depletion suppresses IAV replication by increasing MX1 expression, a process that appears to induce IFN production. Indeed, others have shown that increased MX1 expression induces IFN-β production (46). The consensus PDZ-binding motif ESEV (glu-ser-glu-val) (PBM) in NS1 protein of IAV binds the PDZ domain of various proteins. MAGI1 has six PDZ domains, thus, it is possible that the binding between the virus NS1 PBM and MAGI1 plays a major role in viral infection and replication (48, 50). Since we find that virus infection upregulated MAGI1 expression, this increased MAGI1 expression provides a favorable environment for virus to replicate and thereby forming a positive feedback loop. Thus, MAGI1 depletion should break this cycle and suppress virus infection and replication. Our results have supported this model. In this study, we have also shown that knocking down MX1 impairs MAGI1 depletion-mediated IAV suppression. Moreover, the impaired virus infection caused by MAGI1 depletion was not detected in cultured lung ECs derived from C57BL/6 mice that are known to carry a truncated Mx1 gene, which results in the MX1 null phenotype. The anti-viral effect of MX1 in vivo was clearly demonstrated using mouse models with and without MX1 expression (51). Together, these results suggest that MAGI1 depletion mediates the suppression of IAV infection, at least in part, by increasing MX1 expression. We also find upregulation of a broad range of IFN signaling network-related molecules (Figure 4) including the increase of STAT1 and Oas2 expression and STAT5 activity (Figure 5), revealing how the depletion of MAGI1 can induce a strong anti-viral response (Figure 7E).

IRF3, a key transcriptional regulator of type I interferon, regulates the transcription of IFN-β and IFN-stimulated genes by binding the ISRE in their promoters. Upon viral infection, IRF3 in the cytoplasm of the infected cells is phosphorylated by the kinases TBK1 and IKKε, and undergoes a conformational change and homo-dimerization, which permits its translocation to the nucleus where it binds the ISRE of target genes (46, 47). Knocking down MAGI1 specifically in lung epithelial cells causes IRF3 S396 phosphorylation and increased IFN production (46). Interestingly, although we found a clear IRF3 nuclear translocation after MAGI1 depletion, we did not detect significant increases of IRF3 phosphorylation under the same condition (Figures 7A,B). This led us to investigate other types of IRF3 post-translational modifications, and we found a significant decrease of IRF3 SUMOylation induced by MAGI1 depletion (Figures 7C,D). Since the activation of IRF3 by attenuating IRF3 SUMOylation has been reported (49), the decrease of IRF3 SUMOylation by siMAGI1 transfection can induce IRF3 nuclear translocation and transcriptional activity. Of note, we have reported that the similar effect of p53 SUMOylation in ECs cultured under disturbed flow leading to p53 nuclear export (52). Therefore, both p53 and IRF3 SUMOylation may be important to retrain these proteins in the cytoplasm, and after losing this modification, p53 and IRF3 translocate to the nucleus. Furthermore, we have previously reported that de-SUMOylation enzyme of sentrin/SUMO-specific protease 2 (SENP2) regulates MAGI1 SUMOylation and de-SUMOylation of MAGI1 induced by SENP2 promotes MAGI1 nuclear translocation and subsequent EC activation (20). Therefore, MAGI1 may inhibit IRF3 SUMOylation by modulating SENP2 function. Future studies will be necessary to clarify these issues.

EC activation is a major cause of cardiovascular disease. Our study revealed upregulation of ICAM-1 expression in IAV-infected ECs, indicating that virus infection activates ECs, and increasing the risk of cardiovascular dysfunction in influenza patients. In our recent study, we have shown that MAGI1 plays a major role in atherogenesis by inducing pro-inflammatory signaling in ECs (20). The role of MAGI1 in EC activation was confirmed by knock down studies, in which the virus induced ICAM-1 elevation was strongly inhibited. Together, these results show that MAGI1 could be the molecular link between IAV infection and cardiovascular disease. Furthermore, our current study shows that MAGI1 expression is upregulated under a pro-atherogenic, physiological perturbation i.e., OxLDL treatment (Figures 2A,B). More importantly, the pre-treatment of OxLDL upregulates virus infection in ECs (Figure 7C), suggesting that the induction of MAGI1 by OxLDL increases EC activation and accelerates virus infection by inhibiting IAV-mediated anti-viral responses (Figure 7E). It has been reported that IL-1β stimulation induces VCAM-1 expression rapidly and temporally although sustaining ICAM-1 expression over 24–72 h (53). Therefore, the inhibition of VCAM-1 expression in our study may be due to a counter-response to the initial increase of VCAM-1 expression induced by influenza A.

In addition to MAGI1, which has six PDZ domains, there are other PDZ domain-containing proteins—Dlg1, MAGI2, MAGI3, Scribble, Lin7C, PDLIM2 and PSD-95 - are potential targets of the NS1 protein of IAV that has the consensus PDZ-binding motif, ESEV (glu-ser-glu-val) (PBM). Indeed, PBM association with Scribble and Dlg1 promotes virus infection (48). Our study shows that MAGI1 also promotes virus infection, presumably via its interaction with PBM. Since MAGI1 depletion robustly inhibits IAV infection, MAGI1's role in supporting virus infection is larger than that of Scribble and Dlg1.

In conclusion, we have found that MAGI1 is involved in IAV infection of ECs. Previously, we have reported the crucial role of MAGI1 in EC activation and subsequent atherogenesis (20). In the current report, we found that IAV infection increases MAGI1 expression and enhances virus infection by inhibiting various anti-viral responses including STATs and IRF3 activation and induction of MX1 and OAS2 (Figure 7E). We also find that MAGI1 inhibits IRF3 de-SUMOylation, resulting in inhibiting IRF3 activation. These data suggest the crucial role of MAGI1 in inhibiting IAV-mediated anti-viral responses, and the induction of MAGI1 by OxLDL and IAV infection itself can accelerate further virus infection and promote severe EC activation (Figure 7E). Thus, MAGI1 as a promotor of both EC activation and virus infection, is a potential therapeutic target for influenza virus infection.
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Supplementary Figure 1. Heat maps based on Ingenuity Downstream Effects Analysis (Diseases and Functions analysis). The maps show the functional hierarchy for differential gene expression in siMAGI1-transfected HUVECs with the significance and predicted activity state of gene sets identified by the Ingenuity Knowledge Base. The color-coded scales above both heat maps reflect the direction of change for each function based on activation z-scores (orange, upregulation; blue, downregulation; white, z-score of 0; gray, not available). (A) The level 1 squares in this heat map (high-level functional categories) indicate the functions predicted to increase or decrease with MAGI1 depletion. The size of each box reflects the P-value (the larger the box, the smaller the P-value). The P-values for the Infectious Disease categories are within the six highest category. The z-score for the Infectious Disease category is predicted to decrease with MAGI1 depletion. (B) The hierarchical heat map of the level 1 category Infectious Disease.

Supplementary Figure 2. Magi1, Vcam1, and Ifnβ1 mRNA expression. (A) HUVECs were transfected with either siCont or siMAGI1. Approximately after 48 h of transfection, the cells were infected or not infected with IAV for 24 h. Total RNA was extracted then qRT-PCR was performed. Relative changes in Vcam1 mRNA expression were calculated using the comparative Ct (2−ΔΔCt) method. Ct values of Vcam1 mRNA expression were normalized to that of Gapdh (26). Each group passed the Shapiro-Wilk normality test, then two-way ANOVA followed by Turkey's multiple comparisons test was performed using the Prism software (GraphPad Software). The graph shows mean ± SD (n = 3). **p < 0.01. (B,C) HULECs were transfected with either siCont or siMAGI1. Approximately after 48 h of transfection, total RNA was extracted then qRT-PCR was performed. Relative changes in Magi1 (B) and Ifnb1 (C) mRNA expression were calculated using the comparative Ct (2−ΔΔCt) method. Ct values of each target gene were normalized to that of β-actin (26). At least, one of the groups did not pass the Shapiro-Wilk normality test, we performed an unpaired t-test with Welch's correction using the Prism software (GraphPad Software). The graph shows mean ± SD, n = 3, **P < 0.01.
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Objectives: Ankle-brachial index (ABI) is commonly used for screening lower extremity peripheral artery disease (PAD) according to the international guidelines. Arterial Doppler waveform recordings is a tool to diagnose and assess PAD severity. We hypothesized that ABI measurement could be simplified by measuring only the pressure where the best arterial flow is recorded. The aim of this study was to evaluate the concordance between ABI performed according to the American Heart Association guidelines (AHA-ABI) and ABI measured according to best arterial waveform (FLOW-ABI).

Design: This was a monocentric cross-sectional study.

Methods: We included patients with exertional limb symptoms suspected of PAD. Arterial Doppler waveforms and ABI were acquired on both lower extremities at the pedis and tibial posterior arteries. Each arterial waveform was classified using the Saint-Bonnet classification. Concordances were analyzed with the kappa coefficient (confidence interval 95%). Exercise PAD study was registered n° NCT03186391.

Results: In total, one hundred and eighty-eight patients (62+/−12 years and 26.8+/−4.5 kg/m2) with exertional limb symptoms were included from May 2016 to June 2019. On each extremity, FLOW-ABI had excellent concordance for the diagnosis of PAD with the AHA-ABI with a kappa of 0.95 (95% CI: 0.90, 0.99) in the right extremity and 0.91 (95% CI: 0.86, 0.97) in the left extremity.

Conclusion: There is almost perfect concordance between AHA-ABI and FLOW-ABI. Thus, ABI can be simplified into five pressure measurements instead of seven in patient suspected of PAD with exertional limb symptoms. The question remains in patients with chronic limb ischemia.

KEYWORDS
 lower extremity artery disease, Doppler waveforms, ankle-brachial index, peripheral arterial disease, claudicant


Introduction

Lower extremity peripheral artery disease (PAD) is one of the most common diseases with a major cardiovascular morbi-mortality, particularly in developed countries (1). Its prevalence is estimated around 236 million persons worldwide in 2015 (1, 2), with a growth trend. The estimated prevalence in Europe and the United States of America is between 3 and 10% according to the different studies and increases with age (between 15 and 20% over 70 years old) (3).

One of the recommended diagnostic means is the measurement of the ankle-brachial index (ABI) at rest by dividing the highest of the two arterial pressures of the two ankle arteries by the highest brachial pressure between both arms (4–8). To be considered as pathological, a cutoff equal to 0.90 and below was retained (4, 5). In addition to its diagnostic utility, ABI has a prognostic interest with, when pathological, more than doubling of the 10-year rates of coronary events, cardiovascular mortality, and total mortality (9, 10). Guidelines about ABI were proposed in 2012 by the American Heart Association to standardize the procedure (11). The ABI is based on counterclockwise sequence of seven measures of pressure. This specific sequence to measure ABI is not done in clinical practice due to several barriers including the measurement duration, lack of reimbursement, and staff availability (12). Indeed, the average time for an ABI measurement is around 5 min for a trained physician and without considering the resting time before the measurement (12) whereas the primary care physician consultation time is limited (16 min in 2006 in France to <10 min in numerous countries) (13–16). A simplification (i.e., shorter duration) in the measurement could be interesting for the diffusion and the use of this diagnostic method.

The arterial flow analysis of the Doppler waveform is as well an interesting tool for the arterial hemodynamic evaluation (7, 17, 18), and can be an interesting diagnostic tool in particular populations such as patients with chronic kidney disease and diabetes (19) where the ABI value can be falsely elevated due to arterial calcifications (20).

We hypothesized that the highest arterial pressure in each extremity is located on the distal artery with the best arterial Doppler waveform; thus, ABI measurement might be simplified by measuring only five pressures instead of the seven as proposed by the AHA and other international guidelines (6, 7, 11, 21).

The main objective of this study was to analyze the concordance for the diagnosis of PAD between the ABI measured with the AHA method (AHA-ABI) and ABI measured considering the pressure in the artery with the best Doppler waveform (FLOW-ABI) to simplify the measurement in clinical practice.



Materials and methods


Study design and population

This is a retrospective study on consecutive patients suspected of PAD with exertional limb pain referred between May 2016 and June 2019 to our vascular center in the University Hospital of Rennes, France (22).

The study was approved by an institutional review board from the University Hospital of Rennes (12, 17). All participants gave written informed consent. The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki. The exercise PAD study was registered with the American National Institutes of Health database under reference n° NCT03186391.

Patients were included if they had full data available including arterial Doppler waveform and ABI measurements available for both extremities.



Demographic characteristics

We collected all the medical history including age, sex, body mass index, comorbidities, and medications (statins, antihypertension treatment, anticoagulant, or antiplatelet).



Doppler waveform analysis and ABI measurement

Patients were at rest in a comfortable temperature room (20–22°C) for at least 20 min, in a supine position prior to testing (23). Arterial Doppler waveforms were described for each artery of the limbs before pressure measurements with a hand-held Doppler probe (8 MHz; Basic Atys Medical, Soucieu en Jarrest, France). Arterial Doppler waveforms were described using the Saint-Bonnet Classification as recommended by the French Vascular Teachers of Vascular Medicine (7, 17, 18). This classification provides a superior categorization rate when compared to other classifications (24). A normal flow consists of a multiphasic curve (N or A among Saint-Bonnet) (8, 17). In the case of an arterial lesion, the arterial waveform is modified depending on the degree of arterial lumen stenosis allowing the assessment of the severity of the disease and the state of collateral arteries. Saint-Bonnet classification ranges from type N to E until 0 where N stands for normal, type E describes the type of waveforms recorded in highly pathological arteries, and 0 describes an occluded artery. In the simplified classification, there are six types: Saint-Bonnet N to Saint-Bonnet A (considered as a normal flow), Saint-Bonnet B, Saint-Bonnet CD, Saint-Bonnet E, and Saint-Bonnet 0 (no flow). The classification was developed to homogenize the Doppler arterial flow description (17). Table 1 depicts the classification and its equivalence to the classification proposed by the Society for Vascular Medicine (SVM) and Society for Vascular Ultrasound (SVU) consensus (25, 26).


TABLE 1 Equivalence between Saint-Bonnet classification and SVM/SVU classification.
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The AHA-ABI was calculated as proposed by AHA guidelines: “During the sequence of measurement, the first measurement should be repeated at the end of the sequence and both results averaged to temper the white coat effect of the first measurement, except if the difference between the 2 measurements of the first arm exceeds 10 mmHg. In that case, the first measurement should be disregarded and only the second measurement should be considered. For example, when the counterclockwise sequence — right arm, right posterior tibial artery (RPTA), right dorsalis pedis artery (RDPA), left posterior tibial artery (LPTA), left dorsalis pedis artery (LDPA), left brachial artery — is used, the measurement of the right arm should be repeated at the end of the sequence and both results obtained at the right arm should be averaged unless the difference between the 2 measurements of the right arm exceeds 10 mm Hg. In this case, only the second measurement of right arm pressure should be considered” (11, 12).

The FLOW-ABI was obtained by dividing the pressure of the lower extremity artery with the best Doppler waveforms by the highest brachial pressure between both arms. In the case of similar Doppler waveform between the posterior tibial artery (PTA) and the dorsalis pedis artery (DPA), we used the posterior tibial artery by default.

The last three types (CD, E, and 0) were grouped together due to their small numbers to have a significantly large group for comparison.



Statistical analyses

The results are expressed as mean ± standard deviation in the case of normal distribution (Shapiro–Wilk test) or in median [25th centile and 75th centile] in the other cases. The Kruskal– Wallis test (KW) was used for the comparisons between the ankle blood pressures and the Saint-Bonnet Doppler waveform types, analyzing independently each limb. The concordance between the AHA-ABI and the FLOW-ABI for the diagnosis of PAD was assessed using the Kappa coefficient expressed with a confidence interval of 95% for the right and left limbs. A second analysis was performed in a subgroup of limbs that had different Doppler waveform types. The Landis and Koch interpretation of kappa values was used: 0.21–0.40: fair; 0.41–0.60: moderate, 0.61–0.80: substantial; >0.80: almost perfect (27). Correlations between ABI-AHA and FLOW-ABI were assessed with the Spearman's correlation coefficient. The significance level used for all statistical tests was <0.05. All analyses were performed with SAS software, v.9.4® (SAS Institute, Cary, NC, USA).




Results

Among 259 patients suspected of PAD with exertional limb symptoms, 188 patients were included as shown in Figure 1. Patients were excluded if there were missing limb artery pressures and Doppler waveforms for both arteries in each limb (n = 71).


[image: Figure 1]
FIGURE 1
 Diagram flow of the study. This figure shows the selection process of the study. Patients were excluded if there were missing ABI and missing arterial Doppler waveform. ABI means ankle brachial index.


Baseline characteristics are presented in Table 2. The average age was 62+/−12 years old and most of them were males (80.9%). The mean AHA-ABI was 0.88+/−0.30 for the right limbs and 0.88+/−0.26 for left limbs.


TABLE 2 Characteristics of the study population.
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The Doppler waveforms were the same between ipsilateral limbs arteries in 138/188 in the right limb (73.4%) and 143/188 in the left limb (76.1%).

Figure 2 shows the mean distal arterial pressure by artery on each leg according to the Doppler waveform (using the Saint-Bonnet classification).


[image: Figure 2]
FIGURE 2
 Distal pressures according to Doppler waveforms. This graph shows the mean arterial pressure (and the standard deviation) according to the Doppler waveform in each lower extremity artery from both legs. We can observe a trend of decreasing pressure with flow alteration. TPA, tibial posterior artery (RTPA,right TPA; LTPA, left TPA); DPA, dorsalis pedis artery (RDPA, right DPA; LDPA, left DPA).


Significant difference between the best Doppler waveform type (N according to the Saint-Bonnet classification) and the pressures from the arteries classed in the three last types of the classification (CD, E, and 0 among the Saint-Bonnet classification) was found with a p-value < 0.05 for each artery of each limb. However, no statistical difference appears between the arteries classified N and A (p > 0.05). When the N pressures are compared with the ones classified B, only the two tibial posterior arteries are significantly different.

The analysis of the concordance between the AHA-ABI and the FLOW-ABI shows an excellent concordance rating PAD/no PAD with a kappa value equal to 0.95 (95% CI: 0.90, 0.99) for the right limb and 0.91 (95% CI: 0.86, 0.97) for the left limb. The contingency tables are reported in Table 3. We obtain respectively for the right and left limbs only 5 (2.7%) and 8 (4.3%) discordant diagnosis between AHA-ABI and FLOW-ABI (please refer to Supplementary materials: Supplementary Tables 1, 2). When analyzing only the limbs with different Doppler waveforms, a perfect concordance was found for the right and left limbs. The kappa values were equal to 1.00 (95% CI: 1.00, 1.00) for the right limb and 1.00 (95% CI: 1.00, 1.00) for the left limb.


TABLE 3 Contingency tables between AHA-ABI and FLOW-ABI.
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Medians of differences of ABI value between the two methods were 0.09 (IC 95%: 0.06, 0.16) for the right limb and 0.13 (IC 95%: 0.10, 0.16) for the left limb excluding one patient with outlier values. Indeed, one patient with diabetes had different values according to the two methods (0.45 vs. 1.57). The discordant patients' values are available in Supplemental materials.

We found a high correlation between AHA-ABI and FLOW-ABI on both lower extremities (Figure 3) with a Spearman's correlation coefficient of 0.96 for the right and 0.88 for the left (p-value < 0.0001). For the limbs with different waveforms, coefficients of correlation between AHA-ABI and FLOW-ABI were 0.99 and 0.99 for the right and leftlimbs, respectively.
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FIGURE 3
 Correlation plots for each lower extremity between AHA-ABI and FLOW-ABI. PAD means lower extremity peripheral artery disease. FLOW-ABI corresponds to the ABI calculated according to the best arterial flow. AHA-ABI corresponds to the ABI calculated according to the American Heart Association guidelines. (A) Relationship between AHA-ABI and FLOW-ABI for the right limbs. (B) Relationship between AHA-ABI and FLOW-ABI for the left limbs. (C) Relationship between AHA-ABI and FLOW-ABI for the right limbs with two different Doppler arterial waveforms. (D) Relationship between AHA-ABI and FLOW-ABI for the left limbs with two different Doppler arterial waveforms.




Discussion

Ankle-brachial index is an important diagnostic tool for PAD, but it is a time-consuming method with seven measures of pressure to perform when clinicians follow the AHA guidelines (23). To our knowledge, this study is the first that tries to simplify the ABI measurement to improve its use in clinical practice. We demonstrate an almost perfect concordance (kappa > 0.90) between AHA-ABI and FLOW-ABI for both lower extremities suggesting that both measurements can be used in clinical practice in patients suspected of PAD. Furthermore, it is important to note that discrepancies appear for only five right (2.7%) and eight left (4.3%) limbs. These discrepancies were in the usual variability (≤0.15) of the measure for 8 out of 13 (11, 28, 29). Of interest, the second analysis of limbs that had different Doppler waveforms types strengthens the results of the present result since the kappa value reached 1.00 for both limbs.

This result may have a strong impact in clinical practice by permitting the measurement of only one artery on each limb, the one with the best Doppler waveform, saving time and allowing the increased use of ABI, in particular among general practitioners. Indeed, physicians from various countries have not adopted, in common practice, this measurement in primary care practices (30, 31). The PAD Awareness, Risk, and Treatment New Resources for Survival (PARTNERS) program made evidence that physicians admitted the utility of ABI for screening the PAD but three main barriers were identified: the lack of time, staff availability, and reimbursement (12). The measurement time is a key point in the daily use of this test. The mean time for an ABI measurement was recently reported around 5 min by a trained vascular physician (32) without taking into account the 10-min rest time recommended (8). Another study found a mean time for ABI measurement by general practitioners around 17 min among more than 13,000 patients (33). Furthermore, this time constraint has an impact for vascular physicians who practice ABI several times a day. Considering a measurement time of 1 min per artery (34), measuring only five pressures instead of seven could save 2 min per patient, with similar accuracy. During a busy day, this could represent more than 30 min per day corresponding to more patients who can be seen.

The other interest of simplifying the ABI measurement might be about the education of medical students and residents. Indeed, studies have demonstrated that learning how to measure ABI is challenging (34) and not sustained (35). We hypothesize that this simplified method might improve the performance of medical students and residents to perform ABI, but this remains to be studied.

Moreover, this study confirms that the best pressure matches with the best Doppler waveform and conversely. This supports the importance of harmonization and definition of the arterial Doppler waveforms using a standardized classification. Indeed, various papers from different countries (USA, China, and France) found heterogeneity in Doppler waveform descriptions if no classification was used (7, 26, 36–38). This work was made possible by the use of the Saint-Bonnet classification that is recommended by the French Vascular Medicine Teachers (CEMV, College des Enseignants de Médecine Vasculaire) and the French Vascular Medicine and Surgery Societies (SFMV, SCVE) (7). Other classifications exist but a recent paper has shown that the Saint-Bonnet classification provides a superior categorization rate when compared to other classifications (24). Furthermore, the Saint-Bonnet classification was also associated with the functional status of patients with suspected PAD (31). In July 2020, the American Society for Vascular Medicine and Society for Vascular Ultrasound proposed a consensus (25, 26) about the description of arterial (and venous) Doppler waveforms to alleviate confusion. They developed this nomenclature based on the flow direction, the phasicity, and resistance. This description gathers the terms needed to use common language to be clinically useful. This consensus is of great interest, but studies about the use of the SVM/SVU consensus should be performed to confirm its utility in clinical practice.


Limits

Our study has several limitations. First, the present results were found in patients with exertional limb symptoms and suspected of PAD. Thus, we cannot ascertain that similar results will be found in asymptomatic patients or in patients with critical limb ischemia. Second, the use of the posterior tibial artery by default in case of similar waveform categorization may be a bias. However, there is a trend in clinical practice to measure more pressure on the posterior tibial artery than on dorsalis pedis artery. Furthermore, although the artery caliber between both arteries does not appear significantly different in several studies (39, 40), there is a trend for an augmented prevalence of stenosis on the dorsalis pedis artery vs. the posterior tibial artery (40). Third, we followed the AHA procedure to measure the ABI except for the measurement of the brachial pressure that was measured with an automatic blood pressure monitor (Carescap Dinamap V100; GE Healthcare) as previously done in other papers (7, 22, 32). We are confident with our results since (i) Montgomery and Gardner (41) found no statistical difference between Doppler measurement and automatic measurement at the brachial level, and (ii) this is suggested by the French guidelines (7). Fourth, we did not study the reproducibility of the FLOW-ABI measurement, but this was not the aim of this study. However, the intra-observer coefficient in our team to perform AHA-ABI is 9.4% as previously reported (34). The reproducibility of the FLOW-ABI remains to be studied. Fifth, we had a small sample size of patients with diabetes, and data about chronic kidney disease (CKD) status was unknown in this population whereas ABI can be falsely elevated in diabetic and patients with CKD (42). Therefore, the results of this study should be used with cautious in these patients. Finally, this technique requires a machine that allows the visualization of the Doppler waveform. The price may be an issue in its development as well as the time required to train physicians on the machine's use and waveform interpretation and classification.




Conclusion

Our study shows that ABI measurement using FLOW-ABI is as accurate as the AHA-ABI method for the diagnosis of PAD. The FLOW-ABI might replace the AHA-ABI in patients with exertional limb symptoms and suspected of PAD. Further studies with an external validation of these criteria seem useful to confirm our findings in a global population and the benefit in practice.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by Institutional Review Board from the University Hospital of Rennes (12, 17). The patients/participants provided their written informed consent to participate in this study.



Author contributions

Study design: AM, GM, and ALF. Data collection: AM, QT, GM, and LO. Data analysis: AM, ELP, DL, and GM. Writing: AM and GM. All authors contributed to the article and approved the submitted version.



Conflict of interest

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



Publisher's note

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



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2022.941600/full#supplementary-material



Abbreviations

ABI, ankle-brachial pressure index at rest; PAD, lower extremity peripheral artery disease; TPA, tibial posterior artery (RTPA, right TPA; LTPA, left TPA); DPA, dorsalis pedis artery (RDPA, right DPA; LDPA, left DPA).



References

 1. Criqui MH, Aboyans V. Epidemiology of peripheral artery disease. Circ Res. (2015) 116:1509–26. doi: 10.1161/CIRCRESAHA.116.303849

 2. Song P, Rudan D, Zhu Y, Fowkes FJI, Rahimi K, Fowkes FGR, et al. Global, regional, and national prevalence and risk factors for peripheral artery disease in 2015: an updated systematic review and analysis. Lancet Glob Health. (2019) 7:e1020–30. doi: 10.1016/S2214-109X(19)30255-4

 3. Fowkes FGR, Rudan D, Rudan I, Aboyans V, Denenberg JO, McDermott MM, et al. Comparison of global estimates of prevalence and risk factors for peripheral artery disease in 2000 and 2010: a systematic review and analysis. Lancet. (2013) 382:1329–40. doi: 10.1016/S0140-6736(13)61249-0

 4. Grenon SM, Gagnon J, Hsiang Y. Ankle–Brachial index for assessment of peripheral arterial disease. N Engl J Med. (2009) 361:e40. doi: 10.1056/NEJMvcm0807012

 5. WINSOR T. Influence of arterial disease on the systolic blood pressure gradients of the extremity. Am J Med Sci. (1950) 220:117–26.

 6. Aboyans V, Ricco J-B, Bartelink M-LEL, Björck M, Brodmann M, Cohnert T, et al. editor's choice - 2017 esc guidelines on the diagnosis and treatment of peripheral arterial diseases, in collaboration with the European society for vascular surgery (ESVS). Eur J Vasc Endovasc Surg. (2018) 55:305–68. doi: 10.1016/j.ejvs.2017.07.018

 7. Mahé G, Boge G, Bura-Rivière A, Chakfé N, Constans J, Goueffic Y, et al. Disparities between international guidelines (AHA/ESC/ESVS/ESVM/SVS) concerning lower extremity arterial disease: consensus of the french society of vascular medicine (SFMV) and the French society for vascular and endovascular surgery (SCVE). Ann Vasc Surg. (2021) 72:1–56. doi: 10.1016/j.avsg.2020.11.011

 8. Gerhard-Herman MD, Gornik HL, Barrett C, Barshes NR, Corriere MA, Drachman DE, et al. 2016 AHA/ACC guideline on the management of patients with lower extremity peripheral artery disease: executive summary: a report of the American college of cardiology/american heart association task force on clinical practice guidelines. J Am Coll Cardiol. (2017) 69:1465–508. doi: 10.1016/j.jacc.2016.11.008

 9. Ankle brachial index combined with framingham risk score to predict cardiovascular events and mortality: a meta-analysis. JAMA. (2008) 300:197–208. doi: 10.1001/jama.300.2.197

 10. Hiatt WR, Hoag S, Hamman RF. Effect of diagnostic criteria on the prevalence of peripheral arterial disease. Circulation. (1995) 91:1472–9. doi: 10.1161/01.CIR.91.5.1472

 11. Aboyans V, Criqui MH, Abraham P, Allison MA, Creager MA, Diehm C, et al. Measurement and interpretation of the ankle-brachial index: a scientific statement from the American heart association. Circulation. (2012) 126:2890–909. doi: 10.1161/CIR.0b013e318276fbcb

 12. Mohler ER, Treat-Jacobson D, Reilly MP, Cunningham KE, Miani M, Criqui MH, et al. Utility and barriers to performance of the ankle-brachial index in primary care practice. Vasc Med. (2004) 9:253–60. doi: 10.1191/1358863x04vm559oa

 13. Deveugele M, Derese A, Brink-Muinen A. van den, Bensing J, Maeseneer JD. Consultation length in general practice: cross sectional study in six European countries. BMJ. (2002) 325:472. doi: 10.1136/bmj.325.7362.472

 14. Iacobucci G. GP appointments last less than five minutes for half the world's population. BMJ. (2017) 359:5172. doi: 10.1136/bmj.j5172

 15. Irving G, Neves AL, Dambha-Miller H, Oishi A, Tagashira H, Verho A, et al. International variations in primary care physician consultation time: a systematic review of 67 countries. BMJ Open. (2017) 7:e017902. doi: 10.1136/bmjopen-2017-017902

 16. Deveugele M, Derese A, De Bacquer D, van den Brink-Muinen A, Bensing J, De Maeseneer J. Consultation in general practice: a standard operating procedure? Patient Educ Couns. (2004) 54:227–33. doi: 10.1016/S0738-3991(03)00239-8

 17. Mahé G, Boulon C, Désormais I, Lacroix P, Bressollette L, Guilmot JL, et al. College of the French vascular medicine teachers (CEMV) statement: arterial Doppler waveforms analysis (simplified Saint-Bonnet classification). J Med Vasc. (2018) 43:255–61. doi: 10.1016/j.jdmv.2018.05.002

 18. Mahé G, Boulon C, Desormais I, Lacroix P, Bressollette L, Guilmot J-L, et al. Statement for Doppler waveforms analysis. VASA. (2017) 46:337–45. doi: 10.1024/0301-1526/a000638

 19. Norgren L, Hiatt WR, Dormandy JA, Nehler MR, Harris KA, Fowkes FGR. Inter-society consensus for the management of peripheral arterial disease (TASC II). Eu J Vasc Endovasc Surg. (2007) 33:S1–S75. doi: 10.1016/j.ejvs.2006.09.024

 20. Brownrigg JRW, Schaper NC, Hinchliffe RJ. Diagnosis and assessment of peripheral arterial disease in the diabetic foot. Diab Med. (2015) 32:738–47. doi: 10.1111/dme.12749

 21. Halliday A, Bax JJ. The 2017 ESC guidelines on the diagnosis and treatment of peripheral arterial diseases, in collaboration with the European society for vascular surgery (ESVS). Eu J Vasc Endovasc Surg. (2018) 55:301–2. doi: 10.1016/j.ejvs.2018.03.004

 22. Stivalet O, Paisant A, Belabbas D, Omarjee L, Le Faucheur A, Landreau P, et al. Exercise testing criteria to diagnose lower extremity peripheral artery disease assessed by computed-tomography angiography. PLoS ONE. (2019) 14:e0219082. doi: 10.1371/journal.pone.0219082

 23. Chaudru S, de Müllenheim P-Y, Le Faucheur A, Kaladji A, Jaquinandi V, Mahé G. Training to perform ankle-brachial index: systematic review and perspectives to improve teaching and learning. Eur J Vasc Endovasc Surg. (2016) 51:240–7. doi: 10.1016/j.ejvs.2015.09.005

 24. Guilcher A, Lanéelle D, Hoffmann C, Guillaumat J, Constans J, Bressollette L, et al. Comparison of the use of arterial doppler waveform classifications in clinical routine to describe lower limb flow. J Clin Med. (2021) 10:e464: doi: 10.3390/jcm10030464

 25. Kim ES, Sharma AM, Scissons R, Dawson D, Eberhardt RT, Gerhard-Herman M, et al. Interpretation of peripheral arterial and venous Doppler waveforms: a consensus statement from the society for vascular medicine and society for vascular ultrasound. Vasc Med. (2020) 25:484–506. doi: 10.1177/1358863X20937665

 26. Wen C, Gao M, Fu Y, Zhao R, Tong Y, Scissons R, et al. high variability of arterial Doppler waveform descriptions exists in China. Vasc Med. (2020) 25:221–2. doi: 10.1177/1358863X20903808

 27. Landis JR, Koch GG. The measurement of observer agreement for categorical data. Biometrics. (1977) 33:159–74.

 28. Nicoloff AD, Taylor LM, Sexton GJ, Schuff RA, Edwards JM, Yeager RA, et al. Homocysteine and progression of atherosclerosis study investigators. Relationship between site of initial symptoms and subsequent progression of disease in a prospective study of atherosclerosis progression in patients receiving long-term treatment for symptomatic peripheral arterial disease. J Vasc Surg. (2002) 35:38–46. doi: 10.1067/mva.2002.120381

 29. Cronenwett JL, Warner KG, Zelenock GB, Whitehouse WM Jr, Graham LM, Lindenauer SM, et al. Intermittent claudication: current results of non-operative management. Arch Surg. (1984) 119:430–6. doi: 10.1001/archsurg.1984.01390160060012

 30. Collins TC, Suarez-Almazor M, Petersen NJ. An absent pulse is not sensitive for the early detection of peripheral arterial disease. Fam Med. (2006) 38:5. Available online at: https://fammedarchives.blob.core.windows.net/imagesandpdfs/fmhub/fm2006/January/Tracie38.pdf

 31. Hageman D, Pesser N, Gommans LNM, Willigendael EM, Sambeek MRHM., van, Huijbers E, et al. Limited adherence to peripheral arterial disease guidelines and suboptimal ankle brachial index reliability in dutch primary care. Eu J Vasc Endovasc Surg. (2018) 55:867–73. doi: 10.1016/j.ejvs.2018.02.011

 32. Catillon F, Tuffier S, Guilcher A, Tollenaere Q, Métairie A, Miossec A, Mauger C. Proficiency of medical students at obtaining pressure measurement readings using automated ankle and toe measuring devices for diagnosis of lower extremity peripheral artery disease. Annals Vasc Surg. (2019) 65:183–8. doi: 10.1016/j.avsg.2019.10.092

 33. Bendermacher BL, Teijink JA, Willigendael EM, Bartelink M-L, Peters RJ, Langenberg M, et al. Applicability of the ankle-brachial-index measurement as screening device for high cardiovascular risk: an observational study. BMC Cardiovasc Disord. (2012) 12:59. doi: 10.1186/1471-2261-12-59

 34. Donnou C, Chaudru S, Stivalet O, Paul E, Charasson M, Selli J-M, et al. How to become proficient in performance of the resting ankle-brachial index results of the first randomized controlled trial. Vascular Medicine. (2018) 23:109. doi: 10.1177/1358863X17740993

 35. Omarjee L, Donnou C, Chaudru S, Locher C, Paul E, Charasson M, et al. Impact of an educational intervention on ankle-brachial index performance among medical students and fidelity assessment at 6 months. Ann Vasc Surg. (2019) 56:246–53. doi: 10.1016/j.avsg.2018.07.044

 36. Lanéelle D, Scissons R, Mahé G. Inter-observer reliability of a 4-item Doppler ultrasound waveforms classification. Vasa. (2020) 49:518–9. doi: 10.1024/0301-1526/a000906

 37. Omarjee L, Stivalet O, Hoffmann C, Scissons R, Bressollette L, Mahé G, et al. Heterogeneity of Doppler waveform description is decreased with the use of a dedicated classification. Vasa. (2018) 47:471–4. doi: 10.1024/0301-1526/a000724

 38. Zhao R, Lanéelle D, Gao M, Fu Y, Tong Y, Scissons R, Wen C, Mahé G. Inter-rater reliability of 4-item arterial doppler waveform classification system for description of arterial doppler waveforms. Front Cardiovasc Med. (2020) 7:8274. doi: 10.3389/fcvm.2020.584274

 39. Czyzewska D, Ustymowicz A, Krysiuk K, Witkowski P, Zonenberg M, Dobrzycki K, et al. Ultrasound assessment of the caliber of the arteries in the lower extremities in healthy persons – the dependency on age, sex and morphological parameters of the subjects. J Ultrason. (2012) 12:420–7. doi: 10.15557/JoU.2012.0030

 40. Lorbeer R, Grotz A, Dörr M, Völzke H, Lieb W, Kühn J-P, et al. Reference values of vessel diameters, stenosis prevalence, and arterial variations of the lower limb arteries in a male population sample using contrast-enhanced MR angiography. PLoS ONE. (2018) 13:e0197559. doi: 10.1371/journal.pone.0197559

 41. Montgomery PS, Gardner AW. Comparison of three blood pressure methods used for determining ankle/brachial index in patients with intermittent claudication. Angiology. (1998) 49:723–8. doi: 10.1177/000331979804901003

 42. AbuRahma AF, Adams E, AbuRahma J, Mata LA, Dean LS, Caron C, et al. Critical analysis and limitations of resting ankle-brachial index in the diagnosis of symptomatic peripheral arterial disease patients and the role of diabetes mellitus and chronic kidney disease. J Vasc Surg. (2020) 71:937–45. doi: 10.1016/j.jvs.2019.05.050













	 
	

	TYPE Review
PUBLISHED 13 September 2022
DOI 10.3389/fcvm.2022.881181





Expanding role of deoxyribonucleic acid-sensing mechanism in the development of lifestyle-related diseases

Sachiko Nishimoto1,2, Masataka Sata2 and Daiju Fukuda2,3*

1Faculty of Clinical Nutrition and Dietetics, Konan Women’s University, Kobe, Japan

2Department of Cardiovascular Medicine, Tokushima University Graduate School of Biomedical Sciences, Tokushima, Japan

3Department of Cardiovascular Medicine, Osaka Metropolitan University, Osaka, Japan

[image: image]

OPEN ACCESS

EDITED BY
Tatsuya Iso, Gunma University of Health and Welfare, Japan

REVIEWED BY
Isabelle Vila, Université de Montpellier, France
Ping Lin, Southwest University, China

*CORRESPONDENCE
Daiju Fukuda, daiju.fukuda@omu.ac.jp, daiju.fukuda@tokushima-u.ac.jp

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

RECEIVED 22 February 2022
ACCEPTED 15 August 2022
PUBLISHED 13 September 2022

CITATION
Nishimoto S, Sata M and Fukuda D (2022) Expanding role of deoxyribonucleic acid-sensing mechanism in the development of lifestyle-related diseases.
Front. Cardiovasc. Med. 9:881181.
doi: 10.3389/fcvm.2022.881181

COPYRIGHT
© 2022 Nishimoto, Sata and Fukuda. 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.

In lifestyle-related diseases, such as cardiovascular, metabolic, respiratory, and kidney diseases, chronic inflammation plays a causal role in their pathogenesis; however, underlying mechanisms of sterile chronic inflammation are not well-understood. Previous studies have confirmed the damage of cells in these organs in the presence of various risk factors such as diabetes, dyslipidemia, and cigarette smoking, releasing various endogenous ligands for pattern recognition receptors. These studies suggested that nucleic acids released from damaged tissues accumulate in these tissues, acting as an endogenous ligand. Undamaged DNA is an integral factor for the sustenance of life, whereas, DNA fragments, especially those from pathogens, are potent activators of the inflammatory response. Recent studies have indicated that inflammatory responses such as the production of type I interferon (IFN) induced by DNA-sensing mechanisms which contributes to self-defense system in innate immunity participates in the progression of inflammatory diseases by the recognition of nucleic acids derived from the host, including mitochondrial DNA (mtDNA). The body possesses several types of DNA sensors. Toll-like receptor 9 (TLR9) recognizes DNA fragments in the endosomes. In addition, the binding of DNA fragments in the cytosol activates cyclic guanosine monophosphate (GMP)-adenosine monophosphate (AMP) synthase (cGAS), resulting in the synthesis of the second messenger cyclic GMP-AMP (cGAMP). The binding of cGAMP to stimulator of interferon genes (STING) activates NF-κB and TBK-1 signaling and consequently the production of many inflammatory cytokines including IFNs. Numerous previous studies have demonstrated the role of DNA sensors in self-defense through the recognition of DNA fragments derived from pathogens. Beyond the canonical role of TLR9 and cGAS-STING, this review describes the role of these DNA-sensing mechanism in the inflammatory responses caused by endogenous DNA fragments, and in the pathogenesis of lifestyle-related diseases.

KEYWORDS
DNA-sensing mechanism, chronic inflammation, atherosclerosis, metabolic diseases, COPD, TLR9, STING, CKD


Introduction

An organism needs to efficiently detect and resolve continual pathogenic attacks to maintain host-survival and homeostasis. The innate immune system protects the host from pathogenic infection by employing pattern recognition receptors (PRRs), which recognize pathogen-associated molecular patterns (PAMPs) and coordinate appropriate host defense mechanisms. PRRs include Toll-like receptors (TLRs), retinoic acid-inducible gene I-like receptors (RLRs), and NOD-like receptors (NLRs). After binding to their respective ligands, these receptors are activated, which results in the release of cytokines and chemokines. These first immune responses recruit antigen-presenting cells and leukocytes at the site of infection and induce subsequent adaptive immunity.

Toll-like receptors, which are the most familiar PRRs, are evolutionarily conserved and recognize various components came from bacteria, fungi, and viruses. There are 10 members of the TLR family in humans. Classically, most TLRs are categorized into two sub-groups. The first comprises TLR1, TLR2, TLR4, TLR5, TLR6, and TLR11 which are primarily expressed on the cell surface, and their function is to recognize the components of microbial membranes (1). The other sub-group is composed of TLR3, TLR7, TLR8, and TLR9. These TLRs are expressed intracellularly in vesicles [e.g., lysosomes, endosomes, and the endoplasmic reticulum (ER)] and recognize microbial nucleic acids (2–5). In the past, numerous studies have examined the downstream signaling related to TLRs and demonstrated that it requires the recruitment of several adaptor proteins, which lead to the activation of the nuclear factor-kappa B (NF-κB) and interferon (IFN) regulatory factor (IRF) pathways, accelerating inflammatory responses (2). In addition to TLRs which recognize nucleic acid, cytoplasmic DNA sensors have been known. In particular, stimulator of interferon genes (STING) which recognizes second messenger cyclic guanosine monophosphateâ adenosine monophosphate (GMP-AMP) (cGAMP) generated from cyclic GMP-AMP synthase (cGAS) activated by DNA fragments in the cytosol have been well-studied (6–9). RNA sensors in the cytosol, such as RLRs also have been known (10, 11). Numerous studies have reported that multiple pathways related to inflammation, such as IRFs, NF-κB, and inflammasomes, are activated after these DNA sensors bind to their ligands (12).

Non-communicable diseases (NCDs) are a major contributor to the global burden of disease and account for up to 72% of worldwide deaths (13). Chronic low-grade inflammation, characterized by persistent elevated concentrations of circulating pro-inflammatory cytokines, has been associated with the development of both age and diet-related NCDs, including obesity, cardiometabolic diseases, respiratory and auto-immune diseases, and many cancers (14–16). Recent studies have demonstrated that PRR signaling contributes not only to innate immune responses but also to the pathogenesis of various inflammatory diseases. Especially, the TLR9 signaling and STING signaling have attracted much attention, because emerging evidence suggested their roles in the pathogenesis of lifestyle-related diseases. Lifestyle-related diseases are a group of diseases that onset and progression closely link with lifestyle and behavior factor(s), such as dietary habits, physical activities, rest, smoking, alcohol consumption, etc. Especially cardiovascular diseases, metabolic disorders, respiratory diseases including chronic obstructive pulmonary disease (COPD), chronic kidney diseases (CKD) are focused as major lifestyle-related diseases, that are a health threat to humans in recent decades (17–19). Beyond the canonical role of TLR9 and cGAS-STING in antimicrobial and antiviral immunity, the functional roles of TLR9 and cGAS-STING to lifestyle-related diseases has emerged from recent expanding evidence. This review briefly summarizes the role of TLR9 and STING signaling in the pathogenesis of inflammation caused by self-derived DNA fragments. This review also highlights the roles of the DNA sensing system in the pathophysiology of lifestyle-related diseases and discusses its potential as a therapeutic target for these diseases.



Deoxyribonucleic acid damage in lifestyle-related diseases

Sterile chronic inflammation is recognized as a shared mechanism of vascular diseases and metabolic diseases; however, the molecular mechanisms of sterile chronic inflammation remain a major medical problem that is yet to be solved. Though the mechanisms which cause DNA damage is multifactorial (20), DNA damage has been reported to play a crucial role in the development of these diseases (21, 22). Previous studies demonstrated that higher oxidative stress (23) and lower oxygen pressure (24) related to pathologic condition in unhealthy lifestyles and metabolic risk factors cause the deterioration of the cells in the vascular system and tissue of the metabolic organs. Subsequently, damaged genomic DNA and mitochondrial DNA (mtDNA) (25–29) are released and/or accumulated within the body (14, 30–32). We previously reported the accumulation of DNA fragments in macrophages, which infiltrate into atherosclerotic lesions and adipose tissue by using immune-electron microscopy and inflammatory activation of macrophages by DNA fragments (17–19). These results suggested that pro-inflammatory activation of macrophages by DNA damage play a key role in the pathophysiology of cardiometabolic diseases (33).

In developed countries, chronic kidney disease (CKD) is the most commonly attribute to diabetes and hypertension. The progression of CKD is associated with adverse clinical outcomes, including end-stage renal disease (ESRD), cardiovascular disease, and increased mortality (34–36). In the kidney, tubular cells contain enriched mitochondria to prepare for higher energy consumption. Recent studies highlight a pathogenic role of mitochondrial damage in the development of kidney disease. In fact, several kidney diseases such as diabetic nephropathy, tubulo-nephritis, and CKD show elevated mtDNA levels not only in the plasma but also in the urine (37–39). A recent study showed that urinary mtDNA levels have no significant association with the rate of worsening of renal function in non-diabetic CKD, although the levels correlate with baseline renal function, proteinuria, and the severity of histological damage (40).

Chronic obstructive pulmonary disease is a respiratory disorder characterized by irreversible limited expiratory airflow and abnormal inflammation. Etiologically, cigarette smoking (CS) is a major risk factor for COPD (41). Here, the impaired function of alveolar macrophages is a notable factor (42). CS-induced abnormal inflammatory responses amplify protease expression and oxidative stress, which accelerate COPD pathogenesis (43, 44). These processes further damage lung cells, including epithelial, vascular, and inflammatory cells, thus altering the lung microenvironment and enhancing the release of endogenous ligands. In fact, previous in vitro and in vivo studies have demonstrated that CS increased mtDNA damage (45, 46).

Deoxyribonucleic acid damage is also a potential marker of inflammatory diseases. The presence of extracellular DNA, which is named as cell-free DNA (cfDNA), has been known for a long time (47). Furthermore, recent studies have reported positive correlations between circulating cfDNA levels and the disease condition such as traumas (48–50), sepsis (51), cancer (52) or inflammatory diseases including autoimmune diseases (53–57), ESRD (58, 59), and neurodegenerative diseases (60). Recent clinical studies also have shown positive correlations between plasma cfDNA levels and the development of cardiometabolic disorders in humans. A clinical study that used coronary computed tomographic (CT) angiography demonstrated that patients with severe coronary artery disease had significantly higher levels of plasma double-stranded DNA and nucleosomes than those in the control group (61). Our previous study that used optical coherence tomography also revealed a positive correlation between cfDNA levels in the target artery and the inflammatory features of plaque in the target lesion of patients with acute myocardial infarction (17). In addition, we demonstrated that obese individuals presented higher cfDNA levels in the plasma and that the severity of abdominal adiposity and insulin resistance positively correlated with plasma levels of cfDNA (33). Similarly, several studies have reported that CS triggered DNA damage, releasing self-derived DNA into the plasma and alveolar space (62, 63). Thus, DNA damage and cfDNA has drawn increasing attention as a causal factor which initiates and accelerates vascular and metabolic diseases (20, 32).

Therefore, investigating pro-inflammatory roles of endogenous DNA fragments released from the host and the mechanisms by which endogenous DNA fragments accelerates inflammation associated with lifestyle-related diseases have become a research topic of great interest.



Activation of toll-like receptor 9 and cyclic GMP-AMP synthase-stimulator of interferon genes

Toll-like receptor 9 is a well-studied DNA-sensing TLR. It recognizes unmethylated CpG motif-containing DNA fragments and induces innate immune response (64). After binding with ligands, TLR9 activates inflammatory pathways such as myeloid differentiation primary response 88 (MyD88)–IRF7 pathway and MyD88–NF-κB pathway, resulted in the production of type I IFN and inflammatory cytokines (Figure 1; 45, 65–67).
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FIGURE 1
Inflammation caused by TLR9. TLR9 binds not only DNA originating from bacteria and viruses but also endogenous DNA and triggers signaling cascades related to pro-inflammatory responses. Diseases such as cancer, chronic infection, and lifestyle-related diseases can modulate TLR9 expression. In addition, tissue damage caused by these diseases increases the release of TLR9 agonists. This figure is reproduced from Fukuda et al. (80) with modification.


The cGAS-STING pathway is originally known as cytosolic DNA sensor machinery which recognizes pathogen-derived DNA, thus regulating the innate immune response (6, 68–70). STING ligates with cGAMP which is generated by cGAS activated with DNA fragments presented in the cytoplasm. Subsequently, STING activates NF-κB and IRF3, inducing IFNs and other pro-inflammatory cytokines (Figure 2; 7–9, 68, 71, 72).
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FIGURE 2
Inflammation caused by STING. STING recognizes cGAMP, which originates from DNA fragments. Not only DNA fragments derived from pathogens, but also endogenous DNA fragments can activate STING signaling, promoting inflammatory responses. This figure is reproduced from Fukuda et al. (80) with modification.




The role of deoxyribonucleic acid sensor in metabolic diseases

Due to lifestyle changes, the prevalence of obesity is increasing worldwide. This condition has close link with multiple metabolic abnormalities, including insulin resistance, and hepatic steatosis. Chronic sterile inflammation in metabolic organs plays a central role in the pathology of obesity and its associated complications. The mechanisms by which obesity promotes inflammation in metabolic organs are still undefined. However, obesity disturb the balance of the hypertrophy and the proliferation of adipocytes, angiogenesis, and the role of immune cells (24, 73, 74) because of higher oxidative stress, lower oxygen pressure (23), and excess inflammation, initiating cellular degeneration in adipose tissue (75–77). Here, local and/or systemic adipocyte-derived factors are suggested to participate in multiple pathways which accelerate inflammation within adipose tissue (77). Thus, many studies have been investigating the contribution of TLRs (78, 79). Recent studies, including our own, have demonstrated that among adipocyte-derived factors, self-derived DNA fragments released from metabolic organs promote chronic sterile inflammation by acting as endogenous ligands for DNA sensors.

We previously demonstrated that obesity caused by a high fat diet (HFD)-feeding increased plasma single-stranded DNA (ssDNA) levels in mice. Similarly, patients with visceral obesity, determined by CT, showed higher plasma ssDNA levels compared with the non-obese control. Furthermore, we reported that plasma ssDNA levels have a positive correlation with insulin resistance as determined by HOMA-IR, in humans (33). We also investigated the role of TLR9 in adipose tissue inflammation as it is one of the major receptors of nucleic acids (2). At first, we confirmed that HFD-induced obesity promotes TLR9 expression in the visceral fat. To explore the role of TLR9 in obese condition, we employed diet-induced obesity mouse model. TLR9 deficiency decreases macrophage accumulation into the visceral fat along with the reduction of inflammation in the adipose tissue and the inhibition of the development of obesity-induced insulin resistance (33). Similarly, pharmacological blocking of TR9 with iODN2088, a specific inhibitory oligonucleotide for TLR9, in HFD-fed wild-type mice suppressed inflammation in adipose tissue and ameliorated insulin sensitivity. In contrast, restoration of TLR9 only in BM aggravated insulin resistance in HFD-fed TLR9 deficient mice. In agreement with in vivo studies, our in vitro studies revealed that DNA fragments released from obese adipocytes partially promoted pro-inflammatory activation of macrophages via TLR9 signaling. Our results indicate that obesity overstimulates the innate immune system by increasing both ligand and receptor levels. In tandem, these results suggest a link between TLR9 and obesity-associated insulin resistance. Simultaneously, these results suggested that cfDNA-TLR9 signaling can be a potential therapeutic target for insulin resistance in obese subjects. Other TLR9 ligands, such as HMGB1, might also participate in TLR9 activation in obese subjects (81). However, a previous study reported opposite results. In that study, the authors demonstrated the protective role of TLR9 in the development of insulin resistance by showing the exacerbation of insulin resistance and pro-inflammatory activation of macrophages in TLR9 deficient mice (82). Further studies are needed to explore the function of TLR9 in the pathogenesis of obesity-induced insulin resistance.

Recent evidence has also demonstrated the contribution of TLR9 signaling to the pathogenesis of non-alcoholic fatty liver disease (NAFLD) (27). A preclinical study using a mouse model reported that TLR9 signaling activated by mtDNA accelerates the progression of hepatocyte damage and liver fibrosis, and that a TLR7/9 antagonist ameliorated the development of hepatic steatosis. As with animal studies, clinical studies have revealed that patients with non-alcoholic steatohepatitis (NASH) exhibits higher mtDNA levels compared to the controls (83, 84). Metabolic stresses caused by fat accumulation in the liver are thought to induce hepatocyte damage, leading to the release and accumulation of endogenous DNA fragments. DNA fragment-induced TLR9 activation might be an important driver of inflammatory responses in this widespread liver disease. Thus, TLR9 activation caused by self-derived DNA may be one of the molecular mechanisms of NAFLD.

In addition to TLR9, the expression of signaling molecules related to STING pathway is enhanced in metabolic organs in obese mouse models (85–87). For instance, the activation of cGAS– cGAMP–STING pathway by mtDNA derived from adipose tissues promoted chronic sterile inflammation in adipose tissue and contributed to the development of insulin resistance (87, 88). The activation of STING signaling in pancreatic β-cells was also documented in genetically obese mice such as db/db mice, suggesting that STING signaling is involved in the pathophysiology of type 2 diabetes (T2D) which is characterized by dysfunction of pancreatic β-cells (89).

Resembling TLR9, a number of studies have reported the role of STING signaling in the disease processes in NAFLD (90–92). The excess of fat accumulation in the liver triggers mitochondria dysfunction and mtDNA damage in hepatocytes (93). The activation of STING induced by these mtDNA fragments increases production of type I IFN (90, 91), accelerating oxidative stress and inflammation as hepatic diseases develop (94). In fact, genetically deficiency of STING ameliorated non-alcoholic steatohepatitis and insulin resistance in wild-type mice (90, 91). Here, Kupffer cells, a type of macrophage in the liver, are suggested to play a pivotal role. Kupffer cells increase the expression of inflammatory molecules such as TNF-α and interleukin-6 in the response to released mtDNA from hepatocytes, which accelerates disease processes (91). Furthermore, some clinical studies have shown potential contribution of STING signaling in patients with NAFLD by linking the release of mtDNA and the progression inflammation and fibrosis in the liver (92, 95).

Lifestyle and dietary changes tend to enlarge the number of patients with obesity and its complications worldwide. This could result in more attention being directed toward the role of TLR9 and STING signaling in the development of metabolic diseases, such as insulin resistance and hepatic diseases and advances being made in new therapeutic strategies. To explore the function of DNA sensors in the pathogenesis of metabolic diseases further studies are warranted.



The role of deoxyribonucleic acid sensors in vascular diseases

Chronic inflammation in the vascular system initiates impairment of endothelial function, accelerating atherogenic process (96). Efficient intervention to risk factors such as dyslipidemia, T2D, and hypertension decreases cardiovascular events, although significant residual risk is still concerned (97). This also indicates that molecular and cellular mechanisms of atherogenesis are not completely understood.

Accumulating evidence demonstrates the participation of innate immune system in the process of vascular inflammation despite its multifactorial etiology (98). A variety of cells in arterial lesions, including endothelial cells, macrophages, and dendritic cells express PRRs, including TLRs (99–102). TLR9 plays a crucial role in atherosclerosis development. Several studies have demonstrated that the stimulation of TLR9 signaling accelerates pro-inflammatory activation of macrophages and dendritic cells (103–105). In addition, we found that ODN1826, a TLR9 agonist, partially through p38 MAPK signaling, increased the expression of pro-inflammatory molecules in apolipoprotein E-deficient (ApoE KO) macrophages (17). Previous studies have revealed the damage of vascular cells in atherosclerotic lesions (106–108), suggesting the release of various endogenous ligands for TLRs (109). In our in vivo study, genetic deletion of TLR9 suppressed atherogenesis in ApoE KO mice which received angiotensin II infusion (17). The blockade of TLR9 with the administration of iODN2088, an inhibitory oligodeoxynucleotide specific to TLR9, reduced atherosclerotic lesion development when compared to the control group in the same mouse model. Both genetical and pharmacological TLR9 blocking also abated the inflammatory features of atherosclerotic plaques at both the RNA and protein levels, while restoration of TLR9 in the bone marrow exacerbated atherogenesis in TLR9-deficient ApoE KO mice. These findings suggest that TLR9 has pro-atherogenic roles (17). Similarly, another study reported pharmacological blockade of TLR9 by IRS869 mitigated atherosclerotic lesion development and shifted macrophage polarization to the anti-inflammatory M2 phenotype (110). Pro-atherogenic properties of TLR9 was also reported by showing impaired reendothelialization and advanced atherosclerotic plaques in ApoE KO mice which received the administration of TLR9 agonist (111). Furthermore, we demonstrated that TLR9 contributes to the impairment of blood flow recovery in the ischemic limb by using a hind-limb ischemia model (18). TNF-α released from accumulated macrophages via TLR9 signaling played an important role. All these studies suggest that TLR9 activation enhances inflammatory responses and accelerates the development of vascular diseases.

Several groups have reported incongruous results by reporting that TLR9 has anti-atherogenic effects (112–114). Koulis et al. (114) demonstrated anti-atherogenic role of TLR9 by showing that TLR9-deficient ApoE KO mice exhibited increased inflammation in the plaque along with an increase in blood lipid levels. They also reported that the administration of CpG-ODN1668, a TLR9 agonist, suppressed atherosclerotic lesion development in ApoE KO mice. Thus, the role of TLR9 which have been reported is discrepant. Interestingly, a previous study reported conflicting roles of TLR9 activation depending on the concentration of its ligand (115). Therefore, the difference between the mouse model and experimental methods might result in the variance in the levels of ligands, which explains the discrepancy reported in previous studies. Further investigations are needed to clarify the effects of TLR9 on atherosclerosis.

A number of previous studies have investigated the role of cGAS-STING pathway as a major cytosolic DNA sensor and demonstrated its activation in response not only to pathogen-derived DNA but also endogenous DNA (6, 68–70). Amongst others, we have described the role of STING in the pathogenesis of atherosclerosis. To explore direct evidence of the contribution of STING signaling in vascular inflammation and subsequent atherogenesis, we first attempted to detect the presence of DNA damage in mouse atherosclerotic lesions by using WTD-fed ApoE KO mice, one of the widely used hypercholesterolemic mouse models, because released endogenous DNA initiates the production of STING ligands (19). The results of western blotting and immune-electron microscopy demonstrated the expression of γH2AX, a DNA damage marker, and the accumulation of DNA fragments in macrophages, respectively. Furthermore, we demonstrated the presence of cGAMP, a direct agonist of STING, in the atherosclerotic aorta of this mouse model using liquid chromatograph–mass spectrometry. Therefore, we deleted STING in ApoE KO mice to investigate its role in atherogenesis. Genetic deletion of STING decreased atherogenesis and attenuated the inflammatory features of the vasculature. Pharmacological blocking of STING using C-176 also decreased atherogenesis in the aorta compared to that in control groups. In contrast, its BM-specific expression promotes atherosclerotic lesion progression in ApoE KO mice. These results suggest causal roles of STING in the pathogenesis of atherosclerosis development. Additionally, a recent study showed that the genetic deficiency of IRF3, which is an adaptor molecule in downstream of STING signaling, attenuated the progression and the vulnerability of atherosclerotic plaques in ApoE KO mice (116). Similarly, administration of IFN-β, which is a downstream molecule of STING signaling, promotes atherogenesis in hypercholesterolemic mouse models (117). In our study, STING deficiency reduced the expression of IFN-β in the aorta of ApoE KO mice (19), which is consistent with these results. We further demonstrated that both cGAMP and mtDNA promoted the expression of inflammatory molecules, such as IFN-β, in both mouse and human macrophages (19). In addition, we demonstrated the expression of STING and cGAMP in atherosclerotic plaques collected by carotid endarterectomy, the levels of which were significantly higher in atherosclerotic lesions than control samples purchased from a tissue bank (19).

Recently, one study reported causal role of STING signaling in the pathogenesis of aortic disease (118). Genetic deletion of STING significantly decreased the aortic diameter, dissection, and aortic aneurysm formation in a mouse model. The underlying mechanisms included damage and release of DNA fragments from smooth muscle cells, and activation of macrophages by these DNA fragments. They also showed the inhibitory effects of C-176, a specific STING inhibitor, in their mouse model, suggesting the contribution of STING signaling to aortic aneurysm formation. The results of these studies suggest that the activation of STING signaling promotes vascular inflammation and that it could be a potential therapeutic focus for vascular diseases.

Contribution of STING to the development of vascular diseases has been also suggested in humans. The gain-of-function mutation in STING is reported to have close link with vasculopathy observed in STING-associated vasculopathy with onset in infancy (SAVI), which is a rare familial autoinflammatory disease (119–121). Enhanced IFN-β transcription in peripheral blood mononuclear cells in SAVI patients is thought to be one of the mechanisms involved (115). In contrast, one study reported protective effect of single-nucleotide polymorphism R293Q on STING on cardiovascular disease associated with obesity (122, 123). Evidence regarding the contribution of cGAS–cGAMP–STING signaling to vascular diseases is still limited; however, the results of recent studies suggest that STING signaling contributes to the pathogenesis of vascular diseases.

Thus, the role thought to be played by TLR9 and cGAS–cGAMP–STING signaling is expanding to vascular diseases in addition to the innate immune system. Further investigation of the role of these signaling in the development of vascular diseases would improve the understanding of the pathogenesis of atherosclerosis and might stimulate the development of new therapeutic approaches.



The role of deoxyribonucleic acid sensor in kidney diseases

The roles of TLRs in inflammation observed in kidney diseases have been established in both animal models and patients. Several studies have confirmed the association between the TLR9 gene and CKD (124, 125). A human study demonstrated that patients with ESRD showed significant upregulation of TLR2 and TLR4, but not TLR7 or TLR9, in monocytes (126). On the other hand, polymorphisms of TLR9 have been confirmed to be associated with CKD in the Han Chinese population (124). A following study showed that the -1237T/C SNP of the TLR9 gene is significantly associated with ESRD in this population and that -1237T/C may be involved in the development of ESRD through transcriptional modulation of TLR9 (125). Therefore, TLR9 may play a critical role in the development of CKD.

Chronic kidney diseases is manifested by chronic inflammation, with continuous, unsuccessful injury-repair cycles and following fibrosis. These processes involve the activation of macrophages (127). Previous studies have reported the leading role of chronic inflammation and macrophage polarization in the progression of CKD. An animal study demonstrated that systemic exposure to CpG-DNA 1668, one of the TLR9 ligand, increases CD11b + /Ly6Chi macrophages and induces classically activated renal M1 macrophages that enhance intrarenal inflammation and disease progression of Alport nephropathy and other types of chronic kidney diseases (128). Activation of TLR9 induces accumulation of M1 macrophages and increased expression of pro-inflammatory cytokines in the renal interstitial compartment (129). Several studies also have explored the role of TLR9 using experimental acute kidney injury (AKI). Previous studies indicated that TLR9 does not contribute to the development of ischemic AKI by showing that TLR9 deficient mice were not protected against ischemic AKI (130, 131). In contrast, Han et al. reported that renal proximal tubular TLR9 activation exacerbates ischemic AKI by accelerating renal tubular inflammation, apoptosis as well as necrosis via NF-κB and caspase activation after ischemia-reperfusion injury, which leads to the development of AKI (132–134). The fibrosis of the kidney is another feature of AKI. One animal study using a mouse AKI-CKD transition model demonstrated that attenuation of CKD in the TLR9 deficient mice mainly relies on the effects of TLR9 on macrophages (129). In this study, TLR9 deficiency decreases the number of leukocyte and macrophage in the kidney following ischemia-reperfusion injury.

Chronic kidney diseases is associated with accelerated atherosclerosis progression and high incidence of cardiovascular events (135–138). An animal study using 5/6 nephrectomy or unilateral nephrectomy in ApoE KO mice demonstrated that CKD markedly accelerates atherogenesis in ApoE KO mice (136). They suggested that the CKD models which employed ApoE KO mouse are a useful tool to explore the mechanisms of uremic atherosclerosis. Due to a typical oxidative stress, CKD has emerged as a particularly strong risk factor for CVD (135). Thrombotic events are more likely to occur in patients with CKD, as well as in ApoE KO mice with CKD (138), suggesting that the plaques in CKD possess vulnerable features. A recent study using ApoE KO mice demonstrated that induction of CKD increases the release of mtDNA because of oxidative stress-induced mitochondrial damage, which activates the cGAS-STING pathway and subsequently induces type 1 IFN response in vascular smooth muscle cells (138). Interestingly, a recent study which used diabetic mouse models such as db/db mice and KKAy mice has reported that self-DNA-activated cGAS-STING pathway can be a new mechanism causing inflammation in the kidneys in diabetic condition (139). Alleviating type 1 IFN via cGAS-STING pathway may become a potential treatment strategy against diabetic kidneys as well as CKD-associated cardiovascular diseases.

These studies demonstrate that activation of the DNA sensors contributes to the development of kidney diseases, suggesting potential new therapeutic targets for preventing the progression of AKI, CKD, and diabetic kidney diseases. However, how DNA sensors affects CKD progression remains unclear. Further studies are needed.



The role of deoxyribonucleic acid sensor in chronic obstructive pulmonary disease

Chronic obstructive pulmonary disease is a respiratory disorder characterized by irreversible limited expiratory airflow and aberrant inflammation. Inflammation plays a pivotal role in the pathogenesis of COPD (140, 141). The underlying molecular mechanisms are not completely understood; however, recent evidence has suggested that the innate immune system partially contributes to its pathogenesis (124, 142). Previous studies have determined the expression and function of TLRs in the development of COPD (143, 144).

The expression of TLR9 in the lungs (145) and its contribution to the pathogenesis of COPD have been reported (146). Foronjy et al. (147) demonstrated that genetic deletion of TLR9 prevents the development of CS-induced COPD in mice. The authors reported that in addition to inflammatory cells, epithelial cells play a pivotal role in COPD development. This is logical because the epithelium of the airways acts as the first line of defense against pathogens through the process of using a variety of receptors, such as TLRs. In immune responses, reactive-oxygen species (ROS) production is beneficial in the process of self-defense (148), and its accumulation is evident in patients with COPD (149). The overproduction of ROS is intended to abolish invading pathogens, meanwhile it can induce unwanted cellular damage. Excess ROS can directly initiate an inflammatory response and negatively affect tissue function and cellular structure (150). A previous study reported that ROS-induced mtDNA release stimulates immune cells because of TLR9 activation (151). The role and mechanism of activation of TLR9 in the development of COPD remain unclear; however, recent studies have reported that TLR9 polymorphisms are associated with both lung dysfunction and COPD (152, 153). Further study is required to understand the pathophysiology of COPD and develop novel therapeutic strategies that target TLR9.

Some viral-related innate immune mediators, such as RIG1, MDA5, LGP2, STING, and DAI are expressed in the lung tissue and bronchi of patients with COPD (154). Host-derived DNA fragments may act as pro-inflammatory signals for pulmonary inflammation (155). Recent data indicated the role of DAMPs in COPD (156) and many studies have attempted to reveal the relationship between STING and its ligand in the development of this particular disease (157). Nascimento et al. (62) showed that mouse CS-exposure promotes self-DNA release, which correlates with a neutrophil influx into the bronchoalveolar space via STING signaling. In a mouse model, acute CS exposure increased the self-DNA content in the alveolar space and accelerated the inflammatory response through the cGAS-STING pathway (62). Deslee et al. (158) demonstrated the nucleic-acid oxidation in alveolar fibroblasts of patients with severe emphysema. Similarly, CS exposure to mice accumulated nucleic acid oxidation in alveolar fibroblasts time dependently. DNase I treatment also reduced CS-induced lung inflammation (159). On the other hand, several previous studies have suggested that the suppression of cGAS-STING pathway and lower IFN levels are associated with a poor immune response to pathogens in patients with COPD (160, 161). These impeded STING-related immune responses may cause immune compromise in patients. Therefore, targeting the DNA-sensing mechanism such as STING is a double-edged sword. Further studies are needed to establish potential therapeutic strategies in lung diseases.



Conclusion

The detection of exogenous DNA is the most fundamental function of the innate immune system and is the first line of self-defense in the human body (67). This system promotes inflammation against endogenous DNA fragments, as well as exogenous DNA, under certain circumstances. The underlying mechanism by which DNA-sensing mechanisms cause an unwanted immune response to host-derived DNA remains completely unknown. In this review, we synthesized findings from a very large and rapidly growing body of research investigating associations between DNA-sensing mechanism and the development of lifestyle-related diseases (80). The evidence suggests that host-derived DNA fragment including mtDNA potently works as a stimulator of TLR9 and/or cGAS-STING pathway under a certain circumstance, accelerating chronic inflammation (Figure 3). Although there are increasing number of studies, remaining discrepancies of the results may attribute to the study design such as experiment duration, types of agonists and antagonists, and animal background. Furthermore, methods of preparing DNA sample from blood or culture medium and quantification of the amount, sequences of DNA fragments which have higher potential as exogenous ligands for DNA sensors, and the origin of DNA fragments should be established to elucidate the importance of this system as a therapeutic target in the future.
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FIGURE 3
DNA sensing system and lifestyle-related diseases. Endogenous DNA fragments activate the DNA sensing mechanism, which participates in the activation of the immune response. Immune response caused by endogenous DNA fragments via DNA sensors such as TLR9 and STING accelerates sterile inflammation, leading to the development of lifestyle-related diseases, such as atherosclerosis, metabolic diseases, and pulmonary diseases.


As previous studies have demonstrated, risk factors, such as obesity, T2D, and dyslipidemia, induce tissue damage, which suggests the release of exogenous ligands, including nucleic acids. Therefore, controlling these risk factors by using the combination of medical treatment and a healthy lifestyle is indispensable in regulating inflammation caused by DNA-sensing mechanisms.

From the view of drug development, identifying the crosstalk between TLR9, cGAS-STING, and other types of DNA sensors of specific cell type in each stage of diseases will also help developing effective treatment in the future. Indeed, several animal studies have suggested that the administration of inhibitors for DNA sensors including TLR9 and STING attenuates the development of several lifestyle-related diseases such as insulin resistance, hepatic diseases, and atherosclerosis. However, DNA-sensing mechanism basically functions as self-defense. Further studies are needed to establish therapeutic strategies targeting this system. In addition, several studies have mentioned the crosstalk between TLR9 and cGAS-STING in response to DNA damage rerated with infectious diseases and some pathological conditions. In a mouse model of malarial infection, cGAS-STING pathway has been shown to induce suppressor of cytokine signaling (SOCS)1/3 to downregulate TLR9 signaling (162, 163). Deb et al. reported that triggering of the cGAS-STING pathway in plasmacytoid dendritic cells can induce expression of SOCS molecules, leading to inhibit the TLR9 pathway-mediated IFN production (162). In contrast, a synergistic role of TLR9 and STING by has also been reported in animal models such as acute peripheral tissue trauma models or other chemically induced lung injury (164, 165). Here, mtDNA activates neutrophils through both cGAS-STING and TLR9 pathways and leads to an increase in the production of neutrophil elastase and extracellular neutrophil-derived DNA in neutrophil extracellular traps, resulting in acceleration of subsequent sterile inflammation. At in vitro level, a study using cell lines such as human monocyte and human pDC has shown that a particular type of ODN can induce a strong cGAS-STING-dependent IFN response (166), suggesting that we need careful interpretation of the results derived from in vitro experiments which employed CpG-ODNs for distinguishing between TLR9- and cGAS-dependent effects. Until now, the number of studies which examined the crosstalk between multiple signal pathways related to innate immune systems in lifestyle-related diseases. Therefore, further detailed studies about the differences in the temporal and spatial expression and function of these innate immune signals in lifestyle-related diseases will help us to clarify the pathogenic roles of these DNA sensors in these diseases and provide evidence for further prevention and therapeutics.

In summary, DNA sensors, such as TLR9 and cGAS-STING, participate in the development of lifestyle-related diseases such as vascular, metabolic, kidney, and pulmonary diseases. These findings also highlight the potential benefits of transitioning to a healthy lifestyle to decrease disease risk. Further studies are required to understand the stimuli and mechanisms by which one of the most essential immune systems can play a harmful role, and to establish well-tolerated methods targeting DNA-sensing mechanism for these lifestyle-related diseases.
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Introduction: Vascular calcification (VC) is a major risk factor for cardiovascular morbidity and mortality. Depending on the location of mineral deposition within the arterial wall, VC is classified as intimal and medial calcification. Using in vitro mineralization assays, we developed protocols triggering both types of calcification in vascular smooth muscle cells (SMCs) following diverging molecular pathways.

Materials and methods and results: Human coronary artery SMCs were cultured in osteogenic medium (OM) or high calcium phosphate medium (CaP) to induce a mineralized extracellular matrix. OM induces osteoblast-like differentiation of SMCs–a key process in intimal calcification during atherosclerotic plaque remodeling. CaP mimics hyperphosphatemia, associated with chronic kidney disease–a risk factor for medial calcification. Transcriptomic analysis revealed distinct gene expression profiles of OM and CaP-calcifying SMCs. OM and CaP-treated SMCs shared 107 differentially regulated genes related to SMC contraction and metabolism. Real-time extracellular efflux analysis demonstrated decreased mitochondrial respiration and glycolysis in CaP-treated SMCs compared to increased mitochondrial respiration without altered glycolysis in OM-treated SMCs. Subsequent kinome and in silico drug repurposing analysis (Connectivity Map) suggested a distinct role of protein kinase C (PKC). In vitro validation experiments demonstrated that the PKC activators prostratin and ingenol reduced calcification triggered by OM and promoted calcification triggered by CaP.

Conclusion: Our direct comparison results of two in vitro calcification models strengthen previous observations of distinct intracellular mechanisms that trigger OM and CaP-induced SMC calcification in vitro. We found a differential role of PKC in OM and CaP-calcified SMCs providing new potential cellular and molecular targets for pharmacological intervention in VC. Our data suggest that the field should limit the generalization of results found in in vitro studies using different calcification protocols.
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Introduction

Cardiovascular diseases are the leading cause of death worldwide (1). Vascular calcification (VC) is a significant risk factor for cardiovascular morbidity and mortality in patients with end-stage renal disease, diabetes, and atherosclerosis (2). However, no pharmaceutical therapy is available to prevent or halt VC progression.

Based on the deposition site of minerals within the arterial wall, VC can be classified into two main types: intimal calcification observed in advanced atherosclerotic plaques and medial calcification lacking lipid deposits, most prevalent in end-stage renal disease and diabetes (3).

Historically, VC is regarded as a degenerative process including cell and tissue inflammation, degeneration, and remodeling, ultimately resulting in extracellular matrix (ECM) mineral deposition. Alternatively, calcification of both the tunica intima and tunica media is considered a cell-autonomous process reminiscent of osteogenesis (4). Vascular smooth muscle cells (SMCs) are the most abundant cell type in the arterial vessel wall and contribute to VC through osteochondrogenic transdifferentiation, characterized by the expression of osteogenic markers, elaboration of a mineralization competent extracellular matrix, and shedding of calcifying extracellular vesicles (3, 5).

Although both intimal and medial calcification results in ectopic calcification, it seems likely that they are triggered by different initiating and propagating molecular mechanisms (3). The variety of factors triggering VC development is reflected in various experimental in vivo and in vitro models (6). For example, osteogenic medium, commonly used to differentiate mesenchymal stem cells to osteoblasts, induces marked phenotypic changes of SMCs characterized by a loss of contractile markers and increased expression of bone-related genes. This mimics osteoblastogenesis in intimal calcification, a key process in atherosclerotic plaque remodeling (7, 8). On the other hand, a medium enriched in phosphate mimics the hyperphosphatemia associated with the pathophysiology of chronic kidney disease (CKD), which is a prevalent risk factor for medial calcification (9–11). Therefore, this study investigates and comparatively analyzes two different calcification protocols reflecting intimal and medial calcification. We hypothesize that distinct mineralization protocols alter specific intracellular mechanisms associated with SMC transdifferentiation and extracellular matrix mineralization.



Materials and methods


Human primary vascular smooth muscle cells

Human coronary artery SMCs (PromoCell, pSMCs) were grown in SMC growth medium 2 (SMC-GM2, PromoCell) supplemented with Smooth Muscle Cell Growth Medium 2 Supplement Mix (Promocell) consisting of 0.5 ng/ml epidermal growth factor, 5 μg/ml insulin, 2 ng/ml basic fibroblast growth factor, 1% penicillin/streptomycin (P/S), and 5% fetal bovine serum (FBS) at 37°C in humidified 5% CO2. Cells were used between passages 3 and 9 from at least three independent cell donors.



Immortalized vascular smooth muscle cells

To generate immortalized SMC (iSMC) lines, primary human coronary artery SMCs were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Thermo Scientific) with 4.5 g/L glucose, 10% FBS, 1% P/S at 37°C in humidified 5% CO2 (Thermo Fisher) and immortalized using SV40LT and HTERT. Retroviral particles were produced by transient transfection of HEK293T cells using TransIT-LT (Mirus). Two types of amphotropic particles were generated by co-transfection of plasmids pBABE-puro-SV40-LT (Addgene) or xlox-dNGFR-TERT (Addgene) in combination with a packaging plasmid pUMVC (Addgene) and a pseudotyping plasmid pMD2.G (Addgene). Retroviral particles were 100x concentrated using Retro-X concentrator (Clontech) 48 h post-transfection. Cell transduction was initiated by incubating the target cells with the retroviral supernatants for 48 h. After 7 days, the infected cells were selected with 2 μg/ml puromycin for 72 h.



Calcification assays and visualization

pSMCs and iSMCs were cultured in the presence of either control medium (CM, DMEM, 10% FBS, 1% P/S), osteogenic medium [OM, consisting of CM supplemented with 10 nM dexamethasone (Sigma-Aldrich), 10 mM β-glycerol phosphate (Sigma-Aldrich) and 100 μM l-ascorbate phosphate (Sigma-Aldrich)], or CaP [consisting of CM supplemented with 1.8 mM CaCl2 (ROTH) and 0.9 mM Na2HPO4/NaH2PO4 (ROTH)] to reach a final concentration of 3 mM calcium and 2 mM phosphate. The concentrations of CaP aim to mimic the calcium and phosphate serum levels in CKD patients of 9.1 ± 0.7 mg/dL (2.27 mM) and 5.3 ± 1.4 mg/dL (1.72 mM) respectively (12). Media exchange was performed twice weekly.

Mineralized matrix formation was assessed by Alizarin Red S staining. Cell cultures were fixed with 4% paraformaldehyde (PFA) and stained with 2% (w/v) Alizarin Red S (pH 4.2, Sigma-Aldrich) for 30 min at room temperature. Excess dye was removed by washing with distilled water and imaged under a light microscope (EVOS® FL Cell Imaging System). The staining was quantified by Alizarin Red S elution from the extracellular matrix using 100 mM cetylpyridinium chloride (Sigma-Aldrich) in water for 20 min at 37°C. Absorption was measured at 570 nm in a spectrophotometer (TECAN).



Stimulation of vascular smooth muscle cells

Cells were stimulated with PD184352 (Sigma-Aldrich), prostratin (Sigma-Aldrich), ingenol,3,20-dibenzoate (Enzo LifeSciences), L690,330 (Tocris), fluticasone propionate (Sigma), or Go6983 (Tocris) dissolved in dimethylsulfoxide (DMSO) or water (for L690,330). An equal amount of the vehicle (1:1,000) was used as solvent control.



Cell viability

Cell viability was assessed using the AlamarBlue assay (Thermo Scientific), according to the manufacturer’s protocol. Upon entering the viable cell, resazurin–the active compund of AlamarBlue–is reduced to resorufin that is assessed by fluorescence at Ex560 nm/Em590 nm.

Furthermore, cell viability was assessed by a live/dead fluorescence-based cell assay using fluorescein diacetate (FDA) and propidium iodide (PI). Staining of cells was performed using a mixture of 0.5 μg/ml FDA (Sigma-Aldrich) and (0.05 μg/ml PI), (Sigma-Aldrich) in PBS for 30 s. Cells treated with 0.5% Triton X-100 (Sigma-Aldrich) for 2 min served as a positive control for cell death. Following staining, cells were washed with PBS and examined by fluorescence microscopy. Image J v2.0 software was employed for quantification. Fluorescence images were converted into single-channel 8-bit grayscale images, and the threshold was adjusted to measure the mean gray values. FDA mean fluorescence intensity was divided by the corresponding PI mean fluorescence intensity to calculate the FDA/PI ratio at day 0 and day 7.



Activity of tissue non-specific alkaline phosphatase

Tissue non-specific alkaline phosphatase (TNAP) activity was measured in cells using the Alkaline Phosphatase Activity Colorimetric Assay Kit (BioVision) according to the manufacturer’s protocol and normalized to the total protein amount assessed by bicinchoninic acid (BCA) assay (Thermo Scientific).



Ribonucleic acid preparation and real-time polymerase chain reaction

Total RNA was isolated using TRIzol reagent (Life Technologies). Reverse transcription was performed using the High capacity cDNA Reverse Transcription Kit (Life Technologies), according to the manufacturer’s protocol. The gene expression levels were quantified by TaqMan-based real-time PCR reactions (Life Technologies). The used TaqMan probes are listed in Supplementary Table 1. The expression levels were normalized to RPLP0. Results were calculated using the ΔΔCt method and presented as fold increase relative to control.



Gene expression analysis

300 ng of total RNA from calcifying and control pSMCs were processed using the GeneChip WT PLUS Reagent Kit (Affymetrix, Inc., Santa Clara, CA, United States) following the manufacturer’s protocol to yield purified biotinylated sense-stranded cDNA. Hybridization was performed to Clariom D Human Arrays using the GeneChip Hybridization, Wash & Stain Kit (Affymetrix, Inc., Santa Clara, CA, United States) and Fluidics Station 450 for 16 h at 45°C. Arrays were scanned using Affymetrix GeneChip Scanner 3000 controlled by GeneChip Command Console (AGCC) version 4.0 to produce CEL intensity files. The raw data were analyzed using the Transcriptome Analysis Console software (TAC4.0, ThermoFisher Scientific, United States) with default parameters for gene-level expression analysis based on the annotation Hg38 clariom_D_Human.r1.na36.hg38.a1.transcript.csv. SST-RMA was applied for normalization and summarization. Values are defined as log2 scaled normalized gene level expression values.

Microarray data have been deposited in NCBI’s GEO and are accessible through GEO Series accession number GSE211752.

Heatmaps and volcano plots were generated using the R statistical software environment. Heatmaps were visualized using the heatmap 0.2 function in the ggplot package and volcano plots were generated with the EnhancedVolcano package version 1.4.0 (13). The ConsensusPathDB database1 was used for pathway over-representation analysis, employing the canonical pathways from the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Reactome. Pathways with a p-value < 0.05 were considered to be significantly enriched in a gene set of interest.



Western blot analysis

Cells were lysed with RIPA buffer (Thermo Scientific) containing protease and phosphatase inhibitor (Roche). Protein concentration was measured using the BCA assay (Thermo Scientific) according to the manufacturer’s instructions. 15 μg protein was separated in 8% polyacrylamide gel, transferred to a nitrocellulose membrane, and incubated overnight with OXPHOS (1:1000, Abcam, ab110413) and human beta-actin (1:10.000; Sigma-Aldrich, A2228). Bound antibodies were then detected using HRP-conjugated secondary antibody (anti-mouse: #7076, Cell Signaling) and visualized by enhanced Super Signal West blotting substrate (ThermoFisher Scientific) with a ChemiDoc™ MP Imaging System and the software Image Lab version 6.0. Protein bands were quantified by FIJI (ImageJ) software (Version 1.53c), and normalized to the loading control beta-actin.



Collagen contraction assay

1.5 × 105 cells per mL were embedded in collagen gels from rat tail collagen type 1 (R&D system). 200 μL of the cell suspension was combined with 100 μL of 3 mg/mL Cultrex Rat Collagen I and 12 μL of filtered 1 M NaOH for each gel. Subsequently, 250 μL of the cell-populated collagen gel was transferred to each well of a 24-well dish and incubated at room temperature for 20 min to induce collagen polymerization. CM was added to each well, and the polymerized collagen gel was gently detached from the plate edges. After 24 h, the media was changed to CM, OM, or CaP. Each condition was analyzed in triplicates. Images of the collagen gels were obtained after 5 days. The average contraction values were analyzed by area measurement with imageJ expressed as % reduction in gel diameter compared to the gel diameters without cells.



(Immuno) fluorescence imaging

Cells were washed with PBS, fixed in 4% PFA for 15 min, and permeabilized for 10 min in 0.5% [v/v] Triton X-100 (Sigma Aldrich). After blocking in 1% bovine serum albumin (BSA), fixed and permeabilized SMCs were incubated with anti-human alpha-smooth muscle actin (α-SMA; 1:200, Dako, M0851), TOM20 (1:200, Proteintech, 11802-1-AP), alpha-tubulin (α-tubulin, 1:25, Cell Signaling, 2144S), calponin (1:50, Thermo Scientific, MA5-32061), mouse IgG control (DAKO, X0931), or rabbit IgG control (R&D systems, AB-105-C). Subsequently, after washing Alexa Fluor 594 (1:1000, Thermo Scientific, R37115) or 488 (1:1000, Life Technologies, A32723) labeled secondary antibody was applied. Nuclei were counterstained with 2.5 μg/ml 4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI, Carl Roth), and slides were covered using a mounting medium (Dako).

For mitochondrial visualization, cells were labeled with 300 nM MitoTrackerRed FM (ThermoFisher Scientific) in serum-free CM at 37°C for 30 min. Nuclear staining was performed with 1 μM Hoechst 33,342 solution (Thermo Scientific). Images were acquired using a Leica DMI6000B inverted fluorescence microscope.



Real-time extracellular flux analysis

Mitochondrial respiration of cells was characterized by Seahorse XFe96 Flux Analyzer (Agilent) using the Seahorse XF Mito Stress Test Kit (Agilient). This technique allows real-time measurements of the oxygen consumption rate (OCR) and glycolysis (ECAR) in living cells. Cells were seeded into XF96 cell culture microplates (Agilent) at ∼5,000 cells per well. Cells were then cultured for 7 days in CM, OM, or CaP with media change at day 3. One day before the assay, XFe96 Sensor Cartridge (Agilent) was hydrated with water overnight at 37°C in a CO2-free incubator. Cells were washed with DMEM supplemented with 10 mM glucose, 2 mM L-glutamine, and 1 mM pyruvate, pH 7.4, and incubated in a CO2-free incubator at 37°C for 1 h. The Sensor Cartridge was loaded with different inhibitors from the Seahorse Mito Stress Kit to block the respiratory chain [oligomycin (1 μM), carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP, 0.5 μM), and a mixture of rotenone/antimycin A (0.5 μM)]. The general protocol of the measurements includes three baseline measurements with mix (3 min)/measure (3 min) followed by the injection of port A (oligomycin). Afterward, respiration was measured three times with mix (3 min)/measure (3 min) with the injection of ports B (FCCP) and C (rotenone/antimycin) with the same measurement cycle of three times mix/measure.

The activity of respiratory chain complexes in mitochondria was analyzed in permeabilized cells by Seahorse XFe96 Flux Analyzer. The assay allows direct measurement and overview of respiratory chain activity by adding different substrates to the complexes (14). The measurement was performed as previously described (15). Briefly, cells were washed once with mannitol and sucrose (MAS) buffer [220 mM mannitol, 70 mM sucrose, 10 mM KH2PO4, 5 mM MgCl2, 2 mM N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (HEPES) and 1 mM Ethylene Glycol Tetraacetic Acid]. Afterward, MAS buffer supplemented with 4 mM adenosine 5′-diphosphate sodium salt (ADP; Sigma-Aldrich) and 10 μg/ml saponin (Sigma-Aldrich) was added to the cells in a final volume of 180 μl/well. The activity of respiratory chain complexes I, II, and IV was analyzed by adding substrates sequentially during the measurement. To analyze complex I, 10 mM pyruvate (Sigma-Aldrich) and 1 mM malate (Sigma-Aldrich) were directly added to MAS buffer containing ADP and saponin. To inhibit complex I, 20 μM rotenone (Sigma-Aldrich; final concentration 2 μM) was injected via port A of XFe96 sensor cartridge. Afterward, 100 mM succinate (Sigma-Aldrich; final concentration 10 mM) for complex II was added via port B. Port C and D were loaded with 20 μM antimycin A (Sigma-Aldrich; final concentration 2 μM; port C) as complex II inhibitor and with 1 mM N,N,N’,N’-Tetrametyhl-p-phenylenediamine (TMPD, final concentration 0,1 mM, Sigma-Aldrich; port D) together with 100 mM ascorbic acid (Sigma-Aldrich; final concentrations: 10 mM; port D) to analyze the activity of complex IV. The measurement protocol includes no equilibration step and cycles of two times mix (0.5 min)/wait (0.5 min)/measure (2 min) between injections.



Phospho kinase array

Tyrosine kinase (PTK) and Serine-Threonine kinase (STK) profiles were determined using the PamChip® peptide tyrosine kinase and Ser/Thr Kinase assay microarray systems on PamStation®12, respectively (PamGene International). Each PTK-PamChip® and STK-PamChip® array contains 196 and 144 individual phospho-site(s). Serum-starved (0.1% FBS, 16 h) iSMCs were cultured for 24 h in CM, OM, or CaP (0.1% FBS), washed once in ice-cold PBS, and lysed for 15 min on ice using M-PER Mammalian Extraction Buffer containing Halt Phosphatase Inhibitor and EDTA-free Halt Protease Inhibitor Cocktail (1:100 each; Thermo Scientific). Lysates were centrifuged for 15 min at 16,000 × g at 4°C. Protein quantification was performed with Pierce™ Coomassie Plus (Bradford) Assay according to the manufacturer’s instructions.

Pamgene International B.V. supplied all reagents used for PTK and STK activity profiling. For the PTK assay, 7.0 μg of protein was applied per array and assayed using the standard protocol supplied by Pamgene. Initially, to prepare the PTK Basic Mix, the freshly frozen lysate was added to 4 μL of 10 x protein PTK reaction buffer (PK), 0.4 μL of 100 x (BSA), 0.4 μL of 1 M dithiothreitol (DTT) solution, 4 μL of 10 x PTK additive, 4 μL of 4 mM ATP and 0.6 μL of monoclonal anti-phosphotyrosine FITC-conjugated detection antibody (clone PY20). The total volume of the PTK Basic Mix was adjusted to 40 μL by adding distilled water. Before loading the PTK Basic Mix on the array, a blocking step was performed, applying 30 μL of 2% BSA to the middle of every array and washing with PTK solution for PamChip® preprocessing. Next, 40 μL of PTK Basic Mix was applied to each array of the PamChips®. Then, the microarray assays were run for 94 cycles. An image was recorded by a CCD camera PamStation®12 at kinetic read cycles 32–93 at 10, 50, and 200 ms and end-level read cycle at 10, 20, 50, 100, and 200 ms.

For the STK assay, 1.0 μg of protein and 400 μM ATP were applied per array with an antibody mix to detect the phosphorylated Ser/Thr. The spot intensity at each time point was quantified (and corrected for local background) using the BioNavigator software version 6.3 (PamGene International). Upstream Kinase Analysis, a functional scoring method (PamGene), was used to rank kinases based on combined specificity scores (based on peptides linked to a kinase, derived from six databases) and sensitivity scores (based on treatment-control differences) (16).



In silico drug repurposing analysis

The common genes between OM and CaP-calcified SMCs from the transcriptomics datasets were used as the gene expression signature for drug repurposing analysis using the web-based tool Connectivity Map (CMap2) (17). The two different lists of up and down-regulated genes were submitted in the “Query” of CMap tool against the Touchstone reference dataset of gene expression (L1000) to compare the query gene set with compounds reference perturbagen signatures (January 2021). The compounds were ranked according to the CMap score (tau score). A negative score indicated that the compound had a potentially reversed gene signature profile. A positive score indicated that the compound potentially mimics the input gene-phenotype. Compounds with a tau score < or > 70 and a p-value < 0.05 were considered for further investigation. The sum of the compound tau score in OM and CaP signatures was used to rank the compounds.



Human carotid artery specimens and transcriptomic analysis

The human biocollection and transcriptomic analysis have been published previously (18). From February 2008 to December 2015, atheromatous plaques were harvested and collected from patients undergoing carotid endarterectomy in the Department of Vascular Surgery at Nantes University Hospital. Healthy arteries free of atherosclerotic lesions were obtained from organ donors. Sample collection and handling were performed under the Medical and Ethical Committee guidelines in Nantes, France, and written informed consent was obtained from all patients and organ donors. The experimental protocol was approved by the Agence de Biomédecine (research protocol #PFS09–014, authorized on Dec 23, 2009, by the Agence de Biomédecine, France). Legal and ethical authorizations were granted by the French Research Ministry (n° DC-2008–402), the National Commission for Computerized Information and Liberties (CNIL, n° 1520735 v 0), and the local ethical committee (GNEDS).

The atherosclerotic plaques were fixed in 10% formalin for 24–48 h, decalcified in Sakura TDE 30 fluid, and embedded in paraffin. Sections (4 μm thickness) were stained with hematoxylin-eosin (HE). Whole sections were imaged with a NanoZoomer digital slide scanner (Hamamatsu Photonics, Hamamatsu, Japan).

Samples for RNA processing were harvested and immediately snap-frozen in liquid nitrogen or stored in All-protect Tissue Reagent (Qiagen). Total RNA was extracted using Macherey Nagel NucleoSpin columns (Macherey Nagel). RNA was hybridized to Agilent Human Gene Expression Microarrays. Fluorescence values corresponding to raw expression data were extracted using Feature Extraction Software (Agilent). Positive and negative control probes were removed. Non-linear effects, such as background or saturation, were corrected by Lowess against a median profile of all samples. Values of replicate probes were averaged. Genes differentially expressed between atherosclerotic and healthy arteries were identified using Significance Analysis of Microarrays, with an FDR = 0% (19). Microarray data have been deposited in NCBI’s Gene Expression Omnibus (GEO) and are accessible through GEO Series accession number GSE100927.



Human coronary artery plaque single-cell ribonucleic acid sequencing data analysis

Single-cell RNA sequencing data from human coronary artery plaques were previously published (20) (GEO Series accession number GSE131778) and plotted using the web-based tool PlaqView3 (21). In brief, diseased specimens from the right coronary artery with atherosclerotic lesions ranging from mild, non-calcified plaques to more advanced lesions with areas of calcification of four cardiac transplant recipients were dissociated and subjected to single-cell RNA sequencing (20). The clinical characteristics of the patients included in the study were previously described and included written consent prior to the procedure (20).



Mouse artery specimens and transcriptomic analysis

Data used in this study were previously published (22) and are available in NCBI’s GEO (accession number GSE159833). We used publically available RNA sequence data of the artery of Apoe-deficient mice as a model for atherosclerotic intimal calcification and a 5/6 nephrectomy-induced CKD model for medial calcification. Briefly, Apoe-deficient mice were fed a chow diet for 16 months to induce atherosclerotic intimal calcifications. 8-week-old C57BL/6 mice were subjected to subtotal 5/6 nephrectomy using a two-step method and fed a diet containing 2% phosphate and water containing 0.45% NaCl for 4 weeks after 5/6 nephrectomy to induce medial calcification. 8-week-old C57BL/6 mice fed a chow diet were used as control. RNA sequencing data were available for two samples per group. Data were extracted and differentially regulated genes (Log2 fold change < −0.5 or > 0.5; p < 0.05) in Apoe-deficient mice or CKD group compared to the control group were identified using the web-application GREIN (GEO RNA-seq Experiments Interactive Navigator4) (23).



Statistical analysis

Statistical analyses were performed using the GraphPad Prism program (Prism Software Inc., Version 8). Data are presented as mean ± SD; n indicates the number of independent experiments. For comparison between two groups, unpaired Student’s t-test was performed. For comparison among three or more treatment groups, one-way ANOVA followed by Dunnett posttest was performed. In case of unequal variance detected by F-test, unpaired Student’s t-test with Welch’s correction was used. A p-value of less than 0.05 was considered significant.




Results


Characterization of osteogenic medium and calcium phosphate-induced calcification

First, we examined the calcification profile of primary smooth muscle cells (pSMCs) cultured with osteogenic media (OM) or calcium phosphate media (CaP). Calcification occurred in both media yet differed concerning amount and kinetics. Alizarin red S staining and quantification showed that calcification was 3.0 fold increased at day 21 in OM (p = 0.008) and 2.5 fold increased at day 7 in CaP (p = 0.010) (Figures 1A,B). Calcification was first observed after 14 days of culture in OM and after 5 days in CaP, respectively (Supplementary Figures 1A,B). OM and CaP did not affect cell viability at day 14 and 7, respectively (Figures 1C,D). Next, we assessed mRNA levels of the osteogenic markers ALPL and RUNX2 at early time points. ALPL mRNA (7.2 fold, p = 0.037) and RUNX2 mRNA (2.8 fold, p = 0.044) was up-regulated in OM at day 7, while in CaP-calcified SMCs, we observed a 1.3 fold increase of RUNX2 mRNA (p = 0.010) and no change in ALPL mRNA at day 3 (Figures 1E–H). Tissue alkaline phosphatase (TNAP) activity increased 3.7-fold (p = 0.010) in OM but not in CaP on day 14 (Supplementary Figure 1C). We performed a collagen gel contraction assay to compare the effects of OM and CaP in SMC contractility. When placed into a collagen gel, SMCs exert traction forces to remodel their local environment, reducing the gel area by consolidating collagen fibrils (24). Control SMCs contracted the gels by 52% of the initial area over 5 days (Figure 1I). OM significantly decreased the % of the initial collagen gel size compared to CM (−1.4 fold, p = 0.049), while CaP tended to increase the gel size (1.2 fold, p = 0.193).
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FIGURE 1
Characterization of osteogenic medium (OM) and calcium phosphate (CaP)-induced calcification of primary coronary artery smooth muscle cells (pSMCs). (A) pSMCs were cultured in control medium (CM) and OM for 21 days or (B) CaP for 7 days. Representative images of extracellular matrix (ECM) mineralization were detected by alizarin red S staining and eluted staining quantified by assessing the optical density at 570 nm. Scale bar: 1,000 μm. n = 3 (C) Effect of OM and (D) CaP-induced calcification on cell viability assessed by AlamarBlue assay (Fluorescence Ex560 nm/Em590 nm) on day 21 for OM and day 7 for CaP. n = 3. (E–H) ALPL and RUNX2 mRNA expression for (E,F) OM-calcified pSMCs (day 7) and (G,H) for CaP-calcified pSMCs (day 3). (I) Collagen contraction assay at day 5. n = 3–5. Error bars indicate ± SD. Each n indicates an independent pSMC donor. Unpaired t-test and one-way ANOVA with Dunnett’s post hoc test for I.




Osteogenic medium and calcium phosphate-calcifying primary vascular smooth muscle cells display distinct gene expression

To study the underlying molecular mechanisms driving the different VC models, we analyzed the transcriptome of CaP and OM-calcified pSMCs on days 3 and 7, respectively, aiming to achieve comparable early calcification time points corresponding to one-third of the time required to achieve calcification with the respective protocols (Supplementary Figure 1). Applying a fold-change cut-off of 1.5 identified 1,557 differentially regulated genes in OM-calcified pSMCs and 941 genes in CaP-calcified pSMCs compared to control media (CM) (Figures 2A–C and Supplementary Table 2).
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FIGURE 2
Transcriptional profiling of osteogenic (OM) and calcium phosphate (CaP)-calcified primary coronary artery smooth muscle cells (pSMCs). (A) Number of up-regulated (red) and down-regulated (blue) genes from OM and CaP-calcified pSMCs compared to control (CM). Cut-off FC 1.5. (B,C) Volcano plots of the differentially expressed genes in OM and CaP-calcified pSMCs, respectively, compared to CM. Plotted on the x-axis is the fold change between calcified and CM pSMCs. Plotted on the y-axis is the –log10(p-value). Significant differentially expressed genes are divided into up-regulated (red dots) and down-regulated (blue dots) genes, while non-significant genes are shown in black. The top three up-and downregulated genes are named. (D) The Venn diagram shows overlapping differentially expressed genes between OM and CaP-calcified pSMCs. (E) Heatmap presenting the expression profiles of the 107 common genes. Genes with a fold change ≥ ± 1.5 and a p-value < 0.05 are considered differentially expressed. n = 3 independent primary SMC donors.


Pathway over-representation analysis of the OM-regulated genes highlighted the enrichment of elastic fiber formation, elastic fiber structural molecules, and metabolism pathways (Supplementary Table 3). In CaP, the top over-represented pathways were phosphatidylinositol signaling system, regulation of pyruvate dehydrogenase complex, and SMC contraction (Supplementary Table 4).

We combined the transcriptomics datasets of the differentially regulated genes from OM and CaP-calcified pSMCs and found 107 genes shared between the two data sets (Figure 2D). 1/3 of the genes showed similar gene expression, while 2/3 exhibited a distinct gene regulation cluster (Figure 2E). Pathways associated with the over-represented genes included muscle contraction, SMC contraction, and epithelial growth factor receptor (EGFR) transactivation by gastrin (Supplementary Table 5). These data suggested that OM and CaP-calcified pSMCs displayed distinct gene profiles driving calcification along distinct pathways.



Establishment and characterization of an immortalized vascular smooth muscle cell model

We generated an immortalized SMC line (iSMC) to avoid the intrinsic biological variability associated with primary SMCs. Validation of the iSMC phenotype revealed expression levels of the contraction marker calponin and SMC markers α-SMA and α-tubulin similar to pSMCs (Supplementary Figure 2). Characterization of OM and CaP-calcified iSMCs related to TNAP activity (Supplementary Figure 3A), ECM mineralization (Supplementary Figures 3B,C), mRNA expression of the osteogenic markers ALPL and RUNX2 (Supplementary Figures 3D–F), cell viability (Supplementary Figures 3H–J), and contraction properties (Supplementary Figure 3K) showed similar results in iSMCs compared to primary SMCs.



Osteogenic medium and calcium phosphate-calcifying vascular smooth muscle cells display a different mitochondrial function profile

Metabolism and pyruvate dehydrogenase complexes were two pathways highlighted in our over-representation analysis. Both pathways inform about mitochondrial function and, thus about, cell health (25). Mitochondria are critically required in energy-demanding functions, and the mitochondrial matrix is rich in calcium (26), which has been shown to trigger calcification (27). Therefore, we investigated the effect of OM or CaP on the morphology and bioenergetics of mitochondria. MitoTracker and TOM20 staining showed no difference in the mitochondria phenotype in calcifying iSMCs (Figure 3A). However, we observed different alterations in mitochondrial function for OM and CaP-calcifying iSMCs using real-time extracellular flux analysis to evaluate the mitochondrial respiration and glycolysis by simultaneous time-course measurement of the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR), respectively. Compared to CM, CaP decreased the basal respiration (−62%, p < 0.001), the ATP production (−67%, p < 0.001), maximum respiration (−66%, p < 0.001), non-mitochondrial respiration (−49%, p = 0.002), and proton leakage (−28%, p = 0.032) in iSMCs (Figures 3B–G). On the other hand, OM increased maximal respiration (+ 22%, p = 0.005), non-mitochondrial respiration (+ 32%, p = 0.006), and proton leakage (+ 36%, p = 0.010) compared to CM. Glycolysis was 2.3-fold decreased in CaP-calcified iSMCs compared to CM (p = 0.029), while OM did not alter glycolysis (Figures 3H,I).
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FIGURE 3
Mitochondrial respiration increases in osteogenic medium (OM) and attenuates in calcium phosphate (CaP)-calcified vascular smooth muscle cells (SMC) Immortalized SMCs (iSMCs) were cultured for 7 days in control medium (CM), OM or CaP. (A) Representative images of live iSMCs for the mitochondria-specific dye MitoTracker Red (red) and nuclear Hoeschst staining (blue) and immunofluorescence for TOM20 (green) with DAPI nuclear staining (blue). n = 3, scale bar: 75 μm and 10 μm, respectively. (B) Mitochondrial oxygen consumption rates (OCR) of OM and CaP-calcified iSMCs subjected to the XF Mito Stress Test measured using the Seahorse XF96 flux analyzer, with sequential injections of mitochondrial effectors [oligomycin, carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) and rotenone (Rot), antimycin (Ant)] at time points indicated by the downward arrows. n = 4. (C) Basal respiration, (D) ATP production. (E) Maximal respiration. (F) Non-mitochondrial respiration. (G) Proton leak. (H,I) Extracellular acidification rate (ECAR) and quantification. OCR and ECAR were normalized to protein content. Error bars indicate ± SD. Each n indicates an independent replicate. One-way ANOVA with Dunnet’s post hoc test.


To further explore the mechanisms associated with the metabolic impact of OM and CaP, we evaluated single mitochondrial complex function (Supplementary Figure 4A). Through mitochondrial efflux analysis, we observed that OM-calcified iSMCs displayed increased complex I OCR (+ 39%, p = 0.025), and IV OCR (+ 47%, p = 0.011) OCR, while CaP-calcified iSMCs showed a tendency to reduced complex III (−29%, p = 0.071) and IV (−32%, p = 0.068) (Supplementary Figures 4B–E).



Drug repurposing

We performed a drug repurposing analysis using the Cmap database to identify novel compounds targeting VC and to verify the hypothesis that they would work differently in our in vitro models. Cmap analysis matches a specific disease’s transcriptomic profiles (differentially induced and repressed genes) with a signature profile associated with compounds. We independently scored the common gene profiles of OM and CaP datasets (Figure 4A). When a compound signature reversely correlates with the differentially expressed genes, the compound is considered a potential repositioning candidate. If it correlates positively, it is considered a molecular mimic of the observed phenotype (17).
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FIGURE 4
Drug repurposing of osteogenic medium (OM) and calcium phosphate (CaP) gene signatures. (A) Scheme of the method. Created with https://Biorender.com (B) Scatter plot with predicted effects of drugs on OM and CaP-induced calcification. Gray area–drugs with predicted tau score < or > 70. 1: PD-184352, 2: Prostratin, 3: Fluticasone, 4: Ingenol, 5: L-690330, 6: Phorbol 12-myristate 13-acetate (PMA), 7: Halometasone, 8: Sunitinib, 9: MLN-2238, 10:Hydrocortisone, 11: Benzatropine, 12: Puromycin. (C,D) Effect of the protein kinase C (PKC) activator prostratin (Pros) and the PKC inhibitor Go6983 (Go) in OM and (E,F) in CaP-calcified immortalized vascular smooth muscle cells (iSMCs). iSMCs were cultured in control medium (CM) and OM for 14 days or CaP for 7 days with different concentrations of prostratin (0.25, 2.5, and 25 μM). Go (100 nM) was combined with 25 μM prostratin. Representative images of extracellular matrix mineralization (top) detected by alizarin red S staining and quantification of eluted staining (bottom). n = 4–5. C-H, DMSO (1:1,000) was used as solvent control in CM, OM, and CaP groups. Error bars indicate ± SD. Each n indicates an independent replicate. One-way ANOVA with Dunnett’s post hoc test.


Consequently, we focused on the compounds with the highest connectivity and retained those with a tau score > 70 or < –70 in both OM and CaP datasets, which resulted in 12 overlapping candidate compounds (Figure 4B and Table 1). Interestingly, no compound displayed simultaneous negative connectivity for OM and CaP. Two out of 12 compounds exhibited positive connectivity for OM and CaP-calcified iSMCs. Ten out of 12 compounds displayed inverse connectivity (three compounds: negative connectivity for OM, positive connectivity for CaP; seven compounds: positive connectivity for OM, negative connectivity for CaP) (Table 1), highlighting the distinct regulation among the same genes.


TABLE 1    Repurposable drug candidates with tau score < or > 70 sorted by the sum of tau scores in osteogenic media (OM) and calcium phosphate media (CaP) gene signature (tau distance).
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Next, we calculated the distance of tau scores from OM and CaP and selected the top five compounds for further in vitro validation. Among the top five compounds were two protein kinase C (PKC) activators –prostratin and ingenol –which are predicted to promote calcification in CaP and inhibit calcification in OM. In line with the findings, results from the phospho-kinase array analysis from OM and CaP-treated iSMCs also indicated a differential role of the PKC signaling pathway in the calcification process (Supplementary Figures 5A–C). OM and CaP-treated SMCs shared nine differentially regulated serine/threonine kinases and 64 differentially regulated tyrosine kinases (Supplementary Figure 5A).

Subsequently, we performed in vitro experiments to validate the role of PKC. Both prostratin and ingenol decreased ECM mineralization in OM (−2.9 fold, p = 0.001 and −5.6 fold, p = 0.005, respectively) (Figure 4C and Supplementary Figure 6A), which was abolished by the PKC inhibitor Go6983 (Figure 4D and Supplementary Figure 6B), supporting the predicted effect from the in silico analysis. In CaP-calcified iSMCs prostratin and ingenol increased ECM mineralization (+ 1.8 fold, p = 0.002 and + 1,5 fold, p = 0.034) (Figure 4E and Supplementary Figure 6C) which was abolished by the PKC inhibitor Go6983 (Figure 4F and Supplementary Figure 6D).

Regarding the other repurposable compound candidates, the MEK inhibitor PD-184352 displayed no effect on ECM matrix mineralization of both OM and CaP models (Supplementary Figures 7A,B). Using the glucocorticoid receptor agonist fluticasone, which was predicted to increase OM and decrease CaP-induced SMC phenotype, we observed increased ECM mineralization when used as a dexamethasone substitute in OM and no effect on CaP-calcified iSMCs (Supplementary Figures 7C,D). Finally, L-690330, an inositol monophosphatase inhibitor, prevented ECM mineralization in both OM and CaP-treated cells (Supplementary Figures 7E,F). In summary, we validated two out of five candidates (Supplementary Figure 7G). The tested compounds did not interfere with cell viability (Supplementary Figures 8A–L).



Transcriptome-wide comparison of the gene signature of in vitro calcification models with mouse and human calcified arteries

Finally, we compared our in vitro OM and CaP gene signature with the gene signature of mouse and human calcified arteries to evaluate the relevance of each model and the common genes involved in both in vitro and in vivo calcification.

We used human carotid atherosclerotic lesions from the ECLAGEN biocollection that displayed calcification as detected by histology (Figure 5A; 18). Transcriptome analysis of all sets of genes showed a panel of 25 common genes that were differentially expressed in both in vitro models and diseased carotid arteries (Figures 5B,C and Supplementary Tables 6, 7). Nine common genes were upregulated in calcified carotid lesions and 16 down-regulated (Figure 5D). DAVID analysis identified four main enriched gene ontology (GO) clusters, including GO terms like muscle contraction, cytoskeleton, cytoplasm, mitochondria, membrane, protein binding, nucleotide-binding, and transcription regulation (28). Furthermore, an additional 287 and 120 regulated genes were shared between human lesions and OM and CaP models, respectively, suggesting that both models share molecular features related to plaque calcification.
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FIGURE 5
Comparative transcriptome analysis across human carotid artery and in vitro models. (A) Serial sections of a resin embedded carotid lesion [hematoxylin eosin staining (HE) and von Kossa staining] Bar: 1 mm. (B) Venn diagram comparing the osteogenic media (OM)-treated primary coronary artery smooth muscle cells (pSMCs) and calcium phosphate (CaP)-treated pSMCs gene signatures to the human calcified carotid artery gene signature. (C) The volcano plot of the human calcified carotid artery dataset displays only the OM and CaP gene signature genes. Plotted on the x-axis is the log2 of the fold change (FC) between the calcified and control carotid artery. Plotted on the y-axis is the absolute d score obtained through Significant Analysis of Microarrays (T-statistic value). Significant differentially expressed genes (Absolute d score > 5, Log2 FC < –0.5 or > 0.5) are indicated in red (OM genes), blue (CaP genes), or green (shared between OM and CaP). Non-differentially expressed genes are shown in gray. (D) Hierarchical clustering of the 25 differential regulated genes that are common between carotid artery, OM-calcified pSMCs, and CaP-calcified pSMCs. Green, black and red corresponds to lower, median and higher gene expression values, respectively.


Furthermore, we used publically available single-cell RNA sequencing data from the human coronary artery to localize the 107 common genes between OM and CaP-calcified pSMCs to specific cell clusters. 102 from the 107 genes were present in the 9,798 cells that were previously annotated to 14 cell clusters (20; Supplementary Figure 9). Considering only genes that were expressed in at least 20% of the cells revealed 53 genes whose highest expression was detected in the SMC, pericyte 1, fibromyocyte, and fibroblast cell clusters (Supplementary Table 8).

Next, we used publically available transcriptome data from an Apoe–/– and CKD mouse model to address intimal and medial calcification. Intersecting differentially regulated genes from OM and CaP-calcified pSMCs and Apoe–/– and CKD mice revealed 26 genes shared between the four data sets (Supplementary Figure 10A). Considering differentially regulated genes, OM shared 42.7% of its genes with Apoe–/– mice and 23.0% with CKD mice. CaP shares 39.7% of its genes with Apoe-deficient mice and 20.4% with CKD mice (Supplementary Figure 10B).




Discussion

Vascular calcification comprises mineral deposition in the tunica media or the tunica intima, associated with distinct risk factors and clinical outcomes (29). Intimal calcification generally correlates with atherosclerosis plaque burden, hyperlipidemia, and chronic arterial inflammation. In contrast, medial calcification is a non-occlusive process that leads to increased vascular stiffness and reduced vascular compliance, frequently associated with diabetes and chronic kidney disease (3). To our knowledge, this work compares for the first time different in vitro SMC calcification protocols mimicking intimal and medial calcification, respectively. By deploying different in vitro models, our results support the hypothesis that different molecular pathways trigger intimal and medial calcification.

It is a widely accepted concept that the development of VC is associated with phenotypic transdifferentiation of SMCs, resulting in SMCs with osteoblast-like characteristics (30). Our data corroborate published findings, demonstrating that TNAP activity and ALPL mRNA levels are induced in OM-calcified SMCs (31). Interestingly, TNAP was not regulated in CaP-calcified SMCs, consistent with previous reports demonstrating repression of TNAP activity and mRNA expression in CaP-calcified SMCs at early calcification time points (32). Moreover, TNAP was not present in extracellular vesicles isolated from CaP-calcified SMCs (33). This suggests that CaP-induced calcification is independent of TNAP-mediated osteogenesis.

Changes in the transcriptional profile of SMCs have been reported during osteogenic differentiation (34, 35). Our gene expression analysis revealed distinct molecular regulation in mRNA profiles in response to OM or CaP-induced calcification. OM and CaP share less than 12% of their differentially regulated genes. Those shared genes between OM and CaP-calcified SMCs highlighted enrichment of genes encoding proteins for smooth muscle contraction and were mostly oppositely regulated. Based on a functional collagen contraction assay, we observed that SMC contraction dynamics were oppositely affected by OM and CaP-induced calcification, where OM displayed higher contraction rates than control. One of the primary functions of SMCs is maintaining vascular tone and regulating blood pressure via their contractile properties (36). Upon biological stress signals or vascular injury, SMCs undergo a phenotypic modulation associated with higher proliferation rates, migration, and altered contractile marker expression (37).

Our transcriptomics pathway enrichment analysis revealed alterations in the metabolism pathway in OM-calcified SMCs and changes in the pyruvate dehydrogenase complex in CaP-calcified SMCs. The pyruvate dehydrogenase complex is central in regulating energy metabolism and mitochondrial function (38). Furthermore, mitochondrial dysfunction has been associated with VC progression (39). Therefore, we investigated whether OM and CaP-induced SMC calcification was related to alterations in mitochondrial bioenergetic properties. We observed that CaP-calcified SMCs showed apparent impairment of mitochondria phosphorylation parameters, raising the question of whether high concentrations of CaP directly attenuate mitochondrial function. Calcium is considered an important regulator of mitochondrial metabolism, and isolated mitochondria increase ATP production upon stimulation with low calcium levels (40). Conversely, higher concentrations of CaP result in mitochondrial calcium overload and attenuated oxidative phosphorylation. Recent studies attribute this adverse effect to intramitochondrial calcium phosphate granules (41, 42). In calcified SMCs a shift from mitochondria phosphorylation toward a glycolytic breakdown of glucose was previously described (43). This change is similar to the Warburg effect, frequently observed in cancer cells. Notably, the reduction of mitochondrial respiration in CaP-calcified SMCs was also accompanied by a decrease in glycolysis, which was not observed in OM-calcified SMCs. In a murine model of phosphate-induced VC, others also demonstrated that decreased mitochondrial phosphorylation precedes decreased glycolytic capacity (44). This suggests that in CaP-calcified SMCs, glycolysis might not compensate for deficient mitochondrial ATP production.

Furthermore, we found that treating SMC with OM enhanced maximal respiratory rate. Others have shown that the transdifferentiation of mesenchymal stem cells into osteoblasts is also linked to increased mitochondrial respiration and that human aortic SMCs displayed elevated basal respiration after ß-glycerolphosphate treatment, a component of OM (26, 45). Therefore, the increased oxidative phosphorylation in OM-calcified SMCs potentially highlights a mitochondrial response to maintain the high energy demands of ECM synthesis, remodeling, and contraction. Nevertheless, the exact mechanisms underlying mitochondrial dysfunction during VC have yet to be elucidated. Current literature suggests mitochondrial dysfunction as both a cause and consequence of VC (46). Previous data demonstrated a diffuse tubulin cytoskeleton and a more apparent actin cytoskeleton in OM-calcified SMCs (47). Interestingly, there is evidence from yeasts that cytoskeletal changes can be transmitted to mitochondria, resulting in functional modification of the organelle (48, 49). Whether the observed cytoskeleton alterations and mitochondrial functional changes are linked in OM or CaP-calcified SMCs remains to be further investigated.

Although significant progress has been made in understanding VC pathology, VC remains a disease without therapy. Drug repurposing may indeed identify novel therapeutic use for existing drugs. This in silico approach was applied in cardiovascular disease and COVID-19 (50–52). In this study, the drug repositioning pipeline revealed a differential role of PKC in VC. We validated those results using prostratin and ingenol, specific PKC activators. As predicted, the PKC activators reduced calcification in OM and increased it in CaP in vitro. Concomitantly, the PKC signaling was shown in our kinome array as differentially regulated in OM and CaP-calcified SMC, suggesting that although oppositely regulated, the PKC signaling pathway is involved in both intimal and medial calcification.

Indeed, increasing evidence suggests that PKC is potentially involved in the process of CVD. PKCδ expression was induced in human atherosclerotic plaques from the mammary artery compared to control tissue (53). PKCβ deficient mice or treatment with the PKCβ inhibitor ruboxistaurin decreased the atherosclerotic lesion size in Apoe-deficient mice (54). Additionally, inhibition of PKC resulted in a dose-dependent inhibition of dexamethasone-induced osteogenic differentiation and ECM calcium deposit in human mesenchymal stem cells (55). Other studies suggested that PKCα suppresses bone formation (56, 57). This is in line with our results demonstrating that the PKC activators ingenol and prostatin inhibit OM-mediated SMC calcification. Contrary to our results, in human SMCs calcified using 2 mM calcium and 5 mM β-glycerophosphate, deletion or inhibition of PKCα increased ECM mineralization (58). Others also showed that PKCα and δ phosphorylation was decreased in phosphate-induced calcification of SMCs and aortas through osteogenic signaling and cytoskeleton disruption (59). Although our results indicate opposite regulation between PKC and VC in CaP-mediated calcification, it is important to mention that we identified and used compounds to activate all PKC isoforms since prostratin and ingenol have little PKC isoform selectivity.

While in vitro models have proven to be important in biological research, it remains challenging to translate the results to human conditions. Mapping the common differentially regulated genes from OM and CaP-calcified SMCs to single-cell RNAseq data from human coronary arteries showed that most of the genes were present in the cell clusters annotated for SMCs, pericytes, fibromyocytes, and fibroblasts. Those clusters also contained the osteogenic markers TNFRSF11B (20), ALPL, and MSX2. Differentially regulated genes from OM and CaP and the gene signature of human calcified carotid arteries shared only 25 genes. The observed transcriptional dissimilarities in vitro and in vivo are expected since the atherosclerotic plaque consists of multiple interacting cell types with crosstalk to the ECM that may drive different transcriptional changes (60). Using two different vascular beds–coronary artery SMCs and carotid arteries–might further explain the diverse mRNA profiles. Previously, it has been shown that the calcification propensity is highly dependent on the heterogeneity of SMCs from different vascular beds underlying different calcification mechanisms (61).

Our study has limitations. VC is a complex disease caused by many risk factors, such as diabetes, chronic kidney disease, and aging, and multiple cell types and differentiation pathways are involved that our study did not address. Moreover, while differentiating micro and macrocalcification is crucial to atherosclerotic plaque vulnerability (62), the in vitro SMC models cannot discriminate between the two calcifications morphologies. Spotty microcalcification within the intimal atherosclerotic plaque promotes plaque vulnerability, while macrocalcification is discussed to stabilize the plaque (63). The sheet-like medial calcifications cause increased vascular stiffness and reduced vessel compliance (62). Those differences in the clinical consequences between medial and intimal calcification underline future efforts to adopt the calcification disease models to study the underlying mechanisms. Furthermore, in vitro cell culture models do not recapitulate the interplay of different cell types and the crosstalk with the ECM that is important for developing micro-and macrocalcification. Previously, it was shown that the calcification morphology and density depend on the plaques’ collagen content (64). Previously, our group reported that integrating different omic layers can yield novel molecular pathways that are not visible at a single level in cardiovascular calcification (65). Here, only one single molecular layer at one timepoint was accessed through transcriptomics and further used in the in silico drug repurposing analysis. It is well-acknowledged that not one single model can imitate the disease environment (6). The rationale of selecting the most suitable in vitro vascular calcification model may allow a precise understanding of the data and elaborate the initial development of novel drugs for the treatment. In the future, in vivo validation is needed to support the differential mechanisms of calcification in the tunica intimal and media.



Conclusion

Our results strengthen previous observations that OM and CaP-induced SMC calcification in vitro is triggered by different mechanisms (Figure 6). We found a differential role of PKC in OM and CaP-calcified SMCs, providing new opportunities for therapeutic investigation. Our data suggest that the field should limit the generalization of results found in in vitro studies. Proper method reporting of in vitro calcification protocols could lead to a better understanding of the potential mediators of VC and yield significant insights into the pathophysiological mechanism of intimal and medial calcification.
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FIGURE 6
Summary schema. Osteogenic medium (OM) and calcium phosphate medium (CaP) trigger distinct mechanism of calcification. We found differential regulated mitochondrial function and a differential role of protein kinase C (PKC). Created with https://Biorender.com.
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Atherosclerosis is a chronic inflammatory disease and occurs preferentially in arterial regions exposed to disturbed blood flow (d-flow) while the stable flow (s-flow) regions are spared. D-flow induces endothelial inflammation and atherosclerosis by regulating endothelial gene expression partly through the flow-sensitive transcription factors (FSTFs). Most FSTFs, including the well-known Kruppel-like factors KLF2 and KLF4, have been identified from in vitro studies using cultured endothelial cells (ECs). Since many flow-sensitive genes and pathways are lost or dysregulated in ECs during culture, we hypothesized that many important FSTFs in ECs in vivo have not been identified. We tested the hypothesis by analyzing our recent gene array and single-cell RNA sequencing (scRNAseq) and chromatin accessibility sequencing (scATACseq) datasets generated using the mouse partial carotid ligation model. From the analyses, we identified 30 FSTFs, including the expected KLF2/4 and novel FSTFs. They were further validated in mouse arteries in vivo and cultured human aortic ECs (HAECs). These results revealed 8 FSTFs, SOX4, SOX13, SIX2, ZBTB46, CEBPβ, NFIL3, KLF2, and KLF4, that are conserved in mice and humans in vivo and in vitro. We selected SOX13 for further studies because of its robust flow-sensitive regulation, preferential expression in ECs, and unknown flow-dependent function. We found that siRNA-mediated knockdown of SOX13 increased endothelial inflammatory responses even under the unidirectional laminar shear stress (ULS, mimicking s-flow) condition. To understand the underlying mechanisms, we conducted an RNAseq study in HAECs treated with SOX13 siRNA under shear conditions (ULS vs. oscillatory shear mimicking d-flow). We found 94 downregulated and 40 upregulated genes that changed in a shear- and SOX13-dependent manner. Several cytokines, including CXCL10 and CCL5, were the most strongly upregulated genes in HAECs treated with SOX13 siRNA. The robust induction of CXCL10 and CCL5 was further validated by qPCR and ELISA in HAECs. Moreover, the treatment of HAECs with Met-CCL5, a specific CCL5 receptor antagonist, prevented the endothelial inflammation responses induced by siSOX13. In addition, SOX13 overexpression prevented the endothelial inflammation responses. In summary, SOX13 is a novel conserved FSTF, which represses the expression of pro-inflammatory chemokines in ECs under s-flow. Reduction of endothelial SOX13 triggers chemokine expression and inflammatory responses, a major proatherogenic pathway.
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Introduction

Atherosclerosis is a leading cause of death worldwide as the major underlying cause of myocardial infarction, stroke, and peripheral arterial disease (1). Atherosclerotic plaques preferentially develop in curved or branched arterial regions exposed to disturbed flow (d-flow), characterized by low and oscillatory shear stress (OSS). In contrast, artery regions exposed to stable flow (s-flow) with characteristic unidirectional, high laminar shear stress (ULS) are protected from the disease (2–6). D-flow and s-flow are recognized by mechanosensors, which trigger a wide spectrum of different endothelial responses. While s-flow/ULS promotes a healthy endothelial phenotype, d-flow/OSS induces atherosclerosis development and progression (7–11) by regulating gene expression on a genome-wide scale (9, 12–17). Transcription factors regulated in a flow-sensitive manner (FSTFs) play a key role in genome-wide gene expression by driving transcription of flow-sensitive genes (9, 10, 13, 15, 18).

Many FSTFs, such as Kruppel-like factors (KLF2 and KLF4), are well-known to regulate the expression of hundreds of target genes and numerous anti- or pro-atherogenic pathways (14, 19–23). KLF2 overexpression in static ECs induces key flow-sensitive pathways, demonstrating the importance of FSTFs in ECs (24). Other FSTFs include NF-κB, AP-1, and YAP/TAZ, which regulate inflammatory signaling, proliferation, and migration in response to d-flow/OSS in endothelial cells (ECs) (25–29). These well-known FSTFs have been mostly identified from ECs cultured in vitro (26), while similar in vivo studies are lacking. Since ∼45% of flow-sensitive genes identified in vivo are estimated to be dysregulated or lost in ECs during culture in vitro (17, 30), we hypothesized that some important, highly sensitive FSTFs active under in vivo conditions had yet to be discovered.

To identify novel FSTFs in artery ECs in vivo, we re-analyzed two independent datasets that we previously reported using our mouse partial carotid ligation (PCL) model, the d-flow-induced mouse model of atherosclerosis (12, 13). In the PCL model (Figure 1), three of the four caudal branches (left external carotid, internal carotid, and occipital artery) of the left common carotid artery (LCA) are ligated, leaving the superior thyroid artery patent. In the same animal, the contralateral right carotid artery (RCA) with characteristic ULS continues to be exposed to s-flow and serves as a control. The PCL causes d-flow with characteristic OSS in the LCA, rapidly inducing robust atherosclerosis within 2 weeks, directly demonstrating a causal relationship between d-flow and atherosclerosis (31, 32). To understand the mechanisms of flow-induced atherosclerosis, we previously carried out a gene array study using endothelial-enriched “bulk” RNAs from the LCAs and RCAs obtained at four-time points (12 h, 24 h, 48 h, and 2 weeks) after the PCL surgery (12). In addition, we performed a single-cell RNA sequencing (scRNAseq) and single-cell Assay for Transposase-Accessible Chromatin with high-throughput sequencing (scATACseq) using the LCA and RCA RNAs obtained at 2-day and 2-week post-PCL time points (13). The scRNAseq and scATACseq studies showed that d-flow induces genome- and epigenome-wide changes in gene expression, reprogramming endothelial cells from the healthy atheroprotective phenotype to pro-inflammatory and pro-atherogenic phenotypes, including the transition of ECs to mesenchymal (EndMT) and immune cell-like (EndICLT) cells (13).


[image: image]

FIGURE 1
Identification of flow-sensitive transcription factors (FSTFs) in mouse artery ECs in vivo and validation in vivo and in vitro. Volcano plots show differentially expressed TFs in endothelial-enriched RNAs in the LCAs (left carotid artery exposed to d-flow) and RCAs (right carotid artery exposed to s-flow) obtained at (A) 12 h, (B) 24 h, (C) 48 h, and (D) 2 weeks after the PCL in mice. Red dots indicate TFs changed ≥50% with a p-value ≤ 0.05. (E,F) Venn diagrams show TFs commonly upregulated or downregulated by d-flow at 3 or 4 different time points. (G) qPCR validation of 29 potential FSTFs at 48 h post-PCL. Mean fold change ±SEM, n = 12 for qPCR, (*) indicates p ≤ 0.05 for qPCR results calculated by student’s t-test. (H) The in vivo gene array and qPCR data at 48 h post-PCL results are compared to the in vitro qPCR results in HAECs exposed to oscillatory shear (OSS mimicking d-flow) and unidirectional laminar shear (ULS, mimicking s-flow). Mean fold change ±SEM, n = 5 for HAECs, (*) indicates p < 0.05 for 24 h HAEC qPCR calculated by student’s t-test.


Here, we re-analyzed the in vivo datasets from the PCL studies (gene array, scRNAseq, and scATACseq datasets) and found several novel FSTFs, including SOX13, that are conserved in mouse artery ECs in vivo and human aortic ECs (HAECs) in vitro. SRY (Sex Determining Region Y)-box transcription factor 13 (SOX13) is a member of the SoxD subfamily of the SRY-related high mobility group (HMG) box (Sox) transcription factors and is involved in the regulation of embryonic development and the determination of cell fate (33). SOX13 is also known as islet cell antibody 12 (ICA12), as it is a type-1 diabetes autoantigen. Critically, SOX13 binds with TCF1 competitively to β-catenin, thereby indirectly preventing TCF1/ β-catenin targets from being transcribed in embryonic tissues (34). SOX13 has also been studied in various cancers where many functions are related to stem cell fate determination (35–38). SOX13 protein expression is high in embryonic arterial walls, suggesting part of the developmental role is in arteriogenesis (39, 40). SOX13 flow sensitivity has not previously been reported, nor has a role in atherosclerosis emerged. To examine SOX13 functional effects and transcriptional targets under flow, we further conducted RNAseq and functional studies using HAECs treated with SOX13 siRNA (siSOX13) or overexpression plasmid under shear conditions. The results show that SOX13 is a novel FSTF induced by s-flow and represses the expression of cytokines CCL5 and CXCL10, preventing endothelial inflammation. The loss of SOX13, in contrast, dramatically induces the expression of the cytokines, leading to robust endothelial inflammation.



Results


Identification and validation of novel factors regulated in a flow-sensitive manner in mouse artery endothelial cells in vivo and in cultured human aortic endothelial cells

To identify FSTFs in mouse artery ECs in vivo, we first re-analyzed our genome-wide transcriptome data using the EC-enriched bulk RNAs from the mouse PCL study (12). The gene array dataset (GSE182291) was comprised of transcript expression results of LCAs (exposed to d-flow) and RCAs (contralateral s-flow) obtained at four-time points: 12 h, 24 h, 48 h, and 2 weeks post-PCL. We first cross-checked the list of human TFs (41) to our mouse gene array data and found 973 TFs detected at least at the one-time point. Then, we determined differential expression in LCA vs. RCA at each time point to identify TFs that changed by flow by ≥50% with a p-value ≤ 0.05, representing our definition of FSTFs. The total number of FSTFs at each time point was 63 at 12 h, 124 at 24 h, 183 at 48 h, and 182 at 2 weeks, totaling 323 unique FSTFs changing at least at one time-point (Figures 1A–D). Of the 323, 8 upregulated and 9 downregulated FSTFs changed in the consistent direction by d-flow at all four time-points (Figures 1E,F). In addition, we found 20 upregulated and 14 downregulated TFs that changed consistently in three time points. Of those, we removed any TFs that changed in the opposite direction at any time point. Through the analyses, we found 30 FSTFs that changed consistently in one direction, up or down, at more than 3 time points in mouse artery ECs.

Next, we validated the gene array data of these 30 potential FSTFs by qPCR using additional RNA samples obtained from LCAs and RCAs at 48 h post-PCL (Figure 1G). We confirmed the flow sensitivity of 12 of 29 potential FSTFs, while one (TCF23) was not detectable by qPCR. Next, we examined mRNA expression in HAECs to determine if the mouse FSTFs were also conserved in human ECs and flow-sensitive in vitro. In HAECs subjected to ULS (mimicking s-flow) or OSS (mimicking d-flow) for 24 h, we validated the expression of 8 of the 12 TFs that were regulated by flow in a consistent manner (Figure 1H). Five upregulated FSTFs by ULS were KLF2, KLF4, SOX13, SIX2, and ZBTB46, and 3 upregulated by OSS were NFIL3, CEBPβ, and SOX4 (Figure 1H). KLF2, KLF4, ZBTB46, and SOX4 (42–45) were previously shown to be FSTFs in ECs, demonstrating the validity of our approach. In contrast, SOX13, SIX2, CEBPβ, and NFIL3 are novel potential FSTFs.



Validation of Sox13 as a flow-sensitive transcription factor by re-analyzing the in vivo single-cell RNA sequencing and single-cell assay for transposase-accessible chromatin with high-throughput sequencing datasets of mouse artery endothelial cells

We also re-analyzed our published scRNAseq data from the mouse PCL study to further validate the flow sensitivity of Sox13, Six2, Cebpβ, and Nfil3. Four groups were represented in this study: RCA/s-flow or LCA/d-flow for 2 days or 2 weeks each. Sox13 showed a strong flow sensitivity and preferential expression in ECs compared to other artery wall cell types (smooth muscle cells, immune cells, and fibroblasts) (Figure 2A). Briefly, the E1 cluster consisted of ECs present in all 4 conditions (2d-RCA, 2d-LCA, 2wk-RCA, and 2wk-LCA). E1–E4 consisted of ECs exposed to s-flow conditions (2d–RCA and 2wk–RCA). The majority of E5 and E7 clusters consisted of ECs exposed to acute d-flow (2d-LCA). E6 and E8 exclusively consisted of ECs exposed to chronic d-flow (2wk-LCA). Sox13 expression was significantly higher in the healthy EC subpopulation (E2) found in s-flow-exposed RCAs compared to the pro-atherogenic, d-flow-exposed EC subpopulations (E5 and E8) (13). Although E5 (acute d-flow) expressed lower Sox13 levels than E8 (chronic d-flow), both ECs showed significantly lower levels compared to E2 (s-flow condition). We also re-analyzed the scATACseq data and found that Sox13 chromatin accessibility was more open (indicating higher gene transcription activity) in the healthy E2 under the s-flow condition compared to the pro-atherogenic E5 and E8 populations under the acute (2-day) and chronic (2-week) d-flow conditions, respectively (Figure 2B and Supplementary Table 1). The scATACseq and the scRNAseq data analyses further support the mouse gene array data and HAEC validation results (Figure 1), demonstrating that Sox13 is indeed a novel FSTF in ECs. Therefore, we decided to focus on studying SOX13 further in this study.
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FIGURE 2
Validation of SOX13 flow sensitivity in ECs. (A) Violin plot shows SOX13 expression profile in our published scRNAseq data obtained from the mouse LCAs and RCAs at the 2-day (acute) or 2 weeks (chronic) post-PCL (partial carotid ligation) surgery. E2 represents a healthy EC cluster exposed to s-flow in RCA. E5 and E8 are EC clusters exposed to acute and chronic d-flow, respectively. (B) Chromatin accessibility plot of Sox13 gene was obtained by re-analyzing the published scATACseq data using the same mouse PCL model. E2 (s-flow), E5 (acute d-flow), and E8 (chronic d-flow) show a time-dependent closure of SOX13 accessibility by d-flow in ECs. (C–E) HAECs exposed to ULS or OSS for 24 h were lysed, fractionated into the cytoplasmic (cyto) and nuclear (nuc) fractionations, and western blot analyzed using antibodies to SOX13, laminA/C, and α-tubulin (C) and quantified (D). Mean±SEM, n = 5, p-values calculated by student’s t-test. (E) Shows SOX13 qPCR from a similar HAEC shear study, Mean±SEM, n = 8, p-values calculated by student’s t-test. (F) Shows immunofluorescence staining of Sox13 of mouse GC (greater curvature exposed to stable flow) and LC (lesser curvature exposed to disturbed flow) naturally in the aortic arch. The bottom panels show orthogonal views, showing SOX13 expression above the internal elastic lamina (IEL). DAPI shows nuclei. (G) Shows the quantitation of SOX13 expression. Mean±SEM, n = 3 mice, p ≤ 0.05 by student’s t-test.




Stable flow induces SOX13 expression in the nucleus of human aortic endothelial cells and in mouse aortic endothelial cells

We examined the effect of shear on SOX13 protein expression in the cytoplasmic and nuclear fractions in HAECs. SOX13 protein was predominantly expressed in the nucleus, and exposure to ULS significantly increased the expression in the nuclear fraction compared to the static or OSS conditions (Figures 2C,D). ULS exposure also significantly increased SOX13 mRNA expression compared to OSS and static conditions in HAECs (Figure 2E). These data further demonstrated that SOX13 protein is primarily expressed in the nucleus, as expected for a TF, under s-flow conditions in HAECs.

Furthermore, we examined Sox13 protein in mouse aortic arch regions in an immunofluorescence staining study using the greater curvature (GC) exposed to stable flow and lesser curvature (LC) exposed to disturbed flow intrinsically. The staining result (Figures 2F,G) clearly demonstrated the specific staining of Sox13 above the internal elastic layer (IEL), demonstrating a higher SOX13 expression in the endothelial layer in the aorta naturally exposed to stable flow in GC than disturbed flow in LC region. This result further supports that Sox13 protein expression is higher in the naturally stable flow region than the unstable flow region in mouse aorta in vivo.



SOX13 knockdown induces cytokine and chemokine expression in human aortic endothelial cells

To determine how SOX13 regulates EC function, we first knocked down SOX13 with two pooled siRNAs to SOX13 (siSOX13). Treatment of HAECs with the siSOX13 effectively reduced SOX13 mRNA (Figure 3A) and nuclear SOX13 protein levels under the static or flow conditions (Figures 3B–F). As controls, we measured the shear-dependent expression of KLF2, KLF4, and VCAM1 under the ULS and OSS conditions in HAECs treated with siSOX13 and control siRNA (siCtrl) (Figures 3G–L). As expected, the ULS exposure decreased the expression of VCAM1 while increasing KLF2 and KLF4 compared to the OSS condition. Interestingly, we found that VCAM1 mRNA and protein expression was increased by siSOX13 compared to siCtrl, indicating potential endothelial inflammation even under the ULS condition. In contrast, KLF2 and KLF4 did not significantly change by the siSOX13 treatment under the ULS condition.
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FIGURE 3
siSOX13 knockdown of SOX13 in HAECs. (A–C) Static HAEC study. HAECs were treated with siSOX13 vs. siCtrl for 48 h, and analyzed by qPCR (A) and western blot using cytoplasmic and nuclear fractions with SOX13 antibody (B) and quantified (C). (D–L) Shear study. HAECs treated with siSOX13 vs. siCtrl for 48 h were exposed to ULS or OSS for another 24 h, and analyzed for SOX13 by qPCR (D), western blot of whole cell lysate (E,F). Additional qPCR assays for VCAM1, KLF4, and KLF2 (G–I) and western blots for VCAM1 and KLF4 (J,L) were conducted. Mean±SEM, n = 4–6 (F,I) or 3 (K,L) are shown, and p-values calculated by student’s t-test.


To explore the underlying mechanism of SOX13 knockdown effect, we next conducted RNA sequencing (RNAseq) analysis in four groups of HAECs treated with siSOX13 or siCtrl and ULS or OSS conditions: (1) siCtrl ULS, (2) siSOX13 ULS, (3) siCtrl OSS, and (4) siSOX13 OSS. HAECs were transfected with siSOX13 or siCtrl for 24 h, then subjected to ULS or OSS for an additional 24 h, and the total RNA was analyzed by RNAseq (n = 4). To identify the genes (GSE207087) regulated by a flow- and siSOX13-dependent manner, we screened for differentially expressed genes that changed by ≥50% with a p-value of ≤0.05 between the four groups. The gene list was further filtered to remove low-abundance genes with ≤50 mean total counts/sample in all groups.

First, a comparison between the siCtrl OSS and siCtrl ULS showed 369 downregulated and 211 upregulated genes by OSS under the basal (siCtrl) condition (Figure 4A). Next, we identified SOX13-dependent genes under the ULS condition. siSOX13 treatment under ULS condition downregulated 430 genes while upregulating 343 genes compared to the siCtrl ULS (Figure 4B), demonstrating the major impact of SOX13 knockdown on ULS-dependent gene expression. siSOX13 treatment under the OSS condition also downregulated 392 and upregulated 397 genes compared to the siCtrl OSS (Figure 4C), demonstrating the robust effect of SOX13 knockdown in this acute OSS condition. The comparison between siSOX13 OSS and siSOX13 ULS showed 200 upregulated and 156 downregulated genes (Figure 4D).
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FIGURE 4
Shear-dependent and SOX13-dependent gene expression in HAECs by RNAseq analysis. HAECs treated with siSOX13 or siCtrl for 24 h were exposed to OSS or ULS for another 24 h, and total RNAs were analyzed by RNAseq. (A–D) Shows differential gene expression by comparing the four groups: (1) siCtrl OSS, (2) siSOX13 OSS, (3) siCtrl LSS, and (4) siSOX13 LSS. The number of significantly downregulated (left) or upregulated (right) genes by ≥50% with a p-value ≤ 0.05 (shown as red dots) are indicated in each volcano plot. (E,F) Venn diagrams show commonly downregulated genes by OSS or siSOX13 (E) and upregulated genes by OSS or siSOX13 in ULS condition (F). (G,H) Heat map of the 94 commonly downregulated genes by OSS or siSOX13 in ULS condition (G) and the 40 commonly upregulated by OSS or by siSOX13. (I) Heatmap of top 20 genes upregulated by siSOX13 regardless of shear conditions.


We next examined which genes were commonly upregulated or downregulated by OSS (vs. ULS) or siSOX13 (vs. siCtrl) conditions in HAECs by comparing the differentially expressed gene lists as shown in the Venn diagrams (Figures 4E,F). The comparison revealed 94 genes commonly downregulated by OSS (siCtrl OSS vs. siCtrl ULS) or siSOX13 under ULS conditions (siSOX13 ULS vs. siCtrl ULS) (Figure 4E). This 94 gene list (Figure 4G) contained SOX13 (as expected by siSOX13 treatment), AQP1 (a predicted SOX13 gene target) (46), THBD, and NOS3. We next found 40 genes commonly upregulated by OSS (siCtrl OSS vs. siCtrl ULS) or siSOX13 under ULS conditions (siSOX13 ULS vs. siCtrl ULS) (Figure 4F). Interestingly, the 40 gene list (Figure 4H) included many cytokines and chemokines, CXCL1, CXCL2, CXCL6, CXCL8, CSF3, IL6, and CCL2. In addition, we found the top 20 most upregulated genes by SOX13 knockdown regardless of the shear conditions. The 20 gene list contained additional cytokines and chemokines, including CCL5 and CXCL10 (Figure 4I). These results suggest that SOX13 is an FSTF regulating cytokine and chemokine expression in ECs.



Flow- and SOX13-dependent biological processes

To predict the role of SOX13 and its target genes in endothelial function and atherosclerosis, we conducted a gene ontology (GO) analysis using the commonly regulated gene lists (Figures 4G,I). The GO analysis of the 94 commonly downregulated genes by OSS or siSOX13 under the ULS condition (Figure 4H) showed that biological processes related to development, anatomical structure, blood vessel morphogenesis, and cell fate were enriched (Figure 5A), known SOX13-dependent processes (33, 39, 47, 48). In contrast, the GO analysis of the 40 genes upregulated by OSS and SOX13 knockdown under ULS conditions (Figure 4I) showed enrichment of 25 biological processes (Figure 5B). Interestingly, 17 of the 25 enriched biological processes were related to inflammation, including inflammatory response, cytokine-mediated signaling, response to chemokine leukocyte migration, and leukocyte chemotaxis. In addition, the GO analysis of the top 20 most upregulated genes by the siSOX13 treatment, regardless of the shear conditions, revealed the predominant enrichment of immune cell infiltration processes, including migration and chemotaxis of monocytes and T-cells (Figure 5C). These results strongly suggest that the reduction of SOX13 by either OSS or siSOX13 triggers a strong pro-inflammatory response, a d-flow-induced and pro-atherogenic pathway (49–53), by inducing the expression of cytokines and chemokines in ECs.
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FIGURE 5
Gene ontology analysis of shear-dependent and SOX13-dependent genes. Biological processes enriched by the 94 commonly downregulated genes by OSS or siSOX13 in ULS condition (A), the 40 commonly upregulated by OSS or by siSOX13 (B), and the top 20 genes upregulated by siSOX13 regardless of shear conditions (C) are shown. All biological processes listed were significant by p-value.




SOX13 regulates pro-inflammatory chemokine expression in endothelial cells

Our heat map and GO analyses (Figures 4, 5) showed that loss of SOX13 strongly induced pro-inflammatory chemokines and cytokines. To validate the results, we conducted a qPCR analysis on 10 of the most interesting potential targets identified from the analyses, using SOX13 and AQP1 as positive controls (Figure 6A). We found that treatment with siSOX13 under the ULS condition induced expression of CXCL1, CXCL6, CXCL8 (IL8), CXCL10, IL6, CCL2 (MCP1), CCL5, and CSF3 in HAECs. Interestingly, CCL5 and CXCL10 mRNAs were two of the most dramatically upregulated chemokines by siSOX13.
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FIGURE 6
Validation of SOX13 targets by qPCR and ELISA. HAECs treated with siSOX13 or siCtrl for 24 h were exposed to OSS or ULS for another 24 h, and total RNAs were analyzed by RNAseq to validate the top SOX13-dependent targets (A) n = 4–7, Mean±SEM are shown. *p ≤ 0.05, **p ≤ 0.01 ***p ≤ 0.001, and ****p ≤ 0.0001 as determined by student’s t-test. The conditioned media from HAECs treated with siSOX13 and shear (B,D) or static (C,E) conditions were analyzed by ELISA quantification of CCL5 (B,C) or CCL10 (D,E). Mean±SEM are shown, p-values determined by student’s t-test.


Although CCL5 and CXCL10 expression did not change significantly in HAECs in response to LSS or OSS for a 24 h period, in vitro, they rapidly responded to SOX13 knockdown. Upon analysis of our scRNAseq and gene array data, both CCL5 and CXCL10 expression increase dramatically at the longer term, 2 week time point (Supplementary Figure 1). Flow-dependent expression does not occur in vivo in the 2 day and shorter time points, consistent with the short-term 24 h in vitro shear results.

To further validate chemokine expression due to SOX13 knockdown, we measured CCL5 and CXCL10 protein levels by ELISA in the conditioned media (CM). Under both the static and shear conditions, siSOX13 treatment dramatically induced the expression of CCL5 and CXCL10 compared to siCtrl, further confirming the SOX13 knockdown effect on these chemokines (Figures 6B–E).

Next, we tested whether overexpression of SOX13 can prevent pro-inflammatory gene expression. Transfection with SOX13 overexpression plasmid in HAECs induced SOX13 and AQP1 mRNA expression as expected (Figures 7A–C). We found that SOX13 overexpression decreased the expression of the chemokines and cytokines, including CCL5 and CXCL10 (Figure 7C). We further validated that the protein levels of CCL5 and CXCL10 were decreased in the CM by SOX13 overexpression compared to the RFP control (Figures 7D,E). Together, these results demonstrated that SOX13 knockdown strongly induced, while overexpression reduced cytokine and chemokine expression in HAECs.
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FIGURE 7
SOX13 plasmid overexpression reduces inflammatory markers and chemokine expression. (A) Western blot of whole cell lysate and (B) qPCR of SOX13 plasmid concentration curve in static HAECs after 48h compared to GFP control plasmid. (C) qPCR analysis of SOX13 targets following 48 h static SOX13 or GFP control overexpression in HAECs at a concentration of 200 ng, using SOX13 and AQP1 as positive controls. n = 3, Mean±SEM are shown. *p ≤ 0.05, **p ≤ 0.01 as determined by student’s t-test. (D) ELISA quantification of CCL5 and (E) CXCL10 in the conditioned media from static HAECs, 48 h following SOX13 or control plasmid transfection. Mean±SEM are shown, n = 3, p-values determined by student’s t-test.




SOX13 knockdown increases endothelial inflammation via CCL5

To functionally test the SOX13 effect on EC inflammation, we performed THP1 monocyte adhesion assays using HAECs treated with siSOX13, SOX13 overexpression, and shear. First, we found that overexpression of SOX13 reduced the OSS-dependent increase in monocyte adhesion to HAECs (Figure 8A), demonstrating the role of SOX13 in the OSS condition. Next, we found that siSOX13 increased monocyte adhesion to HAECs under the ULS condition (Figure 8B). Since CCL5 was the most strongly induced chemokine by siSOX13, we used the specific CCL5 antagonist MetCCL5 to test if it can prevent siSOX13-induced monocyte adhesion. First, MetCCL5 was added to the media during ULS exposure for 1 day to inhibit CCL5 acting on ECs. Following the shear, monocytes were added to the CM, containing any residual amount of MetCCL5 following the 24h shear, and the number of adhered monocytes was quantified. In this condition, MetCCL5 treatment prevented monocyte adhesion to HAECs induced by siSOX13 in the ULS condition (Figure 8C). MetCCL5 serves as a specific CCL5 antagonist by binding to the CCL5 receptor on monocytes, leading to inhibition of atherosclerosis in mouse models (54, 55), but its effect on ECs is unknown. Therefore, we tested whether the inhibitory effect of MetCCL5 on monocyte adhesion (Figure 8C) was mediated at the level of ECs. To this end, we added MetCCL5 to the HAECs during ULS for 1 day. Then the CM was removed, HAECs were washed and replaced with fresh media containing THP1 monocytes, and adhered monocytes were counted. MetCCL5 still prevented monocyte adhesion to HAECs treated with siSOX13 and ULS (Figure 8D). These results suggest that SOX13 knockdown induced chemokine expression, including CCL5, which increased monocyte adhesion to ECs. Our results show that MetCCL5 prevented monocyte adhesion to HAECs by directly blocking the CCL5 effect on HAECs.
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FIGURE 8
Monocyte adhesion induced by siSOX13 is prevented by treating HAECs with MetCCL5. (A) HAECs overexpressing SOX13 or RFP control were exposed to OSS or ULS for another 24 h. Following shear, THP1 monocytes were added to the conditioned media (CM), and adhered monocytes were counted. (B) HAECs treated with siSOX13 or siCtrl were exposed to OSS or ULS for another 24 h. Following shear, THP1 monocytes were added to the CM, and adhered monocytes were counted. (C,D) HAECs treated with siSOX13 or siCtrl were exposed to OSS or ULS in the presence or absence of MetCCL5 for another 24 h. Following shear, THP1 monocytes were added to the CM, and adhered monocytes were counted (C). In panel (D), following shear, CM was removed, HAECs were washed with fresh medium, THP1 monocytes were added to the CM, and adhered monocytes were counted. Mean±SEM are shown, n = 3 to 7, p-values determined by one-way ANOVA.





Discussion

Here, we identified novel FSTFs, including SOX13, in mouse artery ECs by re-analyzing the in vivo gene array, scRNAseq, and scATACseq datasets and validated them in HAECs in vitro. We further showed that SOX13 is induced by s-flow or ULS and decreased by d-flow or OSS. While the SOX13 knockdown dramatically induced expression of pro-inflammatory cytokines and chemokines, including CCL5 and CXCL10, SOX13 overexpression caused anti-inflammatory responses. Importantly, the CCL5 antagonist MetCCL5 prevented monocyte adhesion induced by SOX13 knockdown under shear conditions. These results reveal that SOX13, induced by s-flow but reduced by d-flow, is a potent anti-inflammatory FSTF, which represses pro-inflammatory chemokine and cytokine expression in ECs.

Several FSTFs, including KLF2/4, have been previously identified in cultured ECs, including human umbilical vein ECs (HUVECs). While these FSTFs have been critical to understanding flow-sensitive gene regulation, endothelial function, and vascular pathophysiology, some FSTFs may have not been identified because they were lost or dysregulated in ECs under in vitro culture. It was estimated that approximately 45% of all flow-sensitive genes are dysregulated or lost in cultured ECs compared to in vivo ECs (17, 56, 57). It is possible that those lost or dysregulated genes during culture are highly flow-sensitive ones, including FSTFs. Therefore, we hypothesized that we could discover novel FSTFs by examining in vivo gene array and scRNAseq datasets obtained from our PCL studies. Indeed, our present study revealed 12 FSTFs in vivo. We determined that 8 of these mouse FSTFs (KLF2, KLF4, SOX4, ZBTB46, SOX13, SIX2, NFIL3, and CEBPβ) were conserved in human ECs (HAECs) and showed consistent flow-sensitivity. KLF2/4 are best characterized FSTFs (14, 43), while SOX4 and ZBTB46 were also reported as FSTFs (44, 45), confirming the validity of our approach. SOX13, SIX2, NFIL3, and CEBPβ are potentially novel FSTFs identified in this study. Interestingly, our scRNAseq data analysis showed that SOX13 is preferentially expressed in ECs but not in other arterial wall cell types (smooth muscle cells, immune cells, and fibroblasts). Further, our scATACseq analysis showed that chromatin accessibility of the SOX13 gene, including the promoter region, was highly accessible (indicating a high gene transcriptional activity) under the s-flow condition compared to the d-flow condition in mouse carotid arteries in vivo. This indicates that flow regulates SOX13 at the transcriptional level. At the protein level, SOX13 protein is found predominantly in the nucleus. In vivo, Sox13 immunofluorescence staining indicates higher intensity in the s-flow-exposed greater curvature of the aortic arch compared to the d-flow-exposed lesser curvature. Also, SOX13 function in flow-dependent endothelial biology was unknown. Based on these, we decided to characterize the role of SOX13 as a novel FSTF.

SOX13 plays an important role in arterial development, T-cell differentiation, and cell fate determination (33, 40, 58). Dysregulation of SOX13 is involved in cancer development (35, 38, 59–61), but its role in atherosclerosis and flow-dependent function in adult ECs was unknown. SOX13 can act as a TF that directly binds to its DNA binding motif (47) or as a cofactor binding to other TFs such as T-Cell Factor1 (TCF1) to indirectly regulate gene transcription (53). To determine how SOX13 induced by ULS regulates endothelial function, we performed the RNAseq study in HAECs treated with siSOX13 under the ULS condition compared to the OSS condition. From the study, we identified two distinct classes of SOX13 target genes: (1) 40 OSS-induced genes that were also upregulated by siSOX13 in the ULS condition (Figure 4H) and (2) 94 downregulated genes by OSS or siSOX13 (Figure 4G). Interestingly, the 40 OSS- or siSOX13-induced genes (including cytokines and chemokines) lacked the SOX13 DNA binding motifs, whereas 70 of the 94 downregulated genes (including developmental genes and the known target AQP1) (39, 48, 62–64) contained the SOX13 binding motifs as determined by a MEME motif analysis (65) and comparison to a SOX13 ChIPseq dataset (46). These results suggest that SOX13 regulates its gene targets through direct and indirect mechanisms.

It was particularly interesting that many of the 40 OSS- and siSOX13-induced genes were pro-inflammatory cytokines and chemokines, a novel finding with a potential therapeutic implication. Of those, we validated the dramatic upregulation of CCL5 and CXCL10 by qPCR and ELISA induced by siSOX13 in the ULS condition. In contrast, SOX13 overexpression significantly reduced the expression of CCL5 and CXCL10 mRNA and protein. CCL5 (C–C motif ligand 5, also known as RANTES) and CXCL10 (C–X–C motif chemokine ligand 10) are two well-known cytokines that promote monocyte recruitment and macrophage maturation to atherosclerotic plaques (66–69). Increased serum levels of CCL5 and CXCL10 are associated with human atherosclerotic plaque progression and stability, and the inhibition of either cytokine reduced atherosclerosis in animal models (70, 71).

CXCL10 is a specific T-cell effector and is important in recruiting T-cells to atherosclerotic lesions (70). Interestingly, treatment with CXCL10 neutralizing antibody reduced the size and stability of atherosclerotic plaques in the carotid cuff model of atherosclerosis in ApoE–/– mice (70). CCL5 is found on EC surfaces deposited by activated platelets and produced by other arterial cells, such as smooth muscle cells and macrophages, but the role of ECs as a source of CCL5 is unclear (71). CCL5 recruits monocytes to inflamed endothelium in early atherosclerotic lesions (71). The CCL5 antagonist MetCCL5 inhibits monocyte binding to ECs and reduces mouse atherosclerotic plaque development (54, 55, 72). These literatures demonstrate that both CXCL10 and CCL5 play critical roles in atherosclerosis development, and their inhibition is an effective anti-atherogenic approach.

The present study demonstrated that CXCL10 and CCL5 are regulated by shear stress in a SOX13-dependent manner and that Sox13 appears to play a dominant repressor role in flow-dependent chemokine expression. Our scRNAseq data analysis showed that CCL5 and CXCL10 expression was upregulated in a time-dependent manner by d-flow. CCL5 expression was increased by 2- and 15-fold at 2 days (E5 vs. E2) and 2 weeks (E8 vs. E2) post-PCL, respectively (Supplementary Figure 1A). CXCL10 expression was increased only in the 2-week, but not in 2-day, post-PCL time point by 3.5-fold (Supplementary Figure 1B). In addition, the gene array data analysis showed a similar chronic flow-dependent response with a significant increase only at the 2-week post-PCL time point, increasing 24-fold for CCL5 and 19-fold for CXCL10 expression, but no significant change at 12, 24, and 48 h time points (Supplementary Figures 1C,D). The mechanism for this relatively slow, chronic d-flow-dependent induction of these cytokines is unclear, but may be related to a gradual loss of SOX13 over time below a threshold level, contributing to an overall endothelial cellular status change. In support of this notion, we recently showed that chronic d-flow induces endothelial reprogramming, including endothelial to mesenchymal transition (EndMT) and endothelial to immune cell-like transition (EndICLT), taking 2 weeks post-PCL (13). Interestingly, we found that CCL5 and CXCL10 expression did not show a significant flow-dependent response in HAECs by LSS or OSS conducted over a 24 h period. However, CCL5 and CXCL10 expression was dramatically induced if SOX13 was knockdown by siSOX13. The lack of flow sensitivity of the CCL5 and CXCL10 in the short-term in vitro experiment agrees with the in vivo data (Supplementary Figure 1). Due to a technical limitation of exposing HAECs to shear in vitro for 2 weeks, for an extended period, we did not test the shear response of CCL5 and CXCL10 under a similar chronic condition. Taken together, we propose that d-flow gradually reduces SOX13 expression over time below a threshold level, triggering strong CCL5 and CXCL10 expression through an indirect mechanism in ECs. Interestingly, neither CCL5 nor CXCL10 contains the SOX13 DNA binding motif in the promoter regions. Therefore, we hypothesize that SOX13 plays a dominant repressor role. Even relatively small amounts of SOX13 may bind to another TF, such as NF-κB, preventing its binding and activation of CCL5 transcription. However, under the d-flow or SOX13 knockdown conditions, the SOX13-bound TF such as NF-κB could be released from SOX13 and bind to the CCL5 promoter, increasing its transcription. Interestingly, CCL5 and CXCL10 are known transcriptional targets of NF-κB family members (73). It would be interesting to test whether the loss of SOX13 would activate the NF-kB pathway leading to chemokine induction.

We showed that loss of SOX13 induced monocyte adhesion to ECs in the CCL5-dependent manner. We found that siSOX13 dramatically induced CCL5 protein release by HAECs, even under ULS conditions, as measured by ELISA in the conditioned media. The CCL5 antagonist, MetCCL5, is known to bind to the CCL5 receptors on monocytes, preventing its activation (55). Our study tested if MetCCL5 could inhibit monocyte adhesion by blocking the CCL5 receptors on HAECs (Figure 8). Our result suggests that not only monocytes but also ECs mediate the anti-inflammatory effect, a key anti-atherogenic mechanism, of MetCCL5.

In conclusion, we found several novel FSTFs from in vivo mouse artery ECs that are conserved in cultured human aortic ECs. Of these, we show that SOX13 is increased under s-flow conditions, repressing the expression of pro-inflammatory cytokines CCL5 and CXCL10. Loss of SOX13 by d-flow or siRNA induces endothelial inflammation by increasing CCL5 and CXCL10 expression, and MetCCL5 prevents the pro-inflammatory effects. SOX13, CCL5, and CXCL10 are potential atherogenic therapeutic targets.



Materials and methods


Mice and partial carotid ligation surgery

Eight-week-old C57Bl/6 male mice (Jackson lab) were maintained and cared for in accordance with the National Institutes of Health (NIH) guidelines in our AAALAC-accredited experimental animal facility at Emory University under a controlled environment (21 ± 2°C, 50 ± 10% relative humidity, and a 12 h light: 12 h dark cycle with lights on at 0700h EST). All mouse studies were approved by the Institutional Animal Care and Use Committee at Emory University and were in accordance with the established guidelines and regulations consistent with federal assurance. PCL surgery was performed under anesthesia by ligating 3 of 4 caudal branches of LCA (left external carotid, internal carotid, and occipital artery) using 6–0 silk suture, leaving the superior thyroid artery patent. The presence of low and oscillatory shear was confirmed by ultrasonography as we previously described (32, 74).



In vivo gene array dataset, single-cell RNA sequencing, and single-cell assay for transposase-accessible chromatin with high-throughput sequencing datasets using the mouse partial carotid ligation study

The gene array data (GSE182291) used in this study was previously reported by us (12). Briefly, endothelial-enriched RNAs obtained from the LCAs and RCAs, following the PCL surgery at 12 h, 24 h, 48 h, and 2 weeks were subjected to whole-genome microarray analysis using the Affymetrix HT_MG-430_PM. For this study, 10 week-old male C57/BL6 mice from Jackson Lab (n = 5 each) were used.

The scRNAseq data set (Bioproject # PRJNA646233) and scATACseq data set (Bioproject # PRJNA646233) used in this study were previously reported by us (13). Briefly, intraluminally obtained single cells or single nuclei obtained from the LCAs and RCAs, following PCL at 2 days or 2 weeks, were used for scRNAseq and scATACseq. For this study, 10-week-old male C57/BL6 mice from Jackson Lab (n = 10 each for scRNAseq and n = 12 each for scATACseq) were used. The sequencing results were analyzed for gene expression analysis by violoin plot and chromatin accessibility assay at the genes of interest using the R-packages as we described (13). Gene ontology analysis and functional pathway analysis Gene ontology analysis was performed using PANTHER.



Human aortic endothelial cells

Human aortic endothelial cells obtained from (Cell Applications Lot#: 2463) were cultured in a complete medium (MCDB 131, 10% FBS, 1% Pen-Strep, 1% L-glutamine, 1% ECGS, 15 ng/mL IGF-1, 1 mg/mL hydrocortisone, 50 mg/mL ascorbic acid, 5 ng/mL VEGF, 5 ng/mL EGF, 5 ng/mL FGF) (13, 75). The medium was refreshed every 3 days and cells were used through passage 7.



Cone and plate viscometer

For in vitro flow experiments, we exposed confluent cells to steady unidirectional flow (s-flow, 15 dyn/cm2) or bidirectional oscillatory flow (d-flow, +5/-4 dyn/cm2 at 1 Hz) to mimic in vivo flow profiles using the cone-and-plate viscometer for 24- or 48-h experiments (75). In brief, a cone controlled by a stepping motor is placed in a standard 10 cm tissue culture dish containing confluent HAEC monolayer. The cone was rotated unidirectionally or bidirectionally at different velocities to generate s-flow and d-flow conditions, respectively. Under these conditions, s-flow induces anti-inflammatory KLF2 (Krüppel-like factor 2) expression and d-flow generates inflammatory signaling at levels resembling those observed in vivo (76–78).



RNA extraction from cells for quantitative RT-PCR and RNAseq

For RNA collection, cells were lysed with Qiazol and total RNA was purified using the Qiagen miREasy kit (74004) or Zymo Direct-zol Miniprep kit (R2052) (13, 75). RNA was quantified by Nanodrop and was reverse transcribed for use in a two-step qRT-PCR using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems 4368814).



RNAseq data analyses

For RNAseq, HAECs were collected in Qiazol lysis reagent and processed for RNA isolation using miRNeasy Mini Kit (Qiagen 217004). Following quality checks, library was prepared and RNA sequenced at Novogene (n = 4 per group). The data was processed with Partek and R package RSubread from Bioconductor, to identify differentially expressed genes, as described (79). Potential direct targets of SOX13 TF binding motifs were examined with USC Genome Browser and a MEME motif analysis (65) and comparison to a SOX13 ChIPseq dataset (46).



Quantitative RT-PCR for validation of mRNAs

Quantitative Real-time PCR (qPCR) was performed on selected genes using Brilliant II SYBR Green QPCR Master Mix (Stratagene) with custom-designed primers on a Real-Time PCR System (ABI StepOne Plus) (17). All qPCR results were normalized based on 18S RNA expression in the respective sample. Fold changes were determined using the ΔΔCt method (80). Mouse qPCR primers are detailed in Table 1. Human primer sequences are detailed in Table 2.


TABLE 1    Mouse qPCR primer sequences.
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TABLE 2    Human qPCR primer sequences.
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Protein assay and western blotting

Cells were collected and lysed in RIPA buffer, and analyzed by western blot as we described (13, 75). Briefly, protein concentration was determined with Pierce BCA assay, and Western blot was conducted using Immobilon Western Chemiluminescent HRP (EMD Millipore) and quantified using the Thermo Fisher iBright Imaging system. Nuclear and cytoplasmic fractionation was performed using HAEC lysates with NE-PER® Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific 78833) per the manufacturer’s instruction. Antibodies used are listed in Table 3.


TABLE 3    Antibodies used for western blotting and immunostaining.
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Treatment of human aortic endothelial cells with SOX13 siRNA, overexpression plasmid, or MetCCL5

For siRNA knockdown transfections, Oligofectamine (Thermo Fisher Scientific 12252011) was used as a transfection reagent as we reported (13). The siRNAs were purchased from Integrated DNA Technologies (hs.Ri.SOX13.13.1, hs.Ri.SOX13.13.2 and Negative control: 51-01-14-04). The two SOX13 dsiRNA sequences were pooled and treated at a final concentration of 50nM to achieve a robust knockdown. For plasmid transfections, Lipofectamine 3000 (Thermo Fisher Scientific 15338030) was used as we reported (13). SOX13-myc-DDK-tagged (Origene RC210697) was used with a GFP- or RFP-(for monocyte adhesion assay) expressing plasmid with the same backbone as a control (pCMV backbone from Addgene #11153). MetCCL5 (R&D 335-RM-025) was added to the fresh media at a concentration of 50ng/ml at the beginning of the 24 h shear exposure.



Monocyte adhesion assay

Monocyte binding was determined using THP-1 monocytes (ATCC TIB-202, RRID:CVCL_0006) as we reported (75). In brief, THP-1 cells (1.5 × 10^5 cells/mL) were labeled with a fluorescent dye 2-,7-bis(carboxyethyl)-5 (6)-carboxyfluorescein-AM (BCECF) (Thermo Fisher Scientific B1150; 1 mg/mL) in serum-free RPMI medium (Thermo Fisher Scientific 11875093) for 30 min at 37°C. After exposure to flow or transfection treatments, BCECF-loaded THP-1 cells were added directly to the ECs to the conditioned medium. In some studies, the CM was removed, HAECs were washed with fresh medium, before adding the THP1 cells. After a 30-min incubation at 37°C under no-flow conditions, unbound monocytes were removed by washing the endothelial dishes 2× with HBSS, and cells with bound monocytes were fixed with 4% Paraformaldehyde (Sigma Aldrich 47608) for 10 min. Bound monocytes were quantified by counting the cells under a fluorescent microscope.



Statistical analysis

Statistical analyses were performed using GraphPad Prism software. All of the n numbers represent biological replicates. Error bars depict the standard error of means (SEMs). The datasets were analyzed for normality using the Shapiro–Wilk test (p < 0.05) and equal variance using the F-test (p > 0.05). Data that followed a normal distribution and possessed equal variance were analyzed using a two-tailed Student t-test or one-way analysis of variance (ANOVA) where appropriate. The statistical analysis for scRNAseq differential gene expression analysis was performed using Partek Genomics Suite, GSA (Gene Specific Analysis) (13). This algorithm is a statistical modeling approach used to test for differential expression of genes or transcripts in Partek Flow. GSA can consider the following response distributions: Normal, Lognormal, Lognormal with shrinkage, Negative Binomial, Poisson, and ANOVA. Moreover, it also performs multivariate analysis to see which factors influence that gene.
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Objective: Dual pathway inhibition (DPI) by combining acetylsalicylic acid (ASA) with low-dose rivaroxaban has been shown to reduce cardiovascular events in patients with peripheral arterial disease (PAD) when compared to ASA monotherapy. A potential explanation is that inhibition of factor Xa improves endothelial function through crosstalk between coagulation and inflammatory pathways, subsequently attenuating the occurrence of cardiovascular events. We hypothesize that the addition of rivaroxaban to ASA in PAD patients leads to improved endothelial function.

Design: An investigator-initiated, multicentre trial investigating the effect of DPI on endothelial function.

Methods: Patients, diagnosed with PAD, were enrolled in two cohorts: cohort A (Rutherford I-III) and cohort B (Rutherford IV-VI). Participants received ASA monotherapy for a 4-weeks run-in period, followed by 12 weeks of DPI. Macro- and microvascular endothelial dysfunction were studied by measuring carotid artery reactivity upon sympathetic stimulus and by measuring plasma endothelin-1 concentrations, respectively. All measurements were performed during the use of ASA (baseline) and after 12 weeks of DPI.

Results: 159 PAD patients (111 cohort A, 48 cohort B) were enrolled. Twenty patients discontinued study drugs early. Carotid artery constriction upon sympathetic stimulation at baseline (ASA) and after 12 weeks of DPI was similar in the total group, 22.0 vs. 22.7% (p = 1.000), and in the subgroups (Cohort A 22.6 vs. 23.7%, p = 1.000; cohort B 20.5 vs. 20.5%, p = 1.000), respectively. The mean concentration of plasma endothelin-1 at baseline and after 12 weeks of DPI did not differ, 1.70 ± 0.5 vs. 1.66 ± 0.64 pmol/L (p = 0.440) in the total group, 1.69 ± 0.59 vs. 1.62 ± 0.55 pmol/L in cohort A (p = 0.202), and 1.73 ± 0.53 vs. 1.77 ± 0.82 pmol/L in cohort B (p = 0.682), respectively.

Conclusion: Macro- and microvascular endothelial dysfunction, as reflected by carotid artery reactivity and plasma endothelin-1 concentrations, are not influenced in PAD patients by addition of low-dose rivaroxaban to ASA monotherapy for 12 weeks.

Trial registration: https://clinicaltrials.gov/ct2/show/NCT04218656.

KEYWORDS
 peripheral arterial disease, aspirin, rivaroxaban, factor Xa inhibitors, endothelial cells, vascular endothelium


Introduction

Patients with peripheral arterial disease (PAD) are at high risk of developing cardiovascular events (1, 2), for which single antiplatelet therapy (SAPT) is indicated (3, 4). Recently, the COMPASS trial demonstrated that dual pathway inhibition (DPI), where acetylsalicylic acid (ASA) is combined with low-dose rivaroxaban (2.5 mg twice daily), reduces the rate of major adverse cardiovascular (MACE) and limb (MALE) events, compared to ASA monotherapy (5). The VOYAGER-PAD trial confirmed these findings in PAD patients, who underwent peripheral revascularization (6). The precise mechanism underlying the benefit of rivaroxaban in PAD patients is currently unclear.

Rivaroxaban is an oral inhibitor of factor Xa, the first enzyme in the “common pathway” of the coagulation cascade. Besides this prominent role in the coagulation cascade, previous literature demonstrates that factor Xa can activate protease-activated receptors (PAR) on the surface of endothelial cells in the inner lining of the arterial wall. By binding to PAR, factor Xa is capable of modulating inflammatory pathways, contributing to vascular inflammation, leukocyte migration and endothelial dysfunction (7–9).

Endothelial dysfunction contributes to the development and progression of atherosclerosis (10) and is generally present years before the patient develops symptomatic disease (11). Other risk factors for developing atherosclerotic disease have also been related to endothelial dysfunction, including hypertension (12), hyperlipidaemia (13), diabetes mellitus (14), and aging (15). Presence of endothelial dysfunction, independent from disease state and other risk factors, is strongly related to the occurrence of MACE (16–18) and MALE (16, 17). Risk-reducing interventions for atherosclerosis, such as physical activity and lipid-lowering drug therapy, have been shown to improve endothelial dysfunction (19–21). Rivaroxaban may therefore potentially improve endothelial function, thus contributing to the previously demonstrated reduction in MACE in PAD patients.

A simple and non-invasive test has been developed and validated to assess macrovascular endothelial function by measuring carotid artery reactivity (CAR) in response to a sympathetic stimulus. The CAR response was proven to be strongly related to cardiovascular risk, closely related to coronary artery endothelial function, and independently predictive for the 1-year occurrence of MACE in PAD patients (22, 23). Microvascular endothelial dysfunction, on the other hand, has been strongly related to plasma concentrations of endothelin-1 (ET-1) (24). ET-1 is a potent vasoconstrictor peptide (25) and has been suggested to be a potential target for treating microvascular endothelial dysfunction in atherosclerosis (26).

In this study, we hypothesize that DPI, by combining ASA with low-dose rivaroxaban for 12 weeks, reduces macro- and microvascular endothelial dysfunction in symptomatic PAD patients.



Materials and methods

This is an investigator-initiated, non-randomized, multicenter parallel trial of two clinical cohorts investigating the effect of DPI (ASA with low-dose rivaroxaban) on endothelial function in PAD patients. The study was approved by the regional ethics committee and the local directory boards. The study was conducted in accordance with the latest revision of the Declaration of Helsinki and Good Clinical Practice regulations and is registered at ClinicalTrials.gov on January 6th, 2020 (NCT04218656) and at the Dutch Trial Register on September 22nd, 2020 (NL8908). Written informed consent was obtained from all participants. The protocol has been published previously (27).


Participants

Patients with lower extremity PAD and an indication for SAPT according to the current guidelines (3, 4) were recruited. Based on the severity of PAD, patients were divided into cohort A (intermittent claudication, Rutherford I-III) and cohort B (chronic limb-threatening ischemia (CLTI), Rutherford IV-VI), where the highest Rutherford classification recorded for a patient (either now or in the past) was used to allocate a patient into one of the two cohorts (28). Patients with an increased bleeding risk, severe renal impairment, systemic treatment with CYP3A4 inhibitors/inducers, concomitant treatment with other anticoagulants, and known hypersensitivity to ASA/rivaroxaban were excluded. A detailed description of the in- and exclusion criteria can be found in our previously published protocol (27).



Procedures

Eligible patients received low-dose (80–100 mg once daily) ASA monotherapy during a 4-weeks run-in period. After 4 weeks, medication adherence was evaluated by interview (T1). Participants with an adherence below 80% were excluded and replaced. Patients who dropped out before T1 and did not fulfill the run-in period were considered non-adherent and were replaced. Subsequently, at T1, participants were prescribed DPI by ASA (100 mg once daily) plus low-dose rivaroxaban (2.5 mg twice daily) for 12 weeks. After these 12 weeks (T2), DPI was discontinued, and participants could resume SAPT. During study participation, the occurrence of severe adverse events (SAE) was recorded, including myocardial infarction, stroke, acute limb ischemia (ALI), deterioration of PAD as classified by Rutherford (28), need for peripheral revascularization, lower extremity amputation, major bleeding and death.



Outcomes

The primary outcome was a change in macrovascular endothelial dysfunction represented by a change in the proportion of participants with a constrictive CAR response upon sympathetic stimulus from T1 (ASA monotherapy) to T2 (after 12 weeks of DPI). The secondary outcome is a change in microvascular endothelial dysfunction represented by a change in mean plasma ET-1 level from T1 to T2.

We explored changes in the activation of the common pathway by measuring markers of thrombin generation, including thrombin:antithrombin (TAT) complexes and prothrombin fragment 1+2 (F1.2). Additionally, activated coagulation factor XI in complex with its natural inhibitor antithrombin (FXIa:AT) was measured, in order to assess for changes in activation of the intrinsic pathway (positive feedback loop mechanism).



The carotid artery reactivity test

The CAR test assesses endothelial function by measuring the change in diameter of the common carotid artery in response to a sympathetic stimulus (cold pressor test). The common carotid artery was visualized using Philips Lumify ultrasound device (Philips Healthcare, Best, The Netherlands) with a L12-4 MHz linear array probe, during a 30 second baseline, and during a subsequent 3 mins of sympathetic stimulation by hand in ice water immersion. The common carotid artery diameter was measured with semi-automatic custom-designed edge-detection and wall-tracking software by an investigator, blinded for the test moment (T1 or T2). The area under the curve (AUC) relative to baseline was calculated. A net positive AUC represents a dilatory response, and a net negative AUC represents a constrictive response. Additionally, the peak change percentage dilatation or constriction (CAR%) was computed as the mean diameter over a 10-sec interval—excluding control interval—most deviating from baseline diameter, relative to baseline.

To limit the influence of external factors on the CAR test, participants were instructed 1) not to eat or drink anything except for water in the 6 h preceding their appointment, 2) not to have beverages with caffeine, alcohol, or any products that are high in vitamin C in the 18 h preceding their appointment, and 3) not to do heavy exercise training in the 24 h preceding their appointment. Each patient underwent endothelial testing twice, at T1 and at T2. Time of appointment was generally between 9 and 12 AM and was equal for both T1 and T2.



Blood sampling

Venous blood samples were collected by venipuncture in 10 ml Lithium-Heparin (Vacuette) tubes. Platelet poor plasma was prepared by centrifuging whole blood at 2,500 g for 10 mins followed by a second centrifugation step at 2,500 g for 20 mins, both at room temperature. The platelet poor plasma was stored at −80°C until further analysis. Plasma concentrations of ET-1 were quantified using commercial ELISA kits (R&D, Minneapolis (Minnesota), United States of America). Plasma concentrations of TAT and FXIa:AT were quantified by in-house developed ELISA methods as described previously (29) and F1.2 was quantified using commercially available assays (Enzygnost™ F1+2, Siemens Healthineers, The Hague, the Netherlands).



Statistical analyses

This study was powered to detect a relative reduction in the proportion of patients with CAR constriction when switching from ASA to DPI of ~40%. Based on previous literature, the expected prevalence of CAR constriction at baseline was 40% in cohort A (intermittent claudication) and 60% in cohort B (CLTI) (22). With an alpha of 5%, a power of 80%, and allowing for a drop-out rate of 5%, the final sample size was 159 participants (111 in cohort A and 48 in cohort B).

Change in proportion of participants with CAR constriction from T1 to T2 was compared using McNemar's Z-test, 2-sided equality. Differences in CAR% and plasma ET-1 levels from T1 to T2 was analyzed using the paired sample t-test. Differences in plasma concentrations of the coagulation markers TAT, F1.2 and FXIa:AT were explored using the Wilcoxon signed ranks test.

Categorical and continuous baseline variables are recorded as percentage and mean, respectively. SAEs were reported as numbers. Analyses are performed using IBM SPSS statistics 25. p values below 0.05 were considered significant.




Results


Enrolment and baseline characteristics

Between June 2020 and August 2021, 159 patients with symptomatic PAD were enrolled, with an additional 12 patients being enrolled to replace participants with an adherence below 80% at T1 (Figure 1). In total, 111 patients with intermittent claudication (cohort A) and 48 patients with CLTI (cohort B) completed the run-in period and were started on DPI. Of these, 20 discontinued the trial. The most common reasons for not continuing the trial were side effects associated with the study medication (Figure 1). Baseline characteristics are shown in Table 1. The mean age of the participants was 67 years and 66% were male. Most patients used ASA as SAPT (64.8%) before study participations, while 35.2% used clopidogrel.


[image: Figure 1]
FIGURE 1
 Flow diagram of enrolment and outcomes.



TABLE 1 Baseline characteristics of the patients that successfully completed the run-in period.
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Endothelial function

The CAR response was successfully assessed in 134/139 patients after a 4-weeks run-in period of ASA monotherapy (T1) and in 137/139 patients after 12 weeks of DPI (T2). Complete paired assessment was obtained of 132 participants, 93 in Cohort A and 39 in cohort B (Figure 1). The numbers of patients with a CAR dilatory response and a CAR constrictive response at T1 and T2, respectively, are presented in Table 2. The proportion of patients with a constrictive CAR response at T1 and T2 was similar in the total group, 22.0 vs. 22.7% (p = 1.000), respectively. Subsequent analysis on cohort A and cohort B revealed comparable trends in constrictive response rates, 22.6 vs. 23.7% (p = 1.000) for cohort A and 20.5 vs. 20.5% (p = 1.000) for cohort B, respectively. Consistent with this, the peak change in percentage of carotid artery diameter revealed no differences between T1 and T2 with a mean CAR% of 1.92 ± 2.88 vs. 1.69 ± 3.09 (p = 0.510) in the total group, 2.03 ± 2.98 vs. 1.71 ± 2.96 in cohort A (p = 0.442), and 1.66 ± 2.64 vs. 1.63 ± 3.42 in cohort B (p = 0.969), respectively (Table 3).


TABLE 2 Total patients with a CAR dilatory response and a constrictive response at the test moments T1 and T2.
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TABLE 3 The effect of DPI on endothelial dysfunction as represented by the CAR response, CAR%, and plasma endothelin-1 levels.
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The mean plasma ET-1 levels at T1 and T2 did not differ significantly and were 1.70 ± 0.57 vs. 1.66 ± 0.64 pg/mL (p = 0.440) for the total group, 1.69 ± 0.59 vs. 1.62 ± 0.55 pg/mL (p = 0.202) for cohort A, and 1.73 ± 0.53 vs. 1.77 ± 0.82 pg/mL (p = 0.682) for cohort B (Table 3).



Coagulation activity

In vivo coagulation activity of the common and intrinsic pathway was measured at T1 and T2 (Table 4). The mean plasma concentration of TAT and F1.2 significantly decreased with DPI compared to ASA monotherapy, 1.13 ± 3.37 vs. 0.99 ± 3.82 μg/L (p = 0.013) and 386.43 ± 204.41 vs. 258.24 ± 153.79 pmol/L (p < 0.001), at T1 and T2 respectively. There was no significant difference in FXIa:AT levels between T1 and T2, 17.68 ± 25.69 vs. 16.90 ± 21.59 pM (p = 0.949).


TABLE 4 The effect of DPI on activation of the common and intrinsic pathway of coagulation.
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Adverse events

In total, 18 SAEs were experienced by 16 patients (Supplementary Table S1). The two patients who experienced ALI had a second severe adverse event: one underwent a peripheral transluminal angioplasty of the iliac arteries, while the other decided for a palliative policy and died. Both patients used ASA before study participation and suffered from ALI during the run-in phase. The other 14 SAEs occurred during DPI treatment (Supplementary Table S1).

Possible side effects were reported by 31 participants, 4 of whom reported two possible side effects. The onset of the possible side effects was during DPI treatment for 28 of 31 participants. The most common side effects were minor bleeding problems (n = 11), skin rash (n = 6) and gastro-intestinal complaints (n = 5). Thirteen participants withdrew from study participation because of possible side effects of study medication (ASA 1, rivaroxaban 12).




Discussion

In this study we investigated the potential impact of switching ASA monotherapy to DPI, by combining ASA with low-dose rivaroxaban, on macro- and microvascular endothelial dysfunction in patients with PAD and observed no differences. While the addition of rivaroxaban resulted in suppression of markers of thrombin formation, demonstrating an overall anticoagulant effect, the carotid artery response upon sympathetic stimulation and plasma ET-1 concentrations were similar after 4 weeks of ASA monotherapy and after 12 weeks of DPI.

Classically, macrovascular endothelial dysfunction was angiographically determined by detecting endothelium-dependent vasodilatation of the coronary arteries as response to an increase of endothelium derived nitric oxide by infusion of acetylcholine (30) or blood flow increasing medication (31). Due to risks related to the invasive character of these methods, non-invasive detection of endothelial dysfunction by vascular ultrasound gained interest. In this study, the CAR in response to cold pressor testing (sympathetic stimulus) was used. The CAR test is a simple, non-invasive test using an easy accessible vascular bed to assess macrovascular endothelial function. The CAR test closely relates to coronary artery endothelial function as tested by the classical invasive methods and has shown to be strongly related to cardiovascular risk in the population of peripheral arterial disease (22). Endothelial functions such as modulation of vascular tone, thrombogenicity and inflammation, are regulated by molecules, amongst which ET-1 (32). Plasma concentrations of ET-1 strongly relate to microvascular endothelial function (24) and are therefore an easy target to evaluate changes in its function. Previous research has even suggested ET-1 as a potential for treating microvascular endothelial dysfunction in atherosclerosis (26).

To our best knowledge, this study is the first to investigate changes in endothelial function by antithrombotic drugs. Previous literature has addressed the effect of lipid-lowering drugs on endothelial dysfunction. The impaired endothelial-dependent responses (i.e., nitric-oxide mediated vasodilatation), present in patients with hypercholesterolemia, can be reversed by lowering cholesterol levels using lipid-lowering therapies. This effect can already be observed after 1 month and persists with continued therapy (20, 33, 34). Furthermore, other cardiovascular risk reducing interventions have been shown to improve endothelial function. Exercise training augments endothelial dependent vasodilatation, provoked by acetylcholine infusion, in both coronary vessels and resistance vessels in atherosclerotic patients (19). The same effect can be observed by non-invasive methods of measuring endothelial dysfunction. Buckley et al. demonstrated significant improvements in vascular health after a 12-week physical activity program in patients with cardiovascular risk factors and in patients with manifest cardiovascular disease, with reversed carotid artery constriction in response to sympathetic stimulus and increased brachial artery flow-mediated dilatation (21, 35).

Improved endothelial dysfunction thus correlates with a reduction in cardiovascular risk factors and might subsequently reduce the occurrence of MACE. This is in line with the results of van Mil et al. who demonstrated that patients with a constrictive CAR response have a 4-fold increased risk of developing MACE and a 2-fold increased risk for clinical deterioration, in patients with manifest PAD. Low-dose rivaroxaban in addition to ASA has been shown to reduce the occurrence of myocardial infarction, stroke, ALI and cardiovascular death, in patients with PAD (5, 6). The current study, however, could not confirm an improvement in endothelial function underlying this benefit of rivaroxaban in PAD patients.

Rivaroxaban is an oral inhibitor of factor Xa, which plays a crucial role in the coagulation cascade by cleaving prothrombin, yielding the active thrombin. During this process, a fragment of prothrombin called F1,2 is released next to thrombin itself. Thrombin activates the intrinsic pathway through a positive feedback loop mechanism converting FXI into its active metabolite FXIa (36). Both thrombin and FXIa will be rapidly bound by antithrombin in circulation, generating TAT and FXI:AT, respectively. Treatment with rivaroxaban thus leads to a decrease in generation of active thrombin, coinciding with a decrease of TAT, FXIa, FXI:AT and F1,2. Since active thrombin is only present in circulation for a very short time, TAT, FXI:AT and F1,2 are acknowledge as more useful measures for thrombin level in the blood. A significant decrease in markers of thrombin generation is observed in participants at T2 compared to T1. This is consistent with the addition of rivaroxaban to ASA monotherapy and provides a strong indication that the negative findings regarding endothelial function in our study were not caused by non-adherence to medication. Since other studies on anticoagulants failed to show a clinical benefit on MACE in both the short- and long-term follow-up, it is highly unlike that the clinical benefit of rivaroxaban is fully explained by its effect on coagulation (37).

In addition to its role in the coagulation cascade, factor Xa has been identified as a direct agonist of PAR-1 leading to thrombin independent platelet activation and thrombus formation. By inhibiting factor Xa, rivaroxaban can attenuate platelet aggregation, in addition to its antithrombotic effect (7, 8, 38, 39). In mice, administration of rivaroxaban for 20 weeks reduced thrombus formation and atherosclerotic plaque destabilization (38, 40). In humans, platelet aggregation and thrombus formation under arterial flow conditions are attenuated in the presence of rivaroxaban, but thrombus regression has not been investigated (38).

Morphological improvement of atherosclerotic lesions has also been shown with dietary treatment in monkeys, and this improvement coincides with restoration of endothelial function (41). Since morphological improvement of atherosclerotic lesions has only been observed with long-term (20 weeks) treatment with rivaroxaban, the interventional period of 12-weeks DPI in the current study, might be too short to establish improved endothelial function. However, the clinical benefit of rivaroxaban as observed in the COMPASS and VOYAGER-PAD trial, is not delayed, but visible from study onset. Therefore, if improving endothelial dysfunction underlies the clinical benefit of rivaroxaban in PAD patients, one would expect to see some signs of improvement within a 12-week period of DPI.

Future research should address other possible long-term PAR-related benefits of rivaroxaban in humans, such as the capability of rivaroxaban to regress atherosclerotic plaques (42), and whether this relates to other (easily measurable) elements of PAR inhibition, such as improved endothelial function (after >12 weeks of rivaroxaban) or reduced vascular inflammation.

The strengths of this study are mainly related to its straightforward approach. By establishing a run-in period of ASA monotherapy, followed by 12 weeks of DPI, we could compare both antithrombotic strategies using paired assessments. Furthermore, the study protocol has been pre-published, facilitating replicability. There are also limitations that should be addressed. The prevalence of endothelial dysfunction, represented by CAR constriction, was lower than anticipated. While we predicted that 40% of the participants with claudication, and 60% of the participants with CLTI would show a constrictive response, in our study, the prevalence of CAR constriction varied between 20 and 25% in both cohorts. The expected high prevalence of CAR constriction was based on the CAVIPAD study, in which the CAR response was evaluated in 172 patients with PAD (22). A lower proportion of constrictive CAR in our study can be explained by our relatively strict in- and exclusion criteria. By selecting patients solely on SAPT, we implicitly may have excluded most patients with more severe (i.e., acute coronary syndrome in the past year, multivessel disease) concomitant coronary artery disease, and patients with a recent vascular intervention. Also, patients with a current malignancy and patients with a glomerular filtration rate below 30 were excluded. This might have led to the selection of a relatively “healthy” cohort of PAD patients. In addition, we classified patients into cohort A or B, based on their highest Rutherford classification ever, rather than on current classification. Therefore, patients in cohort B, might not have been as severely diseased as the patients with CLTI in the CAVIPAD study. A prevalence of 20–25% CAR constriction is in line with other studies that determined the CAR response in patients with atherosclerosis. The COVAS study, and the study by Buckley et al. both found a prevalence of 24% CAR constriction in respectively 50 patients with various expressions of atherosclerosis and 95 patients with coronary artery disease (35, 43). Another limitation is the relatively high drop-out rate. By replacing all participants that dropped out before starting DPI, we endeavored to obtain as much paired assessments of the primary and secondary outcomes as possible. Another 20 patients, however, dropped out during 12 weeks of DPI. Noteworthy, is the high number of side effects reported to the study team, which mainly underlies the high drop-out rate. Possible side effects of low-dose rivaroxaban were reported by 28 (17.6%) participants, and for 12 (7.5%) participants, these side effects were such that a stop in study medication was requested. The high occurrence of side effects should be considered when prescribing DPI in PAD patients. Last, some patients experienced peripheral revascularization during their DPI treatment. An eventual improvement of mobility with subsequent improvement in endothelial function, was not corrected for. As the number of patients undergoing revascularization was relatively small we believe that this was not a relevant source of bias, although a certain influence cannot be ruled out

In conclusion, macro- and microvascular endothelial dysfunction, as determined by determining the CAR response and measuring plasma ET-1 concentrations, is not influenced by addition of low-dose rivaroxaban to ASA monotherapy during 12 weeks in PAD patients.
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Background: Hostile anatomy, especially severely angulated neck and tortuous iliac arteries, has always been a conundrum in endovascular aneurysm repair (EVAR). Crossed limb (CL) graft, also called the “ballerina technique,” has been utilized to address this problem by facilitating gate cannulation. In terms of short and long-term outcomes, correlated studies have made inconsistent conclusions and this issue remains controversial. Based on a previous cohort study conducted in our center, we aim to prospectively compare the safety and efficacy between CL and standard limb (SL) configuration in patients receiving EVAR.

Methods: This is a prospective, single-center, non-randomized controlled trial. A total of 275 patients who meet the inclusion criteria will be enrolled and allocated with a 4:11 ratio of CL to SL, which is based on results of our previous study. All patients will receive same perioperative management and postoperative medications. All EVAR procedures will be performed under standard protocol, utilizing Endurant II or IIs Stent Graft. The configuration of the graft stent will be decided by surgeons and confirmed by final angiography. The primary outcome is 3-year freedom from major adverse limb-graft events (MALEs). Endpoints will be assessed at the following time points: 1, 6, 12, 24, and 36 months.

Discussion: To our best knowledge, this crosseD vs. stANdard Configuration in Endovascular Repair (DANCER) trial is the first non-randomized controlled trial to compare these two graft configurations in EVAR. The main aim is to compare the MALEs between two groups at 3 years postoperatively. This trial will hopefully provide high-level evidence for employing CL in EVAR.

Clinical trial registration: [www.chictr.org.cn], identifier [ChiCTR2100053055].

KEYWORDS
non-randomized controlled trial, crossed limb, standard limb, EVAR, abdominal aortic aneurysm


Introduction

Abdominal aortic aneurysm (AAA) is a pathological, localized dilation of abdominal aorta (1), characterized by decreased smooth muscle cells, extracellular matrix breakdown, inflammatory cell infiltration and endothelial dysfunction (2). The prevalence of AAA increases with age, estimated to be 1.3–1.7% in 65-year-old men (3, 4). Many patients with AAA are asymptomatic and mostly diagnosed after incidental imaging or, in the worst case, rupture (1). With mortality up to 85%, AAA rupture is an important death cause in adults, which renders AAA one of the most important diseases in vascular surgery (5). Both the Society for Vascular Surgery and the European Society for Vascular Surgery have recommended endovascular aneurysm repair (EVAR) as the preferred treatment modality for AAA in certain patients (6, 7). Compared with traditional open surgical repair, EVAR has the advantage of minimal invasiveness and shorter procedure time (8). Nevertheless, EVAR performed in patients with hostile anatomy could be technically challenging and more likely to induce postoperative complications. A large number of studies concluded that hostile proximal neck is associated with a higher rate of type I endoleak, secondary procedure and mortality in the short and long term after the procedure (9–11). Similarly, distal aortoiliac tortuosity has been revealed to be related with higher graft-related complications (12–14). To resolve this problem, great innovations have been made in the past few decades and one of them, crossed limb (CL), was raised in 2002 for patients with severely angulated neck. This ballet-dancer-like configuration could facilitate gate cannulation and theoretically avoid graft disconnection and endoleaks (15). By now, this technology has been widely applied in clinical practice.

For efficacy of the CL in practice, however, related studies have drawn inconsistent conclusions, which makes the true effect of CL doubtful. By analysis of computed fluid dynamics, CL showed a tendency to prevent stent thrombosis, accompanied by tolerance for higher wall shear stress and helicity characteristics (16, 17). On the contrary, long-term fatigue and displacement implications were revealed by the same studies and another one demonstrated that it was the angle of the aneurysm neck other than the configuration that affected hemodynamic index (18). Similar controversial outcomes were observed in clinical trials. Two retrospective cohort trials showed that CL group had a longer procedural time and more type II endoleak compared with standard limb (SL) groups; however, technical success rate, postoperative complications, reintervention and overall survival were comparable (19, 20). This result was mirrored in the latest meta-analysis with no significant difference found in perioperative mortality, endoleak or limb occlusion. This study concluded that CL did not confer inferior clinical outcomes compared to SL in the medium term (21).

To further explore this issue, we conducted a cohort study in 2021, which suggested that no significant evidence was found to favor either configuration in terms of adverse limb events, endoleak, reintervention or overall survival (22). A trend toward a lower risk of type IB endoleak was observed in the CL group after stratification by large aneurysm sac or tortuous iliac artery. On the other hand, CL incurred a higher risk of reintervention and adverse limb events in patients with angulated aneurysmal neck. As commented by editors, our previous study showed interesting results and had the advantage of significant enrolled patients and sufficient time of follow up. However, it was subject to its retrospective, observational nature and other limitations. To elucidate this problem, a prospective study with a uniform reporting standard and careful design is required accordingly (23). Therefore, the utility of CL configuration requires further investigation, which propels us to launch this study.

This prospective, single-center, non-randomized controlled trial aims to compare the safety and efficacy of CL vs. SL configuration in EVAR patients, which could provide high-level evidence for choice of optimal stent graft configuration. The primary outcome of interest is 3-year freedom from major adverse limb-graft events (MALEs).


Hypothesis to be tested

In AAA patients who receive EVAR, CL is not inferior to SL configuration in terms of safety and efficacy in the short and long term.




Materials and methods


Study design and approvals

This study is a prospective, single-center, non-randomized controlled study conducted in West China Hospital. This protocol is developed according to Standard Protocol Items: Recommendations for Interventional Trials (SPIRIT) 2013 Statement for study protocols of clinical trials (24). The SPIRIT checklist has been completed in additional file 1.



Recruitment and enrollment

We recruit patients diagnosed with infrarenal AAA (Figure 1) from 1st December 2021. The eligibility criteria for inclusion and exclusion are shown in Table 1. Adult patients with indicated infrarenal AAA (diagnosed with ICD I71.3 and I71.4) and suitable iliofemoral anatomy are included in our study. Excluded are patients who could not tolerate perioperative medications and patients expected to receive reintervention. Both groups of patients share general inclusion or exclusion criteria.


[image: image]

FIGURE 1
The procedure of screening, randomization and follow-up in the DANCER trial.



TABLE 1    Inclusion and exclusion criteria for participants.

[image: Table 1]


We will recruit patients by putting up posters and advertising online to meet the expected enrollment. In addition, we provide fast-track follow-up for patients who are willing to participate in our study. Figure 2 shows the schedule of enrollment, interventions and assessments, following the template provided by SPIRIT (24).
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FIGURE 2
The schedule of enrollment, interventions and assessments.




Allocations of intervention

Based on the anatomic features of the aneurysm by intraoperative imaging, surgeons will determine whether to adopt CL or SL configuration. When both configurations are feasible, surgeons will assign the limb configuration based on covariate adaptive matching between the two groups. The major matched covariates are as follows: age, gender and aneurysm diameter. Both surgeons and participants are not blinded to the interventions, and only statisticians who analyze the data are blinded.

The CL and SL configurations are defined as crossed or uncrossed limb grafts in anteroposterior view of the final angiogram, respectively. CL is further subdivided into anterior-posterior (AP) cross and left-right (LR) cross, which correspond to ≥ 50 and < 50% overlapped areas between two limb grafts in the angiogram. SL is similarly subdivided into AP parallel and LR parallel with the same definition.

The included patients will receive the same perioperative management, including blood pressure control, analgesia and medication with antiplatelets and statins. In interventional operating room, both common femoral arteries will be used for percutaneous or cut down access. After administration of 0.5 mg/kg unfractionated heparin, graft stents are placed in accordance with instruction for use by an experienced surgeon of vascular surgery. Treatment procedures are performed under a standard protocol. The Endurant II or IIs Stent Graft (Medtronic, Minneapolis, Minn) is used for repair.

Postoperative medications include antiplatelet monotherapy (aspirin 100 mg once a day or clopidogrel 75 mg once a day) and statins. Patients are expected to take these medications all life unless severe adverse event occurs. Anticoagulants, such as low molecular weight heparin or direct oral anticoagulants, will be used according to surgeons’ decision.



Follow-up

After the procedure, all included patients will receive follow-up in outpatient clinics at 1, 6, and 12 months and annually thereafter. The required routine examinations include history taking, physical examination, blood biochemical index and duplex ultrasound. All biological specimens will be processed in routine procedure and not be used in ancillary or other studies. The computed tomography angiography will be performed to search for detailed information if any adverse event, especially endoleak or limb thrombosis, is found by duplex ultrasound. Patients who are unable to return to the outpatient clinic will be suggested to undergo duplex ultrasonography or computed tomography in local medical institutions, which will send medical records and images back to researchers. For patients who fail to finish the expected follow-up, telephone interview or WeChat message will be used instead to record survival status and postoperative adverse events. Due to no additional harm induced by the trial, all adverse events will be processed according to normal treatment procedure and patients will not automatically quit the group or receive additional compensation.

Patients are defined as dropout if the following events occur: (1) Fail to complete the expected follow-up and could not obtain image or medical records: a subject is considered lost to follow-up if they could not be contacted via five attempts by telephone or WeChat message. (2) Make withdrawal consent: all participants have the right to withdraw from the study at any time for any reason without obstruction.



Outcomes of interest

The primary outcome is 3-year freedom from MALEs, which involves type IB/III endoleak and limb occlusion. Type IB endoleak is defined as persistent direct flow in the aneurysm sac due to inadequate distal seal of the stent graft. Type III endoleak is defined as persistent direct flow resulting from stent graft component separation or fabric tear. Limb occlusion is defined as a total occlusion occurring in limb grafts, regardless of symptoms, or an invasively treated stenosis resulting from thrombus formation (> 50% lumen reduction).

The secondary outcomes involve 3-year freedom from type IA endoleak and 3-year freedom from aortic reintervention. Type IA endoleak is defined as persistent direct flow in the aneurysm sac due to inadequate proximal seal of the stent graft. Aortic reintervention refers to any secondary surgical procedure related to the index EVAR.

Other outcomes consist of three aspects: intraoperative technical outcomes (operation time, radiation exposure time, dosage of contrast medium and technical success rate); short-term postoperative outcomes (length of stay in intensive care unit or vascular ward, acute kidney injury, 30-day overall morbidity, 30-day major adverse cardiac events, 30-day all-cause mortality); long-term outcomes (renal function decline, occurrence of type I/II/III endoleak or stent migration, freedom from major adverse cardiac events, aneurysm related death, overall survival).

Detailed information for outcomes is listed in Table 2.


TABLE 2    Detailed information for outcomes.
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Data collection

Figure 1 shows the flow diagram of the trial. Once patients are admitted, baseline data will be collected for both groups, including demographic characteristics, comorbidities and anatomical variables. The demographics are collected from history taking and hospital information system. The comorbidity is evaluated by the Charlson Comorbidity Index to quantify its severity. Anatomical variables are as follows: length of aneurysm neck, oversizing ratio in proximal neck and distal limb, neck angulation, maximum diameter of aneurysm sac, intramural thrombus load of aneurysmal sac, iliac tortuosity, common iliac artery aneurysm and distal iliac calcification. We will report reasons for withdrawal for each group and compare the reasons qualitatively. Details of the procedure, consisting of operation time, radiation exposure time and contrast medium dosage, are recorded immediately after the operations. At preoperative and postoperative evaluation (24, 48, and 72 h), laboratory examinations will be conducted and corresponding results will be collected from the laboratory information system.



Quality control

The study staff have received systematic training for recording all baseline information before initiation of the project, with a special focus on recording comorbidity and measuring parameters of AAA. Pamphlets with protocols for history taking and definitions for related comorbidity have been distributed to the staff. By computed tomography angiography, all the diameters are measured from the minor axis of axial cuts or from planes perpendicular to the centerline in reformatted slices. Two researchers will independently complete the measurement and when more than 10% differences occur, a senior member will arbitrate and give final result. Medical staffs will strictly follow the standard procedure of AAA treatment in our hospital and provide the same perioperative management or nursing care for all patients.



Sample size calculation

We calculate the sample size for this study based on the results of our previous study (22), in which 11.5 and 7.9% of patients suffered from adverse limb events in CL and SL groups, respectively. In this trial, we hypothesize that the freedom from adverse limb events in the CL group is not inferior to that in the SL group. The predetermined non-inferiority margin on the risk difference scale (δ) is set to 0.15 between the two groups. The type I and II error rates are set to 0.05 and 0.2, respectively. As the intraoperative choice of limb configuration is difficult to randomize, the ratio of enrolled patients between the CL and SL groups is set to 4:11 based on our previous cohort study (22). After accounting for a 20% rate of dropout, it is calculated that 73 subjects are needed for the CL group, and this value is 202 in the SL group. All calculations are performed by PASS 15 software.



Statistical analysis

Categorical data is expressed as number and rate, while continuous data is expressed as means ± standard deviation if they are normally distributed or median with interquartile range otherwise. Student’s t-test or Mann-Whitney U-test is used for univariate analysis of continuous data. χ2-test or Fisher’s exact test is used for categorical data. For primary analyses, multivariate logistic regression is used to calculate adjusted odds ratio and 95% confidence interval for short-term outcomes. Cox proportional hazard regression analysis and marginal structural model are adopted to assess the association between limb configuration and time-to-event outcomes.

The propensity score to undergo CL or SL is estimated by logistic regression model based on demographic and anatomic information. Inverse probability of treatment weighting adjusted analyses are performed to achieve weighted balance with standardized differences < 0.10. Sensitivity analysis is conducted to stabilize the weights by truncating the non-overlapping tails of the propensity score distributions which below or above the 1st and 99th percentiles. Subgroup analysis is conducted in terms of large aneurysm sac, severely angulated neck, tortuous iliac arteries and iliac landing zone (whether using bell-bottom iliac stent graft). In addition, this analysis will be carried out in AP and LR subgroups. R studio Version 1.2.13351 and Empower (X&Y solutions, Inc., Boston, MA)2 are utilized for statistical analysis.



Patient and public involvement

Patients are also included in the design of the crosseD vs. stANdard Configuration in Endovascular Repair (DANCER). We conducted a preliminary survey in AAA patients who would receive EVAR to investigate the preferred follow-up modality and clinical outcomes they care most. Subsequent improvements were made accordingly.




Discussion

AAA is a localized dilation of infrarenal abdominal aorta. As a degenerative disease (25), it is common in the elderly population, with an estimated prevalence rate of 3.3% in men aged 65–74 years (26). AAA rupture is the most emergent case and has a high mortality rate even after immediate surgery (27). Therefore, prophylactic repair, either conducted by open surgery or EVAR, plays an important role in the treatment. EVAR has been recommended as a first-line modality for AAA (6, 7) and is widely applied in clinical practice. However, local vascular anatomy, in most cases referred to proximal neck, aneurysm sac, or aortoiliac arteries (Figure 3) (8), determines a successful EVAR performance, achieving sufficient sealing and fixation of anchoring segments (28). It could otherwise be technically challenging for the procedure, especially when cannulating contralateral gate of the endograft. Moreover, these anatomic predictors have a negative influence on postoperative outcomes. Angulated neck is found to be a predictor for sac enlargement (29), which is closely linked with postoperative aortic rupture (30). Sac remodeling, with a close connection with endoleaks, reintervention and mortality, may be affected by hostile neck and AAA volume (31). There is mounting evidence proving that patients with these hostile anatomical features could suffer from postoperative adverse events more commonly (32–35). As a result, for patients with hostile anatomy and serious comorbidities, clinicians may face a dilemma, as both EVAR and open surgery repair could be inapplicable.
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FIGURE 3
Illustrations for abdominal aortic aneurysm with hostile anatomy. (A) Aneurysm with “normal” appearance; (B) aneurysm with angulated neck and tortuous iliac arteries.


Described by Ramaiah et al. in 2002 first (15), CL technique (Figure 4) is a useful adjunct to solve this problem by connecting ipsilateral guidewire to contralateral gate, arranging the limb graft just like a ballerina. It is expected to facilitate the procedure and, furthermore, reduce graft gate disconnection and endoleak. The true effect of CL, however, on postoperative outcomes has yet to be elucidated and currently no indications or contraindications have been described. This is a challenging issue for research because involved patients are always characterized by complicated anatomical conditions, which could induce considerable selection bias. Additionally, randomized controlled trials, with the highest evidence level, could be extremely difficult to conduct, as the performance of CL or SL is mainly based on anatomy and surgeons’ experience. Related studies, mainly cohort studies, have made inconsistent conclusions on this issue. Several studies revealed no difference in perioperative death, short or long term endoleak, limb graft occlusion, aneurysm sac expansion, reintervention or overall survival (19, 20), which was confirmed by a recent meta-analysis (21). While in our previous cohort study, which was characterized by the largest sample size and additional subgroup analysis, patients with large aneurysm sac and tortuous iliac arteries encountered fewer type I endoleaks in the CL group (22). This conclusion was consistent with a recent hemodynamic study revealing that this non-standard configuration could sustain higher wall shear stress and helicity characteristics (16, 17). However, it was questioned that it may be modified delivering system, instead of CL, that improved prognosis (36). Moreover, other computational analyses did not conclude likewise. Georgakarakos et al. revealed that the displacement force, one of the targets that CL aims at, was only slightly affected by the CL configuration and this effect could be blunted by concomitant modifications of the stent (37). Qing et al. studied the hemodynamic performance of these two configurations and concluded that the main factor affecting the index was the angle of aneurysm neck, while configuration had little effect on hemodynamics (18).
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FIGURE 4
Illustrations for stent graft configuration. (A) Crossed limb; (B) standard limb.


Several limitations exist in our study. Firstly, this is a non-randomized controlled trial and therefore it could not provide higher level of evidence like randomized one. However, as discussed above, we believe that this is the most suitable research type for this issue and could draw convincing conclusions similarly. Secondly, we conduct this trial in a single center in West China Hospital, which is a tertiary medical center and receive many patients with complex medical problems. This may cause heterogeneity and whether this conclusion could be generalized to the world is uncertain. The large sample number we anticipated, however, could make up for this problem partly.

Currently, the true effect of CL on clinical outcomes is still a matter of debate. The lack of a higher level of evidence, especially prospective clinical trials in this scenario, prevents its elucidation. Therefore, the main aim of our present trial is to compare the safety and efficacy between CL and SL configuration in patients receiving EVAR with Endurant II or IIs Stent Graft. Moreover, two spatial subclassifications of CL and SL, AP and LR, will be further investigated. This will hopefully provide high-level evidence for limb graft placement in AAA patients, especially in those with hostile anatomy.
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Introduction: Atherosclerotic cardiovascular disease is the leading cause of death worldwide. The Edgeworthia gardneri (Wall.) Meisn is a Tibetan medicine commonly used to prepare herbal tea to alleviate the local people's metabolic diseases. However, the anti-atherosclerotic effect of ethanol extract of the flower of E. gardneri (Wall.) Meisn (EEEG) and its underlying mechanism remain unknown.

Methods: EEEG was used to treat low-density lipoprotein (ox-LDL)-induced macrophages to detect macrophage foaminess, cholesterol binding and uptake, and lipid transport-related gene expression. eEEG treated ApoE−/− mice fed a high-fat diet for 16 weeks to detect atherosclerotic plaque area, macrophage infiltration, and liver and small intestine lipid transport-related gene expression.

Results: EEEG inhibited macrophage-derived foam cell formation induced by oxidized low-density lipoprotein (ox-LDL) by reducing CD36-mediated lipoprotein uptake. EEEG significantly alleviated atherosclerosis in ApoE−/− mice fed a high-fat diet for 16 weeks. EEEG treatment significantly decreased atherosclerotic plaque area, macrophage infiltration, and increased collagen content. Moreover, EEEG treatment significantly downregulated mRNA expression of hepatic Srb1 and intestinal Npc1l1 and increased expression of hepatic Cyp7a1.

Conclusion: Our study highlighted that EEEG played a role in attenuating atherosclerotic plaque formation by reducing macrophage foam cell formation.
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Introduction

According to the World Health Organization statistics, cardiovascular disease will affect 23.6 million people worldwide by 2030. Atherosclerosis (AS) has become the leading cause of death in patients with cardiovascular disease and the primary pathological basis of cardiovascular disease. The pathogenic mechanism underlying AS is complex and closely related to abnormal lipid metabolism, vascular endothelial injury, genetic factors, and hemodynamic changes. At present, antioxidant, lipid-regulating, and antiplatelet drugs are commonly used to treat AS. Lipid-lowering drugs such as statins, fibrates, ezetimibe, and PSCK9 inhibitors are mainly used to prevent and treat AS in clinical practice. Although they slow down the disease progression, these drugs can only reduce the mortality of cardiovascular diseases by 30% and may lead to complications and adverse reactions, such as respiratory tract infection, muscle pain, low back pain, joint pain, and other side effects caused by ezetimibe (1). Given the adverse reactions associated with current AS management, safer and more effective anti-atherosclerotic drugs are urgently needed.

In the process of AS occurrence, oxidized low-density lipoprotein (ox-LDL) is continually uptaken by macrophages. When the intracellular cholesterol far exceeds the scavenging capacity, significant cholesterol will accumulate in the macrophages and transform them into foam cells (1). The foam cell formation is a fundamental step in initiating and developing atherosclerosis plaque (2). The scavenger receptors SR-A1, SR-B1, and CD36 expressed in the macrophage are responsible for binding to and taking up ox-LDL. ATP-binding cassette transporters like ABCA1 and ABCG1 are members of the ABC superfamily of transmembrane transporters, which mediate cholesterol efflux to apolipoproteinA1 (apoA1) and high-density lipoprotein (HDL) (3). Therefore, attempts to reduce foam cells may be a potential therapeutic strategy for inhibiting early-stage atherosclerosis pathogenesis (4).

The Edgeworthia gardneri (Wall.) Meisn (EG) belongs to Family_Thymelaeaceae Genus_Edgeworthia Meisn. The dry flower bud of EG is a widely recognized Tibetan medicine because of its long-term use, pollution-free drug source, and unique efficacy. It is known as one of the “Eighteen Treasures of Qinghai Tibet” in China. The flower of EG contains flavonoids, polysaccharides, volatile oils, fatty acids, triterpenes, and nitrogen-containing compounds. It has been used to prepare herbal tea to alleviate metabolic diseases (5). Previous researches have shown that EG has anti-hyperglycemia, anti-insulin resistance, and anti-adipogenesis activities, and the underlying mechanisms may be related to α-glucosidase and α-amylase inhibition, IRS1/GSK3β/FoxO1 and PPARγ/β signaling pathway activation, and gut microbiota modulation (6–10). However, the anti-atherosclerotic potential effect of EG and its underlying mechanism have not been reported.

Here, we evaluated the effect of ethanol extract of flower of Edgeworthia gardneri (EEEG) on atherosclerosis in an ApoE−/− mice fed a high-fat diet (HFD). The effect and mechanism of EEEG on promoting reverse cholesterol transport (RCT) and inhibiting foam cell formation were also investigated.



Materials and methods


Materials and chemicals

The EG was purchased from Zangxi Tang (Tibet, China), and a voucher specimen (No.GH827) was deposited in the Jiangxi University of Chinese Medicine, Nanchang, China. MTT (M1020), Dimethyl sulfoxide (D8370), Trypsin (T8150), Oil red O powder (O8020), high sugar Dulbecco's modified Eagle's medium (DMEM) (12100-500), and PMI 1640 medium (31,800) were purchased from Solarbio (Beijing, China). Fetal Bovine Serum (FBS) (CC-4101A) was purchased from Lonza (Walkersville, MD, USA). Human oxidized low-density lipoprotein (ox-LDL, yb-002) and fluorescently labeled oxidized low-density lipoprotein (yb-0010) were obtained from Yiyuan Biology (Guangzhou, China). Bodipy TM493/503(D3922)was purchased from Invitrogen (Carlsbad, CA, USA). Rat anti-mouse CD68 antibody (MCA1957) or Monoclonal anti-alpha-smooth muscle-FITC antibody (F3777) was purchased from Bio-Rad (Kidlington, USA) or Sigma-Aldrich (St. Louis, MO, USA). Rabbit Polyclonal Anti-CYP7A1 antibody (TA351400) was purchased from Origene. Blood lipid test kits were purchased from Nanjing Jiancheng Bioengineering Institute.



Animals and treatment

Forty-six 6–8-week-old male ApoE−/− mice (20–22 g) were purchased from Nanjing Biomedical Research Institute of Nanjing University [Certificate of Conformity No. SCXK (Su) 2015-0001]. Mice were housed in IVC cages (temperature 20–26°C, humidity 40–70%) under alternating 12 h light and 12 h dark conditions and given adequate food. The animal experiments were approved by the Ethics Review Committee of the Jiangxi University of Chinese Medicine. Mice fed a high-fat diet were randomly divided into four groups (n = 11 or 12): HFD group treated with 100 μL sterile PBS (0.01 M); HFD group treated with low (1 g/kg of body weight), medium (2 g/kg of body weight), and high doses (4 g/kg of body weight) of EEEG solution, respectively. All mice were administered orally with PBS or EEEG once a day for 16 weeks and then sacrificed after fasting for 8 h. Blood samples were collected. The full-length aorta and heart specimens were fixed in 4% PFA.



Preparation of Edgeworthia gardneri ethanol extract

The EG (2.7 kg) was extracted three times with 60% ethanol (total volume 9 L) for 2 h. The combined extracts were concentrated under reduced pressure and extracted with petroleum ether, petroleum ether extracts were obtained, and the residue was partitioned into H2O and extracted with 30% ethanol. After that, 30% ethanol extract was obtained. Then the 30% EEEG was dissolved in dimethyl sulfoxide (DMSO) and PBS to get a stock solution for cell and animal experiments, respectively.

The EEEG was qualitatively and quantitatively analyzed by HPLC using a Waters Acquity TM Ultra Performance LC system (Waters Corporation, Milford, MA, USA) in conjunction with a Waters HSS T3 TM (150 × 2.1 mm, 1.8 μm) column. The column temperature was maintained at a constant 25°C. The mobile phase flow rate was 0.8 ml/min. The mobile phase consists of acetonitrile (solvent A) and H2O (solvent B), and both A and B contain 0.1% methanol. The elution procedure was set as performed as described before (10): 0–1 min, 1% A; 1.1–8 min, 1% A; 8.1–10 min, 99% A; and 10.1–12 min, 1% A. Results were shown in Supplementary Figure 1.



Isolation of mouse bone marrow-derived macrophages

L929 cells were cultured in RPMI 1640 medium and incubated in a humidified atmosphere (5% CO2; 37°C) for 5 days. The culture media was then collected and centrifuged at 1,000 rpm for 5 min, and the supernatant was harvested as the L929 conditioned medium.

Eight-week-old male C57BL/6 mice were sacrificed and immersed in 75% ethanol solution for 5 min for sterilization. Bilateral femurs were separated and washed in the macrophage starvation medium. Then the ends of the femurs were cut off, and the bone marrow in the femurs was flushed out with DMEM. Cells were centrifuged at 3,000 rpm for 5 min and suspended in DMEM supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 U/mL streptomycin. Cells were then placed in 10-cm dishes and incubated in a humidified atmosphere (5% CO2, 37°C) for 72 h. Floating cells in the medium were collected and centrifuged. The harvested cells were resuspended with an L929 conditioned medium and adhered to the cell dish, followed by replacing the medium with a fresh medium.



BMDM viability assay

BMDMs were transferred into 96-well-plates (4 × 104 cells/well) and incubated for 5 days. Then, 200 μL of medium containing different concentrations of EEEG (0.1, 1, 10, 100, and 200 μg/ml) was added to each well and incubated for 24 h. After washing twice with PBS, 200 μL of MTT solution (1 mg/mL) was added to each well and incubated for 4 h. Finally the MTT solution was removed, followed by adding 100 μL of DMSO to each well and incubated for 10 min. The absorbance of all samples was measured at 490 nm.



Foam cell formation assay

Cells or full-length aortas fixed in 4% paraformaldehyde (PFA) solution were washed three times with PBS, rinsed with the 60% isopropyl alcohol solution for 1 min, and stained with freshly prepared Oil red O working solution for 15 min. Cells or full-length aortas were rinsed briefly with 60% isopropyl alcohol and carefully rinsed with distilled water. Then, cells or full-length aortas were observed under the microscope and photographed. The average Oil red O positive areas were calculated relative to the number of cells.

Raw 264.7 cells were inoculated in the 24-well-plates (1 × 105 cells/well) and incubated at 37°C for 24 h. Then, the Raw 264.7 cells were treated with 80 μg/ml of ox-LDL for 24 h, followed by washing twice with PBS. 200 μL of BODIPY working solution (1 μg/ml) was added to each well, incubated in the dark for 20 min at 37°C, and washed with acidic PBS (pH 2.7; 25 mM Glycine; 3% BSA) for 5 min. After that, Raw 264.7 cells were fixed in 4% PFA solution for 15 min and washed three times with PBS, followed by staining with DAPI (1:1,000) staining solution for 3 min and washing with PBS for 3 times. Cells were observed by laser confocal fluorescence microscopy and photographed. The average fluorescence intensity was quantified by Image J and calculated as the total area of green fluorescence intensity relative to the number of cells.

THP-1 cells (human myeloid leukemia mononuclear cells) were cultured in the 24-well-plates (3 × 105 cells/well) in 1640 medium, and cells were incubated with 80 μg/ml ox-LDL for 24 h, simultaneous intervention with 1 μM rosiglitazone and intervention with 1 μg/mL EEEG for 24 h. Cells fixed in 4% paraformaldehyde (PFA) solution were washed three times with PBS, rinsed with the 60% isopropyl alcohol solution for 1 min, and stained with freshly prepared Oil red O working solution for 15 min. Cells were rinsed briefly with 60% isopropyl alcohol and carefully rinsed with distilled water. Then, cells were observed under the microscope and photographed. The average Oil red O positive area was calculated as the total area of Oil red O relative to the number of cells.



Analysis of Dil-oxLDL binding and uptake

Binding assay: BMDM cells which covered the bottom of 12-well-plates were stimulated with EEEG and Dil-oxLDL at 4°C for 30, 60, 90, and 120 min, respectively (11). Uptake assay: BMDM cells were stimulated with EEEG and Dil-oxLDL for 2, 4, and 6 h, respectively (11).

Cells were washed 4 times with acidic PBS for 5 min, digested with trypsin for 5 min, and centrifuged at 1,000 rpm for 3 min. Cell pellets were suspended in PBS, transferred to the sample tube, and analyzed by flow cytometry.



Histopathological staining and immunofluorescence analysis

The collected aortic roots fixed in 4% PFA were washed with PBS. The samples were then embedded in an optimal cutting temperature compound, frozen in liquid nitrogen, and cut into serial 10 μm-thick cryosections from the aortic root to the apex. A series of sections were collected on a stereomicroscope slide and stained with Oil red O, hematoxylin-eosin, and Masson's trichrome (Solarbio, China).

The sections stained with Oil red O were counterstained with hematoxylin-eosin for 30 s. After washing with tap water for 2 min, the sections were mounted with glycerin and gelatin and photographed using Nikon 4,500 digital camera. The sizes of atherosclerotic plaque and collagen fibers were determined using Image J software.

Frozen sections rinsed with PBS solution for 15 min were blocked in a solution containing 5% donkey serum, 0.5% bovine serum albumin (BSA), and 0.03% Triton X-100 for 1 h and the sections were incubated with primary anti-CD68 (1:250) or anti-α-SMA mouse antibody (1:500) overnight at 4°C, respectively. After rinsing with PBS solution for 15 min, the sections were incubated with fluorescence-conjugated secondary antibody for 1 h and stained with 4,6-diamidino-2-phenylindole (DAPI) for 3 min. After removing the DAPI solution, sections were photographed using fluorescence microscopy, and the average fluorescence intensity was quantified by Image J and calculated as the total area of fluorescence intensity relative to the plaque area.



Quantitative RT-PCR

Total RNA from cells or tissues was extracted using Trizol reagents. cDNA was synthesized using PrimeScriptTM RT reagent Kit (Takara, Kyoto, Japan) following the manufacturer's instructions. Real-time PCR was performed following the SYBR® Premix Ex TaqTM II (Takara, Kyoto, Japan). The primer sequences are shown in Supplementary Table 1. β-actin was used as the internal control.



Western blotting

Tissues were homogenized with 150 μl of RIPA lysis buffer. The lysis buffer was then centrifuged (12,000 rpm, 15 min, 4°C). Protein was quantified in the supernatant using a BCA protein assay kit. The primary antibodies of CYP7A1 (TA351400, Origene), were used. Approximately 40 μg of total protein was resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, electroblotted onto 0.45-μm polyvinylidene fluoride membranes, and probed overnight at 4°C. Membranes were incubated with secondary horseradish peroxidase-antibodies (anti-mouse or anti-rabbit) for 1 h at room temperature. Immunoblots were detected with Image Studio.



Determination of serum lipid profiles

Lipid profiles, including total cholesterol (TCHO), triglycerides (TG), low-density lipoprotein-cholesterol (LDL-C), and high-density lipoprotein-cholesterol (HDL-C) were measured using commercially available kits with a multifunctional enzyme marker according to the manufacturer's instructions.



Statistical analysis

All values were expressed as the mean ± S.E.M and analyzed using GraphPad Prism 9.0.2 software (San Diego, CA, USA). One-way analysis of variance (ANOVA) followed by Dunnett's test was used to evaluate statistical differences among groups. A value of P < 0.05 described a statistically significant difference.




Results


EEEG inhibits ox-LDL-induced macrophage foam cell formation

To determine the non-cytotoxic dose range, freshly isolated mouse BMDMs were treated with different concentrations (0.1, 1, 10, 100, and 200 μg/mL) of EEEG for 24 h. As shown in Figure 1A, EEEG did not induce cell death at all concentrations tested. The concentrations of 100 μg/mL or lower were used for all the following experiments. Macrophages can uptake the excess lipids, differentiate into lipid-laden foam cells, and promote the progression of atherosclerosis (12). To investigate the effect of EEEG on macrophage foam cell formation, BMDM cells were pretreated with vehicle, or 0.1, 1, 10, and 100 μg/mL of EEEG for 24 h, followed by ox-LDL loading. The result showed (Figures 1B,C) that EEEG significantly reduced macrophage foam cell formation compared with vehicle control. Similarly, BODIPY staining showed that EEEG (1 and 10 μg/mL) significantly inhibited ox-LDL-induced intracellular lipid droplets accumulation in RAW264.7 macrophages (Figures 1D,E). These results suggested that EEEG effectively inhibited minimally modified lipid accumulation and macrophage foam cell formation.
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FIGURE 1
 EEEG treatment reduces macrophage foam cell formation. (A) Effect of EEEG treatment on BMDM viability. (B) Foam cell formation assayed by oil-red-O staining. Cells were incubated for 24 h with ox-LDL in the presence or absence of EEEG, followed by Oil red O staining. (C) Quantification of ox-LDL uptake by macrophages. (D) BODIPY staining of RAW 264.7 cells. Cells were incubated for 24 h with ox-LDL in the presence or absence of EEEG, followed by BODIPY staining. (E) Quantification of BODIPY fluorescence staining. Data are expressed as mean ± s.e.m., Statistical analysis was based on Graphpad Prism 9.0.2 software and a value of P < 0.05 was considered statistically significant. One-way ANOVA with Student Neuman-Keuls post-hoc test was performed to compare the data between multiple groups, *p < 0.05, ****p < 0.0001 vs. ox-LDL.




EEEG treatment reduces macrophage uptake of ox-LDL

The intracellular cholesterol transport is essential for maintaining cholesterol homeostasis and depends on cholesterol binding, uptake, and efflux (13). To determine which biological processes are affected by EEEG during the foam cell formation, cholesterol binding and uptake were evaluated by flow cytometry. As shown in Figures 2A,B, compared to vehicle control, EEEG (1 μg/mL) treatment did not change the surface Dil fluorescent intensity after Dil-oxLDL incubation up to 120 min. This result indicated that EEEG did not affect cholesterol binding in macrophages. Next, BMDMs were treated with Dil-oxLDL+EEEG for 2, 4, and 6 h, respectively. The results showed that compared with the Dil-oxLDL group, the number of positive cells in the Dil-oxLDL+EEEG group was significantly reduced at 4 and 6 h. The mean fluorescence intensity of the Dil-oxLDL+EEEG group was also significantly lower than that of the Dil-oxLDL alone group at 6 h (Figures 3A,B), indicating that EEEG reduced macrophage foam cell formation by decreasing uptake of ox-LDL.
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FIGURE 2
 EEEG treatment does not influence the surface-binding of oxLDL to macrophages. (A) Representative histogram plots of Dil-ox-LDL binding by macrophages. Cells were incubated for 30, 60, and 90 min with Dil-ox-LDL in the presence or absence of EEEG, followed by flow cytometry. (B) Quantification of the percentage of positive cells and mean fluorescence intensity values. DiI-ox-LDL-fluorescence is shown on the Y-axis and macrophages on the X-axis. Data are expressed as mean ± s.e.m., Statistical analysis was based on Graphpad Prism 9.0.2 software and a value of P < 0.05 was considered statistically significant. One-way ANOVA with Student Neuman-Keuls post-hoc test was performed to compare the data between multiple groups.
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FIGURE 3
 EEEG inhibits the uptake of oxidized low-density lipoprotein by macrophages. (A) Representative histogram plots of Dil-ox-LDL binding by macrophages. Cells were incubated for 2, 4, and 6 h with Dil-ox-LDL in the presence or absence of EEEG, followed by flow cytometry. (B) Quantification of the percentage of positive cells and mean fluorescence intensity values. DiI-ox-LDL-fluorescence is shown on the Y-axis and macrophage numbers on the X-axis. Data are expressed as mean ± s.e.m., Statistical analysis was based on Graphpad Prism 9.0.2 software and a value of P < 0.05 was considered statistically significant. One-way ANOVA with Student Neuman-Keuls post-hoc test was performed to compare the data between multiple groups, *p < 0.05, **p < 0.01 vs. ox-LDL.




EEEG reduces the expression of genes essential for ox-LDL uptake

Scavenger receptors and cholesterol transporters ABCA1 and ABCG1 are essential for cholesterol uptake and efflux (13). To examine the levels of gene expression involved in cholesterol uptake and efflux in BMDM cells before and after EEEG treatment, quantitative RT-PCR was used to detect the mRNA levels of Cd36, Sra1, Srb1, Abca1, and Abcg1. Consistent with the previous results (Figures 3A,B), the expression levels of Cd36 was significantly decreased after EEEG treatment (Figure 4). There was no significant difference in the expression of Sra1, Srb1, Abca1, and Abcg1 mRNA expression in the EEEG group compared with those in the vehicle control group. These results strongly suggested that EEEG may reduce the formation of foam cells by inhibiting cholesterol uptake but not cholesterol efflux via down-regulating scavenger receptors' expression levels of CD36. To evaluate whether the inhibitory effect of EEEG on foam cell formation was dependent on CD36. THP-1 cells were treated with PPAR-γ agonist, Rosiglitazone (RSG), PPAR-γ is essential for basal expression of CD36 (14), and the result showed a significant increase in lipid droplets in the ox-LDL + RSG group compared with ox-LDL group. After treatment with 1 μg/mL of EEEG, a significant reduction in lipid droplets was observed in the ox-LDL + RSG + EEEG group compared with ox-LDL + RSG group (Supplementary Figure 2), indicating that reduction of uptake of ox-LDL by EEEG may be dependent on CD36.
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FIGURE 4
 EEEG treatment reduces expression levels of genes involved in ox-LDL uptake. Expression levels of cholesterol homeostasis-related genes involved in uptake and efflux of ox-LDL in BMDM. Data are expressed as mean ± s.e.m., Statistical analysis was based on Graphpad Prism 9.0.2 software and a value of P < 0.05 was considered statistically significant. One-way ANOVA with Student Neuman-Keuls post-hoc test was performed to compare the data between multiple groups, *p < 0.05.




EEEG treatment attenuates atherosclerotic plaque formation in HFD-fed ApoE−/− mice

Macrophage foam cell formation is a hallmark of atherosclerosis (15). Since EEEG effectively inhibited lipid uptake and foam cell formation in vitro, we thus hypothesized that it might attenuate atherogenesis. To test this hypothesis, ApoE−/− mice were fed with HFD and treated with vehicle, 1, 2, or 4 g/kg of EEEG for 16 weeks. Full-length aorta and aortic roots were collected and stained with Oil red O, hematoxylin-eosin, and Masson's trichrome. As shown in Figure 5, the area of plaques from mice treated with EEEG was significantly lower than in vehicle treated mice. The size of plaques in mice administrated with 1 and 2 g/kg of EEEG was smaller in the aortic arch and abdominal aorta compared with mice fed with the vehicle. Consistently, the plaque area in the aortic roots from mice treated with 1 g/kg of EEEG was also markedly smaller than that in mice fed with vehicle (Figures 5A,B). In addition, collagen fiber contents in the aortic roots of mice treated with EEEG significantly increased as compared to those in mice fed with vehicle (Figures 5C,D). These results indicated that EEEG inhibits atherosclerotic plaque formation and enhances plaque stability in ApoE−/− mice.


[image: Figure 5]
FIGURE 5
 EEEG reduces atherosclerotic plaque areas in HFD-fed ApoE−/− mice. (A) Representative images of Oil-Red-O staining of entire aortas including the aortic arch, thoracic, and abdominal regions. (B–E) Quantitative analysis of aorta lesion areas stained with Oil-Red-O. (F) Representative images of H&E, Oil-Red-O, and Masson staining of aortic root. (G–I) Quantitative analysis of aortic root section lesion areas stained with H&E, Oil-Red-O, and Masson. HFD (n = 12), HFD+1 g/kg EEEG (n = 11), HFD+2 g/kg EEEG (n = 11), HFD+4 g/kg EEEG (n = 12), Data are expressed as mean ± s.e.m., Statistical analysis was based on Graphpad Prism 9.0.2 software and a value of P < 0.05 was considered statistically significant. One-way ANOVA with Student Neuman-Keuls post-hoc test was performed to compare the data between multiple groups, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. HFD.




EEEG inhibits macrophage content in atherosclerotic plaque

Next, the cellular composition of the plaques was examined by immunofluorescence staining. As shown in Figure 6, treatment with 1, 2, and 4 g/kg of EEEG significantly attenuated CD68+ macrophages in aortic roots by ~95.4, 56.2, and 86.1%, respectively, compared to vehicle-treated mice. Interestingly, α-SMA positive cells increased by 725, 256, and 304% in 1, 2, and 4 g/kg of EEEG-treated mice. Together with the collagen staining, as shown in Figures 5F–I, our results suggested that EEEG treatment promoted a more stable plaque phenotype in atherogenic mice.
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FIGURE 6
 EEEG treatment significantly inhibits macrophage infiltration in the aortic root of mice. (A) Representative images of CD68 (macrophages, red) and α-SMA (α-smooth muscle actin; green, smooth muscle cells) immunostaining of aortic root sections. (B,C) Quantitative analysis of macrophages and smooth muscle cell content in the aortic root sections. HFD (n = 5), HFD+1 g/kg EEEG (n = 5), HFD+2 g/kg EEEG (n = 5), HFD+4 g/kg EEEG (n = 5), Data are expressed as mean±s.e.m., Statistical analysis was based on Graphpad Prism 9.0.2 software and a value of P < 0.05 was considered statistically significant. One-way ANOVA with Student Neuman-Keuls post-hoc test was performed to compare the data between multiple groups, *p < 0.05, **p < 0.01, ***p < 0.001. ns, no significance.




EEEG treatment reduces cholesterol absorption in HFD-fed ApoE−/− mice

As shown in Supplementary Figure 3, EEEG significantly decreased serum levels of LDL-C, but did not change the serum levels of TC, TG, and HDL-C. Reverse cholesterol transport involves removing excess cholesterol from plaque and transporting it to the liver for degradation into bile acids (16). The expression levels of genes essential for cholesterol transport and metabolism in the liver and intestine were detected to examine whether EEEG treatment influenced the cholesterol transport and metabolism in HFD-fed ApoE−/− mice. The results showed that both 2 g/kg and 4 g/kg of EEEG treatment significantly reduced hepatic Srb1 mRNA expression levels; 1 g/kg of EEEG significantly up-regulated hepatic Cyp7a1 mRNA expression levels compared with the vehicle group. In addition, both 2 g/kg and 4g/kg of EEEG significantly up-regulated hepatic Cyp7a1 protein expression levels compared with the vehicle group (Figures 7A,C). No significant difference in mRNA expression of Abcg5/8 was observed between the EEEG group and vehicle group (Figure 7A). Furthermore, 2 g/kg of EEEG treatment significantly promoted Npc1l1 expression in the intestine. EEEG did not change the intestinal Abcg5/8 mRNA expression levels compared with the vehicle group (Figure 7B). These results showed that EEEG might effectively inhibit cholesterol absorption and promote cholesterol metabolism.
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FIGURE 7
 EEEG reduces cholesterol absorption in the liver and small intestine of mice. (A) RT-qPCR analysis of Abcg5, Abcg8, Srb1, and Cyp7a1 gene expression in liver. (B) RT-qPCR analysis of Abcg5, Abcg81, and Npc1l1 gene expression in the small intestine. (C) Expression of CYP7A1 in the liver of each group of mice analyzed by Western blotting. Data are expressed as mean ± s.e.m., Statistical analysis was based on Graphpad Prism 9.0.2 software and a value of P < 0.05 was considered statistically significant. One-way ANOVA with Student Neuman-Keuls post-hoc test was performed to compare the data between multiple groups, *p < 0.05, **p < 0.01, ***p < 0.001.





Discussion

Atherosclerotic cardiovascular disease is the leading cause of death in humans. Statins have significant lipid-lowering effects but are unsuitable for all patients with high cholesterol and can cause serious side effects. The flower of E. gardneri (Wall.) Meisn is commonly used in beverages to prevent and treat diabetes and cardiovascular disease in Tibet (9). For the first time, the present study shows that EEEG had an anti-atherosclerotic effect in apoE-deficient mice by restraining macrophage foam cell formation.

Foaming macrophages with subsequent fatty streaks formation contribute to the steady growth of atherosclerotic plaques (4). New drugs that inhibit macrophage-derived foam cell formation have important scientific significance for reducing the morbidity and mortality of the atherosclerotic cardiovascular disease. Various medical plants have been shown to possess anti-atherogenic properties by interfering with foam cell development (17). Some herbal extracts, such as Allium sativum or Ocimum basilicum, can inhibit foam cell formation in human macrophages by reducing scavenger receptor activity in vitro (18, 19). Other extracts, such as Cassia occidentalis and Moringa oleifera, are tested to hinder the development of foam cells in animals (20, 21). Furthermore, a growing body of evidence has shown that bioactive components of medicinal plants, such as flavonoids, gossypetin, and lycopene, suppress foam cell formation by regulating cholesterol transporter, lectin-like oxidized low-density lipoprotein receptor-1, acyl CoA cholesterol acyltransferase activity, and neutral cholesteryl ester hydrolase activity (22–24). This study demonstrated that the EEEG ameliorated ox-LDL-induced foam cell formation in RAW264.7 cells and bone marrow-derived macrophages. The flower of E. gardneri (Wall.) Meisn mainly contains flavonoids, coumarins, phenylpropan, triterpenoids, volatile oils, and other components. Flavonoids are among the key medicinal ingredients found in the flower of E. gardneri (Wall.) Meisn (25–27). Therefore, we speculated that flavonoids in the flower of E. gardneri (Wall.) Meisn played an important role in inhibiting the formation of foam cells, and further studies are warranted to confirm.

Macrophage cholesterol homeostasis is maintained by balancing the influx and efflux pathways. Cholesterol influx occurs by binding and uptake of neutral and modified lipoproteins mediated by SR-A and CD36. In contrast, cholesterol efflux is regulated by lipid-poor ApoA1 or HDL by ABCA1 and ABCG1, respectively (28). Decreased expression of SR-A and CD36 or increased expression of ABCA1 and ABCG1 block foam cell formation in macrophages (29, 30). Previous studies demonstrate that ox-LDL uptake by macrophages is prevented by herbal extracts, such as Syzygium cumini leaf extract, Rubus coreanus fruit extract, and medicinal plant decoctions (31–33). Here, we observed the EEEG reduced the uptake of Dil-ox-LDL by macrophages but had no noticeable effect on the binding of Dil-ox-LDL. In accordance with this result, expression of CD36 was markedly decreased, and expression of SR-A tended to be down-regulated by the EEEG. The expression of CD36 is tightly regulated by PPAR-γ in response to the stimuli (34). Therefore, we used the PPAR-γ agonist, Rosiglitazone to evaluate whether the inhibitory effect of EEEG on foam cell formation was dependent on CD36. After treatment with 1 μg/mL of EEEG, a significant reduction in lipid droplets was observed in the ox-LDL + RSG + EEEG group compared with ox-LDL + RSG group, and there was no significant difference between ox-LDL + EEEG group and ox-LDL + RSG + EEEG group (Supplementary Figure 2). The expressions of ABCA1 and ABCG1 were not altered in the macrophages. Collectively, these data implied that the EEEG inhibited macrophage-derived foam cell formation by decreasing uptake of ox-LDL via reducing expression of CD36. How EEEG reduces CD36 expression remains to be elucive.

As shown in Figure 5, the EEEG attenuated atherosclerotic plaque size and lipid content (oil-red-O staining) in ApoE−/− mice. EEEG treatment significantly decreased the macrophage-positive area in the aortic sinuses in HFD-fed ApoE−/− mice. Macrophage-derived foam cell formation plays a critical role in the early event of atherogenesis (35). The decreased macrophage-positive area and lipid content suggest EEEG may inhibit inflammation and lipid loading in atherogenesis in vivo. Collagen fibers are the main component of atherosclerotic lesions and are used as an index to evaluate plaque stability (36). The EEEG treatment increased the number of vascular smooth muscle cells and the amount of collagen fiber, indicating that the EG may stabilize atherosclerotic plaque. However, its underlying mechanism still needs to be uncovered.

Reverse cholesterol transport is a pathway that transports cholesterol from peripheral tissues to the liver and intestine for excretion (37). Srb1, Abcg5/8, and Cyp7a1 are involved in the uptake of cholesteryl esters, cholesterol excretion, and cholesterol metabolism in the liver, respectively. In contrast, intestinal sterol transporters Abcg5/8 and Npc1l1 are involved in the excretion of cholesterol from enterocytes into the lumen and absorption of cholesterol from the lumen into enterocytes, respectively. In this study, the medium and high doses of EEEG decreased the mRNA expression of hepatic Srb1 and intestinal Npc1l1. The low dose of EEEG increased the mRNA expression of hepatic Cyp7a1. Together, we inferred from the results that EEEG inhibited the uptake of cholesteryl esters in the liver and intestine and promoted the transformation of cholesterol into bile acid in the liver, which was dependent on the dose of EEEG.

In conclusion, our study demonstrated that EEEG decreased CD36-mediated ox-LDL uptake and macrophage foam cell formation ultimately inhibited atherosclerosis (Figure 8). This study shed light on understanding the anti-atherosclerotic effect and mechanism of the flower of E. gardneri (Wall.) Meisn.


[image: Figure 8]
FIGURE 8
 Edgeworthia gardneri (Wall.) Meisn attenuates atherogenesis in mice by inhibiting macrophage foam cell formation via decreasing CD36-mediated ox-LDL uptake. EEEG inhibited macrophage-derived foam cell formation induced by oxidized low-density lipoprotein (ox-LDL) by reducing CD36-mediated lipoprotein uptake. Furthermore, EEEG treatment significantly downregulated mRNA expression of hepatic Srb1 and intestinal Npc1l1 and increased expression of hepatic Cyp7a1, which may promote the reverse cholesterol transport and decrease the serum levels of cholesterol. In conclusion, EEEG may play a role in attenuating atherosclerotic plaque formation by reducing macrophage foam cell formation.
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Arterial dissections, which involve an abrupt tear in the wall of a major artery resulting in the intramural accumulation of blood, are a family of catastrophic disorders causing major, potentially fatal sequelae. Involving diverse vascular beds, including the aorta or coronary, cervical, pulmonary, and visceral arteries, each type of dissection is devastating in its own way. Traditionally they have been studied in isolation, rather than collectively, owing largely to the distinct clinical consequences of dissections in different anatomical locations – such as stroke, myocardial infarction, and renal failure. Here, we review the shared and unique features of these arteriopathies to provide a better understanding of this family of disorders. Arterial dissections occur commonly in the young to middle-aged, and often in conjunction with hypertension and/or migraine; the latter suggesting they are part of a generalized vasculopathy. Genetic studies as well as cellular and molecular investigations of arterial dissections reveal striking similarities between dissection types, particularly their pathophysiology, which includes the presence or absence of an intimal tear and vasa vasorum dysfunction as a cause of intramural hemorrhage. Pathway perturbations common to all types of dissections include disruption of TGF-β signaling, the extracellular matrix, the cytoskeleton or metabolism, as evidenced by the finding of mutations in critical genes regulating these processes, including LRP1, collagen genes, fibrillin and TGF-β receptors, or their coupled pathways. Perturbances in these connected signaling pathways contribute to phenotype switching in endothelial and vascular smooth muscle cells of the affected artery, in which their physiological quiescent state is lost and replaced by a proliferative activated phenotype. Of interest, dissections in various anatomical locations are associated with distinct sex and age predilections, suggesting involvement of gene and environment interactions in disease pathogenesis. Importantly, these cellular mechanisms are potentially therapeutically targetable. Consideration of arterial dissections as a collective pathology allows insight from the better characterized dissection types, such as that involving the thoracic aorta, to be leveraged to inform the less common forms of dissections, including the potential to apply known therapeutic interventions already clinically available for the former.
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arterial dissection, aortic dissection, spontaneous coronary artery dissection (SCAD), cervical artery dissection (CeAD), TGF-β, extracellular matrix, vascular smooth muscle cells (VMSCs), endothelial cells (ECs)


Arterial features define vulnerability to dissections

An arterial dissection is a structural failure of an arterial wall that results in an intramural bleed, which forms an intramural hematoma (IMH) that dissects the vessel wall. As the IMH expands it causes the ipsilateral vessel wall to bulge into the vessel lumen toward the contralateral wall, which in smaller diameter vessels leads to obstruction of blood flow. This obstruction prevents tissue perfusion causing ischemia and/or infarction. If the dissection is accompanied by an intimal tear, obstruction of the true lumen can be due to the IMH causing a thrombus that extends into and occludes the true lumen or can give rise to emboli that occlude distal arterial branches, resulting in micro-infarcts. The one exception to IMH-induced luminal occlusion is dissection of the aorta, which has a very large diameter, wherein the most concerning complication is not obstruction of blood flow or embolic events, but extension of the dissection into the pericardial space resulting in a hemopericardium that can causes pericardial tamponade, or extension of the dissection into a smaller diameter branch, such as a renal artery, resulting in renal ischemia or infarction. Dissections occur in medium and large arteries; with occurrences decreasing with diminishing arterial size (Figure 1). Clinically, dissections are often categorized by anatomical location. This localization predicates the medical specialty best-relating to the dissection – aortic and coronary artery dissections, which cause heart failure, are the focus of cardiologists; cervical dissections, which lead to migraines, or in severe cases, stroke, are the focus of neurologists. Despite the growth of vascular medicine as a specialty that bridges these anatomic regions, few reviews to date have considered these conditions collectively as a spectrum of diseases. Undeniable similarities between arterial dissections implicate common disease mechanisms. Aortic dissection, one of the best studied arterial dissection types, is associated with dysfunction of interlinked TGF-β signaling pathways, and disruption of extracellular matrix (ECM) structure, cytoskeletal function and vascular smooth muscle cell metabolism (1). Combining this research with increasing knowledge from other types of dissections and with heritable diseases commonly associated with arterial dissections will provide insight for better therapeutic intervention and prevention, which are severely lacking in many of these lesser understood dissection disorders.
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FIGURE 1
Arterial dissections are reported in large- and medium-sized arteries throughout the body at varying frequencies within the population. The risk of dissection varies with sex and age. Reported incidences correlate with average intimal medial thickness. Created with BioRender.com.


Dissections are thought to originate in two of the three arterial layers – in the innermost layer, composed of an endothelial cell (EC) monolayer (tunica intima; intima), and in the thick muscular middle layer (tunica media; media) composed of concentric layers of vascular smooth muscle cells (VSMCs) and ECM that together form the lamellar unit (2). The outermost layer, an ECM coating (tunica adventitia; adventitia) is not a site of dissection-initiation (Figure 2).
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FIGURE 2
Typical architecture of medium to large, elastic and muscular arteries. Arteries comprise of three layers – the tunica intima is the innermost layer consisting of an endothelial monolayer; abluminal this monolayer is an ECM membrane located between the intima and the media, the latter being the second layer of the artery. The tunica media is concentrically layered with lamellar units of VSMCs bounded by elastin- and collagen-rich fibers. In larger arteries, the media is perfused by capillaries known as vasa vasorum, which enter the media through the outermost layer, the tunica adventitia; an ECM and fibroblast-rich layer. Created with BioRender.com.


These arterial layers vary anatomically. As muscular arteries branch further away from the heart their thickness decreases because of a decreasing number of lamellar units within the tunica media. This muscular layer provides the mechanical qualities – distensibility and elasticity – of a vessel. Without these properties, the vessel would lack compliance, resulting in excessive pressure within the vessel that would impair the ejection of blood from the heart. These large conduit arteries are also referred to as elastic arteries, owing to their high levels of elasticity facilitated by an abundance of elastin-rich ECM. As vessel size decreases, the amount of ECM, relative to VSMCs, is reduced. Medium-sized vessels are thus referred to as muscular arteries (or distributing arteries). As arteries branch further into resistance vessels, the media is further reduced (3). Dissections have not been reported in resistance vessels. Branching of arteries adds complexity in vascular structure, contributing to arterial microenvironments. For example, non-linear vessel morphology, including divergent junctions or bifurcations, exposes differing arterial regions to varying blood flow forces (shear stress).


Elastic and muscular arteries require vasa vasorum

Larger arteries that exceed 29 lamellar units or are >5 mm in thickness (with the exception of the coronary arteries) have vasa vasorum, which are required for perfusion and oxygenation of the arterial wall (4). Functionally, vasa vasorum are end arteries, terminating close to the adventitial-medial layer and are drained by postcapillary venules (5, 6). The vasa vasorum capillary bed is highly irregular, forming kinks, twists, and outpouchings (7, 8). Typically, vasa vasorum perfuse only the outer two-thirds of the medial layer, the inner third being oxygenated by diffusion from the lumen. However, under pathological conditions, such as atherosclerotic plaque-formation where there is a barrier to oxygenation via luminal diffusion, vasa vasorum can extend inward toward the lumen to also perfuse the subendothelial tunica media (9, 10). While medial vasa vasorum are required for perfusion of the media in muscular arteries, such as the thoracic aorta, muscular veins and the pulmonary artery, thinner-walled vessels, such as the abdominal aorta, only have adventitial vasa vasorum, which are not essential for perfusion and integrity of the medial layer (11).

Flow in medial vasa vasorum has been largely understudied except in the aorta, so the physiology of vasa vasorum flow remains unclear. It is unknown, for example, if and to what extent flow in medial vasa vasorum is supported by their own VSMCs and/or pericytes, and whether or not flow in the vasa vasorum is dependent on compressive forces, such as peristaltic pressure of the media resulting from VSMC contraction (11, 12). The scale and structure of the vasa vasorum confer several interesting microfluidic properties: (1) Flow of blood through these vessels will mostly be laminar, as viscous forces dominate over inertial forces at these scales, as evident from Reynolds Number (Re, below), however, both eddies and to some extent turbulence can be induced following intimal failure, leading to flow disturbances;
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where ρ is fluid density, v is fluid velocity and L is vessel length, and μ is fluid viscosity.

(2) The circumferential stress (σ, below), derived from Laplace’s Equation, acts perpendicular to the radius of the lumen. For small vessels circumferential stress is relatively low, as it scales directly with internal pressure. This acts to dilate the vessel, the radius of the lumen and the thickness of the vessel wall (13, 14). Vasa vasorum lumens range from ∼2 μm to 329 μm, with an average luminal size of ∼40 μm (15). A vessel of this size should accommodate the pressure moving through an artery, at diastole, without failing. As such, failure of the vasa vasorum by pressure overload is unlikely, unless the surrounding environment no longer provides the required compressive forces;
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where P is internal pressure, r is lumen radius and w is wall thickness.

Placing the above relationship into context, arteries on average, have an inner lumen that is 25 times larger than that of the vasa vasorum. To reduce stress within the arterial wall, the wall thickness must increase. The average arterial wall can be 150 times thicker than the average wall thickness of the vasa vasorum (assuming wall thickness of an average arteriole) (16).

(3) To a certain extent, the vasa vasorum can be expected to exhibit viscoelasticity to accommodate the sudden rise in pressure, which results in rapid, non-linear dilation of the lumen that tapers off if the pressure is maintained. The extent to which the vasa vasorum is compressed or dilated depends on the surrounding tissue, including the ECM and its constituents exhibit both viscoelastic and strain-stiffening behavior (17);

(4) The flow of blood through the vasa vasorum, from the adventitia to the media, scales directly with pressure, as given by the Hagen–Poiseuille Equation (below) and inversely with length of the vessel, i.e., the longer the vessel, the lower the flow rate (Q). The high degree of tortuosity of the vasa vasorum has several effects: while the vessels are better protected from longitudinal strains, the increase in vessel length increases the pressure required to drive blood from their entry point in the adventitia to their termination in the media and on to the postcapillary venules;
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where, r is vessel radius, ΔP is pressure difference, μ is viscosity and L is vessel length.

(5) The localization of vasa vasorum in the outermost section of the media is proposed to be a function of the compressive pressure exerted by the surrounding matrix and the underlaying luminal pressure (18). The extent to which the vasa vasorum propagate axially through the media depends on the pressure drop across the vessel (△P = pressure at inlet – pressure at outlet) and the point at which luminal pressure overcomes the necessary pressure to drive blood throughout the length of the vessel (pressure at lumen > pressure at outlet).

Anatomical differences in vasa vasorum are evident. The coronary arteries, while relatively thin walled, are exposed to large cyclical deformations, owing to the movement of the heart. Cyclical compression of vasa vasorum significantly reduces flow rate within the vessels, reducing nutrient exchange and oxygen delivery. As such, it is unsurprising that the density of vasa vasorum in coronary arteries is higher than that of carotid or renal arteries and is almost 10 times greater than that of the femoral arteries. In the case of the femoral artery, a high density of vasa vasorum is not required as its vasa vasorum do not undergo cyclical compression and, as such, are able to maintain relatively constant blood flow with fewer branches and with slightly larger luminal diameters (∼22%) (19).

There are also structural and site-specific differences between the vasa vasorum of different arteries. The endothelial-surface-fraction (endothelial surface area/vessel wall volume) of the coronary artery vasa vasorum exceeds that of renal or femoral arteries by threefold, while the vascular-area-fraction (vasa vasorum area/vessel wall area) of the coronary artery vasa vasorum is roughly twice as high (20). Accordingly, the vasa vasorum within the coronary arteries are designed to withstand higher pressures, permitting greater perfusion than the vasa vasorum of other arteries. Disruption of blood flow through the vasa vasorum has been shown to increase tissue stiffness leading to detachment of the layers near the adventitial-medial border. This suggests that the vasa vasorum play a vital role in aortic wall integrity (15). As tissue stiffens, the artery is less efficient at dampening oscillations and pulsatility arising from systolic and diastolic phases of the heart, resulting in greater flow instability. This instability can be characterized by the Womersley number (α, below) representing the ratio of unsteady forces to viscous forces (21). The Womersley number is very small in the vasa vasorum (0.1), indicating that viscous forces dominate within these vessels and are well dampened from pulsatility. In contrast, main arteries are exposed to pulsatility that is approximately 100 times larger than for vasa vasorum (22). For example, the Womersley number for the ascending aorta, thoracic aorta, abdominal aorta and the femoral artery are 17.8, 12.1, 7.38, and 3.14, respectively (23).
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where Dm is the diameter of the vessel, p is fluid density, f is heart rate and μ is blood viscosity.

Theoretically, to allow vasa vasorum blood flow in the absence of a supporting muscular layer requires that the distending forces or hydrostatic pressure within the vasa vasorum exceed the compressive forces in the media (12, 24). The efficacy with which arteries maintain the appropriate level of distensibility and elasticity to allow appropriate flow – both at the tissue and cellular level – is subject to the appropriate ECM composition and, thus, physical properties, as well as structural, and metabolic proteins. Expression of these proteins is influenced by environmental factors, such as sex, aging, and lifestyle.



Endothelial cells are the first layer of defense in arteries

The EC monolayer forming the intima is the first line of protection against infection and injury, acting as a selectively permeable barrier to prevent toxin- and pathogen-entry into tissues, and is an important interface between the immune system and its cognate perfused tissues. Critical to vascular function, ECs are one of the main factors governing vascular tone (25). EC communication with the underlying VSMCs modulates vasodilation via the gaseous messenger nitric oxide (NO) secreted following VSMC contraction. NO signaling by ECs has been shown to regulate not only VMSC contractility, but also ECM composition (26), as well as inhibiting platelet aggregation (27) and regulating VSMC metabolism and proliferation (28, 29).

Of particular relevance to arterial dissections, ECs also play a key role in mediating the response to injury. ECs and megakaryocytes are the only cells that produce the glycoprotein, von Willebrand factor (vWF), a carrier protein for factor VIII required for blood coagulation (30). Following damage to the intima, vWF binds to platelet membrane glycoproteins and exposes ECM to mediate platelet adhesion leading to clot formation. The majority (95%) of vWF is secreted constitutively by ECs, however, 5% is retained by ECs and stored in cellular vesicles known as Weibel–Palade bodies, ready for localized release if required (31). EC-derived extracellular vesicles are important in mediating VSMC activation. Extracellular vesicles derived from rat ECs that were subjected to serum depletion were found to alter the VSMC proteome by upregulating VSMC stress responses as well as cellular metabolism (32).


Endothelial cell identity is fluid

The body is estimated to contain 2.54 ± 1.05 × 1012 ECs (33). Under physiological conditions quiescent ECs have an average lifespan of approximately 6 years and account for only ∼0.1% of the daily turnover of all cells (34, 35). Under conditions of growth or injury, ECs are activated, becoming “synthetic” or “secretory,” through upregulation of proliferative and secretory pathways [(36); Figure 3]. There are many subtypes of activated ECs, perhaps best defined by the inducing stimulus. Activation can be induced by blood vessel growth (angiogenesis) through growth factor signaling, such as by fibroblast growth factors (FGF) and vascular endothelial growth factor (VEGF), which upregulate proliferative, migratory, and invasive processes. Disturbances in blood flow force (shear stress), and inflammation (acute and chronic) can activate ECs. These activated cells upregulate inflammatory processes, including expression of inflammatory proteins such as VCAM1 and ICAM1, which promote immune cell infiltration (36, 37). Recent hypotheses propose that this inflammatory type of EC dysfunction occurs in response to SARS-CoV-2 infection (38).
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FIGURE 3
Phenotypic changes in the cellular and extracellular components of the artery in response to injury/infection. Created with BioRender.com.




Anatomy and sex influence endothelial cell identity

Quiescent ECs vary anatomically. A recent single cell sequencing analysis, which allowed the development of the first murine endothelial atlas, studied over 32,000 cells from 11 anatomical regions and identified 78 subclasses of ECs based on their transcriptome (39). This work confirmed earlier findings from DNA microarray analysis of ECs originating from different tissues and vessel types (40). These studies found that ECs group by vessel type, such as artery and vein, and also showed heterogeneity amongst cell types. Interestingly, ECs were found to have upregulation of pathways that were relevant to their anatomical origin – for example, ECs from the blood-brain barrier were upregulated for solute transport processes, while ECs derived from the liver and spleen, organs that filter and protect from pathogens, were upregulated for scavenging and immuno-regulating processes (40). Anatomical region and vascular type variations in ECs are not surprising given differences in the stimuli to which these cells are exposed. A study of human umbilical vein ECs from the same donor displayed variation in both their proteomes and lipidomes following exposure to differing shear stress (5 vs. 15 dynes/cm2) (41). These differences may represent potential anatomical vulnerabilities, rendering ECs from certain arteries more susceptible to particular stressors than others.

Endothelial cell populations also differ on the basis of sex. A comparison of umbilical vein EC transcriptomes between boy-girl twin pairs at birth indicated sex-specific differences in a number of pathways, such as enrichment in females for epithelial to mesenchymal transition and hypoxia, and in males the unfolded protein response and protein secretion (42). The same comparison was made in human adults (from the general population) and sex differences were again found, though some pathways were different, suggesting a sex hormone (rather than sex chromosome) effect whereby females had an enrichment for estrogen response pathways (early and late), while males had an increase in TGF-β pathway transcripts (42). These variables could contribute to risk of vascular diseases – including dissections – positively or negatively. Defining what is a healthy baseline EC expression profile will likely provide important insight into vascular diseases.




Vascular smooth muscle cells are essential for structure in medium to large arteries

Under normal physiological conditions, VSMCs are contractile cells with a spindle-shaped morphology, reinforced by a well-ordered array of cytoskeletal proteins, including myosin heavy chain 11 (MYH11), α-smooth muscle actin (ACTA2), calponin (CNN1), and transgelin (TAGLN). Cellular contractility places a large metabolic demand on VSMCs. Yet, despite the advantage of oxidative phosphorylation in terms of energy economy, VSMCs use a combination of both oxidative phosphorylation and glycolytic metabolism to an almost equal extent when measured at rest (43). It is hypothesized that this acts to buffer energy depletion and prevent an ATP crisis (44), but persistent use of aerobic glycolysis (i.e., the Warburg effect) is also consistent with continued proliferation of VSMCs, even in adulthood. Despite these high energy demands, VSMCs are relatively long lived with a half-life of 270 – 400 days (45).


Vascular smooth muscle cell identity is also fluid

Like ECs, VSMCs can also undergo phenotypic switching from the physiological contractile phenotype to a highly proliferative synthetic cellular state in response to certain cues, such as injury (Figure 3). Under stress conditions, expression of cytoskeletal proteins, including MYH11, ACTA2, CNN1, and TAGLN, is reduced as cells switch from the contractile to a synthetic state. Earlier research defined synthetic VSMCs as cells that assume a more rounded morphology and have increased proliferative, secretory and migratory properties (46). Phenotype switching to the synthetic state coincides with a metabolic shift to increased reliance on glycolysis (47). Molecular triggers such as PDGF-BB, TGF-β, actin A, retinoids, angiotensin II, TNF-α, IGF-I, -II, endothelin-1, and NO as well as reactive oxygen species and a reduced glutathione (GSH) redox status, can all modulate the activation state of VSMCs (46, 48, 49). Activation can also be mediated by shear stress – synthetic VSMCs supplemented with media from ECs, even under low physiological stress (12 dynes/cm2), will upregulate contractile markers (50). VSMC phenotype has also been shown to be regulated epigenetically and the capacity for phenotypic modulation appears to be conserved across species, having been demonstrated in rats, pigs, cows, and humans (46, 51, 52).

Increased understanding of VSMC phenotypic switching has led to the traditional binary classification of contractile and synthetic being reconsidered, since it is now clear that synthetic VSMCs can transdifferentiate into several different lineages, including foam cells, macrophage-like VSMCs, myofibroblast-like VSMCs and osteoblast-like VSMCs [reviewed in (53)]. The field has been aware that these synthetic subtypes exist (51), however, it is only with recent technologies, such as advanced lineage tracing and single cell RNA-Seq, that they have been explored in detail. Single cell sequencing analysis of aortic tissue indicated that the tunica media consists of five VSMC-like clusters, which are grouped according to their gene expression profiles and indicate pathways associated with contraction, stress responses, and cell cycling (with both low and high contractile protein expression), and also fibroblasts (54). The capacity of VSMCs to regulate these processes is well documented to be perturbed in many vascular diseases, particularly atherosclerosis [reviewed in (55)], but to date has not been well explored in terms of its involvement in arterial dissection pathophysiology. VSMC phenotype switching has been described as a pathological mechanism of aortic dissections (56), though importantly, this phenomenon is yet to be considered for other arterial dissection types, such as spontaneous coronary artery dissection (SCAD) or cervical artery dissection (CeAD). How synthetic VSMCs are activated in arterial dissections may differ between dissection subtypes in other vasculopathies and this knowledge is likely critical for understanding how and why these various vasculopathies occur.

Signaling from ECs is important for VSMC phenotype switching. VSMCs never exist in vivo without some proximity to ECs. Although separated by the internal elastic lamina, this layer offers little resistance to direct chemical communication between these cells as it is fenestrated, or discontinuous and fibrous (57). It has long been established that interactions between ECs and VSMCs affect cell morphology and proliferation of both these cell types (58). Studies of bovine aortic VSMC and EC co-cultured but separated by a permeable polyethylene terephthalate membrane, mimicking the internal elastic lamina, indicated a 56% increase in VSMC proliferation when VSMCs were co-cultured opposite ECs compared to VSMC-only cultures. Notably, the VSMCs co-cultured with ECs retained a spindle shape, whereas VSMC-only cultures were epithelioid in appearance (58), consistent with a contractile and synthetic phenotype, respectively (46). It is not clear how well these co-cultures reflect in vivo conditions where VSMCs vary in proximity to the ECs of the intima and vasa vasorum, however, 3D cultures of VSMCs and ECs may provide insights into their relationship in the context of phenotype modulation.



Anatomy and sex influence vascular smooth muscle cell identity

Like ECs, VSMCs vary based on anatomical location and between sexes. Reduced intimal-medial thickness, owing to a lower abundance of VSMC is observed in females (59, 60). Single cell RNA transcriptome analysis demonstrated sex-specific differences in the expression of collagen in murine aortic-derived VSMCs (54). More recently, a single cell study also highlighted that key drivers of atherosclerosis differ between sexes – unique VSMC phenotype-modulating mechanisms underpinning an increased risk of atherosclerotic lesion development in females (61). Collectively, these data highlight that like ECs, in both health and disease VSMC identity is highly nuanced with regards to the influence of sex.




The extracellular matrix provides the structural qualities of the vasculature

It would be remiss to discuss the cells of the vasculature without also considering the most abundant feature of the arterial cell landscape – the ECM. A fascinating, dynamic environment, it is irrefutably a major player of the vasculature and is as important as the ECs and VSMCs themselves. The ECM accounts for up to 60% of the dry weight of a large vessel (2). Critical to the structure and function of the arterial wall, the ECM provides elasticity and distensibility, and acts to provide critical signals, both directly by interacting with adhesion molecules such as integrins, and indirectly, as a reservoir for signaling factors. ECM composition differs within the vessel wall, including that adjacent to ECs, in the lamellae formed by VSMCs, as well as at the interface between the contractile and non-contractile layers (intima-media and media-adventitia). Differences in ECM composition are critical for providing the specific mechanical and biochemical properties required to facilitate appropriate signaling for each unique microenvironment of the vessel wall, and for maintenance of arterial homeostasis (62).

There are two major macromolecules within the arterial ECM: elastic fibers and collagen fibers. Elastic fibers comprise a diverse range of ECM species, including elastin, fibrillin, microfibril-associated glycoprotein-1, latent TGF-β, decorin, biglycan, versican, microfibrillar-associated protein, tropoelastin, lysyl oxidase, fibulin, vitronectin, amyloid, collagens, and endostatin (63). Elastin is attributed with providing distensibility in the vessels and distributing stress onto collagen (64). Encoded by ELN, elastin is the major component of elastic fibers. Like collagen, elastin is also expressed variably in different anatomical locations (3). Decreases in elastin expression during development have been shown to result in thickening of lamellar units and increased abundance of VSMCs, which is thought to compensate for the reduced elasticity normally provided by the elastin in the ECM layer of the lamellae. Elastin insufficiency has been linked to hypertension in later life in both mice and humans (65).

Collagen fibers are comprised of bundles of collagen fibrils, which are formed from collagen triple helix bundles (each collagen triple helix being made up of three collagen chains). Collagen is the most abundant protein in mammals. There are many types of collagen chains – over 44 chains have been recognized (66). Different collagen types provide different mechanical properties, such as stiffness or elasticity (67). In arteries, collagen is the greatest facilitator of the contractile changes that occur and is attributed with defining the stiffness of vessels (64). The abundance of total collagen and collagen subtypes in the vasculature is not universal (67, 68), with differences in variables such as anatomy, sex, ethnicity and age still to be cataloged.


The extracellular matrix is essential to cellular identity

The ensemble of ECM proteins, known as the matrisome, encompasses 300 different proteins that provide the elegant and complex extracellular environment required to maintain cellular identity (66, 69). Both VSMCs and ECs contribute to the generation and modification of the arterial ECM, which is established during development, and has low turnover in adult life, except for alterations with aging, disease, and injury. For example, once established at birth, elastin turnover is thought to be only 1% per annum (70). Experiments as early as the 1980s showed that altering the ECM on which VMSCs are grown drastically changes the morphology of VSMCs, highlighting the importance of consistency in the ECM. Male rat aortic VSMCs change their phenotype, including their shape, attachment, and spread in vitro, with alterations in fibronectin, laminin, collagen IV or peptide coating (71). Even changes to the conformation of collagen can influence cellular phenotype: collagen 1 in its fibrillar form promotes a contractile VSMC phenotype, whereas monomeric collagen 1 activates VSMC proliferation, indicative of encouraging a synthetic phenotype (72). Elastin is similarly essential – in cultured primary porcine VSMCs, elastin reduces proliferation and migration in an inverse dose-dependent manner, while in ECs, proliferation was only reduced once elastin reached a threshold concentration (10 mg/mL) (73). Additionally, homozygous elastin knock-out-derived murine VSMCs express reduced levels of contractile myofilament-associated proteins, including ACTA2, CNN1 and TAGLN. The mechanisms driving this shift in phenotype have led to the finding that elastin can activate a G protein-coupled pathway leading to the inhibition of adenylate cyclase, which causes a reduction in cAMP levels and stimulates actin polymerization (74).

The mechanical properties of the arterial ECM modulate cellular phenotypes. Increased extracellular stiffness has been shown to influence an array of cellular properties, including focal adhesion expression and cytoskeletal structure (75, 76). Stiffness also influences expression of plasticity proteins. A study into the effects of altered substrate stiffness on mesenchymal stem cells (vascular progenitors) found that expression of the Yamanaka factors’ Nanog, Sox2, and Oct4, decreased with increased stiffness (77). This same study also found that reduced stiffness resulted in a more relaxed nucleus, leading to the speculation that this allowed for an increase in euchromatin that facilitated increased pluripotency gene expression (77). Interestingly, increased motility in the presence of a stiffer substrate, a response known as durotaxis, has been shown when VSMCs were plated on fibronectin, but not laminin, and an inverse relationship has been shown in a recent study comparing migration of VSMCs on collagen (migration decreased with increased stiffness) and fibronectin (again, migration increased with an increase in substrate stiffness) (78, 79). Together these studies suggest the effects of extracellular substrate stiffness rely not only on the mechanical properties of VSMCs but also on ECM composition.

The ECM provides a critical reservoir for growth factors and signaling compounds, such as TGF-β. TGF-β signaling is fundamental in mediating both EC and VSMC proliferation, cell death, migration and adhesion, cytoskeletal organization, as well as in regulating the ECM itself (80). This signaling is nuanced – eliciting differing effects depending on cell type, concentration, and receptor presence (81). In ECs, for example, TGF-β binding to the TGF-β receptor 2 (TGFβR2) and the ALK5 complex elicits downstream SMAD2/3 signaling, which inhibits proliferation and migration and, thereby, maintains quiescence. Conversely TGF-β interaction with the TGF-βR 2 and the ALK1 complex activates SMAD1/5 signaling, stimulating proliferation and migration (82). TGF-β is stored in a latent form in the ECM. Under normal physiological conditions, latent TGF-β is activated by cleavage of its propeptide (latency-associated protein) by furin. This activation occurs via a number of mechanisms, the primary being integrin activation (80).



Anatomy and sex influence arterial extracellular matrix

Given the complex variability in arterial cell identity, it is unsurprising that arterial ECMs vary beyond simple differences in abundances of collagen fibers and elastin fibers. The overall composition of the ECM varies in different anatomical regions – as aforementioned, expression of the ECM in ECs and VSMCs varies throughout the vascular tree. A microarray study of blood vessels harvested post-mortem indicated distinct differences in mRNA expression of ECM protein-encoding genes. Thus, ECM proteins, including collagen subtypes 5α1/2, 4α1 and 4α2, as well as many ECM interacting proteins, such as integrins, were found to be differentially expressed across anatomical regions, with a distinct partitioning when grouped by vessel size (83).

Given the differing functional requirements of the layers of the artery, vascular ECM must also vary in composition at the microenvironment level. The interfaces of the arterial layers must facilitate the coalescence of two differing cell types, which differ in function, and, therefore, structure. Endothelial ECM is characterized by great asymmetry in its composition – the luminal surface of ECs lacks the structural components of collagen and elastin fibers. Instead, the extracellular space is covered in a fragile mesh-like layer of polysaccharides, proteoglycans, glycoproteins and glycosaminoglycans, termed the glycocalyx, that appropriately translates to “sweet husk.” This layer, which appears almost as a fur lining, retains hyaluronan and heparan sulfate to create a hydrostatic pressure gradient (84). It plays an important role in preventing pathogen entry, and facilitating the diffusion of required nutrients (85). On the reverse, intramural side of ECs, the intimal-medial interface must facilitate the interactions of ECs with the contractile VSMCs of the media. Similarly, the ECM of the media, so integral to facilitating pulsatility, must coordinate the recurring units of VSMCs, yet it must also permit reticulation of vasa vasorum from the adventitia into the media.

Further to this complexity, artery composition and stiffness also varies based on sex and aging. Artery size varies with sex; average female arteries are smaller than their male counterparts (86, 87). Arterial stiffness increases with age. Rates of change are, however, sex-dependent such that arterial stiffening accelerates after the onset of menopause, reversing the trend in women, who, relative to men, have more compliant vessels (88, 89). This phenomenon is also observed in non-human primates (90). This relationship has been attributed to sex hormone levels such as estrogen and progesterone, which are lower in men, and which decrease in menopausal women. Progesterone and estrogen have been demonstrated to alter ECM deposition by VSMCs in vitro, thus reduced ECM regulation by these hormones is suspected to contribute to this increased arterial stiffness (91). However, a recent study of 339 women found that the arterial stiffness increase that occurred within the year following their final menses did not correlate with either estrogen or follicle stimulating hormone levels, though this study did not examine progesterone levels (92).





Arterial cells and extracellular matrix dysfunction prime arteries for dissection

Arterial dissections occur when arterial structure is compromised, and, except for aortic dissections, development of an IMH prevents perfusion by the artery. Dissection falls into two categories (Figure 4): (1) an IMH forms within the media, while the intima remains intact, or (2) the integrity of the intimal layer is compromised resulting in the formation of a false lumen due to blood flowing into the medial layer of the artery from the true lumen, resulting in an IMH. It is not clear if this tear in the intima is a primary event or is secondary to expansion of an existing IMH, however, angiography, which requires the use of a thin guidewire for catheter placement has been known to cause an iatrogenic intimal tear and/or to exacerbate a spontaneous dissection.
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FIGURE 4
The two pathologies of arterial dissections: bleeding within the tunica media results in intramural hematoma formation with separation of the tunica media layer to create a false lumen that causes occlusion of the true lumen of the vessel, thereby preventing tissue perfusion. Some dissection events are associated with tunica intima tearing (intimal failure). Created with BioRender.com.


Collectively, the localization of dissections within arteries implicates perturbations of ECs, VSMCs and/or arterial ECM in the etiology of arterial dissections. Schievink and colleagues, proposed in their 1994 review that primary arteriopathies are the result of single ECM protein mutations, the phenotypes of which are predicated on the distribution (and abundance) of ECM expression in different organs (93). Based on these considerations, it seems reasonable to hypothesize that the composition of different arteries is predicated on their mechanical requirements, and that dysfunction in critical ECM components at an anatomical position will predispose the vascular structure to dissection at such locations. It could also be speculated that the subtypes of dissection correlate with a specific Achille’s heel of arterial architecture i.e., that the various ECM compositions at different cellular interfaces of the artery (EC-EC, EC-VSMC, VSMC-VSMC, and EC-ECM layer, VSMC-ECM layer) serve as points of mechanical weakness when compromised by aberrant protein expression, with such weakness predisposing to dissection. Extending this notion, perturbations in EC and VSMC function, particularly VSMC contractility, may similarly compromise arterial integrity and contribute to susceptibility to dissection.



Spontaneous arterial dissections

Spontaneous arterial dissections occur both in association with connective tissue diseases as well as independently, in otherwise seemingly healthy individuals. A commonly held hypothesis is that spontaneous arterial dissection events occur according to a two-hit model – requiring a genetic burden to predispose an individual to a dissection, and an environmental trigger to precipitate the event. Many of the pathways and genes that have been associated with spontaneous arterial dissections are shared amongst different dissection types, as discussed below.

Spontaneous arterial dissections may occur in many different anatomical locations, such as the cervical arteries and aorta, or there may be multiple dissections in one area, such as in multiple branches of the coronary artery (94). This strongly suggests that there are likely mechanistic subtypes of arterial dissection. Simultaneous artery dissections have been reported – one case study reported seven arterial dissections within 24 h of hospital admission in both iliac arteries, inferior mesenteric, renal, splenic and celiac arteries (95). Although no phenotypic features of connective tissue diseases were evident, genetic screening of the 28 vascular dissection and aneurysm-associated genes (a connective tissue disease panel) identified a variant in COL3A1 (c.3199A > T, Ser1067Cys). The clinical significance of this variant is unknown; these amino acids differ only in one functional group whereby an alcohol in serine is replaced by a thiol group in cysteine (95). As there were other family members who were also homozygous for this variant with no history of vasculopathy, further investigation, such as whole genome sequencing (WGS) and cellular and molecular studies, is needed to elucidate the mechanisms causing this extreme phenotype.

Importantly, there are reports of family members carrying variable penetrance risk variants, who have no notable disease features and who have not suffered from a dissection (1, 96, 97). Whether there is a protective genetic element present in these individuals, or if the right positive environmental cues (or lack of negative environmental cues) are also present, is unclear. Future integration of WGS information to determine polygenic risk scores for dissection may be helpful for these individuals. The asymptomatic state yields hope that therapeutic intervention, to upregulate protective cellular processes, once defined, could prevent future dissections in family members at risk, and those at risk of recurrent dissections.


Diseases affecting vascular extracellular matrix are associated with increased risk of arterial dissections

Increased risk of arterial dissections in a number of diseases that affect vascular integrity suggests a genetic predisposition to dissections. Patients with connective tissue syndromes including Ehlers–Danlos, Marfan syndrome, Loeys–Dietz, Alport, as well as those with osteogenesis imperfecta (brittle bone disease), polycystic kidney disease, and fibromuscular dysplasia (FMD), commonly report dissections in the aorta, coronaries, and/or cervical arteries. Pathogenic variants causing these conditions are overwhelmingly ECM-related (Table 1). Sexual dimorphism is reported in many of these conditions– for example in a study of vascular Ehlers–Danlos patients, men were more common in the aortic dissection cohorts, while women dominated in the SCAD and CeAD Ehlers-Danlos cohorts. While larger studies are needed to further validate these findings (98), this theme of sex-related differences is prominent among the different types of arterial dissection.


TABLE 1    Arterial dissection associated conditions.
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Aortic dissections

The aorta is the largest artery in the body, and the most common artery to dissect. It is subjected to the highest pressure of any artery, being the first to receive ejected, oxygenated blood from the heart. It is estimated that 1–2% of all deaths in the Western world are caused by weak and defective aortic structure (99). Thoracic aortic dissections are the most common catastrophic vascular structural failure, exceeding that of ruptured abdominal aortic aneurysms. Taking into account cases that are lethal prior to hospital admission, the annual prevalence of aortic dissections is 15 cases per 100,000 people (100).


Aortic dissection pathology

There are numerous clinical classification systems for aortic dissections. Traditional anatomical-based classification systems remain popular – namely the ternary DeBakey system (101) and the binary Stanford system (102), both of which classify dissections according to the extent of involvement of the ascending and/or descending aorta. Aortic dissections are also commonly classified by their anatomical locations into thoracic and abdominal regions. The majority (62.3%) of aortic dissections occur in the ascending portion of the aorta and are considered thoracic aortic dissections (103). Newer classification systems have been proposed, some of which consider features of pathology (e.g., where, within the vessel wall, the dissection forms; if the dissection was iatrogenic, and if atherosclerotic plaques were present) that provide useful information for understanding the underlying mechanisms. However, these have not yet been widely adopted (104, 105). It has been proposed that dissections occur at areas of the aorta subjected to the largest pressure changes; a notion supported by computational flow predictions (106). Vasa vasorum dysfunction is also increasingly recognized as being central in aortic dissection pathogenesis (107). This is strongly evidenced by a porcine study wherein occlusion of aortic vasa vasorum was sufficient to cause aortic dissection (108). Further investigations into vasa vasorum dysfunction are urgently needed.



Conditions and risk factors associated with aortic dissection

As the most common type of arterial dissection, aortic dissections are also the most well-defined in terms of associated risks. Sexual dimorphism is evident with males accounting for 67.5% of cases (109). Women who experience an aortic dissection tend to be older. Analysis of the International Registry of Acute Aortic Dissections revealed that of patients under 50 years old, males represented 80% of cases, however, this divergence steadily drops with age, reaching an almost 1:1 male:female ratio in patients over 75 years old (103). Notably, this study also showed dissection location partitioned with age – the mean age of patients suffering from an ascending aortic dissection was significantly younger than those who developed other aortic dissections.

Hypertension is a strongly linked risk factor for aortic dissections. In a Swedish study of thoracic and abdominal aortic dissections, hypertension was present in 86% of individuals (109). Smoking, which has been linked to hypertension, as well as general vascular damage, is also a high risk factor (110, 111). It is unclear whether this association is due to smoking causing hypertension, arterial damage, or both, and/or to another explanation entirely. Other agents that cause vascular injury have also been linked to aortic dissection including infections, such as syphilis (112). Though now rare, in cases of syphilis where the infection has been ongoing for more than 10 years, cardiovascular sequelae, including aortic dissection, are common, (113, 114). An increase in aortic dissections following COVID-19 infections has been reported and long term effects of infection are yet to be fully realized (115). Rare cases of aortic dissection have also been reported in people with ankylosing spondylitis, an inflammatory autoimmune condition that often causes aortitis (116).



Genetics and molecular mechanisms of aortic dissections

Perturbations in a number of pathways have been implicated in aortic dissections – TGF-β signaling, ECM, VSMC contractility, and VSMC metabolism (117). Importantly, these pathways are critical in cellular identity and phenotype switching in VSMCs, which we postulate precedes all forms of arterial dissection. The genetics of aortic dissections are subject to regular review. It is not the intent of this review to provide an exhaustive update, but rather a comparison for a holistic view of arterial dissections. By comparing findings with the growing wealth of knowledge provided by genetic and cellular studies, we can begin to elucidate the underlying disease mechanisms shared by all arterial dissections. Moreover, contrasting the differences in these dissection subtypes can direct our understanding of the susceptibility of specific anatomical locations to dissection.


Transforming growth factor β signaling dysfunction

Given the well-established link between TGF-β signaling dysfunction and disease-associated aortic dissections, such as in Marfan Syndrome, it is unsurprising that several members of this pathway have been implicated in spontaneous aortic dissections as well as connective tissue diseases. Variants that have been associated with thoracic aortic dissection (through syndromic affiliations, such as Loeys-Dietz) include two of the three isoforms of TGF-β (TGFB2-3), both TGF-β receptors, TGFBR1 and TGFBR2, and TGF-β-latent transforming growth factor β-binding protein 1 and 3 (LTBP1, LTBP3) (118–120). Protein-protein interaction analysis has implicated TGF-β1 as a central protein in aortic dissections (121), though variants in TGFB1, per se, have not been identified in patients.

The downstream effectors of TGF-β signaling, such as the SMAD family, have also been linked to aortic dissections. SMAD3 is regarded as a definitive causal gene for thoracic aortic dissections (122). SMAD2, SMAD4 and SMAD6, which signal through c-Jun/c-Fos (123), are also associated with aortic dissections (1, 118, 120, 124, 125). ZFYVE9, encoding zinc finger FYVE domain-containing protein 9, which recruits SMAD proteins and is involved in TGF-β signaling, has been associated with aortic dissections through recent whole exome sequencing studies (121). Similarly, LRP1 has recently been associated with acute aortic dissections (126). Loss of LRP1 recapitulates Marfan syndrome disease mechanisms, wherein TGF-β is prematurely released from the ECM. Interestingly, loss of LRP1 upregulates the JNK1/2-c-Jun-Fra-2 signaling pathway in myofibroblasts (127), a pathway also affected in aortic dissections.

Mutant forkhead box E3 (FOXE3) has been identified to predispose to aortic dissections (128). Not a lot is known about the role of FOXE3, a transcription factor better known for its critical role in lens epithelial cell proliferation and survival. In mouse lens epithelial cells, forced persistent expression of FOXE3 during development alters the cytoskeleton and the ECM, and causes prolonged upregulation of TGF-β3 and CTGF expression (129). FOXE3-deficient mice have increased VSMC apoptosis, as well as increased aortic pressure, and rupture (128). Methionine adenosyltransferase 2A (MAT2A) (130), another aortic dissection risk-associated gene, has previously been suggested to be a VSMC metabolism gene, however, recent work in hepatic stellate cells has also identified MAT2A as a downstream target of TGF-β. Upregulation of TGF-β1 increased MAT2A concentration via p65 phosphorylation, with subsequent increased expression of both ACTA2 and COL1A1 (131).



Extracellular matrix dysfunction in aortic dissections

Variants in an array of collagen subtypes are associated with aortic dissections, including eleven collagen genes: (COL1A1, COL1A2, COL3A1, COL4A1, COL4A5, COL5A1, COL5A2, COL9A1, COL9A2, COL11A1, and COL18A1) (1, 118, 120, 121, 124, 125, 132, 133). Variants in a range of quintessential ECM proteins are also involved, including EGF-containing fibulin-like extracellular matrix protein 2 (EFEMP2), microfibril associated protein 5 (MFAP5), lysyl oxidase (LOX), elastin (ELN), and fibrillin (FBN)-1 and -2 (121, 134, 135).

Dysregulation of the ECM is a regularly occurring theme in aortic dissection-associated variants. Downregulation of the hsa-miR-29 family, which has been shown to increase collagen levels, including in cardiac fibrosis where it has been shown to increase collagen1A1, 1A2, 3A, and fibrillin-1 mRNA expression in regions affected by myocardial infarction in mice (136), was detected in aortic tissue of dissection patients compared to healthy controls (132). A decrease in HDAC6 protein levels has also been detected in aortic tissue of dissection patients compared to coronary artery disease patients, whereas mRNA levels of ECM proteins were found to be increased, including COL3A1 and COL1A2, matrix metalloprotease 2 (MMP2), tissue inhibitor of metalloproteinases 2 (TIMP2), periostin (POSTN) and connective tissue growth factor (CTGF). This ECM regulation of matrix secretion is thought to involve HDAC6 deacetylation of H3K23 (137). MMP1 (total) and MMP9 (total and active) levels have been shown to be increased in aortic dissection tissues compared to controls (138).

Suppressor of cytokine signaling 3 (SOCS3) is a more recent gene to be implicated in the pathogenesis of aortic dissections. In a mouse model of aortic dissection induced by minipump administration of the lysyl oxidase inhibitor, β-aminopropionitrile (BAPN, 150 mg/kg/day), and the vasoconstrictor, angiotensin II (1,000 ng/kg/min), it was found that knockout of SOC3, an activator of JAK/STAT and negative regulator of Janus kinases/signal transducer, led to a decrease in aortic dissections (139). Aortae from SOC3 knockouts had increased tensile strength, likely due to an increased deposition of total collagen, which was significantly higher in the adventitia. This suggests that increased tensile strength reduces the incidence of dissections (139). Additionally, levels of several ECM-associated proteins have been found to be decreased in aortic dissection tissue, including HSP27, SOD3 and osteoglycin (140).



Cytoskeletal dysfunction in aortic dissection

Proteins of the cytoskeleton, as well as cell adhesion-associated proteins that anchor vascular cells to the vascular ECM, feature heavily in the proteins that are associated with aortic dissection. Altered expression of VSMC intracellular contractile proteins, including MYH11, myosin light-chain kinase (encoded by MYLK) that phosphorylates myosin light chain, ACTA2, and TAGLN have been associated with aortic dissections. In addition, ACTA2 mRNA has been found to be increased in aortic tissue of dissection patients (137), suggestive of cells undergoing phenotypic changes. An early proteomics study also implicated an upregulation of ACTA2 protein with concomitant decrease in TAGLN protein in aortic tissues from patients post-dissection compared to controls (140). Talin-1, which tethers the ECM to the cytoskeleton by tethering actin to integrin, and is involved in the regulation of focal adhesions, integrin signaling, proliferation and migration, has been shown to be downregulated in aortic dissection tissue compared to normal controls (141, 142). Variants in the cell adhesion neurogenic locus notch homolog protein 1 gene, NOTCH1, are associated with aortic dissection/aneurysm (143). Moreover, protein levels of NOTCH1 have been shown to be reduced in thoracic aortic dissection tissue, despite an upregulation of NOTCH1 mRNA (144). Collectively, the altered expression of these cytoskeletal proteins is suggestive of cellular activation and remodeling.

Dysfunction in the regulation of cytoskeleton proteins has also been associated with aortic dissections. A zinc finger protein, four and a half LIM protein 1 (encoded by FHL1), which regulates the structure and formation of myosin filaments (122, 145), was found via proteomics to be decreased in aortic tissue (140). This has also been independently corroborated in Western blot analyses of aortic tissue from dissection sufferers, which found a 2.5-fold decrease in FHL1 level in patients compared to controls. Importantly, immunohistochemistry revealed this decrease was most pronounced in the area of the media surrounding the tear when compared to the intima and adventitia (122). In the myoblast C2C12 cell line, FHL1 has been observed to potentiate the effects of TGF-β (146). In non-diseased vessels, FHL1 has been observed to increase with increased blood pressure (147), and has been shown to be increased in rat VSMCs following treatment with hypertrophic stimuli (148). siRNA knockdown of FHL1 in rat VSMCs caused a decrease in cell proliferation, which was not associated with apoptosis (122). Together these data suggest that FHL1 plays a role in VSMC plasticity (contractility/synthetic identity), though the exact role of this protein in VSMC phenotype regulation, and its role in vascular dissection will require further investigation. Similarly, variants of Unc-51-like kinase 4 (ULK4), a pseudokinase thought to remodel the cytoskeleton, have been linked to aortic dissections (126), with variants in ULK4 having also been linked to hypertension (149, 150).



Metabolic dysfunction in aortic dissection

Metabolic changes are reported to precede aortic dissections, and a number of genes associated with aortic dissections are linked to metabolism (125). DAB2IP, encoding disabled homolog 2-interacting protein, which is involved in cell growth and survival and has been associated with aortic dissection as well as abdominal aortic aneurysms (121, 151). mRNA expression of both CREBBP, (encoding CREB-binding protein) and EP300 (encoding histone acetyltransferase p300), both of which regulate cAMP-associated genes, was found to be downregulated in patient aortic dissection tissue compared to healthy controls (121). Interestingly, the aforementioned study by Liao et al. (140) focused on the role of oxidative stress as a mitigating pathway for aortic dissection (140), which is further supported by the recent identification of mitochondrial dysfunction being modulated by ECM stiffness in Marfan syndrome-associated aortic aneurysm formation (152).

Variants in the glucose transport 10 protein, Glut10 (encoded by SLC2A10), have been associated with a Marfan syndrome-like disease pathology that is seen in arterial tortuosity syndrome, another disease associated with aortic dissections. (100, 153). Variants in SLC2A10 lead to a decreased density of Glut10 transporters, which causes ECM disarray and subsequent inappropriate TGF-β signaling, as well as oxidative stress (154). Notably, pathogenic variants in glut10 have been shown to alter angiogenesis (155). CBS encoding cystathionine-beta-synthase, has been categorized as a low-risk gene for aortic dissection (120). Variants in CBS are associated with the metabolic condition, homocystinuria, which, similar to pathogenic SLC2A10 variants, can result in a Marfan syndrome-like disease pathology. Conversely, Group V secreted phospholipase A2 (sPLA2-V) is believed to play a protective role against aortic dissection. Increasing downstream mobilization of sPLA2-V substrates has been shown to rescue an angiotensin II infused murine model of aortic dissection. Thus, increasing dietary oleic acid and linoleic acid, which are normally mobilized by sPLA2-V, eliminated spontaneous dissection observed in 45% of sPLA2 knockout mice (Pla2g5–/–) (156).





Spontaneous coronary artery dissection

The coronary artery, which supplies blood to the heart itself, is the only artery to perfuse its cognate tissue, the myocardium, during the relaxation phase of the cardiac cycle (diastole) rather than in systole. As with other muscular vessels, the outer layer of the coronary tunica media is perfused by vasa vasorum that originate from sites of branching of the coronary vessels (9) with little if any contribution from vasa interna (8). Dissection of the coronary artery results in an acute coronary syndrome (myocardial infarction or unstable angina) or death (157). As with all dissections, advances in their detection, via CT or MR angiography and direct intravascular imaging modalities (intravascular ultrasound and optical coherence tomography), have increased the diagnosis of spontaneous coronary artery dissections (SCAD) that were previously likely to be markedly underdiagnosed. It is now estimated that up to 4% of acute coronary syndromes are caused by a coronary artery dissection (158).


Spontaneous coronary artery dissection pathology

Most dissections in the coronary artery (∼70%) do not present with an intimal flap, indicating that IMH formation from vasa vasorum rupture is likely central to SCAD pathophysiology. There is a correlation between areas of the coronary artery that are more susceptible to dissection and a lower vasa vasorum density; the left anterior descending coronary artery (60% of dissection cases) has a density of 1.2 × 10–5 vasa vasorum/μm2, compared to the left circumflex (38% of dissection cases), which has 1.88 × 10–5 vasa vasorum/μm2, and the right coronary artery, (7% of dissection cases) that has a density of 2.14 × 10–5 vasa vasorum/μm2 (157, 159). One study has reported increased vascularization in the adventitia of post-mortem sections following fatal dissections compared to nonobstructive coronary artery disease patient sections (160). While it is unclear if this preceded or was a consequence of the SCAD, increased vascularization of this outermost layer may be due to a localized dysfunction, such as an increase in ischaemic areas within the media, which would promote angiogenesis in vasa vasorum (9).



Spontaneous coronary artery dissection associated conditions and risk activities

There is a distinct sexual dimorphism in SCAD incidence with 82–98% of cases occurring in women aged between 45 and 52 years (157, 161, 162). An estimated one third of myocardial infarctions in women under 50 are caused by SCAD. Risk of recurrence of SCAD has been reported to be up to 30% (163), although a recent prospective observational study only reported recurrence in 2% of cases over a median follow-up of over 2 years (164). The risk factors associated with SCAD are similar to those for aortic dissections. Hypertension and migraine are found commonly in SCAD survivors, being present in 45 and 43% of cases, respectively (94, 161). FMD is common in SCAD patients. SCAD and FMD share many of the same risk loci; FMD being reported in 45–86% of cases (165, 166). Such marked overlap suggests SCAD may be a manifestation of FMD specific to the coronaries, although it is intriguing that the classical vessel beading of FMD is not observed in the coronary arteries of SCAD patients (167). Inflammatory disorders and infections are rarely associated with SCAD. For example, like aortic dissections, there is anecdotal evidence that SCAD can occur in association with tertiary syphilis (168, 169). In addition, SCAD has been reported in a recently recovered COVID patient (negative nasal swab, positive for COVID-19 IgG antibodies) (170).



Spontaneous coronary artery dissection genetics and molecular mechanisms

Though little research has been done investigating the molecular mechanisms of SCAD, a number of genomic studies have been undertaken (97, 163, 171, 172), which indicate that genetic risk for SCAD can result from variants in multiple genes. The common nature of these variants suggests SCAD is likely a polygenic disease and requires an additional environmental stress for a dissection to occur. A meta-analysis of case control studies identified the first risk locus as the A-allele of rs9349379, a single nucleotide polymorphism located in an intron in the PHACTR1/EDN gene, which was found with a frequency of 0.72 in SCAD cases compared to 0.56 in controls (OR 1.67; p < 6.67 × 10–21). Identification of this locus sparked debate over the level of endothelial involvement in SCAD as the rs9340379 locus is located in an intronic region of PHACTR1, which is also a putative enhancer of the upstream gene encoding endothelin 1 (EDN1) (171), an endothelially expressed potent vasoconstrictor peptide. A clinical study has attributed deficient EC function to a difference in vascular function observed in SCAD patients, however, it failed to consider the role of VSMCs in the decreased peripheral arterial tone (vasoconstriction/dilation) observed in SCAD patients (173). Conversely, coronary blood flow studies suggest that endothelial dysfunction is not a principal cause of coronary artery dissection (174). Given the involvement of VSMCs in other vascular dissection disorders, it is unlikely that deficits in endothelial function alone would cause all SCADs, however, cellular studies will be critical in understanding how these two cell types contribute to the pathophysiology of coronary dissections. More recently, several other potential genetic risk loci have been identified as a result of WGS studies and genome wide association studies (GWAS), as detailed as follows.


Transforming growth factor β signaling dysfunction in spontaneous coronary artery dissection

Proteins directly and indirectly involved in the TGF-β signaling pathway have been strongly implicated in SCAD pathophysiology. Recently, a targeted and genome-wide analysis of a cohort of 91 SCAD patients revealed an enrichment of TGF-β when rare variant collapsing analysis was performed (172). Variants in TGFB2 and SMAD3, as well as PKD1 have been associated with SCAD in WGS analyses (175). Additionally, variants in FBN1 have been associated with SCAD in a GWAS, as well as from WGS analysis, which identified two likely pathogenic variants (97, 172). Fibrillin has also been proposed as a SCAD biomarker, being elevated in SCAD patients compared to other acute coronary syndrome patients and healthy controls (176). However, fibrillin 1 is not specific for SCAD as it has also been found to be elevated in other vasculopathies including aortic and cervical dissections (177).

Variants in SCAD-associated genes, TBX2, a T-box transcription factor; YY1AP1, yin yang 1 (YY1)-associated protein 1; F11R, encoding junctional adhesion molecule-A (JAM-A), and LRP1, which is also associated with aortic dissections, have been shown to affect cellular proliferation through pathways downstream of TGF-β (175, 178–182). GLI3, which was identified as a gene linked to SCAD in the Carss et al. (175) patient cohort, has also been thought to be linked to TGF-β signaling. Encoding a transcription factor in the sonic hedgehog pathway, GLI3 is suggested to be a repressor of TGF-β-dependent hedgehog pathway activation, which is critical for proliferation and cellular identity (183, 184).



Extracellular matrix dysfunction in spontaneous coronary artery dissection

Similar to aortic dissections, collagen variants have been associated with SCAD based on a recent whole exome sequencing study (185). Variants of a rare and disruptive nature (being pathogenic or likely pathogenic) were found to be enriched in a cohort of 130 SCAD patients in the ECM structural constituent conferring tensile strength pathway (GO:00300200), which included COL1A1, COL1A2, COL3A1, COL4A1, COL5A1, COL5A2, COL6A1, COL12A1 and COL27A1. Variants in COL3A1 and COL4A1 were also identified by Tarr et al. (172). Carss et al. (175) highlighted variants in other genes, including COL18A1 and COL4A2, and SRY-Box transcription factor 9 encoded by SOX9 (186), as having possible associations with SCAD, however, they did not reach their required significance thresholds, but scored highly and were plausibly associated with SCAD. This same study also identified that variants in the gene for the protein transport protein, SEC24B, were SCAD-associated, with expression of SEC24B having since been found to be involved in collagen export (187).

A number of ECM glycoprotein genes have also been associated with SCAD via GWAS studies, including ECM1 and ADAMTSL4 (97, 163, 188). ECM1 is associated with cellular migration and cellular phenotype transition, and has been shown to inhibit activation of TGF-β (189, 190). ADAMTSL4 binds with fibrillin-1, and accelerates the biogenesis of microfibrils (191). Turley and coworkers also suggested that a secreted protein, encoded by C1orf54, is associated with SCAD; C1orf54 has previously been linked to carotid artery aneurysm, although the function of this protein is still unknown (97).

FMR1 has been linked to SCAD. Premutations in this gene, which encodes fragile X mental retardation protein (FMRP), are thought to increase susceptibility to dissections, since FMRP is involved in regulating the ECM and cytoskeleton (192). Impaired cytoskeletal protein-function has been shown in embryonic fibroblasts of FMRP knockout mice (193), and increased plasma levels of MMP9 are observed in Fragile X patients as compared to healthy controls (194). Of note, hypertension is also common in patients with Fragile X syndrome, though the mechanism for this is unclear (195).

SCAD studies have also identified pathogenic variants of ABCC6 (or loci associated with this gene) in patients (172, 188). Encoding ATP Binding Cassette Subfamily C Member 6, variants in this gene cause pseudoxanthoma elasticum, a connective tissue disorder that affects vision, skin and the cardiovascular system to varying degrees (196, 197); cardiovascular sequelae occurring later than cutaneous and ophthalmological manifestations (198). It is thought that an increased degradation of elastin, as well as the presence of calcium/phosphorus deposits contribute to this arterial pathology (199). Transmission electron microscopy imaging of the dermis of pseudoxanthoma elasticum patients showed irregular and clumped elastic fibers, as well as disorganized collagen, with some studies finding that collagen fibers are also misaligned (200, 201). Carotid arteries of these patients have been shown to have an increased intima/media thickness, and peripheral arteries (intracranial carotid, and arteries of the limbs) show precocious calcification (202).



Cytoskeletal dysfunction in spontaneous coronary artery dissection

Similar to aortic dissections, pathogenic variants in the talin 1 gene, TLN1, have been identified in a SCAD family cohort, along with 10 sporadic cases (203). Recent molecular studies have linked PHACTR1, LRP1, fibrillin 1, and talin 1 through indirect association; these proteins all commonly interact with integrins, acting to bridge the cell and the ECM (97, 163). Variants in cytoskeletal proteins including myosin light-chain kinase (encoded by MYLK), which phosphorylates myosin light chain, MYH11, and MYLK2, have also been linked to SCAD (172, 175). NFATC1, which encodes nuclear factor of activated T cells c1, is a transcription factor downstream of LRP1; its signaling regulates the extracellular bone morphogenetic protein–binding endothelial regulator pathway (204), and has been associated with modulation of VSMC cellular identity (205).

HDAC9, encoding histone deacetylase 9, was implicated in SCAD as a highly ranked gene in collapsing analysis by Carss and colleagues (175). HDAC9 is associated with prevention of calcification in the media whereby HDAC9 knockdown has been shown to increase calcification, and its overexpression via adenovirus reduced calcification in cultured murine VSMCs as well as in a mouse calcification model of high phosphate treatment (206). An HDAC9 variant is also associated with large vessel stroke (207). Importantly, HDAC9 has been shown to repress contractile protein gene expression in murine aortic tissue (208).



Metabolic dysfunction in spontaneous coronary artery dissection

A likely pathogenic variant in ALDH18A1, which encodes aldehyde dehydrogenase 18 family member A1, also known as pyrroline-5-carboxylate synthetase (P5CS) (209), was identified in a cohort of 91 SCAD cases (172). Variants in ALDH18A1 have been reported to cause cutis laxa, a rare connective tissue disorder associated with abnormal ECM. Cutis laxa is also linked to the aortic dissection-associated genes, EFEMP2 (fibulin 4), SLC2A10, ELN, and the related genes, FBLN5, LTBP4 (210). A variant in ALDH18A1 has been found to reduce cellular arginine, and dietary arginine supplementation of a cutis laxa patient carrying this variant has been shown to attenuate disease symptoms. Importantly in the context of SCAD, arginine is critical for both ECM and NO synthesis (209).

A variant in TSR1, a ribosome maturation factor, was identified in a predominantly male Chinese Han SCAD cohort (211). However, patients with atherosclerosis were not excluded from this study so the implications of this finding are not yet clear, and they have yet to be replicated (212). In support of this finding, however, is the identification that variants in other protein synthesizing genes have been associated with SCAD, including mitochondrial ribosomal protein S21 (MRPS21) and peptidyl-glycine alpha-amidating monooxygenase (PAM) (175). Variants in two VSMC proliferation genes, ARNTL and LINC00310, have also been associated with SCAD. These genes encode the circadian clock regulating transcription factor, aryl hydrocarbon receptor nuclear translocator-like protein 1, and a long non-coding RNA, respectively (97, 175, 213, 214).





Cervical artery dissections

Cervical artery dissections (CeADs), encompassing dissections of the carotid and vertebral arteries, can present as migraine, or can cause a stroke, which may be fatal (215). Improvements in non-invasive imaging have led to increased reporting of these dissections in stroke patients. CeADs are believed to be the cause of up to 25% of strokes in young and middle-aged adults (under 50) (216). The prevalence of these dissections is now estimated to be at least 5 cases per 100,000 individuals (217), and more than half of CeAD patients will develop a stroke (218).


Cervical artery dissection pathology

As with aortic dissections and SCAD, CeADs present with an IMH, that may or may not be associated with an intimal flap, with pseudoaneurysms also being found. In some cases that involve an intimal tear, the endothelium is described as being irregular (218). Interestingly, in an etiological investigation into connective tissue disorders in 65 cervical artery dissection patients, 55% displayed ultrastructural aberrations in collagen, similar to those seen in Ehlers-Danlos syndrome, with only 5% of the patients having clinical manifestations of skin, joint or skeletal abnormalities. These findings strongly implicate vascular-specific ECM defects as an important component of disease etiology (219). This notion is reinforced by reports of cystic medial necrosis/mucopolysaccharide accumulation in the tissue of patients (220), and the recent identification of an ECM signature in recurrent CeAD patient skin biopsies detected by proteomics analysis (221). A post-mortem histology study performed on the superficial temporal artery of CeAD patients described an increase in vasa vasorum density, as well as the presence of micro-hematomas in CeAD patients compared to cadaver controls (222), although it remains unclear if these findings precede or are merely secondary to the dissection.



Cervical artery dissection associated conditions and risk factors

In a study of CeAD patients, sexual dimorphism was evident with 57% patients in the study being male. Interestingly, females who accounted for the remaining 43% were significantly younger with an average age of 42.5 years, compared to 47.5 years for male patients (223). It is unclear to what extent referral bias contributed to this divergence in patient populations, however, this follows the same trend of age-based gender risk observed in aortic dissection and SCAD (109, 161). A history of a cerebral aneurysm has been reported in almost 1 in 5 CeAD patients (18.2%), suggesting a common genetic risk (224).

Hypertension (225) and migraine are known risk factors for CeAD (226, 227). Acute infection increases the risk of CeAD, with acute infection 1 month prior to CeAD having been reported in nearly one third (31.9%) of cases, compared to 13.5% of controls (228). The frequency of infection was lower in those with a single artery dissection (odds ratio, 2.1) than in those with multiple arteries affected (odds ratio, 6.4) (228). As with aortic dissections and SCAD, again there are case studies linking syphilis infection with CeAD (113, 114). Developmental defects in the neural crest, resulting in congenital heart defects, are thought to link heart development with CeAD (229).



Cervical artery dissection genetics and molecular mechanisms

The genetic risk factors for CeAD are less well studied compared to aortic dissection and SCAD, with few WGS and GWAS studies being reported to date. Nonetheless, gene variants that increase the risk of CeAD follow a similar theme to those of aortic dissection and SCAD, including associations with TGF-β signaling, ECM and cytoskeletal protein genes, and metabolism associated genes. Variants in TGFBR2 (230, 231), dual specificity protein phosphatase 22 (DUSP22), (232), LRP1 and PHACTR1 have all been associated with an increased risk of CeAD (233). Variants in ECM protein genes associated with CeAD include those for COL3A1, COL4A1, and COL5A2 and FBN1 (230, 232, 234, 235). Proteomic analysis of skin punch biopsies from patients with recurrent CeAD implicates ECM proteins whereby comparison of the proteomes of six recurrent CeAD patients with those 12 healthy controls that detected increases in perlecan, laminin-β2 (encoded by HSPG2 and LAMB2, respectively) and COL12A1, and decreases were detected in COL1A2, COL4A2 as well as ELN and microfibril associated protein 5 (MFAP5), respectively. Western blot analysis of these biopsy samples also revealed a decrease in COL1A1 (221).

Variants in the genes for both intercellular adhesion molecule 1 (ICAM1) and cytoskeletal alpha-1-syntrophin (SNTA1) have also been associated with CeAD (232, 236), whereas associations between CeAD and metabolism involve variants in methylenetetrahydrofolate reductase (MTHFR), which regulates homocysteine levels (231), and alterations in homocysteine are associated with thrombosis and atherosclerosis that occur with deficiencies in folate, vitamin B6 and vitamin B12 (237). This is of interest as methionine adenosyltransferase 1A is an aortic dissection-associated protein and is also modulated by folate; low plasma folate levels were found to increase the risk of cervical artery dissection in a cohort of 39 patients (238).




Rarer arterial dissections


Pulmonary artery dissections

The pulmonary artery is responsible for perfusion of the lungs and, uniquely, is the only artery to carry deoxygenated blood. A recent comprehensive literature review found only 150 reported cases of pulmonary artery (PA) dissections (239). As with many of the dissection disorders, detection of PA dissections has increased exponentially since the first identification described post-mortem in 1842 (239, 240), presumably due to better diagnostic technologies. Patients diagnosed antemortem have a survival rate of 70.5% – a stark contrast to early reports, which deemed the condition almost certainly fatal. Increased reporting correlated with increased antemortem reporting (239), suggesting the condition has been previously underreported due to a surprisingly high survival rate coupled with a low detection rate and that PA dissections are not as ultra-rare as once thought.

Like other dissection events, PA dissections occur most commonly in the young to middle aged with three quarters of PA dissections patients being 21–60 years (239). Sexual dimorphism is less apparent in PA dissections, with a slight tendency to occur more frequently in males than females (ratio 1.1:1). However, as with the aforementioned arterial dissection types, cases diverge with both age and gender (109, 161, 223) where males represented 76% of cases in the age group 21–30, while females represented 70% of cases in the age group 41–50 (Figure 5).
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FIGURE 5
Risk profiles of pulmonary artery dissection patients. Like sufferers of aortic dissections, SCAD, and CeAD, pulmonary artery dissection occurrence varies with age and sex; data from (239).


Although the pathology of PA dissections is not well studied, dissections occur both with and without an intimal tear (240–242). In addition, post-mortem pathology of one patient indicated accumulation of acid mucopolysaccharides in the media, and degeneration and disorientation of the elastic medial layer (240); mucopolysaccharide deposition in the media having also been reported in a pregnancy-associated rupture of a dissecting aneurysm (243). These findings suggest that PA dissections and dissecting aneurysms may result from cystic medial necrosis and, in this regard, it is of interest that the pulmonary artery is richly endowed with medial vasa vasorum, which are required for perfusion and integrity of the medial layer. It is also noted that PA dissections are difficult to discern from dissecting pulmonary aneurysms (244–246).

Pulmonary hypertension is the strongest linked risk factor for PA dissections, with an estimated 50% of patients suffering from pulmonary hypertension and, independently, 9.8% from systemic hypertension (239, 242). Following hypertension, the next most common risk factor, yet far less mentioned in case studies, is a strong link to congenital heart disease; such abnormalities also predisposing to pulmonary aneurysms (229, 245, 247). To date, no genetic studies have been performed for PA dissections.



Renal and visceral artery dissections

Primary dissections of renal and visceral arteries (including the splenic, hepatic and mesenteric) are relatively uncommon, but they may occur secondary to extension of thoracic aortic dissections. It is possible, therefore, that these dissections represent extreme phenotypes, which may be instructive. Importantly, understanding the mechanisms underlying these rarer forms of dissection may provide insights into the pathogenesis of these diseases. Renal dissections are the second most common cause of renal infarct after embolism (248). They are classified into three groups based on cause (1) iatrogenic, (2) agonal (associated with renal failure, cirrhosis, and/or sepsis), or (3) spontaneous. Asymptomatic visceral dissections often produce few or no symptoms (249), suggesting that similar to SCAD and CeAD, these dissections are underdiagnosed.

Diagnosis of renal and visceral artery dissections typically only occurs if a computed tomography scan is performed as traditional imaging methods are not sensitive enough to detect a dissection, again suggesting that this is an under-diagnosed condition (250). This difficulty in detecting renal and visceral dissection may also explain why the first case of renal artery dissection was not reported until 1944 (251). Moreover, a quarter of renal artery dissections are only diagnosed at autopsy (250). As with other dissections, detection requires visualization of either an intimal flap and/or an intramural hematoma or both (252, 253).

Renal artery dissections predominantly occur in men at a 10:1 male to female ratio (250). Likewise, mesenteric and splenic artery dissections occur much more commonly in men (>80% of cases) (254, 255). Hypertension is linked to renal dissections and visceral artery dissections (256). Unlike many other types of dissections, the presence of atherosclerosis is not considered a basis to exclude spontaneous arterial dissection in renal or visceral dissection diagnosis (257, 258). Similar to PA dissections, no genetic studies have been performed for renal or visceral artery dissections.





Discussion – Common features of dissections

By considering arterial dissections as a collective, we gain insight into both the commonalities and unique features of this devastating family of vascular disorders (Table 1). Despite differing consequences of arterial dissections – from myocardial infarction to stroke – the pathological presentation of dissections is consistent: arterial dissections present as an IMH (with or without an intimal flap). Common risk factors for arterial dissection patients include hypertension, tortuous vessels, and/or a history of vascular infection. Currently, there are no specific preventative therapeutics for arterial dissections, however, patients are often prescribed therapies such as the angiotensin II blocker, losartan, not only to manage hypertension (113, 114, 153, 228), but also because of its unique reverse-remodeling properties, which other antihypertensive agents such as angiotensin converting enzyme inhibitors lack. In Marfan syndrome, for example, the pathological changes in the aortic root are thought to be related to angiotensin II receptor 1 (ART1) signaling and the reverse-remodeling effects of losartan are mediated by blocking ART1 signaling and downstream TGF-β signaling (259). Targeted delivery of TGF-β inhibitory peptides has also recently been suggested as a potential future therapeutic for SCAD (260). Importantly, these stimuli are known to alter cellular identity, increasing cellular activation in ECs and VSMCs, and to alter the ECM (36, 46). The risk of arterial dissections is influenced by both sex and age, being more common in one gender than the other at different ages. This age-gender risk also varies depending on the anatomical location of the arterial bed involved. Vascular aging and sex contribute to differences in the arteries of men and women – particularly differences in stiffness and distensibility (90), but even at the molecular cellular level, in ECs, VSMCs, and the ECM. These differences undoubtedly contribute to differences in risk-demographics for various types of arterial dissections. β-blocking drugs, particularly the β1-adrenergic receptor blocker, metoprolol, are commonly used in the management of arterial dissections, both as anti-hypertensive agents and to reduce vessel shear stress. Moreover, in an observational study, β-blocking drugs (metoprolol or bisoprolol) have been shown to reduce SCAD recurrences (261).

The commonalities link to mechanistic findings associated with arterial dissections. Perturbations in TGF-β signaling, the ECM, the cytoskeleton, and metabolism, are described in both spontaneous and syndromic dissections. In spontaneous dissections, variants in genes associated with these pathways including PHACTR1, LRP1, SLC2A10, FBN1, COL3A1, COL4A1, and COL5A2 are common to at least two, if not three, arterial dissection subtypes (Figure 6 and Table 2). Importantly, dysfunction in these pathways is associated with vascular cell activation and subsequent phenotype switching. Phenotype switching has been described in aortic dissections (56, 117), but has not yet been a central theme in the pathophysiology of other arterial dissections. Nonetheless, we postulate that vascular cell phenotype switching can account for the pathology of arterial dissection: changes in vascular ECM can cause and be caused by cellular activation. Altered mechanical strength in the vasculature caused by altered VSMCs or ECM forces will likely affect vasa vasorum blood flow. Altered forces may cause occlusion of the vasa vasorum leading to ischemia and necrosis of the tunica media, particularly in arteries with low vasa vasorum density. Notably, vasa vasorum occlusion in porcine models has been shown to be sufficient to cause ischemia and dissection of the aorta (108), and reduced density of vasa vasorum inversely correlates with an increased risk of dissection in the coronary arteries (157, 159). Areas of ischemia will increase the likelihood of immune cell infiltration, which has been found in post-mortem arterial dissection tissues (222, 262). Moreover, areas of ischemia will, similar to atherosclerosis, stimulate neo-angiogenesis leading to proliferation of vasa vasorum. Histological evidence for increased abundance of vasa vasorum is reported in SCAD and CeAD (160, 222). This may be of significance since newly formed vasa vasorum lack a functional muscular layer (11) and are notoriously weak and leaky (263). Occlusion of vasa vasorum alone, or the growth of new still leaky vasa vasorum are potential sources of bleeding within the artery wall, IMH formation and vessel wall dissection. Similarly, endothelial phenotype switching from quiescent cells to activated phenotypes would weaken the endothelial barrier - in the intima or arteries and/or in the vasa vasorum, per se - again being a likely cause of bleeding and IMH formation (Figure 7). While more studies are needed to address these hypotheses, cellular activation represents a strong under-explored mechanism in arterial dissections, and, potentially, is an important therapeutic target.
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FIGURE 6
Pathways perturbed in arterial dissections include the extracellular matrix (ECM), TGF-β, signaling, cellular contraction/cytoskeleton, and metabolism. Dysregulation in any number of these pathways can drive vascular smooth muscle cells (VSMCs) toward a more synthetic phenotype. Variants in the same genes (italicized in blue) belonging to these pathways have been commonly identified in at least two types of arterial dissections. Created with BioRender.com.



TABLE 2    Common features of arterial dissections.

[image: Table 2]


[image: image]

FIGURE 7
Proposed mechanism for arterial dissections. Atypical ECM deposition, activation of VSMC or EC will perturb vasa vasorum (VV) blood flow, leading to either their spontaneous rupture, or an area of ischemia encouraging growth of immature leaky vessels prone to bleed and, thus the development of an intramural hematoma, which impairs luminal blood flow resulting in tissue ischemia and/or infarction. Created with BioRender.com.
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Introduction: The transmembrane protease A Disintegrin And Metalloproteinase 10 (ADAM10) displays a “pattern regulatory function,” by cleaving a range of membrane-bound proteins. In endothelium, it regulates barrier function, leukocyte recruitment and angiogenesis. Previously, we showed that ADAM10 is expressed in human atherosclerotic plaques and associated with neovascularization. In this study, we aimed to determine the causal relevance of endothelial ADAM10 in murine atherosclerosis development in vivo.

Methods and results: Endothelial Adam10 deficiency (Adam10ecko) in Western-type diet (WTD) fed mice rendered atherogenic by adeno-associated virus-mediated PCSK9 overexpression showed markedly increased atherosclerotic lesion formation. Additionally, Adam10 deficiency was associated with an increased necrotic core and concomitant reduction in plaque macrophage content. Strikingly, while intraplaque hemorrhage and neovascularization are rarely observed in aortic roots of atherosclerotic mice after 12 weeks of WTD feeding, a majority of plaques in both brachiocephalic artery and aortic root of Adam10ecko mice contained these features, suggestive of major plaque destabilization. In vitro, ADAM10 knockdown in human coronary artery endothelial cells (HCAECs) blunted the shedding of lectin-like oxidized LDL (oxLDL) receptor-1 (LOX-1) and increased endothelial inflammatory responses to oxLDL as witnessed by upregulated ICAM-1, VCAM-1, CCL5, and CXCL1 expression (which was diminished when LOX-1 was silenced) as well as activation of pro-inflammatory signaling pathways. LOX-1 shedding appeared also reduced in vivo, as soluble LOX-1 levels in plasma of Adam10ecko mice was significantly reduced compared to wildtypes.

Discussion: Collectively, these results demonstrate that endothelial ADAM10 is atheroprotective, most likely by limiting oxLDL-induced inflammation besides its known role in pathological neovascularization. Our findings create novel opportunities to develop therapeutics targeting atherosclerotic plaque progression and stability, but at the same time warrant caution when considering to use ADAM10 inhibitors for therapy in other diseases.
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1. Introduction

Atherosclerosis is a lipid-driven chronic inflammatory disease, which manifests in regions with disturbed flow in the medium- and large-sized arteries. The initiation of atherosclerosis is characterized by endothelial cell activation and dysfunction, leading to the disruption of the endothelial barrier function and the active recruitment of leukocytes into the vessel wall (1).

A crucial mechanism to regulate cell signaling and subsequent cellular responses, like cell recruitment, is proteolytic processing of transmembrane proteins, also referred to as (ectodomain) shedding. The A Disintegrin And Metalloproteinase (ADAM) family is involved in the shedding of numerous cell surface proteins, e.g., adhesion molecules, chemokines and cytokine receptors (2). One of the most prominent ADAM family members, ADAM10, has previously been reported to be implicated in several physiological and pathological processes, e.g., tumor growth and metastasis (2, 3). It is ubiquitously expressed, constitutively active in all vascular cells and deficiency of Adam10 results in embryonic lethality at stage E9.5, when the vascular system develops (4). Indeed, and as a master regulator of Notch, ADAM10 is well known to have an important role in cardiovascular development (5, 6) and to limit sprouting angiogenesis and pathological neovascularization in developing mouse retina (7–9). Additionally, ADAM10 can regulate endothelial permeability and leukocyte transmigration by cleaving vascular endothelial cadherin (VE-Cadherin) (10, 11) and intracellular adhesion molecule-1 (ICAM-1) (12). ADAM10 has a large repertoire of substrates, many of which are involved in the pathogenesis of atherosclerosis, including lectin-like oxidized low-density lipoprotein (oxLDL) receptor 1 (LOX-1) (3, 13). Previously, we have shown that ADAM10 is expressed in human atherosclerotic arteries, correlating with plaque progression (11). In a conditional knockout mouse model, we demonstrated that deficiency of Adam10 in myeloid cells did not affect atherosclerotic lesion size, but enhanced plaque stability by increasing fibrosis (14). ADAM10 was also expressed in plaque endothelium and associated with neovascularization (11). However, whether endothelial ADAM10 contributes in the pathogenesis of atherosclerosis or this increased expression reflects a disease-related response, e.g., an attempt to dampen/limit plaque neovascularization has not been investigated so far.

Here, we used the model of adeno-associated virus-mediated proprotein convertase subtilisin/kexin type 9 (PCSK9) gene transfer in mice deficient in endothelial Adam10 (15–17), to investigate the causal role of endothelial ADAM10 in atherosclerosis development. We report that the absence of endothelial ADAM10 severely aggravates atherosclerotic plaque formation in mice. Moreover, while plaque granulocyte and collagen content remained unchanged, lesions of mice with endothelial Adam10 deficiency had larger necrotic cores and concomitant lower macrophage content. Strikingly, lesions from Adam10 deficient mice contained intraplaque microvessels and showed clear signs of intraplaque hemorrhage. These features have never been observed before at such early time point (12 weeks) in murine aortic root atherosclerotic lesions of Western type diet (WTD) fed mice (18). Knockdown of ADAM10 in human coronary artery endothelial cells (HCAECs) challenged with oxidized low-density lipoprotein (oxLDL) resulted in a more severe pro-inflammatory, hence more pro-atherogenic, phenotype, in agreement with significantly reduced LOX-1 shedding.



2. Materials and methods


2.1. Animals

Mouse experiments were approved by the Animal Ethics Committee of Maastricht University, Netherlands (permit number 2013-009), and were performed in compliance with the Dutch government guidelines. Female endothelial specific (Tie2-Cre) Adam10 knockout (Adam10ecko) and wildtype (Adam10wt) littermate control mice on a mixed genetic background were previously described (7) and generously provided by Dr. C. Blobel (New York, USA).



2.2. Baseline vessel morphometry

Left carotid arteries were collected from female wildtype and Adam10ecko mice (aged 10–12 weeks; n = 7 and 8, respectively), fixed overnight in 1% paraformaldehyde and embedded in paraffin. Cross-sections (4 μm) were cut and four sections (100 μm apart) were stained with Movat’s stain to visualize the elastic laminae. Pictures were taken using a Leica DM3000 light microscope and sections were analyzed in a blinded manner using computerized morphometry (Leica QWin V3). For each mouse, total vessel area (area within external elastic lamina), medial area (area between internal and external elastic lamina), and lumen area (area within internal elastic lamina) were measured at 100 μm distance from the aortic arch.



2.3. Atherosclerotic lesion induction and analysis

Female wildtype and Adam10ecko mice (aged 10–12 weeks; n = 16 and 14, respectively) were rendered prone to atherosclerosis by a single intravenous injection of adeno-associated virus serotype 8 containing D377Y-murine PCSK9 [AAV-PCSK9; 1 × 1011 vector genomes per mouse; as described previously (15)], followed by western type diet (WTD) feeding (0.25% cholesterol; Special Diets Services, Witham, Essex, UK). Blood was collected from the tail vein for analyses of plasma lipids at baseline (before WTD) and after 1, 3, 6, 9, and 12 weeks of WTD feeding after 4 h fasting. After 12 weeks of WTD feeding, mice were anesthetized, euthanized, and perfused with PBS containing nitroprusside (0.1 mg/ml, Sigma-Aldrich, Seelze, Germany). Mouse hearts and the brachiocephalic trunk (BC) of the right carotid artery were excised and fixed overnight in 1% paraformaldehyde. Serial paraffin sections of the aortic root were cut (4 μm) and stained with hematoxylin and eosin (H&E, Sigma) for morphometric analysis of lesion size, plaque, necrotic core area (defined as acellular regions) and plaque phenotype staging. Total plaque areas were obtained by averaging morphometric measurements of five representative H&E sections (20 μm apart) of the aortic root and five representative H&E sections (20 μm apart) of the BC. Plaque phenotype characterization was determined as previously described (19), with slight modifications. Plaques were classified as early (foam cell rich, but lacking a necrotic core), moderately advanced (containing a fibrotic cap and often a necrotic core, but no medial macrophage infiltration) and advanced lesions, typified by medial macrophage infiltrates, elastic lamina degradation and more pronounced necrosis and fibrosis. For each mouse, the aortic valves (three per mouse) was scored by an experienced pathologist in a blinded manner based on above described characteristics using a 0–5 scale (0–1: early, 2–3: moderate, 4–5: advanced; each valve was scored on the cross sections with the most advanced plaque stage) and these results were used to determine the percentages of the different stages. Martius, Scarlet and Blue (MSB) staining was used for semi-quantitative analyses of fibrin deposits (severity score of 1–5, average of 5 sections). Atherosclerotic lesions were further characterized for macrophage (MAC3, clone M3/84, 1:200, BD Biosciences, New Jersey, USA), granulocyte (Ly6G, clone 1A8, BD) and collagen (Sirius Red, Sigma) content. Minimal cap thickness was measured at the thinnest point of the fibrous cap. A polarization filter and birefringence color discrimination were used to differentiate various collagen structures (ranging from loosely patched—immature–thin collagen, to tightly packed—mature–thick collagen fibers), as described by MacKenna et al. (20). Additionally, sections were analyzed for microvessels (CD31, clone MEC13.3, 1:25, BD), apoptosis [Cleaved Caspase-3 (Asp175, 1:100, Cell Signaling #9661)], and alpha smooth muscle actin (αSMA; clone 1A4, 1:3000, Sigma). Cell nuclei were counterstained with hematoxylin. Immunofluorescent staining of erythrocytes in atherosclerotic lesions was performed using anti-TER-119 antibodies (1:500, Biolegend); cell nuclei were stained with DAPI. Pictures were taken using a Leica DM3000 light microscope and sections were analyzed in a blinded manner using computerized morphometry (Leica QWin V3). Necrotic core was defined as cell and nucleus free plaque area, containing cholesterol clefts.



2.4. Blood lipid analyses

Blood was collected at the start (t = 0) and after 1, 3, 6, 9, and 12 weeks of WTD. Plasma was separated by centrifugation (2100 × g, 10 min, 4°C), and stored at -80°C until further use. Plasma cholesterol and triglycerides were determined using standard enzymatic kits (Cholesterol FS’10; Triglycerides FS 5′ Ecoline; Diagnostic Systems GmbH, Holzheim, Germany) according to the manufacturer’s instructions.



2.5. Cell culture

Human Primary Coronary Artery Endothelial Cells (HCAECs; CC-2585), EGM-2 Bulletkit medium (CC-3162) and ReagentPack Subculture Reagents (CC-5034) were purchased from Lonza. Cells were kept at 37°C and 5% CO2 under sterile conditions in a humidified incubator. Subculturing and medium refreshing were performed according to the manufacturer’s protocol. For ADAM10 silencing studies, cells were transfected with either 20 nM negative control siRNA (Negative Control DsiRNA, Cat. nr. 51-01-14-03, Integrated DNA Technologies) or 20 nM ADAM10 siRNA duplex mix (TriFECTa® Kit DsiRNA Duplex, Integrated DNA Technologies) consisting of the following duplexes: hs.Ri.ADAM10.13.1 (5′-rArUr CrArCrUrUrCrArArGrArArGrUrArArArGrCTA-3′ and 5′rUrArGr CrUrUrUrArCrUrUrCrUrArGrUrUrGrArArGrUrGrArUrGrU-3′), hs.Ri.ADAM10.13.2 (5′-rGrUrCrArUrGrUrUrArArArGrCrGrArUr UrGrArUrArCrAAT-3′ and 5′-rArUrUrGrUrArUrCrArArUrCrGr CrUrUrUrArArCrArUrGrArCrUrG-3′), and hs.Ri.ADAM10.13.3 (5′-rCrArUrGrGrUrGrArArArCrGrCrArUrArArGArArUrCrAAT-3′ and 5′-rArUrUrGrArUrUrCrUrUrArUrGrCrGrUrUrUrCrArCrC rArUrGrArA-3′). For LOX-1 silencing studies, cells were transfected with either 20 nM negative control siRNA (Negative Control DsiRNA, Cat. nr. 51-01-14-03, Integrated DNA Technologies) or 20 nM LOX-1 siRNA (Silencer Select, Ambion). Transfection was performed via siPORT™ NeoFX™ Transfection Agent according to the manufacturer’s protocol (Invitrogen by Life Technologies). Cells were transfected for 24 h (for double knockdown of ADAM10 and LOX-1, both siRNA complexes were combined) and the transfection efficiency was evaluated by qPCR. Cells were optionally treated with 25 μg/ml oxLDL 24 h before evaluating the impact of ADAM10 silencing.



2.6. Flow cytometry analyses

Absolute circulating leukocyte subset numbers were determined by flow cytometry calibrated using Trucount Beads (BD). Blood was collected at the start (t = 0) and after 12 weeks of WTD. Erythrocytes were removed by incubation with erylysis buffer (155 mM NH4Cl and 10 mM KHCO3). Leukocytes were defined as CD45+ (Biolegend), T-lymphocytes as CD45+ CD3+ (eBioscience) NK1.1– (BD), NK cells as CD45+ CD3– NK1.1+, B-lymphocytes as CD45+ CD3– NK1.1– B220+ (BD) granulocytes as CD45+ CD3– NK1.1– B220– CD11b+ (BD) Ly6G+ (BD), and monocytes as CD45+ CD3– NK1.1– B220– CD11b+ Ly6G–. Data were acquired using a FACS Canto II (BD Bioscience) and analyzed with FACSdiva software (BD Bioscience).

To measure protein expression of vascular adhesion molecule-1 (VCAM-1) and ICAM-1 on the cell surface of HCAECs, flow cytometric analysis was performed 24 h after transfection with ADAM10 siRNA (with or without LOX-1 siRNA). Cells were also simultaneously stimulated with or without 25 μg/ml oxLDL. The HCAECs were then harvested and stained for VCAM-1 (eBioscience) and ICAM-1 (eBioscience).



2.7. RNA isolation and cDNA synthesis

Total RNA isolation from cell culture samples was performed by commercially available RNA isolation kit from Zymoresearch (Direct-zol microprep kit) according to the manufacturer’s protocol. The quality (A260/A280) and the quantity (ng/μL) of the RNA was measured by NanoPhotometer N60/N50 (Implen). A ratio of ∼2 for A260/A280 was accepted as good quality RNA. RNA samples were diluted to the same concentration and the cDNA synthesis was performed via the commercially available iScript cDNA synthesis kit from Bio-Rad according to the manufacturer’s protocol.



2.8. PCR

Quantitative real-time PCR was performed using PowerUp™ SYBR™ Green Master Mix (Life Technologies), according to the manufacturer’s protocol. Real-time PCR reactions with the primer pair for ADAM10 (5′TTGCCTCCTCCTAAACCACTTCCA-3′ and 5′AGGCAGTAGGAAGAACCAAGGCAA-3′) or for ADAM17 (5′ GGGAAGTGACTTAGCAGATG-3′ and 5′CTAGATTCACCTTCA CCTTACC-3′) were performed using the ViiA7 Real Time PCR system (Life Technologies). Gene expression was normalized to Beta Actin according to the ΔΔCt method.



2.9. RNA preparation and sequencing

Snap frozen aortic arches from atherosclerotic Adam10wt and Adam10ecko mice were pooled (three pools of two aortic arches) and RNA was extracted as described above. Library construction was done by using Oligo(dT) magnetic beads to select mRNA with poly(A) tail or hybridize the rRNA with DNA probe and digest the DNA/RNA hybrid strand, followed by DNase I reaction to remove DNA probe. After purification, the target RNA was obtained. The target RNA and reverse transcription was fragmented to double-strand cDNA (dscDNA) by N6 random primer, which was followed by end repair of the dscDNA with phosphate at 5′ end and stickiness “A” at 3′ end, and ligation and adaption with stickiness “T” at 3′ end to the dscDNA. Two specific primers are used to amplify the ligation product, and the PCR product was denatured by heat and the single-strand DNA is cyclized by splint oligo and DNA ligase followed by sequencing on the prepared library. Samples were sequenced by BGISEQ-500 system.



2.10. RNA-sequencing data analysis

Raw sequences were aligned to the murine reference cDNA (GRCm39.v107) obtained from the Ensembl using kallisto (v0.48.0) (21). Transcript abundances were aggregated into gene level by the R package tximport (v1.22.0) (22). Genes with an average read count below 5 were removed. In addition, only protein-coding genes were included, resulting in 14,980 genes for differential expression analysis.

Based on the raw read counts, gene differential expression analysis was performed by the R package DESeq2 (v1.34.0) (23) with the parameter alpha set as 0.05. The Benjamini–Hochberg procedure was used to adjust the p-values to decrease the false discovery rate. We set log2 fold change > 0 (up-regulation) or < 0 (down-regulation) as well as a significance level of adjusted p-value = 0.05 as the thresholds for significantly differentially expressed genes (DEGs). Raw read counts were normalized using the variance stabilizing transformation provided in the DESeq2 package for heatmap visualization.

We associated gene differential expression with biological functions by gene set overrepresentation analysis (GSOA) and gene set enrichment analysis (GSEA) (24). For GSOA, we analyzed the significantly up-/down-regulated genes separately to associated DEGs with Gene Ontology annotation terms. GSEA was performed on the list of all analyzed genes sorted based on log2 fold change from high to low based on hallmark gene sets obtained from the Molecular Signatures Database. Both analyses were performed using the R package clusterprofiler (v4.2.2) (25). P-values were corrected by the Benjamini–Hochberg procedure.

The raw sequencing data analyzed in this study have been deposited into the Gene Expression Omnibus (GEO) with the accession number GSE209602.



2.11. ELISA

LOX-1, CCL5, and CXCL1 levels in supernatant were measured with the LOX-1/OLR1 Human ELISA kit (ThermoFisher), ELISA Deluxe set human CCL5 (Biolegend) and Human GROa uncoated ELISA kit (ThermoFisher), respectively. LOX-1 was measured in murine plasma using the Mouse LOX-1/OLR1 ELISA kit (ThermoFisher).



2.12. Kinase activity profiling

Kinase profiles were determined using the PamChip® peptide based tyrosine kinase (PTK) and the PamChip® Ser/Thr Kinase (STK) microarray system on PamStation®12 (PamGene International, ‘s-Hertogenbosch, Netherlands). Each PTK-PamChip® array contains 196 individual phospho-site(s) that are peptide sequences derived from substrates for Tyrosine kinases. Each STK-PamChip® array contains 144 individual phospho-site(s) that are peptide sequences derived from substrates for Ser/Thr kinases. Peptide phosphorylation is visualized by detection of the fluorescent signal emitted after binding of the FITC-conjugated antibody to the phosphorylation site. HCAECs were transfected and stimulated with/without oxLDL as described above and subsequently washed once in ice-cold PBS, with 4 biological replicates per condition, and lysed for 15 min on ice using M-PER Mammalian Extraction Buffer containing Halt Phosphatase Inhibitor and EDTA-free Halt Protease Inhibitor Cocktail (1:100 each; Thermo Fischer Scientific). Lysates were centrifuged for 15 min. at 16.000 × g at 4°C in a pre-cooled centrifuge. Protein quantification was performed with Pierce™ Coomassie Plus (Bradford) Assay according to the manufacturer’s instructions.

For the PTK assay, 10.0 μg and for the STK assay, 2.0 μg of protein was applied per array (N = 4 per condition) and carried out using the standard protocol supplied by Pamgene International B.V. Images were recorded by a CCD camera PamStation®12. The spot intensity at each time point was quantified (and corrected for local background) using the BioNavigator software version 6.3 (PamGene International, ’s-Hertogenbosch, Netherlands). Upstream Kinase Analysis (UKA) (26), a functional scoring method (PamGene) was used to rank kinases based on combined specificity scores (based on peptides linked to a kinase, derived from 6 databases) and sensitivity scores (based on treatment-control differences).

Over-representation analyses (ORA) of the Kyoto Encyclopedia of Genes and Genomes (KEGG) database for the kinases with significant differences from control were performed using the ClusterProfiler R-package (27). The list of kinases of interest contains the kinases with higher Median Final Scores (> 1.2). The p-values were adjusted for multiple comparisons by false discovery rate (FDR).



2.13. Statistics

Data are expressed as mean ± standard error of the mean (SEM). Statistical analysis was performed using GraphPad Prism version 9.1.1 (GraphPad Software, Inc., San Diego, CA, USA). Outliers were identified using the ROUT = 1 method. Gaussian distribution was tested via the D’Agostino-Pearson omnibus normality test, while homogeneity of variance by Levene’s test. Significance was tested using either Student’s t-test (with Welch correction as required) or Mann–Whitney U-test for normally and non-normally distributed data, respectively, unless stated otherwise. A two-tailed p-value < 0.05 was considered statistically significant.




3. Results


3.1. Endothelial Adam10 deficiency significantly augments atherosclerosis development

To investigate the causal impact of endothelial ADAM10 in atherosclerosis, Adam10wt and Adam10ecko mice were rendered atherogenic via adeno-associated virus (AAV) aided murine PCSK9 gene transfer (15), followed by WTD feeding for 12 weeks. As expected, WTD feeding resulted in a prominent increase in plasma cholesterol and triglycerides levels, though no differences were observed between both ADAM10 genotypes (Figure 1A). Additionally, endothelial Adam10 deficiency had no effect on general leukocyte numbers in the blood before or after 12 weeks of WTD feeding (Supplementary Figure 1A). At baseline, i.e., under normolipidemic conditions, there was no indication for any large vessel abnormalities, based on left carotid artery morphometry (Supplementary Figures 1B, C). Furthermore, body weight after 12 weeks of WTD feeding was not changed between groups (Supplementary Figure 1D).
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FIGURE 1
Adam10ecko significantly increases atherosclerotic lesion formation and intraplaque necrosis. Endothelial Adam10 deficient (Adam10ecko) and wildtype mice (Adam10wt) mice were rendered hyperlipidemic by AAV8-PCSK9 gene transfer, followed by 12 week western type diet feeding. (A) Plasma cholesterol and triglyceride levels (n = 13–16). (B–D) Atherosclerotic lesion area (B,C) and plaque stage quantification (D) in the aortic root (H&E staining, n = 13–15; scale bar, 400 μm). Indicated percentages reflect the total number of valves (three per mouse) that are classified as belonging to the respective plaque stage. (E) Quantification of necrotic core area (n = 13–16). (F–H) Representative images of (immuno)histological stainings for macrophages (F, MAC3+; n = 12–14; scale bar, 200 μm), granulocytes (G, Ly6G+, n = 13–16; scale bar, 100 μm) and total collagen (H, Sirius Red imaged with polarized light; n = 13–16; scale bar, 200 μm) in aortic root atherosclerotic plaques with quantification. (I) Quantification of different collagen fibers in the plaques, ranging from thick–mature collagen (red), to loosely packed–thin collagen fibers (green) (n = 13–16). Sidak’s multiple comparison test was conducted to determine the statistical significance between the two groups. (J) Quantification of minimal cap thickness (n = 13–15). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.


Although ADAM10 expression in human atherosclerosis positively correlates with disease progression and endothelial Adam10 knockdown is known to reduce leukocyte recruitment (13), endothelial Adam10 deficiency resulted in a remarkable 45% increase in atherosclerotic plaque size in the aortic root, compared to wildtype controls (Figures 1B, C). Besides this significant increase in plaque size, Adam10ecko mice also showed a noteworthy increase in plaque progression (Figure 1D). In addition, plaque expansion and progression in Adam10ecko mice was associated with a significantly increased (50%) relative necrotic core content (Figure 1E), with a concomitant decrease in relative macrophage content (Figure 1F), while the absolute macrophage area and cleaved Caspase-3 area were unchanged (Supplementary Figures 1E, F). In contrast, granulocyte (Figure 1G) and total collagen (Figure 1H) contents were unchanged between both genotypes. Collagen fibers in Adam10ecko plaques were more mature (Figure 1I) and minimal cap thickness increased (Figure 1J).

Interestingly, endothelial Adam10 deficiency also significantly increased the plaque area in the brachiocephalic trunk of the right carotid artery (BC), a site where lesion development generally is less progressed than in the aortic root (Figure 2A). This is also the only site in mice where advanced lesions incidentally were seen to display signs of plaque rupture or intraplaque hemorrhage (IPH) (18). Interestingly, overt fibrin deposits, reflective of IPH associated thrombus formation, were found in 5 out of 8 Adam10ecko mice, while only minor fibrin deposits were seen in 2 out of 8 Adam10wt mice (Figure 2B).
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FIGURE 2
Atherosclerotic lesion size and intraplaque fibrin deposits are increased in Adam10ecko mice. (A) Examples of HE-stained plaques in brachiocephalic trunk and quantification of atherosclerotic lesion area (n = 5–7). (B) Examples of MSB-stained plaques in brachiocephalic trunk and pathological scoring (n = 8) of intraplaque fibrin deposits as evidence for IPH. *p ≤ 0.05.




3.2. Aortic root plaques of Adam10ecko mice show overt intraplaque hemorrhage and neovascularization

Remarkably, further examination revealed that atherosclerotic plaques in the aortic root from Adam10ecko mice were also rich in IPH and neovessels, which to our knowledge is the first report at this site, especially at this relatively early time point (12 weeks WTD, i.e., ∼22 weeks of age, Figures 3A, B). This IPH consisted mainly of erythrocytes (in contrast to the fibrin deposits observed in the brachiocephalic artery) was confirmed by TER-119 staining for erythrocytes (Figure 3C) and shown to be present in a striking 62% of Adam10ecko mice, significantly higher compared to Adam10wt mice, which did not contain any hemorrhages at all (Figure 3B). IPHs were not only observed near the abluminal side of the intima (Figures 3A, C), but also more closely to the lumen (Figure 3D). Intraplaque microvessels, which are most likely functional based on the presence of intraluminal erythrocytes, were sixfold more frequent in aortic root plaques of Adam10ecko mice (Figures 3A, E). Moreover, aortic root plaques of Adam10ecko mice contained intraplaque CD31+αSMA– cell clusters, which may represent (immature) vessels or sites of endothelial-to-mesenchymal transition (28) (Figures 3F–H). While ADAM10 is known to control angiogenic processes in a non-atherosclerotic setting (7–9), these observations clearly indicate not only a protective role for ADAM10 in plaque neovascularization, but also in atherosclerosis development and progression, suggesting a crucial role of endothelial ADAM10 in maintaining endothelial quiescence/homeostasis.
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FIGURE 3
Atherosclerotic lesions of Adam10ecko mice display several plaque destabilizing features. (A) Adam10ecko left panel: Atherosclerotic lesion in the aortic root containing pronounced intraplaque hemorrhage and microvessels of an Adam10ecko mouse (H&E, scale bar, 400 μm). Adam10ecko upper right detail panel: Detail of multiple small microvessels containing erythrocytes (indicated with black arrowheads) in aortic root lesion (H&E, scale bar, 200 μm). Adam10ecko lower right detail panel: Detail of a large microvessel containing erythrocytes (indicated with black arrowhead) and intraplaque hemorrhage (indicated with white arrowhead) at the plaque base in the aortic root (H&E, scale bar, 50 μm). Adam10wt left panel: Atherosclerotic lesion in the aortic root of an Adam10wt mouse containing a microvessel (H&E, scale bar, 400 μm). Adam10wt right detail panel: Detail of the microvessel containing erythrocytes (indicated with black arrowhead) in aortic root lesion (H&E, scale bar, 50 μm). (B) Quantification of intraplaque hemorrhage in aortic root of Adam10wt and Adam10ecko mice after 12 weeks on western type diet. (C) Immunofluorescence staining of erythrocytes (TER-119, red) in the atherosclerotic intima (cell nuclei, DAPI, blue) of an adjacent slide shown in panel (A; scale bar, 100 μm). Lesion borders are indicated with dashed lines. (D) Atherosclerotic lesions containing intraplaque hemorrhage (indicated with white arrowheads) possibly originating from neovessels from the luminal side of the aorta (indicated with black arrowheads; H&E, scale bar, 100 μm). (E) Quantification of intraplaque microvessels in aortic root of Adam10wt and Adam10ecko mice after 12 weeks on western type diet. (F,G) Clusters of cells (indicated with black arrowheads) within an atherosclerotic lesion of an Adam10ecko mouse (F, H&E, scale bar, 100 μm), which are positive for CD31 (G, blue, indicated by black arrowheads) and negative for α-SMA (G, brown; scale bar, 100 μm). (H) Quantification of intraplaque CD31+αSMA– cell clusters in aortic root of Adam10wt and Adam10ecko mice after 12 weeks on western type diet. L, lumen; m, media. Fisher’s exact test was conducted to determine the statistical significance between the two groups. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.




3.3. Atherosclerotic plaques from Adam10ecko mice demonstrate a more inflamed phenotype

In order to examine the underlying mechanisms by which endothelial specific Adam10 deficiency affects the atherosclerotic vessel, we mapped the changes in transcriptional makeup by bulk RNA-sequencing of aortic arches from atherosclerotic Adam10ecko and Adam10wt mice. We detected 181 differentially expressed genes (DEGs), of which 103 genes were significantly up- and 78 genes downregulated upon endothelial Adam10 deficiency (Figures 4A, B). Albeit bulk-sequencing has limitations over single-cell plaque analysis (29) as it cannot specify the cell-origin of the detected genes, we did detect well-known endothelial specific genes, e.g., von Willebrand factor, which is a known marker of endothelial dysfunction involved in platelet and leukocyte adhesion (30, 31), to be highly upregulated in plaques of Adam10ecko mice. Interestingly, although not specific for endothelium, another highly upregulated gene Arhgap45 has been suggested to negatively regulate endothelial barrier function (32). Over-representation analysis (ORA) revealed enrichment of GO pathways involved in inflammation, immune cell activation and cell adhesion in Adam10ecko mice (Figure 4C), of which the latter process involves DEGs both relevant for leukocyte adhesion to endothelium as well as endothelial integrity and cell-cell adhesion. In line with the GSOA results, GSEA also clearly demonstrates an increase in inflammatory response and inflammatory signaling pathways like IL-6-JAK-STAT3 signaling in plaques from Adam10ecko mice compared to Adam10wt mice (Figure 4D). Combined, these results suggest that mice with an endothelial Adam10 deficiency have plaques with a more inflamed phenotype.
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FIGURE 4
RNA-sequencing demonstrates an inflammatory genetic profile in vessels from Adam10ecko mice. (A) Volcano plot visualizing up-/downregulated genes in Adam10ecko vs. Adam10wt mice. Horizontal line represents adjusted p-value of 0.05, while vertical lines represent log2FC of 0. N.S., not-significant. (B) Heatmap of top 20 most differentially expressed genes. Variance stabilizing transformed expression values are z-normalized per gene/row. (C) Gene ontology of vessels from Adam10ecko vs. Adam10wt mice evaluated by GSOA. (D) GSEA figures showing the dysregulation of inflammatory responses and IL6-JAK-STAT3 signaling in Adam10ecko vs. Adam10wt mice.




3.4. ADAM10 silencing induces pro-atherogenic phenotype in HCAECs upon oxLDL stimulation

To further investigate the underlying mechanisms by which ADAM10 affects endothelial cells in an atherogenic environment, we silenced ADAM10 in HCAECs (Supplementary Figure 2A), which did not result in a compensatory upregulation of its closely related family member ADAM17 (Supplementary Figure 2B), and challenged them with pro-atherogenic oxLDL. Since the adhesion molecules ICAM-1 and VCAM play an important role in atherogenesis and are known substrates of ADAM-proteases (12, 33), the effect of ADAM10 silencing on their surface expression was evaluated. Though ADAM10 was previously shown to regulate ICAM-1 cleavage (12), at least in TNF-stimulated human umbilical vein endothelial cells, we did not find differences in unstimulated cells. However, oxLDL exposure led to increased ICAM-1/VCAM-1 surface expression (Figure 5A), suggesting an enhanced response to oxLDL in ADAM10 deficient endothelial cells. The more pro-inflammatory and pro-atherogenic phenotype of oxLDL-stimulated HCAECs after silencing ADAM10 was further substantiated by the observed increased secretion of the chemokines CXCL1 and CCL5 compared to control oxLDL treated HCAECs (Figure 5B). Furthermore, kinomic analysis confirmed that ADAM10 silencing induced pro-inflammatory signaling in oxLDL treated HCAECs, exemplified by amongst others increased phosphorylation of p38 and Src (Figure 5C). Furthermore KEGG analysis demonstrated that ADAM10 silencing results in increased PI3K-Akt and MAPK signaling, known downstream pathways of LOX-1 and mediators of ICAM and chemokine expression in mouse aortic endothelial cells (34, 35) (Figure 5D).
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FIGURE 5
ADAM10 silencing results in a pro-inflammatory, pro-atherogenic phenotype in HCAECs. (A) Surface expression of ICAM and VCAM, measured by flow cytometry in control and Adam10 silenced HCAECs stimulated with or without 25 μg/ml oxLDL for 24 h (n = 3–6). Fold change has been determined for each condition by comparing to the respective control condition. (B) Quantification of soluble CCL5 and CXCL1 in supernatant of control and ADAM10 silenced HCAECs stimulated with 25 μg/ml oxLDL for 24 h, measured by ELISA (n = 8–11). (C) Kinomic analysis of control and ADAM10 silenced HCAECs stimulated with 25 μg/ml oxLDL for 30 min. Visualized is the heatmap of kinases that are up-regulated upon ADAM10 silencing after oxLDL stimulation. Red color reflects increased phosphorylation, while blue color reflects decreased phosphorylation in ADAM10 silenced HCAECs (fold change compared to scrambled control cells, n = 4). (D) Dot plot for over-representation analysis (ORA) of KEGG with significant differences from control using the PTK and STK dataset. Visualized are the top 10 of upregulated pathways in ADAM10 silenced HCAECs, stimulated with 25 μg/ml oxLDL for 30 min. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.




3.5. The inflammatory and pro-atherogenic phenotype of endothelial cells lacking ADAM10 is LOX-1 dependent

Since the observed inflammatory effects in HCAECs upon ADAM10 silencing seem to be dependent on oxLDL stimulation, we evaluated the shedding of the endothelial oxLDL receptor LOX-1, which is a known substrate of ADAM10 (36), previously also shown to be involved in pro-inflammatory responses to oxLDL in mouse aortic endothelial cells (35). Indeed, ADAM10 silencing strongly decreased LOX-1 shedding in HCAECs, as evidenced by a decrease in soluble LOX-1 in the cells’ culture medium (Figure 6A). To investigate whether LOX-1 is indeed causally involved in the observed inflammatory and pro-adhesion effects, we silenced LOX-1 in combination with ADAM10 in HCAECs. In line with our expectation, LOX-1 silencing significantly reduced ICAM and VCAM expression after oxLDL stimulation of ADAM10-silenced HCAECs (Figure 6B). Additionally, also the secretion of CXCL1 and CCL5 in response to oxLDL stimulation is significantly reduced upon LOX-1 silencing (Figure 6C). Importantly, we could confirm that LOX-1 shedding is also affected by endothelial Adam10 deficiency in vivo, as soluble LOX-1 levels in the plasma were significantly reduced in Adam10ecko mice (Figure 6D). In summary, reduced LOX-1 shedding in ADAM10-deficient endothelium may render these mice more susceptible to oxLDL-induced inflammatory processes and atherosclerosis.
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FIGURE 6
LOX-1 shedding is a key mediator in the observed pro-inflammatory and pro-atherogenic effects by endothelial ADAM10. (A) Quantification of soluble LOX-1 in supernatant of control and ADAM10 silenced HCAECs stimulated with 25 μg/ml oxLDL for 24 h, measured by ELISA (n = 3). (B) Surface expression of ICAM and VCAM, measured by flow cytometry in control and LOX-1 silenced HCAECs (all conditions were additionally ADAM10 silenced) stimulated with or without 25 μg/ml oxLDL for 24 h (n = 9). (C) Quantification of soluble CCL5 and CXCL1 in supernatant of control and LOX-1 silenced HCAECs (all conditions were additionally ADAM10 silenced) stimulated with 25 μg/ml oxLDL for 24 h, measured by ELISA (n = 15–22). (D) Plasma LOX-1 levels in Adam10ecko and Adam10wt mice (n = 11–14). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.





4. Discussion

This study is the first to establish that endothelial Adam10 deficiency significantly exacerbates atherosclerotic lesion formation and promotes plaque vulnerability in mice, with increased necrosis, IPH and neovascularization as most frequent features. These findings are in line with previous literature showing vascular abnormalities and increased (pathological) neovascularization in endothelial Adam10 deficient mice (7–9). However, they are in sharp contrast to the significantly reduced atherosclerosis development in mice with endothelial deficiency of Adam17, a family member with a large overlap in substrate repertoire (37).

Especially the observation of substantial IPHs and neovascularization in Adam10ecko mice was to our knowledge unprecedented at this site and age of mice. In previous studies IPH and intraplaque microvessels were only detected in the carotid or brachiocephalic artery of aged (> 40 weeks) atherosclerosis-prone mice (38), upon prolonged WTD feeding of Apoe–/– mice (> 40 weeks) (39), after surgical (40), pharmacological [focal mast cell activation (41)] intervention or with haploinsufficiency of a key extracellular matrix component (fibulin-1) (42). IPH has already been identified as critical factor in necrotic core expansion and plaque growth (43), features that we have also observed in Adam10ecko mice. The decreased relative lesional macrophage content and necrotic core expansion are therefore likely the resultants of the more advanced plaque progression stage in Adam10ecko mice. Whether this is causal in or secondary to the overt presence of intraplaque microvessels, which are known to provide a major portal for lipids, leukocytes and cholesterol-rich erythrocytes into the atherosclerotic plaque (38, 44, 45), remains to be addressed. Besides this novel observation of tissue neovascularization under chronic inflammatory conditions, several lesions from Adam10ecko mice also contained CD31+αSMA– cell clusters resembling hyperplastic endothelial cells, which were previously only observed in the intestines and kidneys of Adam10ecko mice (7).

The broad pattern regulatory function of ADAM10 makes it challenging to pinpoint a single responsible key mediator for the observed phenotype in Adam10ecko mice. Angiogenesis, the sprouting of new blood vessels from the existing vasculature, is a tightly regulated process which is induced by various stimuli, including pro-angiogenic growth factors, like vascular endothelial growth factor (VEGF), hypoxia, metabolic stress and inflammation (46). ADAM10 has already been shown to be able to regulate the angiogenic process through shedding of various key receptors, including VEGF receptor 2 (VEGFR2) and Notch (9, 11, 47). ADAM10-mediated Notch cleavage, for example, is a crucial step in Notch activation, which in endothelial cells limits tip cell selection and sprout formation, thereby reducing excessive sprouting and branching (48). Interestingly, interference with Notch signaling phenocopies the vascular abnormalities caused by ADAM10 deletion under baseline conditions (7–9), suggesting that reduced Notch signaling most likely underlies the pathological neovascularization in atherosclerotic lesions caused by endothelial Adam10 deficiency.

A second important mechanism potentially contributing to the profound plaque phenotype of endothelial Adam10 deficiency involves ADAM10’s inflammation dampening functions. As highlighted in this and other studies (12), endothelial ADAM10 plays an important role in the cleavage of adhesion molecules, necessary for efficient transmigration. Thereby, a lack of ADAM10 results in increased and prolonged leukocyte adhesion to the vascular wall, though eventually does not restrict leukocyte transmigration (12). Our RNAseq data indeed confirm that Adam10ecko atherosclerotic plaques are more inflammatory, with an enrichment in inflammatory signaling, immune cell activation and cell adhesion, which could reflect both leukocyte adhesion and angiogenic processes. Previously, we have demonstrated that endothelial ADAM10 is responsible for the shedding of LOX-1, thereby increasing the surface expression of this pro-atherogenic receptor for oxLDL (34, 35). It has already been shown in fibroblasts that increased Lox-1 expression results in an increased expression of ICAM-1 and VCAM (49) and also in mouse aortic endothelial cells, enhanced LOX-1 signaling upregulated ICAM-1 and increased pro-inflammatory signaling via ERK1/2 and p38 (34, 35), we could confirm in HCAECs that ADAM10 deficiency indeed reduced LOX-1 shedding and enhanced endothelial proinflammatory responses to oxLDL, including p38 activation and chemokine secretion. Interestingly, the fact that ADAM17 appeared not to be involved in LOX-1 cleavage (35) might explain, at least partly, the different impact on atherogenesis between endothelial Adam10 and Adam17 deficiency (37).

Taken together, this study demonstrates that endothelial ADAM10 is a protective factor in atherosclerosis, on the one hand by restraining plaque neovascularization and intraplaque hemorrhage, and on the other hand by limiting inflammation. While the ADAM10-Notch axis is a well-known master regulator of neovascularization, this study demonstrates a crucial role of ADAM10 in pro-inflammatory processes in endothelial cells, at least in part by regulating expression of leukocyte adhesion molecules and by controlling receptor availability for pro-atherogenic stimuli, as demonstrated for LOX-1. Although it remains to be determined to what extent endothelial ADAM10 can influence these vulnerable plaque features in humans, its overt expression in intraplaque microvessels in human plaques suggests an active regulatory function in humans as well (11).
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Aim: Signal transducer and activator of transcription (STAT) signaling is critical for the pathogenesis of abdominal aortic aneurysms (AAAs). Though protein inhibitor of activated STAT3 (PIAS3) negatively modulates STAT3 activity, but its role in AAA disease remains undefined.



Method: AAAs were induced in PIAS3 deficient (PIAS3−/−) and wild type (PIAS3+/+) male mice via transient intra-aortic elastase infusion. AAAs were assessed by in situ measurements of infrarenal aortic external diameters prior to (day 0) and 14 days after elastase infusion. Characteristic aneurysmal pathologies were evaluated by histopathology.



Results: Fourteen days following elastase infusion, aneurysmal aortic diameter was reduced by an approximately 50% in PIAS3−/− as compared to PIAS3+/+ mice. On histological analyses, PIAS3−/− mice showed less medial elastin degradation (media score: 2.5) and smooth muscle cell loss (media score: 3.0) than those in PIAS3+/+ mice (media score: 4 for both elastin and SMC destruction). Aortic wall leukocyte accumulation including macrophages, CD4+ T cells, CD8+ T cells and B cells as well as mural neovessel formation were significantly reduced in PIAS3−/− as compared to PIAS3+/+ mice. Additionally, PIAS3 deficiency also downregulated the expression levels of matrix metalloproteinases 2 and 9 by 61% and 70%, respectively, in aneurysmal lesion.



Conclusion: PIAS3 deficiency ameliorated experimental AAAs in conjunction with reduced medial elastin degradation and smooth muscle cell depletion, mural leukocyte accumulation and angiogenesis.
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Introduction

Abdominal aortic aneurysm (AAA) is a lethal degenerative disease that is prevalent in older smoker men (1, 2). Inflammation is one of well-established pathophysiological mechanisms in the genesis of AAAs. For example, the circulating levels of inflammatory cytokines such as interleukin (IL)-6, IL-1β, tumor necrosis factor (TNF)-α and other mediators were elevated in patients with AAAs and may mediate AAA formation and progression (3–5). Inhibition of inflammatory cytokines effectively attenuated experimental AAA formation (6–8).

Janus kinase (JAK)/signal transducer and activator of transcription (STAT) signaling critically regulates inflammatory responses (9, 10). It is involved in cytokine production, immune cell recruitment, and initiation of adaptive responses (9, 11). Four JAKs (JAK1-JAK3 and tyrosine kinase 2) and seven STATs (STAT1-STAT4, STAT5a, STAT5b, and STAT6) are present in mammalian cells (12). JAK2/STAT3 signaling modulates cell proliferation as well as cell survival. Additionally, enhanced JAK2/STAT3 signaling activity has been reported in clinical AAA specimens (13).

Excessively activating JAK/STAT signaling leads to dysregulated immune responses and thus tissue damage. Several endogenous inhibitory proteins, such as protein inhibitor of activated STAT (PIAS) and suppressor of cytokine signaling (SOCS), are evolved to limit overwhelming inflammation due to augmented JAK/STAT activity. We previously showed that PIAS3 was reversely associated with atherosclerotic progression and inhibited inflammatory responses and smooth muscle cell (SMC) proliferation (14). AAA as a chronic inflammatory disease may share some common pathogenic pathways with atherosclerosis. The role PIAS3 plays in AAAs has not been clarified. Therefore, the present study was to investigate the influence of PIAS3 deficiency on experimental AAAs in the elastase-induced AAA model.



Materials and methods


Animals

PIAS3 gene (NM_001165949) is located on mouse chromosome 3 with fourteen exons (15). PIAS3 deficient (PIAS3−/−) mice on C57BL/6 genetic background were created in Cyagen Biosciences (Suzhou) Inc (Taicang, Jiangsu, China) using the CRISPR/CAS9 technique. Briefly, the exons of 2–9 were selected as target sites, and two gRNAs with Cas9 mRNA were microinjected into zygotes for PIAS3 deficient mouse generation (Figure 1A). F0 founders were identified via PCR genotyping followed by DNA sequencing. Homozygotes (PIAS3−/−) and wild type (PIAS3+/+) littermates were screened and used for all experiments. The use and care of animals as well as all experimental procedures were reviewed and approved by the Laboratory Animal Administration Committee of Xi'an Jiaotong University (No. 2019–1178). All information on animals and related reagents were detailed in Supplementary Table S1.



Phenotyping of PIAS3 deficient mice

For PCR screening, tail tip samples were collected from <3 weeks old mice and genomic DNA was extracted by proteinase K digestion. Genotyping PCR primers were AAACAAGACTAAAGGAGTATGGGC (sense 1), TAGAGGAAGGGGAAGGGAACTAAG (antisense 1) and CTCAGACACTCGGAAACTCATC (antisense 2). For quantitative reverse transcription PCR (qRT-PCR) and Western blotting analyses, total RNA and proteins were extracted from aortas. The PIAS3 primers for qRT-PCR analysis were sense: ACCAAGAATGGAGCTGAGCC (sense) and TCTGGATTCCGGATCCCCTT (antisense). Antibodies against PIAS3 and β-actin were obtained from Cell Signaling Technology (Danvers, MA, United States) and TransGen Biotech Co., Ltd (Beijing, China), respectively.



Experimental AAA modeling

Experimental AAAs were induced in PIAS3−/− and PIAS3+/+ mice by transient luminal infusion of porcine pancreatic elastase (PPE, 1.5 units/mL in phosphate-buffered saline) in controlled infrarenal aortic segment as previously reported (16, 17). Briefly, 9–12 weeks old male mice were anesthetized by 2% isoflurane inhalation, and infrarenal aorta was exposed via a laparotomy. Infrarenal aorta was then infused with PPE solution via an aortotomy for 5 min under constant pressure as previously described (18). After the surgery, all mice were maintained in individual cages with free access to chow diet and water.



Measurement of abdominal aortic diameters

Prior to PPE infusion, infrarenal aorta was photographed with a digital camera. The diameter was measured using Images Plus3.0 ML (Motic Electric Group Co., Ltd, Xiamen, Fujian, China) and served the baseline level. On day 14 after PPE infusion, infrarenal aortic diameter for each mouse was measured by the same procedure prior to sacrifice and aorta was then harvested. A mouse with a more than 50% aortic dilation over the baseline was considered aneurysmal (18).



Analysis of medial elastin and SMCs

Mice were euthanized by carbon dioxide inhalation. PPE-infused aortic segment was collected, embedded in optimal cutting temperature media, and sectioned (6 μm). Frozen sections were stained with hematoxylin and eosin (H & E) and Elastic van Gieson (EVG) stains, respectively, for the assessment of general morphology and elastin integrity. Aortic media elastin degradation was graded as I (mild) to IV (severe) on EVG-stained sections as previously reported (16–20). To evaluate SMC depletion, acetone-fixed frozen sections were stained with a goat anti-SMC α-actin antibody followed a standard biotin-streptavidin peroxidase procedure. Biotinylated donkey anti-goat IgG antibody and streptavidin-peroxidase conjugate were obtained from the Jackson ImmunoResearch Laboratories Inc., West Glove, PA, United States). AEC substrate kit for color development was purchased from Vector Laboratories Inc., Burlingame, CA, United States. Aortic medial SMC depletion was graded on a scale of I (mild) to IV (severe) as reported previously (20).



Analysis of aortic leukocytes

Acetone-fixed aortic frozen sections were stained with monoclonal antibodies against CD68 (macrophages), CD4+ T cells, CD8+ T cells and B cells (B220) (18). Sections were sequentially incubated with biotinylated goat anti-rat antibody (Vector Laboratories Inc), PBS, streptavidin-peroxidase conjugate (Jackson ImmunoResearch Laboratories Inc), PBS, peroxidase substrate AEC (Vector Laboratories Inc), counterstained with hematoxylin, mounted and cover-slipped. Aortic mural macrophage accumulation was graded on a scale of I (mild) to IV (severe) (20). CD4+ T cells, CD8+ T cells and B cells were quantitated as positively stained cells per aortic cross section (ACS) (20).



Immunostaining of aneurysmal matrix metalloproteinases

Matrix metalloproteinases (MMPs), particularly MMP2 and MMP9, contribute to the pathogenesis of AAAs. MMP2 and MMP9 were assessed by immunostaining using goat anti-mouse polyclonal antibodies against MMP2 (AF1488) and MMP9 (AF909) (R & D Systems, Minneapolis, MN, United States) (Cite your JIR article). The expression levels were quantitated as the positively stained area per ACS using the image analysis software (WinRoof 6.5, Mitani Co. Ltd., Tokyo, Japan).



Analysis of mural angiogenesis

Angiogenesis was analyzed by immunostaining with rat anti-mouse CD31 monoclonal antibody (Clone 390, Biolegend Inc, San Diego, CA, United States) previously described. The neovessels number were counted under the microscope and reported as CD31-positive vessels per ACS (20, 21).



Statistical analysis

Prism 9.0 software was used for all statistical analyses. Continuous variables were expressed as mean and standard deviation (normal distribution) or media with interquartile (not normal distribution). Student's t and nonparametric Mann-Whitney tests were used for normally and nonnormally distributed data, respectively. Two-way ANOVA followed by Sidak's multiple comparisons test was used for testing statistical difference for aortic diameters among groups. Statistical significance level was set at p < 0.05.




Results


Generation of PIAS3 knockout mice

As illustrated in Figures 1A,B, PIAS3 deficient mice were successfully generated by CRISPR/Cas9 techniques. PCR genotyping demonstrated the homozygotes of PIAS3 deficiency. qRT-PCR and Western blotting analysis further confirmed the deficiency of PIAS3 at mRNA and protein levels in PIAS3−/− as compared to PIAS3+/+ mice.
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FIGURE 1
Genetic deficiency of PIAS3 suppresses experimental AAAs. (A): Strategy for generating PIAS3 deficient (PIAS3−/−) mice by targeting exons 2-9 via the CRISPR/Cas9 technique. (B): Characterization of PIAS3−/− mice by PCR genotyping, qRT-PCR and Western blotting analyses. (C): Representative aortic photographs and quantification of aortic diameters on day 0 and day 14 after elastase infusion. Dotted line indicates average aortic diameter after PBS infusion (approximately 0.8 mm). (D): Representative images of H&E, EVG and SMC α-actin staining as well as the semi-quantification (media and interquartile) of aneurysmal medial elastin and SMC destruction. Two-way ANOVA followed two group comparison (C) and non-parametric Mann-Whitney test (D). N = 10 for each group, *p < 0.05 and **p < 0.01 as compared to PIAS3+/+ mice.




PIAS3 deficiency suppresses PPE-induced aortic dilation in mice

Intra-infrarenal aortic PPE infusion was conducted to induce AAAs in PIAS3+/+ and PIAS3−/− mice. Experimental AAAs were successfully induced in PIAS3+/+ mice (Figure 1C). PIAS3 deficiency significantly inhibited aortic expansion as compared to PIAS3+/+ mice. Aortic diameter on day 14 after PPE infusion were 1.03 ± 0.07 mm and 1.26 ± 0.10 mm for PIAS3−/− and PIAS3+/+ mice, respectively (Figure 1C). After subtracting an average aortic dilation caused by PBS infusion (approximately 0.8 mm), PIAS3 deficiency reduced PPE-induced aortic expansion by approximately 50% (Figure 1C, middle panel). The diameter increase over the baseline was significantly less in PIAS3−/− than that in PIAS3+/+ mice (Figure 1C, right panel).



PIAS3 deficiency ameliorates medial elastin degradation and SMC depletion

Histological analysis was performed in aneurysmal aortas. In H&E staining, PPE infusion induced a remarkable aortic dilation, predominant inflammatory cell infiltration, medial elastin degradation and SMC loss (Figure 1D, left panel). However, PIAS3−/− mice were protective against the destruction of medial elastin and SMCs. In comparison with PIAS3+/+ mice, the integrity of medial elastin was relatively preserved in PIAS3−/− mice, with significantly reduced elastin degradation score (Figure 1D, middle panel). Similar was true for medial SMCs (Figure 1D, right panel).



PIAS3 deficiency inhibits aortic leukocyte accumulation

In aortic immunostaining, the score for the accumulation of macrophages, identified by CD68-positve cells, was significantly lower in PIAS3−/− than that in PIAS3+/+ mice (Figures 2A,B). Similarly, PIAS3 deficiency reduced the accumulation of CD4+ T cells, CD8+ T cells and B cells by approximately 50% (Figure 2).


[image: Figure 2]
FIGURE 2
PIAS3 deficiency inhibits aneurysmal aortic leukocyte accumulation. (A): Representative images of immunohistochemical staining showing aneurysmal aortic leukocyte accumulation (macrophages, T cells and B cells). (B-E): Semi-quantification of aneurysmal aortic leukocyte accumulation. Aortic mural macrophage accumulation was scored from I to IV, while aortic CD4+ T cells, CD8+ T cells and B cells were quantified as positively stained cells number per aortic cross-section (ACS). Data are shown as media and interquartile (B) and mean and standard deviation (C–E). Non-parametric Mann-Whitney test (B) and Student's t test (C–E). N = 10 for each group, *p < 0.05 and **p < 0.01 as compared to wild type (PIAS3+/+) mice.




PIAS3 deficiency reduces aortic MMP2 and MMP9 expression

MMP2 and MMP9 are contributors of PPE-induced AAAs (17, 22, 23). The levels of aortic MMP2 and MMP 9 were diminished in PIAS3−/− as compared to PIAS3+/+ mice (Figure 3A). In semi-quantitative analysis, individual MMP positively stained areas were reduced by approximately 61% and 70% for MMP2 and MMP9, respectively, in PIAS3−/− as compared to PIAS3+/+ mice (Figures 3B,C).
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FIGURE 3
PIAS3 deficiency decreases the expression levels of matrix metalloproteinases 2 and 9. (A): Representative immunohistochemical staining images of MMP2 and MMP9 in aneurysmal aortas from mild type (PIAS3+/+) and PIAS3 deficient (PIAS3−/−) mice. (B): Semi-quantification of MMP2 and MMP9 expression levels in aneurysmal lesions quantitated as the positively stained area per aortic cross-section. N = 10 for each group, *p < 0.05 and **p < 0.01 as compared to PIAS3+/+ mice.




PIAS3 deficiency suppresses mural angiogenesis

Mural angiogenesis is involved in AAA pathogenesis (24–27). We thus determined whether the protective effect of PIAS3 deficiency on AAAs was associated with altered angiogenesis. In immunostaining of CD31, a maker of angiogenesis, the neovessels were significantly less in PIAS3−/− than that in PIAS3+/+ mice (Figure 4, left panel), with a 40% reduction in mural neovessels in PIAS3−/− mice (Figure 4, right panel).
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FIGURE 4
PIAS3 deficiency inhibits mural angiogenesis. Aortic frozen sections were immunostained with an antibody against mouse CD31. Angiogenesis was quantitated as the number of CD31-positive neovessels per aortic cross-section (ACS). N = 10 for each group, *p < 0.05 and **p < 0.01 as compared to wild type (PIAS3+/+) mice.





Discussion

Inflammation is implicated in the initiation and evolution of AAAs (28). It leads to aortic medial elastin degradation, the apoptosis and dysfunction of vascular SMC by proteolytic enzymes, free radicals, cytokines, and other inflammatory products (29). JAK2/STAT3 signaling is a main intrinsic pathway for inflammation. It is involved in the creation and sustenance of inflammatory milieus by modulating the expression of cytokines, chemokines, and other mediators (30). In this study, we found that PIAS3 deficiency attenuated experimental AAAs induced by elastase infusion. There were less aneurysmal medial elastin and SMC destruction in PIAS3−/− mice than those in PIAS3+/+ mice. Moreover, in comparison with PIAS3+/+ mice, aortic leukocyte infiltration, MMP expression and mural angiogenesis were attenuated in PIAS3−/− mice. These results demonstrate that PIAS3 deletion ameliorated experimental AAAs by preserving SMCs, inhibiting aortic leukocyte infiltration, and decreasing angiogenesis.

It has been previously shown that JAK2/STAT3 signaling activity was involved in the pathogenesis of AAAs (13, 31, 32). In human aortic tissues, JAK2/STAT3 expression levels were higher in aneurysmal than those in non-aneurysmal aortas (31). IL-6, a JAK2/STAT3 activator, was elevated in the human aneurysmal as compared to non-aneurysmal aortas (32, 33). However, previously reported influence of STAT3 pathway components on AAAs varied. Disruption of STAT3 signaling in bone marrow–derived cells aggravated whereas myeloid cell-STAT3 deletion had limited effect on experimental AAAs (34). A STAT3 inhibitor attenuated angiotensin II-induced AAA progression in mice through inhibiting vascular inflammation and maintaining autophagy (35), whereas severe angiotensin II-induced AAAs were noted in mice overexpressing SOCS3, another negative regulator of JAK2/STAT3 signaling, in T lymphocytes in association with impaired IL-17 production (34). These discrepancies of STAT3 inhibition/activation concerning AAA progression might be resulted from differential influence on different vascular structural and immune cells. In SMC, the STAT3 inhibitor suppressed inflammation related signaling activation, such as JAK2/STAT3 and NF-kB signaling, which ameliorated AAAs (35). In T cells, overexpression SOCS3 blocked STAT3 signaling activation, thereby significantly impeded Th17 development and decreased interleukin-17 production (34). Reduced IL-17 production is associated with severe vascular inflammation and enhanced susceptibility to aneurysms (36).

We previously found that PIAS3 was negatively associated with the JAK2/STAT3 activation and inflammatory responses in macrophages during atherosclerosis (14). Unexpectedly, the present study showed that PIAS3 deficiency attenuated PPE-induced AAA formation and reduced leukocyte infiltration in experimental AAA lesions. It is possible that chronic activation of STAT3 caused by PIAS3 deficiency may trigger tissue repair responses. In a recent study, SMC-specific SOCS3 deletion was protective against aortic dissection (37). Regionally activating STAT3 in the aorta may initiate host defense mechanisms thereby promoting SMC survival following vascular injury (37). Chronic activation of STAT3 evoked tissue repair responses by altering the phenotype of SMCs, macrophages, and fibroblasts, leading to enhancement of the tensile strength of the aortic wall (37). In addition, mural angiogenesis also contributes to AAA pathogenesis. In present study, PIAS3 deletion decreased aneurysmal mural angiogenesis, which might also result in the attenuation of AAA formation in PIAS3 deficient mice. PIAS3 has been shown to increase the levels of hypoxia-inducible factor (HIF)-1α, a critical angiogenic transcription factor, by stabilizing HIF-1 protein (38). HIF-1α/vascular endothelial growth factor (VEGF-A) pathway plays a vital role in the development of AAAs (39–43). Thus, angiogenesis inhibition by PIAS3 deficiency may be potentially attributed to low HIF-1 protein stability and thus reduced VEGF-A levels.

In conclusion, the present study demonstrated that genetic PIAS3 deficiency attenuated experimental AAAs in association with reduced medial elastin degradation, SMC depletion, leukocyte infiltration and aortic wall angiogenesis. Due to the limited aneurysmal tissues, the functions of MMPs and STAT3 were not determined in the present study. Further studies on the mechanism of PIAS3 regulating AAA will be conducted in the future.
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Chronic coronary syndrome (CCS) is a progressive disease, which often first manifests as acute coronary syndrome (ACS). Imaging modalities are clinically useful in making decisions about the management of patients with CCS. Accumulating evidence has demonstrated that myocardial ischemia is a surrogate marker for CCS management; however, its ability to predict cardiovascular death or nonfatal myocardial infarction is limited. Herein, we present a review that highlights the latest knowledge available on coronary syndromes and discuss the role and limitations of imaging modalities in the diagnosis and management of patients with coronary artery disease. This review covers the essential aspects of the role of imaging in assessing myocardial ischemia and coronary plaque burden and composition. Furthermore, recent clinical trials on lipid-lowering and anti-inflammatory therapies have been discussed. Additionally, it provides a comprehensive overview of intracoronary and noninvasive cardiovascular imaging modalities and an understanding of ACS and CCS, with a focus on histopathology and pathophysiology.
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1. Introduction

Coronary artery disease (CAD) is a progressive disease that often first manifests as acute coronary syndrome (ACS). ACS is a life-threatening disease that affects approximately 1,045,000 people per year in the United States, leading to hospitalization and contributing to a remarkable economic and health care burden (1). In 2019, the European Society of Cardiology proposed the term chronic coronary syndrome (CCS) in the revised guidelines for stable CAD (2). It emphasizes that CCS is a chronic condition rather than the conventional “stable” angina or “stable” CAD. This paradigm shift calls for the early diagnosis, intervention, and continuous treatment of risk factors in patients with CCS to prevent cardiovascular events, including sudden death, ACS, and heart failure.

Clinical symptoms are an important aspect in diagnosing CCS (2). Although ACS often occurs as the first manifestation, noninvasive tests such as electrocardiography, echocardiography and elevated cardiac troponin levels can help in the diagnosis of ACS (3). Imaging modalities are highly useful for assessing the presence of CAD in patients with and without clinical symptoms based on clinical risk factors. The therapeutic goals of CCS include the lifelong prevention of ACS development and symptom reduction (2). While the primary percutaneous coronary intervention (PCI) strategy reportedly improves outcomes in patients with ST-segment elevation myocardial infarction (STEMI) (2), the evaluation of myocardial ischemia, a surrogate marker of the disease, is central to determining indications for coronary revascularization in patients with CCS. The COURAGE (the Clinical Outcomes Utilizing Revascularization and Aggressive Drug Evaluation) trial demonstrated that PCI did not reduce the risk of death, nonfatal myocardial infarction (MI), or other major cardiovascular events (4). Subsequently, a sub-analysis demonstrated that a greater ischemic burden is associated with PCI benefits (5). To determine whether PCI is superior to optimized medical therapy (OMT) in patients with stable angina and a high ischemic burden the International Study of Comparative Health Effectiveness With Medical and Invasive Approaches (ISCHEMIA) trial was conducted at 320 institutions in 37 countries (n = 5,179). The ISCHEMIA trial compared the invasive (OMT + coronary revascularization) and conservative (OMT + invasive strategy, if necessary) strategies in patients with stable angina pectoris and moderate-to-severe myocardial ischemia (>10%), while excluding patients with heart failure, left main coronary lesions, and chronic kidney disease (6). There was no statistically significant difference in the primary endpoint between the two groups during follow-up. The observations from these key clinical trials indicate the importance of OMT and coronary revascularization with their appropriate timing and indications.

The identification of underlying factors, such as coronary plaque burden, high-risk plaques, and coronary microvascular disease (CMD), is crucial for the management of patients with CCS beyond the stage of myocardial ischemia. Figure 1 illustrates the role of imaging and therapeutic targets in the management of patients with CAD. Imaging modalities are clinically useful in deciding the appropriate management of patients with CAD (2, 7–11). The development of noninvasive imaging technologies, such as coronary computed tomography angiography (CCTA) and cardiac magnetic resonance (CMR), has propelled our understanding of the features that accelerate subclinical CAD leading to ACS (12, 13). Intracoronary imaging has deepened our understanding of the mechanisms underlying coronary lesion destabilization in ACS (14, 15). Accurate prediction of coronary lesions leading to ACS requires a comprehensive assessment of plaque vulnerability, including plaque burden (16, 17), inflammatory status (18), coronary plaque mechanical stress (19, 20), and coronary microvascular function (21). These in turn determine the fate of coronary plaque rupture/erosion. In this study, we present a review highlighting the latest CAD knowledge and investigate the role and future perspective of coronary plaque imaging in the diagnosis and management of patients with CAD and clinical trials for lipid-lowering and anti-inflammatory therapies.
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FIGURE 1
Role of imaging in the management of patients with coronary artery disease.




2. Pathophysiology of ACS

Understanding the pathogenesis of ACS largely relies on careful autopsy studies of sudden cardiac death. Fuster et al. proposed the concept of ACS, including unstable angina, acute MI, and sudden cardiac death, and determined that plaque rupture-induced thrombus formation is linked to occlusion and severe stenosis of the coronary arteries (3, 22). The most common pathological cause of ACS is plaque rupture; postmortem studies conducted in the 1980s demonstrated that plaque rupture is found in the most fatal MIs (23, 24), indicating the presence of vulnerable plaques. Vulnerable plaques are typically characterized by a large central lipid core which is covered by a thin inflamed fibrous cap with few smooth muscle cells (25); chronic inflammation weakens the collagen structure of the fibrous caps (19, 26). In recent decades, attempts have been made to use imaging to identify precursor lesions that progress to ACS (16, 27–30) on the hypothesis that local therapeutic interventions may prevent plaque rupture-induced thrombosis. Increased plaque volume (31), thin fibrous caps (32), and microcalcifications (27, 33) detected on imaging modalities reportedly serve as independent predictors of ACS; however, ACS prediction remains challenging (34).

Plaque erosion is the second leading cause of ACS, is reportedly more common in women, and has fewer inflammatory cells and proteoglycan-rich lesions than a ruptured plaque (35–38). Superficial erosion-induced plaque thrombosis involves less macrophage-mediated inflammation, just as in the case of fibrous cap rupture. Superficial erosion is complicated by lesions with different epidemiologies and morphologies and involves a pathophysiological mechanism different from that of a fibrous cap rupture. Factors other than plaques, such as endothelial shear stress and neutrophil extracellular traps (NETosis) (37, 38), are thought to play a vital role in plaque erosion-induced thrombus formation. Furthermore, recent clinical studies have demonstrated that intimal healing following a silent plaque rupture/erosion plays a vital role in plaque progression (39, 40).

Following plaque rupture and erosion, calcified nodules are reportedly the least common cause of ACS (≤5%). Calcified nodules are characterized by the eruption of calcified nodules with an underlying fibrocalcific plaque and minimal or no necrosis (25). ACS caused by plaque erosion or calcified nodules can cause non-occlusive thrombosis in the culprit lesion; however, plaque rupture-induced ACS is often accompanied by occlusive thrombosis.



3. Role of imaging in nonobstructive CAD

Approximately one-fifth of ACS cases occur despite the absence of coronary thrombi, suggesting that functional changes other than thrombus formation may contribute to its development. MI with nonobstructive coronary artery disease (MINOCA) is a condition in which MI is diagnosed based on elevated levels of cardiac enzymes and symptoms without evidence of obstructive coronary artery disease on invasive coronary angiography (ICA). The following three diagnostic criteria for MINOCA were proposed in a position paper by the European Society of Cardiology: (1) AMI criteria as defined by the Third Universal Definition of Myocardial Infarction with clinical evidence of ischemic symptoms; (2) absence of a > 50% stenotic lesion in the major epicardial vessels; and (3) absence of other specific causes for the acute clinical symptoms (41). Various mechanisms have been postulated for the development of MINOCA, including plaque disruption, epicardial coronary vasospasm, coronary microvascular dysfunction, coronary embolism/thrombosis, CAD, spontaneous coronary artery dissection, and supply-demand mismatch (42). MINOCA occurs in 6%–8% of patients diagnosed with acute MI. MINOCA is more common in women and often presents as non-STEMI. Imaging modalities such as CMR and intravascular imaging are reportedly useful in investigating the underlying cause of MINOCA (42). Simultaneous assessment of CFR or coronary microvascular resistance and detection of ischemia is recommended during catheter laboratory testing in patients with ischemia with nonobstructive coronary arteries (INOCA) (43). Comprehensive assessment of the structure, ischemia, and CMD will help provide better CCS management (21, 44).

There is a growing interest in INOCA (12, 45, 46), a condition in which there is no significant stenosis in the epicardial coronary artery on ICA despite anginal symptoms and ischemic findings on noninvasive testing. Figure 2 illustrates the diagnostic strategy for INOCA (47). The pathogenesis of vasospastic angina (VSA) involves abnormal endothelial function, that is, decreased production of nitric oxide by endothelial cells, which is a scenario encountered in CCS (38). VSA treatment includes smoking cessation and administration of calcium channel blockers and vasodilators. Another condition of INOCA is CMD, which is more common in women than in men and involves organic microvascular narrowing and coronary spasm (21). The diagnostic criteria of CMD are defined by the Coronary Vasomotor Disorders International Study (COVADIS) group (44): exertional chest pain or dyspnea, absence of obstructive CAD, objective evidence of myocardial ischemia on functional imaging, and CMD as determined by measuring CFR or coronary microvascular resistance (21). Coronary microcirculatory function can be indirectly assessed using noninvasive imaging modalities, including transthoracic doppler echocardiography (48, 49), CMR (50), and positron emission tomography (PET)/computed tomography (CT) (51, 52). Moreover, a comprehensive assessment of CFR and coronary microvascular resistance, in addition to ischemia detection, is recommended in the catheter laboratory when diagnosing INOCA (43).
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FIGURE 2
Diagnosis and management of INOCA. Modified from reference (47).




4. Functional or structural imaging

Patients with a history of MI and anginal symptoms are reportedly at high risk of cardiovascular events and may require more intensive treatments (53). For patients with a high pretest probability, evaluation of myocardial ischemia is important for patient management. For several decades, physicians have largely depended on the identification of patients with myocardial ischemia to perform coronary revascularization (54). Functional imaging for identifying myocardial ischemia includes single photon emission computed tomography (SPECT), PET/CT, stress echocardiography, or stress CMR. Although these imaging modalities are highly useful with high diagnostic accuracy for obstructive CAD in clinical practice, their ability to diagnose diffuse nonobstructive CAD is limited (55, 56).

CCTA is a noninvasive imaging technique that enables visualization of cardiac structures, coronary plaque structure and composition, and functional stenosis severity. Table 1 summarizes the recent clinical trials investigating the utility of CCTA in patients with stable chest pain. CCTA reportedly offers a high negative predictive value for significant obstructive CAD and has become a first-line test for symptomatic patients with suspected CAD (59), asymptomatic patients with low-to-intermediate cardiovascular risk (59), and those with low pretest probability (2). The strength of CCTA is that it provides direct visualization of the entire coronary artery and determines the presence of nonobstructive CAD. In the PROMISE (A Randomized Comparison of Anatomic vs. Functional Diagnostic Testing Strategies in Symptomatic Patients with Suspected Coronary Artery Disease) trial which investigated stable symptomatic outpatients referred for non-invasive evaluation of suspected CAD (n = 10,003), there was no significant difference between the two groups (randomized to anatomical testing with CCTA or functional testing) in the primary outcome (7). Further investigation demonstrated that CCTA had a higher discriminatory ability to predict outcomes than functional testing (57). This finding may be explained by the fact that CCTA enables the identification of nonobstructive diseases that develop into ACS and obstructive CAD requiring coronary revascularization (55, 56).


TABLE 1 Summary of the randomized controlled trials using CCTA in patients with stable chest pain.
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To test the hypothesis that an early invasive treatment strategy would reduce events in patients with moderate or greater ischemia rather than a conservative pharmacotherapeutic treatment strategy, the ISCHEMIA trial included cases of stable angina with documented moderate-to-severe (≥10%) ischemia (6). Blinded CCTA was performed, and patients with left main coronary artery lesions were excluded. A total of 5,179 patients from a total of 8,518 were randomized, with 2,588 patients in the invasive treatment group and 2,591 in the conservative treatment group (mean age, 64 years; 40% had diabetes and 90% had anginal symptoms). The invasive treatment group consisted of patients who underwent diagnostic catheterization within approximately one month if the core laboratory demonstrated ≥10% ischemia with exclusion of left main CAD on CCTA; PCI or CABG was performed within three months, if necessary. The conservative treatment group did not require imaging tests or invasive treatment but was continued on OMT, with a primary focus of controlling the patients’ symptoms. The follow-up period for both groups was 3.3 years, with very high follow-up rates of 99.4% and 99.7%, respectively. These results suggest that OMT may be an appropriate option for patients with CCS who meet the inclusion criteria of the ISCHEMIA trial with SPECT and CCTA. Extended analysis will provide further insights into the appropriate management of patients with CCS (60).



5. Non-invasive plaque imaging

The utility of CCTA-guided management has been well-documented. The SCOT-HEART (Scottish Computed Tomography of the Heart) trial demonstrated that CCTA-guided therapy provides better clinical outcomes than standard therapy does in patients with CCS (8). This can be explained by the effects of aspirin, statins, coronary revascularization, and lifestyle modifications through the identification of the presence of coronary atherosclerotic plaques on CCTA. Figure 3 illustrates a representative CCTA image of a patient with chest pain, showing high-risk plaque features, which led to ACS. The ROMICAT-II (Multicenter Study to Rule Out Myocardial Infarction by Cardiac Computed Tomography) trial demonstrated that high-risk coronary plaque features, including positive remodeling, low-attenuation plaques (LAP), spotty calcification, and napkin-ring sign, were independent predictors of ACS; these serve as useful diagnostic tools to rule out ACS in clinical practice (62). Although the predictive value of high-risk plaque features is not high enough to predict long-term ACS prognosis, a recent clinical trial demonstrated that a LAP volume of >4% is the strongest predictor of clinical risk factors, plaque volume, and stenosis severity (17). CCTA-derived high-risk plaques are associated with an increased incidence of ACS even in patients without myocardial ischemia (55). The combination of fraction flow reserve-CT and coronary structural features may provide a comprehensive assessment of patients requiring coronary revascularization and future ACS events (63).
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FIGURE 3
Coronary computed tomography angiography and angiographic images of a patient with acute chest pain. CCTA images of a patient with acute chest pain without ST-segment changes on electrocardiography. CCTA images (A–D) indicate 70–99% luminal stenosis with high-risk plaque features (positive remodeling, low-attenuation plaque, napkin ring sign, and spotty calcification) in the proximal left ascending coronary artery (LAD). After CCTA examination, the patient’s chest pain worsened, and ST-segment elevation was detected. (E) Emergent coronary angiography revealed total occlusion of the LAD, which corresponded to the location of the high-risk plaque visualized on CCTA. (F) Intravascular ultrasonography revealed an intraluminal thrombus secondary to plaque rupture. (G,H) Post-hoc analysis demonstrated an increased pericoronary artery attenuation of >−70 HU. Modified from reference (61).


CMR can assess perfusion and wall motion abnormalities of the left ventricle and cardiac structures, serving as the gold standard noninvasive imaging technique for diagnosing cardiomyopathy (64, 65), myocarditis (66), MI, and mechanical complications of MI (67). CMR with late gadolinium enhancement also allows the visualization of scar tissue and enables differentiation of recent MI from prior MI (68). CMR with T1 mapping is an alternative method for assessing myocardial edema (69, 70). CMR is widely used to differentiate other diseases mimicking ACS, including Takotsubo cardiomyopathy (65, 71) and MI with MINOCA (42). CMR also allows visualization of coronary plaques by assessing the signal intensity (72, 73). Hyperintense plaques, defined as a plaque-to-myocardium signal intensity ratio of >1.4, reportedly predicts ACS events in patients with suspected or known CAD (72). Daniel et al. demonstrated an association of intraplaque hemorrhage-related unstable carotid plaque features with stroke and myocardial infarction in 1,349 patients without a history of stroke or CAD with subclinical atherosclerosis. This indicates that the presence of intraplaque hemorrhage in the carotid arteries is associated with stroke and CAD development, independent of plaque size or cardiovascular risk factors (74, 75).

PET/CT imaging with a variety of radioactive tracer probes is used to identify and characterize arterial plaque burden at high risk for rupture and subsequent thromboembolic vessel occlusion (76). Peripheral vascular and coronary inflammation can be detected and quantified using 18-F-fluorodeoxyglucose (18F-FDG)-PET/CT (77). However, in approximately 50% of patients with ACS or MI, no local increase in coronary 18F-FDG uptake is observed. Thus, a less inflammatory but lipid-rich coronary plaque burden may account for a significant portion of the coronary plaque ruptures. Additionally, 18F-FDG-PET/CT scans may be negative in lipid-rich plaques because inflammation-induced macrophage infiltration, a major substrate for 18F-FDG uptake, is less pronounced in the surviving hypoxic cells. 18F-fluoromisonidazole (FMISO) changes to a more reactive form and remains intracellular by covalently binding to intracellular molecules. Thus, while using 18F-FMISO to signal hypoxia, PET in combination with 18F-sodium fluoride (18F-NaF) can determine active calcification in the CAD process and microcalcifications (78, 79).



6. Intracoronary plaque imaging

ICA, the gold standard for assessing CAD severity, enables visualization of the coronary arterial lumen; however, its ability to assess the outer vessel walls is limited. Intravascular ultrasound (IVUS), optical coherence tomography (OCT), and angioscopy are used to elucidate the pathogenesis of ACS and progression of coronary atherosclerosis. The use of intracoronary imaging in PCI guidance is increasing (80), thereby revealing the post-interventional mechanisms of stent failure, including thrombosis and restenosis (81, 82). Dual antiplatelet therapy (DAPT) effectively prevents post-implantation stent thrombosis; however, bleeding is the primary, major complication ofcoronary revascularization (83). Complex PCI involves intervention in patients with left main disease, multiple stent implantations, and severely calcified lesions, often requiring a longer duration of DAPT (84, 85). Clinical guidelines recommend the potential benefit of an antiplatelet-anticoagulation combination therapy or anticoagulation monotherapy (86). Furthermore, recent clinical studies have demonstrated that intracoronary imaging may beneficially affect the outcomes of patients who undergo PCI (87). Whether antiplatelet or anticoagulation therapy is effective in preventing device-oriented complications in patients undergoing complex PCI remains controversial.

IVUS assesses the coronary plaque morphology, arterial lumen, and vessel wall size, which improves our understanding of the pathogenesis of ACS (88–90). In addition to advances in the faster pullback of grayscale IVUS, virtual histology (VH-), integrated backscatter (IB-), and near-infrared spectroscopy (NIRS-) IVUSs allow the evaluation of atherosclerotic tissue characteristics. In the PROSPECT trial using VH-IVUS, 697 patients with ACS were studied; plaque volume of >70%, VH-thin-capped fibroatheroma (TCFA), and minimal luminal area of <4 mm2 were predictors of lesions associated with a 3-year incidence of major cardiovascular adverse events (MACE) (16). However, IVUS’s (resolution: 100–200 µm) ability to detect fibrous cap thickness in TCFA (<65 µm) is limited. NIRS–IVUS is an imaging technique based on near-infrared spectroscopy that assesses the probability of lipids being present as a chemogram (91). A multicenter prospective study investigating 1,563 patients showed that NIRS–IVUS enabled the identification of patients with a high probability of developing MACE (92). Over a mean follow-up of 732 days, the incidence of MACE in patients with maxLCBI4mm ≥400 without significant stenosis was 13%, which was twice as high as that in patients without maxLCBI4mm ≥400 (6%). These clinical studies indicate that the lipid/necrotic core burden may be a potential therapeutic target.

OCT uses near-infrared light to image the structures of the coronary vessel walls with a high resolution of 0–15 µm (93) (Figure 4). OCT can investigate tissue response and stent expansion or apposition during PCI; however, it requires blood clearing during procedures. Recent clinical trials have demonstrated the non-inferiority of OCT compared to IVUS and its superiority over ICA alone (94). This indicates that intravascular imaging-guided PCI has advantages over angiography-guided PCI in patients with ACS (95) and CCS (96). OCT aids in visualizing the microstructures of the coronary arterial walls, including the fibrous cap (97), lipid content (98, 99), calcification (100), macrophages (101, 102), cholesterol crystals (103, 104) and neovascularization (105–107). In the CLIMA study (108), Prati et al. investigated the prognostic value of OCT findings of lesions in the left descending coronary artery. In a total of 1,776 lipid plaques, the presence of MLA <3.5 mm2, fibrous cap thickness <75 µm, lipid arc circumferential extension of >180°, and OCT-defined macrophages were associated with an increased risk of the primary endpoint. Despite the substantial association between the presence of TCFA and MACE, OCT-TCFAs do not necessarily lead to ACS (99). Most thrombus formation associated with plaque rupture or erosion without clinical events is thought to be remodeled by vessel healing, followed by progression of the stenosis grade (40, 109). These findings have motivated the introduction of novel intracoronary imaging modalities, such as near-infrared autofluorescence and near-infrared fluorescence OCT (110), dual-modality OCT-IVUS (111), and polarization-sensitive (PS-) OCT (112, 113) to investigate the biological tissue components and comprehensive structures of coronary atherosclerosis (114, 115).
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FIGURE 4
Optical frequency domain imaging of ST-segment elevation myocardial infarction. (A,B) Invasive coronary angiography revealed total occlusion of the mid-portion of the right coronary artery with collateral flow to the left descending coronary artery. (C–F) optical frequency domain imaging (OFDI) images after thrombectomy. (C) Thin capped fibroatheroma, (D,E) calcified nodules (yellow arrows), and (F) calcification.




7. Lipid-lowering therapy in CAD

A meta-analysis of randomized clinical trials (RCT) investigating the effects of intensive lipid-lowering therapy found that statin therapy caused regression of the atherosclerotic disease burden (116). Other RCTs have also demonstrated that for patients at a higher risk of atherosclerosis, lower LDL cholesterol levels were better for plaque regression and CAD prognosis (117–119). Ezetimibe, a commonly used non-statin lipid-lowering drug, reduces LDL cholesterol levels by 13%–20%, with a low incidence of side effects. The IMPROVE-IT (Improved Reduction of Outcomes: Vytorin Efficacy International Trial) trial demonstrated that the addition of ezetimibe to statin therapy resulted in a progressive reduction in LDL cholesterol levels and improved cardiovascular outcomes (118).

The role of imaging in the investigation of the effects of lipid-lowering therapies in patients with CAD is being increasingly recognized. In the FOURIER trials, Sabatine et al. demonstrated that PCSK9 inhibition with evolocumab, a monoclonal antibody, lowers the LDL cholesterol levels, leading to a reduced risk of cardiovascular events. The effect of alirocumab, a PCSK9 inhibitor, on the plaque volume and characteristics were evaluated in the PACMAN-AMI (Effects of the PCSK9 Antibody Alirocumab on Coronary Atherosclerosis in Patients With Acute Myocardial Infarction) randomized trial (15). The mean change in atherosclerotic volume assessed using IVUS was −2.13% in the alirocumab group and −0.92% in the placebo group. The change in the minimal fibrous capsule thickness was also more in the alirocumab group than in the placebo group, proving its plaque-reducing effect.

CCTA is an imaging modality widely used to study the pharmacological effects of changes in the plaque volume and composition. Budoff et al. demonstrated that icosapent ethyl reduced LAP volume (<50 HU) on CCTA over 18 months (58). Furthermore, in 857 patients undergoing serial CCTA imaging, van Rosendael et al. investigated the compositional changes in the untreated, progressed coronary lesions, including low-attenuation (−30 to 75 HU), fibro-fatty (76–130 HU), fibrous (131–350 HU), low-density calcium (351–700 HU), high-density calcium (701–1,000), and 1 K (1,000 HU) plaques (11). Serial CCTA imaging demonstrated that statin therapy is associated with a decrease in low-attenuation and fibrofatty plaques and a greater progression of high-density calcium and 1 K plaques. Taken together, CCTA is a useful imaging modality that assesses coronary structures and disease burden and its changes in response to OMT and lifestyle modifications.



8. Anti-inflammatory therapy and future perspectives of imaging

Although experimental studies have demonstrated a causal relationship between vascular inflammation and atherosclerosis, until recently, no robust evidence has suggested that anti-inflammatory therapy can prevent adverse cardiovascular outcomes (120). Table 2 summarizes the recent clinical trials that have investigated the effects of anti-inflammatory therapy in patients with CAD. In the CANTOS (Canakinumab Antiinflammatory Thrombosis Outcome Study) trial which evaluated the effects of inflammation-targeted therapy in patients with stable CAD at residual inflammatory risk, high doses of canakinumab produced a 15% reduction in MACE and a 17% reduction in cardiovascular events (121). The CIRT trial, a prospective RCT consisting of 4,786 patients with stable atherosclerosis and diabetes or metabolic syndrome, demonstrated that low-dose methotrexate did not reduce MACE (122). However, low-dose methotrexate reduces plasma IL-1β, IL-6, and CRP levels, supporting the concept that adequate inhibition of the innate immune pathway is necessary to ensure long-term cardiovascular benefits.


TABLE 2 Clinical trials targeting inflammatory pathways.
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COLCOT and LoDoCo2 are two large clinical trials that provided and confirmed the hypothesis that repurposed colchicine is an effective anti-inflammatory agent in atherosclerosis (123, 125). Colchicine is an antimitotic agent that inhibits tubulin polymerization and microfibrinolysis. Part of its anti-inflammatory effect is due to its inhibition of NLRP3 inflammasome formation, which indirectly suppresses IL-1β activation and decreases the downstream IL-6 and CRP levels. The COLCOT trial included approximately 5,000 patients with ACS who either received colchicine at 0.5 mg/day or placebo. During the 2-year follow-up, the colchicine group showed a 23% reduction in cardiovascular events. These clinical trials provided evidence for the addition of anti-inflammatory therapy to standard medical regimens, and suggested the importance of imaging techniques to assess vascular inflammation and plaque stabilization (10, 126, 127).

Imaging of the inflammation for the risk stratification can determine patients at a higher risk of atherosclerotic cardiovascular disease (ASCVD). Although PET/CT enables assessment of the inflammatory status of the large aorta, pericoronary arteries, and carotid arteries, its clinical application remains limited (128–131). CCTA enables the measurement of epicardial adipose tissue volume and composition (132, 133). Recent software developments have enabled pericoronary adipose tissue attenuation analysis (Figure 3D), which serves as a predictor of patient outcomes (18). In addition, degradation of collagen, a major component of fibrous caps, plays a pivotal role in coronary plaque healing (134). Microscopic polarization-sensitive (PS) OCT (112, 113) is used to assess plaque structure and tissue polarization. Catheter-based PS-OCT enables quantitative assessment of plaque characteristics, such as collagen, vascular smooth muscle cells, and macrophages, by measuring polarization properties (birefringence and depolarization) (135–137). Otsuka et al. demonstrated that fibrous caps of plaques in patients with ACS had lower birefringence than those of plaques in patients with stable CAD (138). These findings indicate fibrous cap integrity, which could be weakened by matrix metalloproteases-induced collagen degradation. Further studies are warranted to determine whether polarimetric signatures provide additional value for diagnosing plaque stability beyond that provided by the coronary plaque structural features (82, 137–139).



9. Conclusions

The identification of patients with myocardial ischemia can guide the management of stable CAD, which contributes to appropriate coronary revascularization. Systemic and vascular inflammation are potential imaging targets to assess plaque vulnerability in patients at a higher risk of ASCVD events. Novel imaging technologies will open up new avenues for the assessment of plaque vulnerability beyond the stage of ischemia.
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Objective: The objective was to assess the accuracy and optimal threshold of the Walking Impairment Questionnaire (WIQ) and the Walking Estimated-Limitation Calculated by History (WELCH) questionnaire in identifying patients with a maximal walking distance (MWD) below or equal to 250 m.

Methods: This retrospective study screened 388 consecutive patients with suspected symptomatic lower extremity arterial disease (LEAD). Collected data included the patient's history, resting ankle-brachial index, WIQ, and WELCH. MWD was assessed with a treadmill test at 2 mph (3.2 km/h) with a 10% grade. An optimized threshold for detection of MWD ≤ 250 m was determined for each questionnaire via receiver operating characteristic (ROC) curves. Subsequently, multivariate analysis was performed to build a new simple score to detect MWD ≤ 250 m.

Results: The study included 297 patients (63 ± 10 years old). With a threshold of ≤ 64%, the WIQ predicted MWD ≤ 250 m with an accuracy of 71.4% (66.2, 76.5%). With a threshold of ≤ 22, the WELCH predicted a treadmill walking distance of ≤ 250 m with an accuracy of 68.7% (63.4, 74.0%). A new score with only four “yes or no” questions had an accuracy of 71.4% (66.3, 76.6%). Items on this new score consisted of the level of difficulty of walking 1 block, declared maximum walking distance, usual walking speed, and maximum duration of slow walking.

Conclusion: A WIQ score ≤ 64% and a WELCH score ≤ 22 help to predict a walking distance of ≤ 250 m in a treadmill test at 2 mph (3.2 km/h) with a 10% grade. A 4-item score could be used for rapid evaluation of walking distance among patients with LEAD, but the validity of this 4-item score requires further confirmation studies.

KEYWORDS
lower extremity artery disease, peripheral artery disease, intermittent claudication, walking distance assessment, questionnaire, treadmill test


1. Introduction

Lower extremity arterial disease (LEAD) affects more than 230 million people worldwide (1). Walking distance is closely related to quality of life (QOL), as measured by QOL questionnaires in patients with LEAD. Maximal walking distance (or time) as established during treadmill walking is widely used as an index of walking impairment. The assessment of maximal walking distance (MWD) is also an issue in the Rutherford LEAD classification, where identification of the stage depends on the patient's ability to walk for 5 min at 2 mph at a 10% slope that corresponds to 267 m, rounded to 250 m (2). Vascular surgery societies recommend the Rutherford classification for clinical trials as well as in clinical practice (3). Furthermore, the American Medical Association, health insurance companies and public health regulation agencies, use walking distance to evaluate LEAD impairment for compensation schemes and from the perspective of health economics (4). Therefore, clinical measurements of MWD are useful in the prediction of patients' functional limitations, in the assessment of patients for surgery and endovascular procedures, and for the inclusion of patients in clinical trials.

Clinicians can assess the functional limitations of patients with LEAD by several means: standardized treadmill tests, a 6-min walking test, and more recently, global positioning system (GPS) recordings (5). Standardized treadmill tests are the only validated method for LEAD diagnosis and remain the gold standard. However, standardized treadmill testing is costly. Treadmill testing for angina costs around USD 500 per patient when considering staffing requirements (medical and clerical), equipment (charge per person), and overhead charges (room rental and utility costs), and it requires medical attention for around 20 min. Treadmill testing for LEAD suffers from the same limitations and is less commonly available (6).

A number of questionnaires, such as the Walking Impairment Questionnaire (WIQ) and the Walking Estimated-Limitation Calculated by History (WELCH) questionnaire, are readily accessible and represent tools of interest for estimating patients' impairment (7, 8). However, these questionnaires do not measure MWD and there is no simple known rule to determine a patient's walking distance from the results of such questionnaires. We hypothesize that from among the questions of the WIQ and the WELCH and measures of patient clinical characteristics, a subset of items could be selected that would accurately reflect MWD, with a focus on identifying patients with MWD lower than 250 m. This could be of interest to select patients for clinical trials and to assess the severity of claudication.

Therefore, the primary objective of this study was to determine which cut-off values of WIQ and WELCH scores predict a maximal walking distance equal to or lower than 250 m on the treadmill. The secondary objective was to determine which clinical variables or questions from the WIQ and the WELCH questionnaire best predict a MWD below or equal to 250 m.



2. Methods


2.1. Type of study

This was a cross-sectional, non-interventional, monocentric study based on a retrospective analysis of consecutive patients referred to the vascular unit of University Hospital, Rennes, France for exertional limb symptoms and suspected of having LEAD.

We recruited all 388 patients between 1 January 2017 and 1 September 2020. All patients consulted for treadmill MWD evaluation with an established or suspected diagnosis of LEAD.

The Exercise PAD cohort study is registered with the American National Institutes of Health database under reference n° NCT03186391. All patients signed an agreement explaining the research protocol and were treated in accordance with the Helsinki convention (9). The protocol was submitted to the local ethics committee of University Hospital of Rennes.



2.2. Inclusion and exclusion criteria

Patients were included in the data if they met the hemodynamic criterion for LEAD, i.e., a resting ankle-brachial index (ABI) below or equal to 0.90 or a difference between post-exercise ABI and resting ABI above 18.5% of resting ABI (10). Exclusion criteria were (i) inability to answer the WIQ or the WELCH questionnaire, (ii) interruption of the Strandness Test due to dyspnea or thoracic pain, (iii) interruption of the Strandness Test because the patient could not achieve a speed of 3.2 km/h (roughly 2 mph), and (iv) interruption of the Strandness Test because of purely rheumatologic pain (knee pain, for instance).



2.3. Study protocol

Patients underwent a physical examination, medical history (anamnesis), resting ABI measurement, a standard treadmill test, and post-exercise pressure measurements at a single appointment. We collected the following examination data: age; declared walking distance of pain onset; declared maximal walking distance before stopping; and tobacco consumption, graded as past if cessation occurred at least 6 months before examination or as ongoing if cessation occurred < 6 months before or the patient was currently smoking. We also measured weight and height. We completed the patient history on the basis of the patient's current drug prescriptions, the patient's recollection, and previous hospitalization reports or any other data available.

History data included diabetes status, defined by ongoing sugar-lowering treatment or HbA1c > 6.5%; dyslipidemia status, defined by ongoing statin treatment or declared dyslipidemia; hypertension, defined by current use of antihypertensive drugs; presence of vascular graft; presence of vascular stent; history of coronary heart disease or heart stenting or coronary by-pass; history of carotid artery disease, graded as ischemic stroke, transient ischemic stroke, or asymptomatic carotid endarterectomy; and obstructive sleep apnea syndrome.

We asked the patient to spontaneously estimate their own walking distance at pain onset (“declared pain-onset walking distance”, DPWD) and maximal walking distance (“declared maximal walking distance”, DMWD).

We also administered a French version of the WIQ and the WELCH questionnaire to each patient before the exercise.

The Walking Impairment Questionnaire (WIQ) (7) is frequently used to evaluate the impairment of patients with LEAD. A trained physician administered the WIQ to the patients. The WIQ consists of three sets of questions: one regarding the level of difficulty of walking at an average speed, another regarding the level of difficulty of walking 100 m at increasing speeds, and the last regarding the level of difficulty of climbing increasing numbers of flights of stairs. Then, after a specific calculation, all these scores are rounded in the form of percentages and the WIQ score is the average of these three scores. The higher the score, the better the walking capacity of the patient.

The Walking Estimated-Limitation Calculated by History (WELCH) questionnaire (8) is also frequently used to assess the limitations of patients with LEAD. It consists of four questions; the first three relate to the amount of time before stopping at increasing speeds, and the last is a multiplier and compares the patient's speed with that of their relatives. WELCH score varies between 0 and 100. The higher the score, the better the walking capacity of the patient.

Measurement of resting ABI was performed according to American Heart Association recommendations using a hand-held Doppler probe (8 MHz; Basic Atys Medical, Soucieu en Jarrest, France) by a trained vascular medicine physician, with the exception of brachial blood pressure measurements, which were taken using an automated oscillometric blood pressure monitor (Carescape Dinamap V100; GE Healthcare) (4, 11).

The patient was at rest for 10 min in a supine position, relaxed, head and heels supported by an examination desk. We controlled the room temperature at 21 ± 1°C. We used the counterclockwise sequence for pressure measurement: right brachial artery, right posterior tibial artery, right dorsalis pedis artery, left posterior tibial artery, left dorsalis pedis artery, left brachial artery, and right brachial artery. We calculated the ABI by dividing the highest pressure at the lower limb (dorsalis pedis or posterior tibial pressure) by the highest pressure at the arm, as recommended.

We used a treadmill test (3.2 km/h, 10% slope) to determine MWD. Patients were asked to rate their pain on a 0–4 scale, and we stopped the treadmill test if the patient reached 4 on the pain scale or was unable to reach a speed of 3.2 km/h (around 2 mph), in accordance with recommendations (12). We also stopped the treadmill test if the patient experienced acute chest pain or major dyspnea, or when they had completed the 10-min test for a total distance of 525 m. Immediately after the treadmill test, within 1 min, we measured the post-exercise ankle-brachial index, as previously described.



2.4. Statistical analysis

Continuous variables are reported in the form mean ± standard deviation (SD) or median, and categorical variables are reported as numbers (percentages).

Receiver Operating Characteristic (ROC) curves were drawn by plotting sensitivity against 1 minus specificity. The optimal threshold was defined as the threshold that maximized sensitivity + specificity, known as the Youden index. For declared walking distances, 250 m was used as a threshold.

Subsequently, we determined the area under the curve (AUC) of the WIQ and WELCH scores, maximal declared walking distance, and declared pain onset walking distance.

We used McNemar tests for 2 by 2 comparisons of the accuracy of the WELCH, the WIQ, and declared walking distance with their respective optimized thresholds.

We calculated the Pearson correlation between WIQ total score and MWD, and between WELCH score and MWD.

Logistic univariate regressions were used to identify the variables associated with MWD. All variables, such as age and sex, were converted to nominal binary variables, using the median value for continuous variables, with the exceptions of body mass index and tobacco consumption. The median value was rounded to the nearest multiple of 50 m for the declared walking distance variable.

For answers to the questionnaire, a step-by-step analysis was used to regroup the answers into groups that maximized AUC. Response options to the WELCH questionnaire were regrouped to create equal-size groups. For the WIQ, a sensitivity analysis was conducted to determine whether the regrouping of the response options into three groups (“no difficulty” in one group, “some difficulty” and “slight difficulty” in a second group, and “much difficulty” and “unable to do” in a third group) had an influence on the outcomes of the statistical analysis.

We did not use composite variables, such as the partial or complete results of the WIQ and combined questions of the WELCH questionnaire, as the aim of the research was not to overcomplicate pre-existing questionnaires. Post-exercise data, such as post-exercise ABI, were not plotted, because the aim of the research was to determine walking distance ex ante.

For the ABI, we compared the use of both the median value and a value of 0.90 as thresholds, as the latter is a criterion for LEAD. Both the best ABI and the worst ABI were plotted.

We used logistic univariate regressions over all collected data to identify the variables associated with MWD. We selected a lax p-value threshold of < 0.20 to identify variables of interest for further study in a multivariate model. The choice of a loose value of p threshold to identify variables associated with MWD allowed more variables to be tested in the multivariate model. Subsequently, a backward stepwise procedure was used to identify explanatory variables. We used a statistical threshold of 0.05 to eliminate variables one by one. We created a score using the multivariate coefficients of the statistically significant variables.

We simplified the score to a 1-digit scoring model by simply rounding the multivariate coefficients to the nearest natural number. Finally, we measured the performance of this model in terms of sensitivity, specificity, and area under the ROC curve.

We adopted a statistical significance threshold of 0.05 for all tests except the univariate model. A 95% confidence interval is reported for all estimates. We used the SAS® 9.4 software package (SAS Institute, Cary, NC, USA) for statistical analysis.




3. Results


3.1. Patients' demographic characteristics

We recruited 388 adult patients with suspected LEAD (Figure 1). Sixty-seven patients did not meet the hemodynamic criteria for LEAD and were not included. Twenty-four additional patients were excluded from the analysis because the treadmill test was interrupted for other causes than LEAD, e.g., dyspnea or thoracic pain (n = 15), inability to reach full speed (n = 5), or purely rheumatologic pain (n = 2). These last two patients both experienced knee pain that prevented them from walking and had a history of knee arthrosis. We excluded two additional patients due to missing data, as both were unable to answer the questions of the WIQ and the WELCH questionnaire. In total, we analyzed data from 297 patients.


[image: Figure 1]
FIGURE 1
 Flow chart with inclusion and exclusion criteria. LEAD, lower extremity arterial disease; WIQ, Walking Impairment Questionnaire; WELCH, Walking Estimated-Limitation Calculated by History; ABI, ankle-brachial index.


Among the 297 patients included in the analysis, the mean age was 63 ± 10 years. A total of 83% were men, and the mean body mass index was 27.0 ± 4.4 kg/m2. Twenty-six percent of patients had diabetes. Sample characteristics and data collected on a range of variables are detailed in Table 1. The mean WIQ score was 46 ± 25%, and the mean WELCH score was 26 ± 19.


TABLE 1 Population characteristics.

[image: Table 1]

A total of 185 patients did not complete the 250 m walking test; the remaining 112 patients completed it.



3.2. Correlations

The correlation coefficient representing correlation with MWD as measured on the treadmill was higher for the WELCH [with a correlation of 0.55 (0.46, 0.62)] and the WIQ [0.51 (0.42, 0.59)] than for the DMWD [with a correlation of 0.41 (0.31, 0.50)] and the DPWD [0.21 (0.10, 0.32)].



3.3. Optimized thresholds for detection of 250 m MWD for the WELCH and the WIQ

The AUC of the ROC curves was 0.78 (0.73, 0.83) for the WELCH and 0.74 (0.68, 0.80) for the WIQ. The optimal threshold for detection of a treadmill MWD ≤ 250 m was ≤ 22 for the WELCH and ≤ 64% for the WIQ (Table 2).


TABLE 2 Sensitivity and specificity, area under the receiver operating characteristic curve, AUC, and correlation with measured walking distance for WIQ score, WELCH score, and patients' estimates.

[image: Table 2]

With accuracies of 68.7% (63.4, 74.0%) and 71.4% (66.2, 76.5%) for the WELCH and the WIQ, respectively, using the previously determined thresholds, WIQ and WELCH scores were more accurate for prediction of MWD ≤ 250 m than the patients' declared maximal walking distance (p = 0.02) and their declared pain-onset walking distance (p < 0.01). There was no statistical difference in terms of accuracy between the WIQ and the WELCH.



3.4. Variables associated with walking ≤ 250 m

Among all variables, all questions of the WIQ and the WELCH questionnaire were individually associated with walking ≤ 250 m with p < 0.20 and were therefore included for further analysis (Tables 3, 4). As described previously, the response options for each WIQ item were regrouped to form three groups, and the response options for each WELCH item were regrouped to produce similarly sized groups.


TABLE 3 Univariate analysis of questionnaire variables associated with walking ≤ 250 m.

[image: Table 3]


TABLE 4 Univariate analysis of variables other than items of the WIQ and WELCH.

[image: Table 4]

In addition to these questionnaire items, the variables declared maximal walking distance, declared pain-onset walking distance, history of vascular graft or stenting or other vascular surgery of lower limbs, diabetes, resting ABI bilaterally ≤ 0.90, worst ABI, and best ABI were associated with walking ≤ 250 m with a p-value below 0.20; all these variables were therefore included in the multivariate analysis.

In contrast, age above 66 years, female sex, obesity or overweight, dyslipidemia, hypertension, tobacco consumption, and coronary heart disease were not found to be significantly associated with walking ≤ 250 m.



3.5. Explanatory variables

All variables significantly associated with walking ≤ 250 m with p ≤ 0.20 were included in a multivariate model with step-by-step analysis. This multivariate analysis showed that a subset of four items could be selected to predict MWD ≤ 250 m accurately, with a high significance value (p ≤ 0.01). Results and odds ratios are shown in Table 5.


TABLE 5 Explanatory variables for 250 m treadmill test [odds ratios are presented in the form: odds ratio (95% confidence interval)].

[image: Table 5]

Each explanatory variable was a WIQ or WELCH item with some answers regrouped. Neither pre-existing conditions nor risk factors such as age, diabetes, or smoking were identified as explanatory variables in our analysis.

The maximizing threshold for the calculated values was 1.95. We detail each variable of this intermediate score in Table 5. The higher the score, the greater the risk of walking ≤ 250 m. The distribution of the score according to the treadmill walking distance is presented in the Appendix.



3.6. Simplified scoring model

We simplified the score by setting a 1-digit scoring model, as shown in Table 6, with the values rounded to the nearest natural number. The optimal threshold for the 1-digit score was 2. Therefore, we declared patients with a simplified score of 3, 4, or 5 to be positive for MWD ≤ 250 m, and patients with a simplified score of 2, 1, or 0 to be negative.


TABLE 6 Simple 1-digit score with binary questions.

[image: Table 6]

The area under the curve was 0.79 (0.74, 0.84) for the 1-digit score model. For the population, the sensitivity of the 1-digit model was 73.0% (66.6, 79.4%), specificity was 70.0% (62.7, 76.6%), and accuracy was 71.4% (66.3, 76.6%). The correlation coefficient representing the correlation between the simplified 1-digit score and MWD as measured by the treadmill test was −0.52 (−0.60, −0.43).

Receiver operating characteristic (ROC) curves are presented in Figure 2; these illustrate the fact that the simplified score can be as accurate as the WIQ and the WELCH.


[image: Figure 2]
FIGURE 2
 Receiver operating characteristic curves for questionnaires used to predict whether patients with LEAD can walk ≤ 250 m in a treadmill test. WIQ, Walking Impairment Questionnaire; WELCH, Walking Estimated-Limitation Calculated by History; DMWD, declared maximal walking distance; DPWD, declared pain-onset walking distance.





4. Discussion


4.1. Main results

This study aimed to determine the threshold for scores on the WIQ and the WELCH that would best predict walking ≤ 250 m in a treadmill test (10%; 2 mph); to demonstrate that WIQ and WELCH scores are more accurate than patients' own estimates; and to construct a new scoring instrument based on the most discriminative elements among clinical variables and the items of each of these questionnaires.

The findings confirmed the threshold for WELCH score to predict whether a patient can walk 250 m or less. In a previous study, Abraham et al. found a cut-off of WELCH score equal to or lower than 25 to detect a walking distance of 257 m or less (8). In our study, with a threshold of 22, the measured sensitivity of the WELCH questionnaire was lower at 69.7% (63.1, 76.4%), but specificity was higher at 67.0% (59.8, 74.1%), consistent with a lower cut-off. We also identified a WIQ score threshold of 64% for prediction of a maximal walking distance of 250 m. This result is consistent with a previous study that found that an overall WIQ score of 42.5% or less identified low performers (i.e., LEAD patients with MWD < 160 m) with a sensitivity of 90% and specificity of 73% (13).

The results of the present study confirm the moderate correlation of WIQ score [0.51 (0.42, 0.59)] and WELCH score [0.55 (0.46, 0.62)] with MWD as assessed in the treadmill test in our population. Other clinical studies have found a “weak” correlation of these scores with objective measurement of walking distance, with correlation coefficients ranging from 0.33 (14) to 0.59 (15). The WIQ and the WELCH instruments were not constructed based on multivariate analysis to determine the questions of interest, and they were not designed to predict whether a patient can walk ≤ 250 m. Despite this, we found that the answers to WELCH and WIQ items were statistically associated with walking ≤ 250 m. In the present study, when clinical data were included in the model, only items taken from the WELCH questionnaire and the WIQ, along with the patient's declared maximal walking distance, remained in the model. This result is consistent with other studies, as the use of questions soliciting self-estimates of speed or distance is already known to improve the performance of the WIQ and the WELCH questionnaire (16).

Known factors for walking impairment did not appear as explanatory variables. This means that, although present tobacco consumption (17), absence of statin treatment (18), diabetes (19), female sex (20), and high body mass index (21) negatively influence walking distance, these factors fail to discriminate between patients who can walk ≤ 250 m and those who can walk further.

Our results show that the use of a simple 1-digit scoring model consisting of only four simple questions could enable accurate classification of patients in 73% of cases. These questions include the patient's own estimates, their average walking speed, the level of difficulty of walking 100 m at average speed, and the maximal duration of slow walking; they have only binary response options, as the options used in the WELCH questionnaire and the WIQ were regrouped. The 1-digit scoring model was significantly more accurate and more strongly correlated with the MWD than the patients' estimates. The correlation and accuracy of the 1-digit scoring model were similar to those of the WIQ and WELCH, but with a much simpler questionnaire. The use of existing questionnaires may also be helpful for further multicentric and international validation, as the WELCH and the WIQ each have validated versions in multiple languages.



4.2. Limitations

This study was retrospective. No external prospective validation study has been conducted with the simplified 4-item score. The questions were all presented as part of a questionnaire, with a logical path between questions, and results from the presentation of isolated questions might differ from results obtained from their presentation within the questionnaire. Therefore, we advocate against the use of the simplified 4-item score before external and internal validation. Moreover, the study was conducted at a single center, in the French language; it was also conducted by doctors familiar with the WIQ and the WELCH. We intend to conduct further research to investigate these issues and mitigate these limitations.

All variables were evaluated only against a treadmill test at 3.2 km/h and 10% grade. We do not know what the results would be if they were evaluated against other treadmill protocols or a 6-min assessment or real-life assessment of walking distance. Moreover, we did not investigate whether WIQ scores, WELCH scores, or scores on the simple 1-digit model would reflect any increase or decrease in walking distance over time or after an intervention with good sensitivity. For instance, in previous studies, changes after revascularization have tended to be overestimated by WIQ and WELCH scores, which decrease to a greater extent than the objective change observed in treadmill tests (22).

The absence from the model of known factors for walking impairment, such as diabetes, age, and treatment for current conditions, as explanatory variables could be partly due to our study design. Our study population mostly consisted of patients receiving intensive treatment in a referral center. The wider applicability of the results, especially to sub-groups such as elderly people, people with impaired cognition, obese people, or non-Caucasian groups, is questionable. The education levels of patients and data on their social status were not collected. The impact on the model of including age, ethnicity, and education could require additional research.

All questionnaires were administered by trained physicians. We did not investigate the role of care management nurses or whether the use of these scores can improve disease management. Communication between caregivers is known to be a key factor for disease management success (23).

Moreover, the definitions of dyslipidemia and hypertension that we used prevented us from drawing any conclusion regarding the effects of antihypertensive or lipid-lowering drugs.

A sensitivity analysis was conducted in which the response options for the WIQ and the WELCH questionnaire were regrouped in an alternative manner, with the option “unable to do” forming one group. The number of patients in the “unable to do” class was very small, ranging from 0 to 21, and the resulting scoring instrument was much more complicated, with seven different questions included. Interestingly, ABI was identified as an explanatory variable under that analysis.

We could not plot Doppler waveforms as relevant clinical data for the measurement of walking impairment, as these data were not available for all patients, although a study has shown that Doppler waveforms are associated with MWD (24). It remains to be examined whether the addition of this clinical measurement will improve the performance of this scoring model or not.




5. Conclusion

In conclusion, a WIQ score ≤ 64% or a WELCH score ≤ 22 could help to predict a maximal walking distance equal to or lower than 250 m in a standardized treadmill test. A simplified score could be used for rapid evaluation of a patient's walking distance in a population of patients with LEAD. However, dedicated studies are still required before this 4-item score can be put into practice or used to pre-select patients.
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Appendix


TABLE A1. Distribution of scores on the 1-digit scoring instrument in the study population.
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Therapeutic approaches that lower circulating low-density lipoprotein (LDL)-cholesterol significantly reduced the burden of cardiovascular disease over the last decades. However, the persistent rise in the obesity epidemic is beginning to reverse this decline. Alongside obesity, the incidence of nonalcoholic fatty liver disease (NAFLD) has substantially increased in the last three decades. Currently, approximately one third of world population is affected by NAFLD. Notably, the presence of NAFLD and particularly its more severe form, nonalcoholic steatohepatitis (NASH), serves as an independent risk factor for atherosclerotic cardiovascular disease (ASCVD), thus, raising interest in the relationship between these two diseases. Importantly, ASCVD is the major cause of death in patients with NASH independent of traditional risk factors. Nevertheless, the pathophysiology linking NAFLD/NASH with ASCVD remains poorly understood. While dyslipidemia is a common risk factor underlying both diseases, therapies that lower circulating LDL-cholesterol are largely ineffective against NASH. While there are no approved pharmacological therapies for NASH, some of the most advanced drug candidates exacerbate atherogenic dyslipidemia, raising concerns regarding their adverse cardiovascular consequences. In this review, we address current gaps in our understanding of the mechanisms linking NAFLD/NASH and ASCVD, explore strategies to simultaneously model these diseases, evaluate emerging biomarkers that may be useful to diagnose the presence of both diseases, and discuss investigational approaches and ongoing clinical trials that potentially target both diseases.
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1. Introduction

Despite the remarkable advances in interventional therapeutics, decades of basic science and clinical research, atherosclerotic cardiovascular disease (ASCVD) remains the leading cause of death worldwide (1). While the overarching pathoetiology largely arises from dyslipidemia, the imbalance of cholesterol and triglyceride lipids, numerous comorbidities complicate and exacerbate ASCVD (1). Of particular significance are metabolic- and obesity-related diseases, which have globally increased prevalence since the 1970s (2). Nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH) are also strongly associated with the metabolic syndrome (3), which currently afflicts approximately 90% of obese patients (4) and approximately 55% of individuals with type 2 diabetes (T2D) (5). Globally, the incidence of NAFLD has increased from 25% in 2005 to 32% today (6), highlighting an alarming trend in rising NAFLD burden. Despite this, no FDA-approved drug exists in the treatment of NAFLD/NASH. While NAFLD is associated with increased risk of liver-related mortality, the most common cause of death in patients with NAFLD, particularly those with the more severe NASH, is cardiovascular disease (CVD) (7–12). This, combined with the rising prevalence of both ASCVD and NAFLD has led to extensive discussion of the relationship between these two diseases. In 2022 alone, the increasingly transparent relationship between NAFLD/NASH and ASCVD has piqued interest between multiple scientific fields of expertise (13–17), culminating in a scientific statement from the American Heart Association (8).

Despite this acknowledgement, the specific mechanisms regulating the onset, crosstalk, and exacerbation of NAFLD and ASCVD remain unclear. The reasons for this are multifactorial: (1) there is no single established model to study NAFLD/NASH and ASCVD simultaneously, (2) since most patients with NAFLD/NASH and ASCVD are asymptomatic, diagnosis is often incidental and limited to routine blood screening (e.g., plasma lipids, liver transaminases) (18), calcium imaging (19), or less routinely, biopsy (20), and (3) clinical trials have remained limited in targeting either NASH or atherosclerosis, thus, it is unknown whether current clinical trials for NASH affect cardiovascular outcome or vice versa. For example, obeticholic acid, the most advanced drug candidate for NASH, causes hyperlipidemia, raising concerns about the possible adverse consequences on ASCVD (21). Furthermore, the effect of traditional therapies for ASCVD, e.g., statins, on NASH has shown inconsistent results in improving histological features of NASH (22, 23). Thus, strategies that simultaneously interrogate therapies for both NASH and ASCVD are necessary. This review will provide insight into each of these limitations, offering a comprehensive and current summary of our understanding regarding the relationship between NAFLD/NASH and ASCVD (Figure 1). Below, we (1) summarize the molecular drivers that regulate ASCVD and NAFLD/NASH, (2) discuss which animal models should be considered for evaluating translational interpretation of preclinical findings, (3) review emerging biomarkers for both NASH and atherosclerosis that may also serve as therapeutic strategies, and (4) examine potential limitations and caveats for the concurrent treatment of both NASH and ASCVD.
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FIGURE 1
Progression of ASCVD and NASH. The onset of both ASCVD and NASH begins with dysregulated lipid metabolism, leading to their accumulation in the neointimal region of the artery (fatty streak), or the hepatocytes (simple hepatic steatosis). This process enhances inflammatory pathways in both diseases. During atherosclerosis, leukocytes adhere and transmigrate into the developing plaque, where they secrete additional cytokines and chemokines (atheroma). In the liver, leukocytes from the circulation accumulate, leading to NASH (NASH without fibrosis). These immune cells secrete soluble factors to activate collagen-producing cells: synthetic vascular smooth muscle cells (vSMCs) in atherosclerosis (stable plaque), and hepatic stellate cells in the liver (NASH with fibrosis). The most advanced stages of disease are associated with higher mortality. In atherosclerosis, advanced plaques with a large necrotic core and thin fibrous caps are prone to rupture (unstable plaque), which is highly thrombogenic. In the liver, excessive fibrosis and cell death leads to irreversible damage and loss of liver function (cirrhosis).




2. Pathophysiology of ASCVD and NAFLD/NASH


2.1. Mechanisms driving the initiation and progression of atherosclerosis

Most cases of myocardial infarction and stroke are caused by atherosclerosis, the fibrofatty plaques in the arterial branch of the vascular tree (24). The formation of atherosclerotic plaques is driven primarily by the deposition of apolipoprotein (Apo)-B-containing lipoproteins in the subendothelial spaces of the intima that subsequently drive maladaptive, non-resolving inflammation (25). Thus, individuals with familial hypercholesterolemia, particularly in the low-density lipoprotein (LDL) fraction, are disposed to developing atherosclerotic plaques at an early age (26). Other risk factors include insulin resistance and metabolic syndrome (27). Advanced atherosclerotic plaques contain vast amounts of extracellular matrix (ECM) proteins, calcium minerals, and a large necrotic core formed from the death of lipoprotein-rich monocyte-derived macrophages. These advanced atherosclerotic plaques can impede blood flow to downstream tissues through occlusion of the vessel lumen, causing symptomatic ischemia (24). More frequently however, atherosclerotic plaques rupture and leak the highly thrombogenic contents from the necrotic core into the lumen, resulting in an occlusive thrombus. Deaths from ASCVD were declining over the last two decades as treating more individuals for high LDL (∼28% in 1999–2002 to ∼48% in 2005–2008) resulted in twice as many individuals successfully lowering their circulating LDL-cholesterol from ∼15% to ∼33% (28). Despite the advent of potent cholesterol-lowering medicines, such as statins and anti-proprotein convertase subtilisin/kexin type 9 (PCSK9)-blocking antibodies, ASCVD remains the leading cause of death worldwide. More troubling is the recent trend that life expectancy growth has begun to decline, with a substantial rise in CVD deaths having the most impact (29). Thus, a deeper understanding of the cellular and molecular mechanisms driving atherosclerosis is necessary to conceive novel therapeutic strategies.


2.1.1. Endothelial cell activation

LDL particles accumulate in the subendothelial intima due to increased endothelial cell permeability caused by disturbed blood flow (30). Apart from the antioxidant environment normally provided by the blood, LDL particles become oxidized (ox-LDL) by unmitigated reactive oxygen species (ROS) production, leading to its uptake by scavenger receptors (31, 32). Unlike the LDL receptor (LDLR), scavenger receptors undergo positive feedback that maintains persistent cellular uptake of ox-LDL (33). Endothelial cells that take up ox-LDL activate the proinflammatory transcription factor nuclear factor-κB (NF-κB) that drive the expression of adhesion molecules, such as intercellular adhesion molecule 1 (ICAM1) and vascular cell adhesion molecule 1 (VCAM1) (34). These adhesion molecules presented on the apical surface of endothelial cells bind circulating leukocytes and promote their entry into the vessel wall. The role of endothelial cell activation in promoting atherosclerosis is crucial, as atherosclerosis formation tends to only occur at sites of disturbed blood flow, such as curvatures, branch points, and bifurcations, and experimental strategies that prevent endothelial cell activation prevent atherosclerosis formation (30).



2.1.2. Vascular smooth muscle cell dedifferentiation and altered macrophage functions

Vascular smooth muscle cells (vSMCs) regulate blood pressure and vessel integrity under normal conditions (35). However, during early atherosclerosis, vSMCs undergo dedifferentiation whereby they lose canonical vSMC markers, such as α smooth muscle actin (αSMA) and transgelin (SM22), and reignite signaling pathways associated with development (36). Furthermore, dedifferentiated vSMCs begin to migrate, proliferate, and synthesize ECM proteins, thereby expanding the growing lesion towards the lumen of the vessel. Interestingly, vSMCs produce a panoply of ECM proteins that can retain growth factors, cytokines, and chemokines (35). Whereas soluble growth factors and cytokines transmit potent signals rapidly, matrix-bound and immobilized factors resist internalization and degradation, sustaining their signaling capabilities and promoting fibroproliferative remodeling (37).

After endothelial cells are activated in regions of disturbed flow, monocytes infiltrate the subendothelial intima, where they differentiate into macrophages. These monocyte-derived macrophages ingest rampant amounts of ox-LDL, transforming them into cholesterol-rich “foam cells” and compromising their beneficial immune cell functions (25). Macrophages are also highly susceptible to cell death owing to the intrinsic lipotoxic properties of ox-LDL that drive endoplasmic reticulum (ER) stress, resulting in their eventual death and release of damage-associated molecular patterns (DAMPs) in the surrounding microenvironment (38). Through various mechanisms, surrounding macrophages lose their ability to clear dying cells (termed “efferocytosis”), substantially expanding necrotic core areas and impairing the production of pro-resolving mediators, such as interleukin (IL)-10 and transforming growth factor beta (TGFβ) (39, 40). Importantly, experimental strategies to restore efferocytosis in settings where it fails, mitigate atherosclerosis and even promote its regression (41–43).



2.1.3. Consequences of unmitigated atherosclerosis progression

Most acute cardiovascular events leading to myocardial infarction and stroke are caused by plaque rupture. During this process, highly thrombogenic material from the necrotic core, which is particularly rich in tissue factor, are released into the vessel lumen (24). Atheromas with relatively large necrotic cores and thin fibrous caps have often been considered “vulnerable” plaques, whereas “stable” plaques have much thicker fibrous caps (44). Macrophages and vSMCs are particularly sensitive to ox-LDL and undergo cell death, forming necrotic cores. An imbalance in fibrogenesis vs. fibrolysis impedes vSMC-dependent ECM synthesis and assembly and drives thinning of the protective fibrous cap. Inflammatory cells activated in the atherosclerotic milieu also possess robust levels of collagenases that degrade the collagen-rich fibrous cap. Structural weakening of the fibrous cap results in interfacial debonding, characterized as the physical separation of fibrillar matrix (45, 46). Notably, this phenomenon is frequently observed in ruptured atheromas (45, 46).




2.2. NAFLD: Onset, progression, and molecular drivers

NAFLD represents a range of liver pathologies beginning with excessive accumulation of lipids, particularly triglycerides, in hepatocytes (47). Additional findings of enhanced cytokine and chemokine production, inflammatory cell recruitment, and hepatocyte death characterize NASH, which may progress into fibrosis, cirrhosis, and liver failure. Importantly, NAFLD is emerging as a leading cause of liver disease, with 20%–30% of the individuals progressing to cirrhosis due to NASH (48, 49). Cardiometabolic disorders, such as insulin resistance and the metabolic syndrome, are risk factors contributing to the progression of NASH (50).


2.2.1. Hepatic steatosis and lipotoxicity

Increased caloric consumption is one of the leading causes of NAFLD, as excessive substrate overload or dysfunction in the ability of adipose tissue to store fats results in lipolysis (51). Consequently, circulating free fatty acids increase and are then taken up by secondary storage organs, particularly the liver, through fatty acid transport protein 5 (FATP5) and the scavenger receptor CD36 (52, 53). This stimulates signaling pathways that ultimately drive intrahepatic triglyceride accumulation. In addition, de novo lipogenesis (DNL) promotes hepatic steatosis by converting carbohydrates into lipids. Thus, the three main pathways, (1) enhanced lipolysis from adipose tissue, (2) triglyceride synthesis from the dietary nutrients, and (3) the conversion of dietary sugars into fatty acids by DNL, drive hepatic steatosis. In this manner, the liver's capacity to adequately process carbohydrates and fatty acids become impaired, and the formation of toxic lipid species, such as lysophosphatidylcholines, diacylglycerols, and ceramides, takes place (51). Consequently, these lipotoxic lipid species elicit a robust unfolded protein response (UPR) and ER stress that promote inflammasome activation and cell death.

Excess accumulation of intrahepatic fatty acids drives ER stress, uncouples mitochondria, and elevates ROS production by the mitochondria (54). Consequently, Jun N-terminal kinase (JNK) becomes activated and promotes intrinsic apoptosis through a caspase-2-BID signaling pathway (55). Also, fatty acid conversion to triglycerides increases the expression of death receptors and their cognate ligands, tumor necrosis factor alpha (TNFα) and Fas, to stimulate extrinsic cell death. Intrinsic or extrinsic apoptosis leads to the release of DAMPs that crosstalk with either resident or recruited macrophages to stimulate toll-like receptor (TLR)-dependent expression of multiple proinflammatory cytokines and chemokines.



2.2.2. Inflammation

A critical feature that distinguishes hepatic steatosis from NASH is the presence of hepatic inflammation, particularly of resident Kupffer cells and recruited monocyte-derived macrophages (56). Meta-analysis of RNA sequencing and single-cell RNA sequencing have revealed critical alterations in the myeloid compartment recruited to livers during NASH. Firstly, turnover and maintenance of embryonically-derived Kupffer cells are diminished during the progression of steatosis to NASH, likely due to lipotoxicity (57). Second, monocyte-derived macrophages recruited to the liver, which highly expresses Trem2, Gpnmb, Cd9, Spp1, and Itgax, genes associated with macrophages in NASH, accumulate in areas near desminhigh hepatic stellate cells, revealing their capability to crosstalk with hepatic stellate cells to drive hepatic fibrosis (58). Importantly, macrophages have been definitively proven to contribute to NASH, as depleting Kupffer cells from mice using liposomal clodronate, deleting the chemokine receptor C-C chemokine receptor type 2 (CCR2), or ablating bone marrow cells from mice using irradiation, mitigates the progression of steatosis to NASH (59–62).

Through a variety of mechanisms, macrophages in the liver exhibit a heightened state of inflammation and produce vast amounts of IL-1β (63). Consequently, peroxisome proliferator-activated receptor alpha (PPARα) becomes suppressed, and oxidation of fatty acids is impaired, ultimately leading to an accumulation of fatty acids (63). Fatty acids not only stimulate triglyceride production in hepatocytes, but they also stimulate inflammatory responses in liver immune cells (56). The saturated fatty acids, palmitate and laurate, drive IL-1β secretion by mediating NLRP3 inflammasome activation during NASH in a TLR2-dependent mechanism (56, 64, 65). Furthermore, palmitate activates NADPH oxidase 2 (NOX2) in hepatic macrophages and induces ROS production (66). Importantly, elevated levels of ROS directly stimulate TNFα expression. Also, macrophages from steatotic livers show enhanced production of toxic lipid mediators, particularly diacylglycerols and ceramides (56).



2.2.3. Hepatic stellate cell activation and fibrosis

Persistent deposition of ECM proteins, such as collagens, in the liver drive cirrhosis and liver failure. Excluding CVD, liver fibrosis is the major cause of liver-related mortality in patients with NASH (47, 50). Therefore, hepatic fibrosis is among the most important endpoints in clinical trials. Hepatic fibrosis is largely mediated by the activation of non-parenchymal hepatic stellate cells that leads to their dedifferentiation towards a myofibroblast phenotype, enabling them to robustly synthesize and deposit ECM proteins (67). Evolutionarily conserved developmental programs, including Notch, hedgehog, and Hippo-YAP-TAZ, are “reawakened” in acute liver injury to stimulate hepatocyte regeneration (67). However, growing research in these pathways has revealed that they also critically drive hepatic fibrosis during NASH. For example, transgenic overexpression of Notch in hepatocytes leads to enhanced osteopontin secretion, enhancing fibrosis through hepatic stellate cell activation (68, 69). Consistently, hepatocyte-specific inactivation of Notch signaling protects mice from developing NASH-induced hepatic fibrosis (69). Whereas Hedgehog signaling is inactive in normal livers, it becomes reactivated during NASH and enhanced Hedgehog activity correlates with disease severity and fibrosis staging (67, 70). In addition, Sonic Hedgehog and Indian Hedgehog activates hepatic stellate cells and drive ECM protein synthesis (71). Moreover, hepatocyte YAP and TAZ expression are intimately linked to liver fibrosis and positively correlate with NASH and deleting or silencing TAZ in hepatocytes lowers inflammation and fibrosis in a mouse model of NASH (72–74).





3. Concurrent modelling of NASH and atherosclerosis

To investigate the pathophysiology of NAFLD/NASH or ASCVD, multiple well-established animal models have been accepted by the scientific community and are commonly utilized for evaluating translational interpretation of preclinical findings. Below, we will discuss dietary models predominantly administered to mice, highlighting potential limitations of current application when investigating both NAFLD/NASH and ASCVD, as well as non-murine models that may have stronger translational potential but comprise their own set of limitations.


3.1. Diets in excess or deficiency: Which is ideal?

Given both NAFLD/NASH and ASCVD arise from dysregulated lipid metabolism and excessive lipid accumulation, the most appropriate models capitalize on genetic and/or dietary lipid loading with additional modifications to exacerbate disease, such as simple carbohydrates or cholesterol. Lipid profiling of mice demonstrates that the majority of their cholesterol is carried in high-density lipoprotein (HDL) particles, contrasting human lipid profile in which HDLs comprise only one-third of total cholesterol (75). Since elevated LDLs and very low-density lipoproteins (VLDLs) are direct contributors to atherogenesis (76), mice will therefore not spontaneously develop atherosclerotic lesions comparable to humans beyond the initial fatty streak (77). Thus genetic (Ldlr−/− (78), and apolipoprotein E deficient [Apoe−/−] mice 79, 80) or viral (PCSK9-AAV 81, 82) manipulation is required for mice to develop atherosclerosis. Implementing a combination of genetic dyslipidemia with dietary models to induce NASH permits simultaneous investigation of both NASH and atherosclerosis.

While administration of a high-fat diet in atherosclerotic models is well-established to induce hyperlipidemia and steatohepatitis (83–85), whether high-fat or Western diets are sufficient to elicit all components of NASH (hepatic steatosis, inflammation, and hepatocellular ballooning) and fibrosis remains unclear. Multiple studies report conflicting phenotypes in Apoe−/− mice following a high-fat diet regimen. For example, Karavia and colleagues demonstrated that despite administration of a high-fat diet (21.2% fat) for 24 weeks, Apoe−/− mice will accumulate less hepatic triglycerides compared with C57BL/6 mice fed the same diet (86). In contrast, others showed that only 8 weeks of high-fat diet in Apoe−/− mice was sufficient to induce hepatocellular ballooning and hepatic fibrosis (87). Additional studies by Matsuzawa et al. found that 12–24 weeks of an “atherogenic diet” in C57BL/6J mice is sufficient to induce hepatocellular ballooning and hepatic fibrosis (88), while Zhang et al., induced steatohepatitis with fibrosis and hepatocellular carcinoma following 14 months of high-fat, high-cholesterol feeding in C57BL/6 mice (89). Furthermore, a study by Schierwagen et al. compared Western diet and methionine-choline deficient (MCD)-diet in Apoe−/− mice, demonstrating significant fibrosis and hepatocellular ballooning in Western diet-fed mice after just 7 weeks (90). Comparisons between diet formulations used in the above studies show that while Karavia and colleagues utilized a Western-type diet, which contains 0.2% cholesterol (86, 91), Schierwagen et al. and Matsuzawa et al. utilized diets containing 1.25% cholesterol (88, 90). Furthermore, Trevaskis and colleagues first described the Amylin liver NASH (AMLN) diet, which contained 2% cholesterol and 40% fat from either partially hydrogenated vegetable oil or lard and induced murine steatohepatitis and fibrosis following 12 weeks feeding (92). Together, these studies highlight the fact that additional components of a high-fat or Western diet, mainly cholesterol, contribute to the NASH phenotype beyond excessive calories from fat (Table 1).


TABLE 1. Murine and non-murine models of NAFLD/NASH with or without atherosclerosis
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Supplementation of a high-fat diet with cholesterol appears to be a major contributor to the pathogenesis of NASH. Analysis of liver biopsies from patients with NASH demonstrated that free cholesterol accumulation associates with hepatic steatosis and continues to increase with the progression of NASH (93). In addition, unlike triglycerides or free fatty acids, cholesterol loading is sufficient to deplete mitochondrial glutathione in hepatocytes resulting in sensitivity to inflammatory cytokines (94). Following extended high-fat, high-cholesterol feeding for 14 months, cholesterol induces gut microbiota dysbiosis, enhanced gut leakiness, endotoxemia, and bile acid biosynthesis in C57BL/6 mice, which result in NASH with fibrosis and HCC (89). However, the effects of dietary cholesterol and the risk of CVD remains unclear (95). Since conventional atherogenic diets parallel human consumption of cholesterol (96, 97), but typically contain approximately one-tenth that of murine NASH diets (0.2% and 2%, respectively (83, 92)), excessive cholesterol supplementation may be inappropriate for the comparative studies of CVD and NASH together. Thus, other components such as dietary sugars may be considered when addressing models for concurrent NASH and ASCVD.

Since fructose largely replaced sucrose as a source of sweeteners in soft drinks in the 1970's, an association between high-fructose corn syrup consumption and obesity became increasingly observed (98). In addition, beyond increasing hepatic steatosis, fructose enhances aortic wall thickness and foam cell count in Sprague-Dawley rats fed a high-fat diet (99). Van den Hoek and colleagues fed Ldlr−/−.Leiden mice an obesogenic diet for 28 weeks containing 41% calories from fat, 0.05% cholesterol, and 44% calories from fructose (100), which recapitulated multiple aspects of NASH like inflammation (100), fibrosis (101), and circulating AST and ALT (102), as well as established atherosclerotic lesions (100). Since Ldlr−/−.Leiden mice are susceptible to diet-induced obesity and metabolic syndrome compared with conventional Ldlr−/− mice (103), this model proved effective in examining both fibrotic NASH and atherosclerosis (100). While normal consumption of fructose feeds into glycogen biosynthesis (104), excessive fructose consumption suppresses fatty acid β-oxidation (FAO) in the liver (105) and induces DNL by the induction of sterol regulatory element-binding protein-1 (SREBP1), acetyl-CoA carboxylase-1 (ACC1), and fatty acid synthase (FAS) (105, 106). By comparing the supplementation of fructose to glucose in humans and mice, Stanhope et al. and Softic et al. demonstrated that inhibition of FAO and induction of DNL are caused specifically by high intake of fructose, and not glucose (107–109). In the gastrointestinal tract, fructose deteriorates the gut barrier and promotes chronic inflammation by endotoxemia (110). Since endotoxemia is associated with liver disease and atherosclerosis (111, 112), the effects of fructose on the development of NAFLD/NASH and ASCVD may be due to chronic inflammation secondary to enhanced gastrointestinal permeability. Thus, the contribution of high-fructose intake for the concurrent development on NASH and atherosclerosis warrants further research.

Although diets with excess nutrients elicit NASH or ASCVD pathology, diets lacking key nutrients are an additional avenue for inducing disease. Choline and methionine deficiency diminishes VLDL assembly and reduces triglyceride clearance but results in weight loss (113), contrasting with typical weight gain associated with most human NASH. The MCD diet was previously viewed as a conventional NASH model; however, multiple groups demonstrated that MCD does not cause insulin resistance (114) and enhances weight loss despite hepatic steatosis (115), highlighting the disconnect between human disease characteristics and disease in MCD diet-fed mice. Since the MCD model clearly has its deficiencies in application with NASH pathology, researchers have developed modifications of this model to align the diet-induced phenotype more closely with human NASH. For example, the high-fat, choline-deficient diet induces steatosis, inflammation, and fibrosis over a 15-week period; however, it does not induce ballooning (116). Choline deficiency reduces pro-atherogenic VLDL assembly (113) but choline supplementation has no effect on atherosclerotic plaque area (117). The choline-deficient high-fat diet with no added choline but 0.1% methionine has approximately 0.03% cholesterol and induces steatohepatitis (116); however, to develop fibrosis the addition of 25 mg/kg NaNO2 (118) is required to induce hypoxemia (119). Enhancing methionine to 0.2% does prevent weight loss while enhancing NASH and hepatic fibrosis (113). While enhancing liver fat accumulation, the choline-deficient high-fat diet actually attenuates fasting plasma insulin and improves glucose tolerance (120). Patients with NAFLD develop hyperinsulinemia as a result of impaired whole-body insulin clearance, which may further drive hepatic steatosis (121). The positive correlation between hyperinsulinemia and atherosclerosis has been long-established (122). Therefore, models mimicking hyperinsulinemia, should be considered in appropriate models of both NASH and ASCVD.



3.2. Non-murine models

The utilization of mice for pathological modelling has its benefits. For example, mice gestate and grow rapidly, require small spaces for housing, are relatively inexpensive to care for, and are easily genetically manipulated. While numerous mouse models have been implemented to study NAFLD/NASH or ASCVD, each provides a unique set of limitations. For example, atheroprone mice must first be “humanized” with genetic manipulation to shift their endogenous plasma cholesterol composition. Furthermore, as outlined in section 2.1, many mouse models of NASH do not completely mimic all aspects of the human disease, particularly hepatocellular ballooning and fibrosis (123). Additionally, dietary models alone are insufficient to induce atherosclerosis in mice due to their plasma lipid composition (77). Therefore, the use of non-murine or large animal models that spontaneously develop atherosclerosis may provide a more accurate representation of both human NASH and ASCVD.

Porcine models of atherosclerosis are closely related to the human disease due to similar lipoprotein composition; thus, pigs do not require genetic modification to induce ASCVD (124). In addition to their use as an atherogenic model (125), miniature Ossabaw pigs develop metabolic syndrome with abnormal liver pathology indicative of NASH when fed a modified high-fat, low-choline diet for 24 weeks (126). However, pigs require larger housing facilities, utilize more resources, and are therefore not as cost-effective. Rabbits may be a useful alternative to pigs or mice because they require less resources than pigs and are able to develop NASH with fibrosis following 9 months of a modified diet containing 0.75% cholesterol and 12% corn oil (127). Rabbits were pivotal in the initial discovery of atherosclerosis in which the Russian physician Ignatowski observed aortic plaques in rabbits fed an enriched animal fat and protein diet (128). Since then, rabbits are widely used for atherosclerosis studies due to their similarities to human lipoproteins, and both diet-and genetically-induced atherosclerotic models have been implemented (129). Furthermore, 1% cholesterol-fed rabbits develop both atherosclerosis (130) and fibrotic NASH, representing a simple model to investigate both diseases simultaneously (131). However, rabbits show wide genetic variability compared with mice (129) and therefore require larger cohorts to observe meaningful differences between treatment groups. Perhaps the most translatable model of either NASH or atherosclerosis is the use of nonhuman primates. For example, cholesterol metabolism between humans and Baboons is remarkably similar (132), and baboons given a high-sugar, high-fat diet leads to weight gain and hyperlipidemia similar to humans (133). Cynomolgus monkeys given a diet containing 20% fat with 5% cholesterol developed NASH with fibrosis (134). In addition, a high-fat, high-cholesterol (1%) diet can accelerate NASH in Cynomolgus monkeys with spontaneously-developed NASH symptoms (135, 136). However, the ethical considerations of these animals should be heavily weighed when deciding which models are the most appropriate. Despite their obvious similarities with humans, the advanced cognition of nonhuman primates sheds light on the moral obligations of scientific researchers (137).




4. Emerging biomarkers linking NAFLD/NASH and ASCVD offer potential therapeutic strategies

The circulating levels of liver enzymes (aspartate transaminase [AST], and alanine transaminases [ALT]), other nonenzymatic proteins (albumin) and metabolites of heme (bilirubin) are routinely used to diagnose and monitor liver diseases, including NAFLD/NASH (138). While liver function tests are routinely preformed, their interpretation is often challenging and their relevance to CVD, the main cause of death in patients with NASH (7–12, 139–141) is limited. Furthermore, predictive biomarkers of NASH are lacking, resulting in invasive biopsy as the only method for diagnosis (51). Established biomarkers for CVD including C-reactive protein (CRP), cardiac troponins I and T, B-type natriuretic peptides, and D-dimer, are widely used for diagnosis and management of various CVDs including atherosclerosis, myocardial infarction, acute coronary syndrome, cardiac arrest, thrombosis, and ischemic cardiac diseases (142–144). Despite the wide use of these biomarkers for diagnosis and monitoring, there remains a need to identify new pathological pathways and pertinent biomarkers that can be useful for concurrent diagnosis and monitoring of NAFLD and CVD. Herein, we explore established and newly identified biomarkers that are closely related to NAFLD/NASH and ASCVD (Figure 2).
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FIGURE 2
Biomarkers linking NAFLD/NASH and ASCVD offer potential therapeutic strategies. Lipid species that are increased in both NAFLD/NASH and ASCVD include low-density lipoprotein-cholesterol (LDL-C), very low-density lipoprotein (VLDL) and triglycerides (TG) as well as ceramides. Although significantly lowering ASCVD, LDL-C reduction using statins has shown inconsistent results with regards to NASH treatment. Targeting ceramide synthesis have shown promising results in rodent models of NAFLD/NASH and ASCVD and warrants clinical evaluation. Amino acid metabolism is commonly dysregulated in NAFLD/NASH and ASCVD with circulating branched-chain amino acids (BCAAs) and aromatic amino acids (AAAs) increased and glycine decreased in both diseases. In rodent models and small-scale clinical studies, glycine-based treatments reduced steatohepatitis and atherosclerosis warranting clinical evaluation in larger cohorts. The hepatokines, fibroblast growth factor-21 (FGF-21) and angiopoietin like 3 (ANGPTL3), are increased in both NAFLD/NASH and ASCVD. Interestingly, approaches to inhibit hepatic ANGPTL3 have shown promise in treating dyslipidemia but were associated with increased hepatic steatosis and markers of liver injury. Despite being increased in both diseases, FGF21 analogues are protective in rodent models of NASH and atherosclerosis as well as in patients with NASH.



4.1. Lipids, lipoproteins, and lipid peroxidation products

The liver is the major site of lipid and lipoprotein metabolism and regulates the production and clearance of all classes of lipoprotein particles (145). In addition, the liver regulates the metabolism of the major lipoprotein components including triglycerides and cholesterol (146, 147). Dysregulation of hepatic lipid metabolism leading to excess lipid accumulation is a hallmark feature of NAFLD which further promotes atherogenic dyslipidemia and the risk of ASCVD (147, 148). Thus, alteration in circulating lipoproteins in patients with NAFLD is considered an early biomarker to predict the risk of ASCVD. Preclinical and clinical reports showed that improvement in NAFLD improves dyslipidemia (149–151); however, statins or other lipid-lowering agents did not reduce the risk of cardiovascular mortality in patients with NAFLD (152). In contrast, pemafibrate, a PPARα modulator that lowers triglycerides, VLDL, and cholesterol, did not reduce the incidence of cardiovascular events but lowered the incidence of NAFLD (153). These studies highlight the need to improve our understanding of the role of other lipid and non-lipid metabolites, not only as biomarkers linking these two diseases, but also as potential targets for concurrent therapy.

Enhanced influx of free fatty acids to the liver, oxidative stress and inflammatory stimuli promotes the synthesis of hepatic ceramides in NAFLD (154, 155). Ceramides are active lipid intermediates of the sphingolipid family that are produced mainly in the liver (156). Beyond their increased levels in the liver, circulating ceramides are elevated in animal models and patients with NAFLD (157, 158), particularly in those with NASH (159), where they are found mainly in VLDL and LDL particles (159, 160). Moreover, various ceramide species (mainly Cer16:0, Cer18:0 and Cer24:1) are consistently associated with adverse cardiovascular outcomes and mortality (161–163), and have been suggested as biomarkers for ASCVD beyond the currently exciting risk factors (164). Ceramides are not only associated with ASCVD but can also increase atherosclerosis by promoting endothelial dysfunction (154, 165). Pharmacological (myriocin) and genetic (hepatic deletion of dihydroceramide desaturase-1) approaches targeting ceramide synthesis not only lowered hepatic steatosis and fibrosis (166, 167), but also reversed endothelial dysfunction and atherosclerosis in rodent models (168, 169).

In NAFLD, and particularly in NASH, hepatic mitochondrial dysfunction augments ROS production promoting lipid peroxidation, the oxidation of polyunsaturated fatty acids via lipid-peroxyl radical reaction (54, 170–172). Beyond enhanced hepatic lipid peroxidation, an increase in systemic markers of lipid peroxidation (e.g., malonaldehyde, MDA) is well-documented in both experimental models and in patients with NAFLD (173–175). Furthermore, higher circulating MDA in patients with NAFLD is associated with lower antioxidant capacity of HDL and subclinical atherosclerosis (176). Peroxidation of lipoproteins (mainly ox-LDL) plays critical roles in various steps of atherosclerosis development (177), including endothelial activation and dysfunction (178, 179), monocyte adhesion (180, 181), macrophage-foam cell formation (182–185), and proliferation and migration of vSMCs (186, 187). Indeed, circulating ox-LDL is a useful marker in predicting the risk of coronary artery diseases (CAD) (188) as well as NAFLD severity (189). In addition, circulating ox-LDL in the form of MDA-LDL is not only increased in individuals with NAFLD, but is also associated with high-risk atherosclerotic plaques in the same patients (190).



4.2. Amino acids

While dysregulated lipid metabolism in NAFLD/NASH and ASCVD has been extensively studied, recent evidence strongly suggests altered amino acid metabolism as a common factor in both diseases (83, 191–203). Gaggini et al. (192) found that most circulating amino acids were elevated among obese subjects with NAFLD and further increased in the presence of insulin resistance (IR) and obesity. Patients with more advanced liver damage and fibrosis had higher levels of the branched-chain amino acids (BCAAs, leucine, isoleucine and valine) (204) and aromatic amino acids (AAAs tryptophan, phenylalanine, and tyrosine) (192, 205). Furthermore, BCAAs and AAAs are consistently reported to be positively associated with increased risk for ASCVD independent of hypertension and metabolic disease (206–209).

Despite the associations between elevated circulating amino acids and NAFLD or ASCVD, a causative role of BCAAs and AAAs remains unclear. In mice with NAFLD, BCAAs promote liver injury and apoptosis by downregulating lipid-induced autophagy (210). In contrast, BCAA supplementation to mice fed high-fat or choline-deficient, high-fat diets lowered hepatic steatosis and injury through suppression of hepatic lipogenic genes and modulation of intestinal microbiota-mediated production of acetic acid (211, 212). These contrasting effects may be due to specific BCAAs, since the adverse metabolic effects in obese mice appear to be mediated by isoleucine and valine but not by leucine, whose restriction aggravated hepatic steatosis (213). In addition, leucine protects against macrophage foam cell formation by inhibiting lipid biosynthesis, promoting cholesterol efflux and enhancing mitochondrial respiration (191, 197, 214, 215). Furthermore, Apoe−/− mice supplemented with leucine showed enhanced hepatic cholesterol efflux, which effectively reduced circulating LDL and atherosclerosis (216). The effects of BCAAs on different cell types may differentially regulate the pathogenesis of atherosclerosis. For example, supraphysiological levels of BCAAs (6 mmol/L) enhanced ROS and activated endothelial cells (217). In contrast, physiological levels of leucine (0.2 mmol/L) protect against macrophage foam cell formation by inhibiting lipid biosynthesis, promoting cholesterol efflux and enhancing mitochondrial respiration (191, 197, 214, 215). Thus, future studies are warranted to clarify the causative role of exogenous BCAAs and determine the effects of individual BCAAs in NAFLD/NASH and ASCVD.

In individuals with histologically confirmed NAFLD, plasma phenylalanine was increased only in those with NASH, while tyrosine was increased in both patients with simple steatosis and NASH (218). Tyrosine and total AAAs were associated with NAFLD severity assessed by hepatocellular ballooning, inflammation and fibrosis in patients with NASH (192, 205). Also, serum AAAs were reported to be higher in patients with NASH, but when compared to patients with simple steatosis, only tryptophan was higher in those with NASH. In addition, serum tryptophan and tyrosine were positively correlated with total and LDL-cholesterol (219), suggesting that alterations in circulating AAAs are associated with the risk of NAFLD-associated CVD. Indeed, in a large cohort of adults Finns, circulating tyrosine was positively associated with subclinical atherosclerosis assessed by carotid intima-media thickness (IMT) (200). In addition, phenylalanine and tyrosine were associated with CAD, ischemic stroke, and cardiovascular events (220). While the above studies demonstrate increased circulating AAAs in NAFLD/NASH and ASCVD, studies addressing the causative role of altered AAA metabolism and the effects of individual AAAs in the development of these diseases are lacking.

Whereas circulating BCAAs and AAAs are increased, glycine, the simplest amino acid, is consistently reported to be lower in association with suppressed hepatic glycine biosynthetic genes (e.g., alanine-glyoxylate aminotransferase [AGXT] and serine hydroxymethyltransferase [SHMT]) and inversely associated with the risk or severity of NAFLD/NASH, CVD and related cardiometabolic diseases in both mouse models and patients (83, 192, 195, 196, 199, 201, 221–225). While these reports highlight lower circulating glycine as an emerging biomarker for both NAFLD/NASH and ASCVD, studies in humans and mice support a causative role of reduced glycine availability and the potential of glycine-based treatment in both diseases (83, 199, 201). Glycine is a nonessential amino acid mainly synthesized in the liver (226). In patients and mice with NAFLD, glycine is a limiting substrate for de novo synthesis of glutathione (GSH), the most abundant endogenous antioxidant (83, 199). Therefore, the decrease in circulating glycine in NAFLD may be explained by insufficient hepatic production coupled with enhanced demand for GSH biosynthesis. Furthermore, glycine restriction aggravates atherosclerosis in Apoe−/− mice (83, 195). Glycine or glycine-based treatments [e.g., serine, trimethylglycine (betaine) and a glycine-based tripeptide, DT-109] lowered hepatic steatosis, inflammation and fibrosis as well as atherosclerosis in various rodent models (83, 195, 227) and humans (199) through mechanisms involving hepatic GSH biosynthesis, enhanced fatty acid utilization, suppression of proinflammatory/fibrotic responses and modulation of the gut microbiome. In addition to glycine, glutamate, another component of GSH, is increased in NAFLD/NASH, which has been attributed to gamma-glutamyltransferase-mediated glutamate release during GSH transamination and upregulation of hepatic glutaminase-1 (192, 203). This, together with alternations is serine metabolism in NAFLD (192, 198), serve as a basis for the glutamate-serine-glycine (GSG) index, which recently emerged as a potential biomarker for the severity of NAFLD and fibrosis (192, 228).



4.3. Polyamines

Polyamines including putrescine, spermidine, and spermine are present in all living organisms. These aliphatic polycation compounds play a role in various biological events including maintenance of chromatin structure, gene transcription and translation, cell growth, and proliferation. The biological effects of polyamines are believed to be mediated by modulation of protein-protein and protein-DNA interactions (229–231). Emerging evidence suggests that polyamines modulate the risk of CVD, metabolic diseases, neurological disorders, and cancer (232–235). Nevertheless, the role of polyamine metabolism as a potential link between NAFLD/NASH and CVD remains to be explored.

Dysregulated metabolism of polyamines in NASH has been identified in human and rodent studies. A metabolomics-based study demonstrated that circulating spermidine was more than 2-fold lower in individuals with advanced NASH and fibrosis compared to those with the early disease (236). Alternations in polyamine metabolism during NASH could be attributed to the availability of S-adenosylmethionine (SAMe), a universal methyl donor and a polyamine precursor. In NASH, glycine-N-methyl transferase (GNMT), which catalyzes the transfer of a methyl group from SAMe to glycine, is reduced, promoting an increase in SAMe and subsequent accumulation of putrescine associated with enhanced lipid peroxidation (237). While changes in circulating putrescine in NAFLD/NASH have not been reported yet and the evidence for decreased spermidine is limited (236), a number of studies reported a protective role of spermidine in mouse models of NAFLD. In diet-induced obese mice, supplementation with spermidine lowered hepatic steatosis associated with downregulation of lipogenic genes and upregulation of genes driving FAO, including Ppara (233, 238). Also, spermidine ameliorated obesity-associated NAFLD in mice by increasing the phosphorylation of hepatic AMP-activated protein kinase (AMPK), which in turn inhibited the expression of the lipogenic genes Srebf1c and Fas (239). In addition, spermidine treatment restored the hypusination of translation factor EIF5A, which was decreased in NASH, leading to enhanced mitochondrial FAO and protection against diet-induced NASH in mice (240). While the studies above suggest dysregulated polyamine metabolism in NASH and indicate a protective role of spermidine, further research is needed to establish the use of polyamines as biomarkers for NAFLD/NASH.

With regards to CVD, the association with spermidine has been evaluated in a number of recent studies. In individuals with AMI, serum spermidine was associated with improved prognosis and reduced rates of major adverse cardiac events (241). On the other hand, a higher risk of stroke was found with an increasing baseline serum spermidine (242). Moreover, obese and overweight subjects were found to have higher serum spermidine along with increased atherogenic markers including triglycerides, total and LDL-cholesterol (243). While the above association studies appear to be conflicting, intervention studies in mouse models consistently demonstrated athero/cardioprotective properties of spermidine. In Apoe−/− mice, spermidine supplementation lowered plaque lipid accumulation and necrotic cores. Spermidine triggered cholesterol efflux in autophagy-competent but not in autophagy-deficient VSMCs or macrophages lacking autophagy related 7 (Atg7) (244). In addition, spermidine and spermine protected against LDL oxidation resulting in reduced uptake of ox-LDL by macrophages (245). Furthermore, spermidine decreased cardiac hypertrophy and preserved diastolic function in old mice concomitant with enhanced cardiac autophagy, mitophagy and mitochondrial respiration. These cardioprotective effects were abolished in mice lacking Atg5 in cardiomyocytes (232), supporting the notion that induction of autophagy by spermidine may be useful to prevent CVD. Interestingly, in humans, higher consumption of dietary spermidine was associated with lower CVD incidence (232). Together, while spermidine supplementation appears to be protective against NAFLD/NASH and CVD in mouse models, the use of spermidine or other polyamines as biomarkers and the therapeutic potential of spermidine in clinical settings warrant further research.



4.4. Oxalate

Oxalate is the ionic form of oxalic acid, and is an end-product of glyoxylate metabolism in the liver, which accounts for 80%–90% of total circulating oxalate (246–248). The vast majority of oxalate (>90%) is eliminated through the kidneys (249, 250). Although humans have no enzymes capable of degrading oxalate (251), specific hepatic enzymes can prevent oxalate overproduction via the detoxification of glyoxylate to glycolate (by glycolate reductase/hydroxypyruvate reductase, GRHPR) or glycine (by AGXT) (252). Genetic defects in these enzymes result in primary hyperoxaluria, in which toxic levels of oxalate are produced by the liver (252). Furthermore, increased systemic oxalate can also be caused by impaired oxalate excretion in chronic kidney disease (250, 253). Beyond this, increased serum or urine oxalate has recently been linked with NAFLD/NASH (83, 248) and CVD (83, 248, 253, 254).

Suppression of glyoxylate detoxifying genes, particularly AGXT, has been consistently reported in both in humans and mice with NAFLD/NASH. Assessment of hepatic gene expression in patients who had undergone bariatric surgery revealed that AGXT is downregulated in those with NASH (255). In support, AGXT and GRHPR were recently reported to be downregulated in steatotic hepatocytes isolated from patients with NAFLD (248). Analysis of liver transcriptomic data from several cohorts of patients with various degrees of liver disease (steatosis, NASH, cirrhosis, and HCC) combined with data from mice with NAFLD or NASH revealed that AGXT was consistently downregulated in all human and mouse cohorts (83, 196, 248, 256). Furthermore, aggravated NASH and fibrosis in Agxt−/− mice fed a NASH-inducing diet suggest a causative role of oxalate in NAFLD (83). Nevertheless, future studies evaluating the liver and circulating levels of oxalate in patients with NAFLD/NASH are warranted.

With regards to CVD, increased circulating oxalate has been associated with increased cardiovascular morbidity and mortality. Among hemodialysis patients, serum oxalate was positively associated with cardiovascular risk factors including elevated pulse wave velocity, central aortic systolic and diastolic blood pressures, and risk for cardiovascular events (253, 257). In patients with end-stage renal disease, increased circulating oxalate was not only associated with CVD events, but also with aggravated dyslipidemia (increased triglycerides and VLDL-cholesterol, and decreased HDL-cholesterol) and proatherogenic cytokines and chemokines (IL-6, TNFα, and monocyte chemoattractant protein-1) (254). In patients with significant CAD and normal kidney function, and in atherosclerotic Apoe−/− mice, we found a significant decrease in the glycine to oxalate ratio aligned with downregulated hepatic AGXT. In mice deficient with both Agxt and Apoe, as well as in Apoe−/− mice challenged with exogenous oxalate, atherosclerosis was increased with enhanced superoxide and CCL5 in atherosclerotic lesions. These effects were reversed by AAV-mediated overexpression of AGXT in livers of Apoe−/− mice, indicating a causative role of oxalate overproduction in atherosclerosis (196). At the cellular level, oxalate was reported to induce mitochondrial dysfunction, oxidative stress and the release of proinflammatory chemokines and cytokines in endothelial cells, monocytes, and macrophages (196, 258–260). Together, the association between circulating oxalate, NAFLD/NASH and ASCVD should be further studied in larger cohorts including patients without kidney disease.



4.5. Hepatokines

The liver secretes various proteins known as hepatokines that can regulate systemic metabolic homeostasis through a crosstalk with other organs including skeletal muscle, adipose tissue, the central nervous system and blood vessels (261). In addition to their metabolic role, systemic alterations in hepatokines are implicated in several pathological conditions including IR, diabetes and CVD (261, 262); however, evidence regarding the role of hepatokines as modulators of atherosclerosis is limited.

Angiopoietin-like 3 (ANGPTL3) is a glycoprotein that is expressed and secreted primarily by the liver (263). Secreted ANGPTL3 binds lipoprotein lipase and inhibits its activity to hydrolyze lipoprotein triglycerides into fatty acids that are taken up by metabolic tissues. As a result, circulating triglycerides are increased (264, 265). Indeed, individuals with loss-of-function mutations in ANGPTL3 have lower plasma triglycerides (266). In a cross-sectional investigation of obese subjects, both hepatic and plasma ANGPTL3 were higher in individuals with NALFD and positively correlated with hepatic steatosis and histological markers of NASH (267). Among patients with various degrees of NAFLD, serum ANGPTL3 was increased in individuals with NASH, but not in those with simple steatosis (268). With regards to CVD, a study involving 1,493 MI cases and 3,231 controls demonstrated that individuals with lower plasma ANGPTL3 had a reduced risk of MI (269). In line, increased plasma ANGPTL3 was positively associated with the severity of coronary stenosis among patients with angina (270). Beyond its potential as a biomarker, the efficacy of ANGPTL3 inhibition has been studied extensively in preclinical and clinical settings. Both in Ldlr−/− mice treated with antisense oligonucleotides (ASO) targeting Angptl3 and in APOE*3Leiden.CETP mice treated with an antibody against ANGPTL3 (evinacumab), hypercholesterolemia, hypertriglyceridemia and atherosclerosis were significantly decreased (271, 272). Evinacumab also lowered fasting triglycerides and LDL-cholesterol in a phase I trial (271). In a phase IIb trial, administration of vupanorsen, an ASO targeting hepatic ANGPTL3, to patients with hypercholesterolemia and hypertriglyceridemia significantly reduced triglycerides together with a modest decrease in LDL-cholesterol. Unfortunately, at higher doses, vupanorsen administration was associated with increased hepatic fat, and over 3-fold elevations in ALT and AST (273). These studies highlight the potential complications in determining dosage for therapeutics like vupanorsen.

Fibroblast growth factor-21 (FGF-21) is a hormone primarily produced and secreted by the liver (274, 275). The hepatic expression and circulating levels of FGF21 are consistency reported to be higher in NAFLD, and are associated with enhanced hepatic necroinflammation and fibrosis (276–280). Furthermore, FGF21 was positively correlated with total cholesterol and triglycerides, and multivariate regression analysis indicated that FGF21 is an independent risk factor of CAD (281). Moreover, serum FGF21 predicted the incident of ASCVD events independent of NAFLD and other traditional cardiovascular risk factors (282, 283). Despite these findings indicating elevated circulating FGF21 as a common biomarker for NAFLD and ASCVD, FGF21 is known for its protective properties in both diseases. An extensive body of literature have demonstrated the protective effects of recombinant FGF21 or FGF21 analogues in preclinical models of NASH (284, 285) and atherosclerosis (286, 287) as well as in patients with NASH (288, 289), serving as an attractive therapeutic marker for both diseases.

Fetuin-A, also known as α2-Heremans-Schmid glycoprotein (AHSG), is synthesized and secreted predominantly by the liver and is among the first hepatokines identified to regulate metabolism through multiorgan crosstalk (290–292). Elevated fetuin-A levels are positively correlated with liver fat, patients with NAFLD, IR, and hepatic fibrosis (293–295). The link between fetuin-A, NAFLD and other metabolic disorders has sparked interest in its involvement in CVD; however, these studies yielded inconsistent results. In a case-cohort investigation, higher circulating fetuin-A was associated with MI and ischemic stroke after adjustment for confounders (296). In contrast, lower plasma fetuin-A, independent of traditional CVD risk factors, was found to be associated with increased CVD mortality among 1,620 patients with CAD (297). Therefore, while fetuin-A may serve as a potential biomarker in NAFLD, the conflicting findings above indicate that fetuin-A may not be a useful biomarker in ASCVD.




5. Dual-targeting of NASH and ASCVD: Limitations, caveats, and potential directions

Significant advances in our understanding of the mechanisms that drive NASH have led to the development of numerous of drug candidates that target different pathways in the pathogenesis of NASH. As extensively reviewed (298, 299), these candidates include drugs that target insulin/glucose homeostasis, lipid metabolism, proinflammatory/profibrotic responses, and the gut-liver axis, alongside pharmacological/surgical approaches aimed at lowering body weight. A limited number of drugs that demonstrated efficacy in phase IIb trials were or are currently evaluated in phase III trials. A few drugs approved for other metabolic diseases (e.g., T2D, and obesity) are evaluated as potential treatments for NAFLD/NASH in phase IV trials. While the current therapeutic pipeline in NASH (298, 299) and emerging approaches to treat ASCVD via modifying inflammation (300) have been comprehensively reviewed, in this section we discuss (1) potential cardiovascular consequences of promising drug candidates for NASH, and (2) the effects of commonly used (lipid-lowering) and new (anti-inflammatory) drugs for ASCVD on NASH.


5.1. Antidiabetic drugs for concurrent treatment of NASH and ASCVD

The prevalence of NAFLD and NASH in patients with T2D is higher than the general population and was estimated at 55% and 37%, respectively (5). As T2D is closely associated with NASH, a number of antidiabetic drugs have been considered as potential treatments for NASH. Among these drugs, pioglitazone, a PPARγ agonist and insulin sensitizer, is currently evaluated in a phase IV clinical trial for NASH (NCT00994682). Pioglitazone administered for 18 months to prediabetic or T2D patients with biopsy-proven NASH effectively lowered NAS and fibrosis scores while improving insulin sensitivity (300–302). However, pioglitazone treatment was associated with weight gain compared to placebo (302). Moreover, pioglitazone was associated with other adverse effects including enhanced risk of hospitalization for heart failure due to fluid retention (303–305). Despite this, accumulating evidence suggests a protective effect of pioglitazone on atherosclerosis-driven events including MI and ischemic stroke. In patients with impaired glucose tolerance or T2D, pioglitazone reduced carotid IMT (306, 307) and atherosclerotic plaque inflammation in association with decreased CRP and increased HDL-cholesterol (308, 309). Furthermore, pioglitazone treatment was associated with reduced total and LDL-cholesterol, triglycerides, and lipoprotein (a) (310–312). Therefore, the cardiovascular consequences of pioglitazone in patients with NASH warrant further research in long-term, large clinical trials.

Newer antidiabetic drug classes, including glucagon-like peptide 1 (GLP1) receptor agonists and sodium-glucose cotransporter-2 (SGLT2) inhibitors, have emerged as potential therapies for NASH. GLP1, an incretin secreted from intestinal L-cells, enhances glucose-stimulated insulin secretion and promotes satiety (313–316). Liraglutide is a GLP1 analogue known to lower body weight (317). In a phase II trial including overweight patients with biopsy-confirmed NASH, 48 weeks of liraglutide treatment was associated with higher rates of NASH resolution and attenuation of fibrosis (318). Stable isotope studies in patients treated with liraglutide, supported by lipid flux studies in human primary hepatocytes, demonstrated that liraglutide inhibits hepatic DNL (319), suggesting additional benefits beyond lowering body weight. Semaglutide, another GLP1 receptor agonist, has more pronounced body weight-lowering effects (320). In a phase II trial including patients with biopsy-confirmed NASH and fibrosis, semaglutide administered for 72 weeks led to a 13% reduction in body weight and was associated with higher rates of NASH resolution and improvement of fibrosis (321). With regards to ASCVD, liraglutide administered to patients with T2D has been consistently reported to improve circulating lipid profile (reduce triglycerides, total and LDL-cholesterol, and increase HDL-cholesterol) and reduce carotid IMT (322–324). The effects of semaglutide on atherosclerosis are currently being evaluated in phase IV trials (NCT03985384). Together, the above studies indicate the potential of GLP1 receptor agonists for concurrent treatment of NASH and ASCVD, which should be confirmed in long-term studies assessing cardiovascular outcomes in patients with NASH. Furthermore, considering that the expression of GLP1 receptor is not detected in livers (325, 326) and aortas (327) from mice, monkeys and humans, the mechanisms by which GLP1 receptor agonists protect against NASH and ASCVD, beyond lowering body weight, warrant further investigation.

SGLTs are membrane proteins that regulate nutrient transport across the intestinal epithelium and the proximal renal tubules. While SGLT1 is expressed primarily in enterocytes and absorbs glucose from the gut lumen, SGLT2 is expressed in the proximal tubule and regulates glucose reabsorption from the glomerular filtrate (328). Thus, by decreasing renal glucose reabsorption and increasing urinary glucose excretion, SGLT2 inhibitors, such as empagliflozin, reduce hyperglycemia in patients with T2D (329). Empagliflozin has been evaluated for NAFLD treatment in phase IV trials (NCT02637973, NCT02686476, NCT02964715). In patients with T2D, empagliflozin administrated for 20 weeks reduced circulating ALT and liver fat assessed by MRI-derived proton density fat fraction (MRI-PDFF) (330). Although including a small sample size (n = 9), a study in patients with T2D and biopsy-proven NASH reported that empagliflozin treatment for 24 weeks improved histological components of NASH including steatosis, ballooning and fibrosis while reducing blood glucose, body weight and total cholesterol (331). Dapagliflozin, another SGLT2 inhibitor given to patients with T2D and NAFLD for 12 weeks, lowered circulating ALT and AST together with glucose and body weight. However, compared with placebo, reduction in hepatic fat was found when dapagliflozin was combined with omega-3 carboxylic acids, but not as a monotherapy (332). Also, although lowering body weight, dapagliflozin administered to insulin-resistant overweight/obese individuals for 12 weeks did not improve hepatic steatosis (333). However, when given to patients with T2D and NAFLD for 24 weeks, dapagliflozin lowered circulating ALT, hepatic steatosis and fibrosis assessed by MRI-PDFF and magnetic resonance elastography (MRE) (334). Interestingly, a recent phase II study including patients with NASH reported that 12 weeks of treatment with licogliflozin, a dual SGLT1/2 inhibitor, reduced circulating ALT and hepatic fat assessed by MRI-PDFF (335). Importantly, dramatic beneficial cardiovascular outcomes have been reported in T2D patients treated with SGLT2 inhibitors. In long-term and large phase III trials including patients with T2D with or at risk for ASCVD, treatment with empagliflozin or dapagliflozin was associated with lower rates of cardiovascular death (336, 337). Considering that SGLT2 is primarily expressed in the kidneys, the mechanisms by which SGLT2 inhibitors reduce the cardiovascular risk and directly affect the atherosclerotic plaque, beyond glucose- and body weight-lowering effects, are not completely clear (338, 339). Furthermore, whether long-term treatment with SGLT2 inhibitors concurrently lowers NASH and ASCVD remains unknown.



5.2. Targeting lipid metabolism for simultaneous treatment of NASH and ASCVD: Challenges and opportunities

Lipid overload is central to the pathogenesis of NASH. Fatty acids are supplied in excess to the liver via 1) enhanced flow from lipolysis of triglycerides in adipose tissue, and 2) increased synthesis from carbohydrates, primarily fructose, via DNL (50, 340). In addition to increased lipogenesis, fructose also suppresses hepatic FAO (109). Enhanced DNL coupled with impaired FAO result in the formation of lipotoxic species that induce hepatic oxidative stress, proinflammatory and profibrotic responses to promote NASH (50, 341, 342). Therefore, pharmacological strategies aimed at inhibiting DNL or enhancing FAO can reduce hepatic lipotoxicity and attenuate NASH. Nevertheless, considering the major role of the liver as a regulator of systemic lipids, such approaches may have detrimental or beneficial effects on circulating lipids that may affect ASCVD.

In the initial step of fatty acid biosynthesis, acetyl-CoA is converted to malonyl-CoA by ACC (343). In phase II trials, patients with NASH treated for 12 weeks with the ACC inhibitor, firsocostat (GS-0976), showed reduced circulating ALT, hepatic steatosis and markers of fibrosis (344) mediated by inhibition of hepatic DNL assessed by heavy water labeling (345). However, similar to other ACC inhibitors [MK-4074 (346) or PF-05221304 (347)] treatment with firsocostat increased circulating triglycerides (344), which can be attributed to the upregulation of hepatic SREBP-1, enhanced VLDL production and impaired triglyceride clearance (348). While these findings raise concerns that targeting ACC may aggravate atherogenic dyslipidemia, co-administration of PF-05221304 with a diacylglycerol acyltransferase 2 inhibitor (PF-06865571), reduced liver fat assessed by MRI-PDFF and mitigated the increase in circulating triglycerides in patients with NAFLD (347). Nevertheless, the cardiovascular consequences of ACC inhibition either as a monotherapy or in combination with other drugs warrant further research in long-term clinical trials.

The conversion of acetyl-CoA and malonyl-CoA to palmitate is catalyzed by FAS, which controls the liver capacity to synthesize fatty acids through DNL (349). In a phase IIa trial including individuals with hepatic steatosis and fibrosis, treatment for 12 weeks with a FAS inhibitor, TVB-2640, dose-dependently decreased circulating ALT, AST and liver fat determined by MRI-PDFF. Importantly, TVB-2640 treatment significantly decreased circulating total and LDL-cholesterol. Although HDL-cholesterol was also decreased, lipidomics revealed beneficial effects including reduced triglycerides enriched in palmitate-containing species, diacylglycerols, bile acids and ceramides (350). Therefore, apart from the decrease in HDL-cholesterol, improved circulating lipid profile, reduced markers of hepatic steatosis and injury, indicate TVB-2640 as a promising candidate for dual treatment of NASH and ASCVD. Currently, TVB-2640 is evaluated in a phase IIb trial recruiting patients with NASH that will be treated for 52 weeks (NCT04906421). Longer-term studies are needed to determine the cardiovascular outcomes of TVB-2640 in patients with NASH.

The rate-limiting step in the synthesis of monounsaturated fatty acids is catalyzed by stearoyl-CoA desaturase 1 (SCD1) (351). The partial inhibitor of hepatic SCD1, aramchol, is a conjugate of cholic acid and arachidic acid, and is currently the most advanced drug candidate for NASH among those targeting hepatic DNL. In a 52-weeks, phase IIb trial including 247 patients with NASH, aramchol led to a time- and dose-dependent reduction in circulating ALT and AST. Histological analysis revealed that treatment with aramchol was associated with higher rates of NASH resolution and improvement in fibrosis compared with placebo (352). Of note, no significant differences in circulating lipid profile were found between the groups (352, 353). While the cardiovascular outcomes of SCD1 inhibition have not been addressed in humans, loss of SCD1 in Ldlr−/− mice (354) or its inhibition in Ldlr−/− / Apob 100/100 mice via ASO (355) enhanced atherosclerosis while reducing hepatic steatosis. Plans to test aramchol in the phase III/IV ARMOR trial (NCT04104321) in patients with biopsy-proven NASH and fibrosis for 5 years will shed light on the long-term effects of aramchol treatment on NASH and perhaps its cardiovascular consequences.

In addition to DNL inhibition, drugs that promote FAO can also lower hepatic lipotoxicity and NASH. This approach has been pursued by activation of key regulators of hepatic FAO, mainly PPARɑ and PPARβ/δ. Among the three PPAR isotypes (PPARα, PPARβ/δ and PPARγ), PPARα is the most abundant in hepatocytes where it acts as a master regulator of mitochondrial/peroxisomal FAO (356). In mice, hepatocyte-specific loss of PPARα enhances steatohepatitis, which is aggravated in whole-body Ppara−/− mice, indicating a protective role for both hepatic and extrahepatic PPARα in NASH (357–359). Accordingly, the PPARα agonist, Wy-14,643, lowers MCD diet-induced NASH and fibrosis in mice (360). Few clinical studies evaluated the effects of the PPARα agonists, fibrates, in NASH. In patients with biopsy-confirmed NASH, treatment with fenofibrate for 48 weeks reduced circulating transaminases, triglycerides and glucose while increasing apolipoprotein A1. Histological assessment revealed improved hepatocellular ballooning, but no significant changes in steatosis, inflammation, and fibrosis (361). Interestingly, in patients with NASH and fibrosis, fenofibrate administered 2 weeks before the addition of the ACC inhibitor, firsocostat, not only mitigated hypertriglyceridemia, but also improved liver biochemistry compared to icosapent ethyl (Vascepa) (362). Pemafibrate, a selective PPARα modulator, lowers NASH in mice fed the MCD or AMLN diet (363). In a phase II trial including 117 patients with NAFLD, pemafibrate administered for 48 weeks lowered circulating ALT and LDL-cholesterol. Although liver fat assessed by MRI-PDFF was not altered, MRE-based liver stiffness was significantly reduced (364). The concurrent improvement in plasma lipids and liver biochemistry suggest beneficial effects of PPARα agonism in both NASH and ASCVD. Although this notion was supported by studies in Apoe−/− (365) and ApoE*3Leiden mice (366) in which fenofibrate reduced atherosclerosis, a multinational trial including over 10,000 patients with CVD, demonstrated that pemafibrate was not associated with lower incidence of cardiovascular events although NAFLD incidence was reduced (153).

PPARβ/δ is ubiquitously expressed, including in hepatocytes, Kupffer cells and hepatic stellate cells (367, 368). Studies in mice lacking PPARβ/δ indicated its roles in regulating hepatic FAO and antiinflammatory responses in Kupffer cells (369, 370). The dual PPARα/δ agonist, elafibranor (GFT505), showed promising outcomes in preclinical NASH models (371) and in a phase IIb trial (372) in which 52 weeks of treatment with elafibranor led to higher rates of NASH resolution and reduction in fibrosis. Importantly, elafibranor not only decreased circulating transaminases, but also lowered triglycerides and LDL-cholesterol, increased HDL-cholesterol and improved glycemic control, indicating significant improvement of overall cardiometabolic risk (372). These promising findings led to the evaluation of elafibranor in a phase III trial (RESOLVE IT) including over 2,000 patients with histologically confirmed NASH (NCT02704403). Unfortunately, results of the week 72 interim analysis revealed that elafibranor did not achieve NASH resolution without worsening of fibrosis, and the RESOLVE-IT trial was discontinued.

The beneficial effects of elafibranor and the PPARγ agonist, pioglitazone, have raised interest in pan-PPAR agonism as a potential therapy for NASH. In preclinical studies, selective PPARα (fenofibrate), PPARγ (pioglitazone) and PPARδ (GW501516) were compared to the pan-PPAR agonist, lanifibranor, and indicated that pan-PPAR agonism lowers experimental NASH by combining the beneficial effects of the three PPAR isotypes (373). Indeed, in a phase IIb trial including 247 patients with biopsy-proven NASH, lanifibranor administered for 24 weeks led to higher rates of NASH resolution and improvement in fibrosis compared with placebo. Importantly, in addition to lowering circulating transaminases, lanifibranor had beneficial effects on plasma lipid profile and glycemic control. Nevertheless, a mild increase in body weight (≈3%) was noted (374). Currently, the phase 3 NATiV3 trial (NCT04849728) is recruiting patients with NASH and fibrosis to assess the long-term efficacy of lanifibranor for up to 7 years. Findings from this study will provide important insight of the cardiometabolic consequences of pan-PPAR agonism in patients with NASH.

Statins reduce circulating cholesterol through inhibition of HMG-CoA reductase and remain the leading therapeutic in reducing the risk of cardiovascular events (375). Although dyslipidemia is a hallmark of both NAFLD/NASH and atherosclerosis, whether cholesterol-lowering by statin therapy improves NASH outcome remains inconsistent and thus is not a current recommendation for NASH management (376). Despite this, statin therapy may have pleotropic beneficial effects for the treatment of NAFLD/NASH. In MCD diet-fed mice, fluvastatin reduces hepatic steatosis and improves inflammation and fibrosis through activation of PPARɑ and its target genes enhancing FAO (377). Rosuvastatin blunts NASH-induced pro-inflammatory cytokine expression in livers from high-fat diet-fed STAM mice (378), while simvastatin reduces inflammation and fibrosis in Apoe−/− mice fed a high-fat, high-cholesterol diet for 7 weeks with corresponding inhibition of Ras and Rho signaling (379). Treating obese mice with atorvastatin reduces cholesterol accumulation in isolated hepatocytes and reduces cholesterol-induced mitochondrial depletion of GSH (94), and atorvastatin is currently being evaluated in phase II trials for the treatment of NAFLD/NASH (NCT04679376). However, high-intensity atorvastatin therapy appears to enhance insulin secretion in patients with an increased risk of developing T2D (380). Since hyperinsulinemia is an early marker for metabolic disease (381) and is strongly associated with NAFLD (121), chronic use of statins in the treatment of NASH and ASCVD warrants further investigation with potential contraindications. Furthermore, statin users appear to have higher caloric intake, which is associated with weight gain and complicates disease progression (382).

A potential complicating factor is the presence of genetic variants or single-nucleotide polymorphisms (SNPs). In particular, SNPs in patatin-like phospholipase domain-containing protein 3 (PNPLA3), or transmembrane 6 super family 2 (TM6SF2) are known as strong predictors of NAFLD risk independent of associated metabolic confounding factors, despite these variants promoting lipotoxicity (383). However, the presence of the PNPLA and TM6SF2 variants reduces the risk of ASCVD in patients with NAFLD (384). In contrast, mutations in Angiopoietin-like 3 (ANGPTL3) lead to hypolipidemia (385), since circulating ANGPTL3 inhibits lipoprotein lipase and is positively associated with NASH (386). Thus, therapeutics targeting PNPLA3, but not ANGPTL3, may be contraindicated should the outcome yield exacerbated ASCVD. These studies highlight the importance of identifying and considering genetic factors in both NAFLD and ASCVD which has been thoroughly discussed previously (14).



5.3. Ectopic fat as a potential link and therapeutic target in NAFLD/NASH and CVD

Patients with metabolic disease and obesity who have undergone bariatric surgery have marked improvement in insulin resistance (NCT03853590) and reduced risk of major cardiovascular events (387). Since previous studies demonstrated an association between bariatric surgery-induced weight loss and improved hepatic inflammation and fibrosis (388), a retrospective cohort study of nearly 1,200 patients with NAFLD and obesity was analyzed following bariatric surgery (389). Patients who received gastric bypass or sleeve gastrectomy demonstrated marked improvement in both adverse liver and cardiovascular outcomes (389). Since bariatric surgery effectively achieves weight loss in obese patients (390), the relationship between the effects of bariatric surgery and improved NASH and CVD outcome may be due to the effects of reducing visceral and ectopic adipose tissue. Although the risk of NASH and CVD rise with increasing BMI (391), ectopic fat [the storage of fat in non-adipose tissues (392)] and visceral fat [the storage of fat in the mediastinal and abdominal cavities (393)] appear to be a more reliable correlation between cardiometabolic disease compared with BMI alone (394). Similarly, CAD patients with normal BMI have enhanced visceral fat accumulation (395). Indeed, NAFLD patients with normal BMI have excessive visceral fat compared with non-NAFLD patients (396). The detrimental correlations between visceral fat, NASH and CVD are likely due in part to adipokine secretion, like TNFɑ (397), which mediates inflammatory responses locally and systemically. Independent of BMI, reducing visceral fat improves comorbidities of CVD and NASH (398). Consistent with this, calorie restriction improves NAFLD-related biomarkers such as transaminases, liver steatosis and fibrosis scores (399), as well as reducing the risk for atherosclerosis (400). The benefits for calorie restriction and improvement of NASH and ASCVD are multifactorial. Calorie restriction (1) reduces adipokine release which attenuates systemic inflammatory signaling (401), (2) reduces serum lipids and comorbidities associated with disease exacerbation (e.g., hypertension) (400), (3) activates autophagy, which protects against hepatic steatosis and inflammation (402), and (4) activates various molecular pathways (e.g., AMPK) which are associated with protection against NASH and atherosclerosis (403, 404).

AMPK responds to energy demand by sensing the ratio of ATP to ADP/AMP. Activation of AMPK enhances catabolism and reduces anabolism, but additionally protects against oxidative stress-induced endothelial activation in atherosclerosis (405). AMPK additionally augments reverse cholesterol transport in atherosclerosis and polarizes macrophages to an M2 phenotype (404), which are associated with plaque stability and regression (406). In murine models of NAFLD, AMPK activation is inhibited due to overnutrition (407). Thus, activation of AMPK yields improvement in both CVD and NASH outcome in mouse models. Metformin activates AMPK, which reduces hepatic steatosis (408), and activation of AMPK with PF-06409577 reduces dyslipidemia and liver transaminases in rats and non-human primates (409). Another AMPK activator, PXL770, attenuates DNL, hepatic steatosis, inflammation, and ballooning in mouse NASH models (403). These effects may be due to inhibition of mTORC1, which is inhibited by AMPK through phosphorylation of raptor (410). mTOR activates lipogenesis by inducing SREBP-1c activation (411). Selective inhibition of mTORC1 by folliculin (FCLN) deletion protects against NASH by TFE3 transcription factor-induced inhibition of lipogenesis (412); however, the impact of FCLN deletion has not been investigated in atherosclerotic mice. While clinical trials for NASH are ongoing and activation of AMPK by PXL770 in mice improves atherosclerotic outcome (403, 413, 414), whether these results extend to human atherosclerotic patients has yet to be explored.



5.4. Lowering inflammation for dual-targeting of NASH and ASCVD

Since primary components of the pathophysiology of NASH and atherosclerosis involve the regulation of inflammatory cytokines, leukocyte response, and the crosstalk between these mediators (300, 415), systemic therapy reducing inflammation may yield benefits across both pathologies. Given the potent effects of IL-1β signaling and its central role in inflammation, the monoclonal antibody targeting IL-1β (canakinumab) has been implemented in the CANTOS phase III clinical trials (NCT01327846) for the treatment of CVD (416). It is well-established that the proinflammatory cytokine, IL-1β, activates endothelial cells to express adhesion molecules, secrete chemokines, and vSMC proliferation to augment atherogenesis (417). Furthermore, IL-1β gene expression increases in livers of mice fed a high-fat, high-cholesterol (1.25%) diet for 18 weeks, and deletion of IL-1β reduces steatosis, inflammation, ballooning, and fibrosis in these mice (418). Thus far, the CANTOS trial has proved promising since inhibition of IL-1β reduces the total number of serious cardiovascular events in patients with prior MI history (416); however, it has not examined whether IL-1β inhibition by canakinumab improves characteristics of NASH. Since deletion of IL-1β reduces steatohepatitis, and fibrosis in mice fed a NASH-inducing diet (418), further investigation on the effects of canakinumab in human NASH are warranted. Such studies should also consider the potential risk of infection or sepsis considering that treatment with canakinumab was found to be associated with a higher incidence of fatal infection in the CANTOS trial (419).

While the effects of IL-1β inhibition remain unexplored in NASH clinical trials, several preclinical and clinical studies have analyzed the potential benefits of targeting TNFα for NASH. Antibody therapy against TNFα yielded promising results with diet-induced NASH in mouse and rat models showing improvement in circulating AST, ALT, steatohepatitis, and fibrosis (420–422). However, retrospective studies of patients receiving anti-TNFα for immune-related diseases reported no reduction in the incidence of new onset NAFLD, NASH, or cirrhosis (423). While antagonism of TNFα with monoclonal antibodies yielded effective results in patients with rheumatoid arthritis (424) and inflammatory bowel disease (425), clinical trials for anti-TNFα in patients with chronic heart failure (RECOVER and RENAISSANCE) were terminated prematurely due to no observable benefit (426). Furthermore, the anti-TNFα monoclonal antibody CNTO5048 (CNT) enhanced plasma triglycerides, VLDL, and atherosclerosis in Ldlr−/− mice (427), suggesting the use of anti-TNFα antibodies for atherosclerosis may be contraindicated.

While the effects of targeting cytokines in NASH and ASCVD warrant further investigation, chemokine signaling appears to be a promising direction in targeting inflammation. Since mice fed a choline-deficient diet have enhanced hepatic CCR2 (60) and clinical trials demonstrated efficacy and safety with antagonism of CCR2 and CCR5 in patients with HIV (428), the CENTAUR clinical trial (NCT02217475) proceeded with the CCR2/CCR5 dual antagonist cenicriviroc over the course of 2 years (429). At the completion of this phase IIb trial, patients with NASH and fibrosis who received cenicriviroc demonstrated marked improvement in fibrosis without worsening of NASH (429). Despite the completion of phase II clinical trial, phase III (AURORA, NCT03028740) was terminated early due to lack of efficacy. CCL2 signals through its receptor CCR2, which is required for monocyte emigration from the bone marrow during an inflammatory response (430), and deletion of CCR2 significantly reduces atherosclerosis (431). Inhibition of CCR2 with the MLN1202 monoclonal antibody reduced the levels circulating CRP, a marker of cardiovascular risk (432). Although the effects of cenicreviroc on CVD were studied in an early clinical trial (NCT01474954), the trial was terminated due to low enrollment. Taken together, the effects of CCR2/CCR5 inhibition may improve some aspects of ASCVD; however, since activation of both CCR2 and CCR5 receptors directly activate hepatic stellate cells which promote hepatic fibrosis (433), further investigation on the effects of cenicreviroc on vSMCs are indicated to determine whether treatment affects atherosclerotic plaque stability.



5.5. Targeting fibrosis in NASH and atherosclerosis: A potential contraindication

Despite the numerous studies investigating the mechanisms behind NASH or ASCVD, those that utilize genetic manipulation often do so with subsequent onset of disease. These studies, while informative, may not be appropriate for identifying therapeutic targets since intervention of NASH and ASCVD does not occur until they become symptomatic. More advanced disease, both for NASH and ASCVD, involve the accumulation of fibrous tissue in the liver and vessels, respectively. In NASH, advanced fibrosis is correlated with worse prognosis (434). In contrast, fibrous or fibrocellular atherosclerotic plaques confer stability against plaque rupture and catastrophic events (435). Therefore, systemic targeting of fibrosis to improve NASH may be contraindicated for maintaining stable fibroatheromas. Currently, several clinical trials for the treatment of NASH seek to improve clinical outcome which includes lowering fibrosis (374, 436, 437). However, it is unknown whether these will affect cardiovascular morbidity and mortality.

PPARs regulate lipid homeostasis through transcriptional control of FAO and DNL (438). Since the relationship between dysregulated lipid metabolism and NASH or ASCVD is well-established, therapeutics targeting of PPARs may yield successful results. Indeed, the PPARγ agonist pioglitazone and PPARα fenofibrate reduced atherosclerosis and hepatic steatosis in mice lacking both ApoE and Farnesoid x receptor (FXR) (439), which modeled NASH and atherosclerosis simultaneously. FXR, a nuclear receptor responsible for bile acid and cholesterol synthesis, suppresses hepatic lipogenesis and VLDL assembly by attenuating SREBP1-c (440). In addition, FXR activity promotes PPARα transcription through binding directly to the PPARα reporter (441). Currently the non-steroidal FXR agonist Cilofexor is undergoing Phase II clinical trials for NASH treatment and has shown promising results in the reduction of hepatic steatosis, inflammation, and fibrosis (436). While deletion of FXR from Apoe−/− mice enhanced atherosclerosis (442), it remains unknown if the anti-fibrotic effects of FXR in stellate cells is conserved in plaque associated vSMCs. Since Cilofexor primarily acts in the intestine (443), it may reduce the potential side effects of systemic FXR activation; however, further investigation on its effects on atherosclerotic plaques is warranted. FXR additionally induces FGF-19, which enhances cholesterol efflux and HDL assembly through modulation of hepatic ABCA1 and ApoA1 (444). Administration of the FGF-19 analog NGM282 reduces atherosclerosis in Apoe−/− mice, enhances plasma HDL-cholesterol in healthy subjects (444), and improved NASH and fibrosis in phase II clinical trials (445). However, NGM282 increases plasma LDL-cholesterol (437), suggesting a potentially exacerbating factor in atherosclerosis. Furthermore, NGM282 reduces atherosclerotic fibrosis in mice (444), implicating the potential for plaque rupture with sustained therapy. In addition to NGM282, the synthetic bile acid obetacholic acid agonizes FXR and has been implemented in phase III clinical trials for the treatment of NASH (NCT02548351). Since patients receiving obetacholic acid have enhanced circulating VLDL and LDL but reduced circulating HDL (21), its administration in the context of atherosclerosis may be contraindicated. Since these studies terminated at 72 weeks (21), the long-term effects of obetacholic acid on atherosclerosis remain unknown. Overall, the long-term effects of these NASH/fibrosis-targeting drugs must consider the potential effects on atherosclerotic plaque instability.




6. Concluding remarks and future directions

In this review, we highlighted our current gaps in knowledge with particular emphasis on modelling both diseases, common biomarkers and potential therapeutics, and the potential caveats we currently face by targeting specific aspects of each disease. In the past decade cardiovascular-related mortality rates are steadily increasing concomitant with a rapid rise in obesity and NAFLD/NASH incidences (1, 2), currently afflicting one-third of the population worldwide (6). Despite this prevalence, no FDA-approved drugs exist for the treatment of NASH. Since NASH serves as an independent risk factor for ASCVD, and individuals with NASH are at a greater risk of ASCVD-related mortality compared with liver-related mortality (7–12, 139–141), further understanding of the link between these two diseases is clearly indicated (8). Future studies establishing accepted models of NASH and atherosclerosis will provide a translational understanding of the relationship between NASH and ASCVD. By identifying new biomarkers shared between NASH and ASCVD, early detection and intervention will help to reverse the incline in NASH- and ASCVD-related mortality. Lastly, clinical trials seeking an effective therapeutic for NASH must heavily consider the potential influences on atherosclerotic plaque burden.
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Forward sequence

CTGGTTGTCACAGCAGATGCCT
AGGACCTGTCTCCTTGCCAGAT
CAACGGAGATCAAAGCCCTGCA
GCAAAGCCAAGAAGTCGGTGGA
CAACCTGGAGACGCAGCACAAG
AGCCTTGTGCTTCGTTCTGGTG
GCAGGAATACCATGACCCACTG
GGGAATGGTGAAGACCGTGTCA
ACCTGTCTTCGGTGGACTCCTT
AGGAGGAGAAGCGTCGAATCCG
CAACGAGTACCTCATGGGCAAG
GGACCCATTTCACCTCCAGCAA
CCAACGACATCGTCCCAGGTTT
CCTTTCCATAGCCAGAGCAGTAC
ACACCAAGAGCAGCCACCTCAA
CACCTAAAGGCGCATCTGCGTA
CTATGCAGGCTGTGGCAAAACC
AGGAGGTGATCCGACTGAAGCA
ACCTGTCGGATGAAGCGCTGAT
CAGGACTACCAGACATCCAAGG
CCTGAACTCTGCACCAAGTCCT

AGGTCAGCAACTGGTTTAAGAACC

CACGCAAGTCAGCAACTGGTTC
CCTATTCAGCCCATTCCCTGCA
GATCTCCAAGCGGCTAGGCAAA
CGCATCTCCATAACGCAGAGCT
GCTGGAGCAATCACAGACTGAG
CAGATTCTGCGAGACTGGCTGT
CACCGTCACTCACTTGGACA
GAGAAGCCGTACATGTGCAGCA

Reverse sequence

CGGTCTTCTGTATGGATGAGCTC
GAGACCTCTTGGGCTTTCCTCA
CTTCTGCCCATAGGAGTAGCAC
CCTTCTGTTGCGTCTCCACGTT
GCTTGAACAAGTTCCGCAGGGT
CATCGTAGAACAGTAGGCTTCGG
AGGATGACTGGCAGTTAGGCAC
GCAGCCATCTTATTCCGTTCCC
TGGCTGGTTGTGATTGCGGTGA
CCAGACTTCTCCTCTTCCAGCT
GCATCCAGTAGTTGTCCTTGCC
CAAAGTCGTGGACACCAGAGAC
CTGCTTCTCAAAGGCACTGGGT
TGGCGTCTTGTGCTCTCAATGC
GCCTTGACAACTCATCTGAGCG
GTGACCTGTGTGCTTTCGGTAG
TTGCGGTAGTGCCTGGTCAGTT
TCTCCTGCTTGAGGTGGTCTAC
TAGCCGCGGTTCTTGAGTGTGC
AGGACACCTCTGACACATCGGA
TCATCTGGCTCAGATAGGAGGG
GAGTTGATTCTGCTTGTTGGAGG
ACTTGCCACTGCCATTGAGCGA
CTTGGCTGTGAGGTTCAGTGGT
GTAGTCAGCCATGTGCTTGAGG
TCTTCCTTCGCCTTGGCTGGTA
TGACGAAGCGTCTTCACCCGAG
CGGGCGTTGATGAACCAGTTAC
GCAGCTGACATCACCTCGAT
CACGAACTTGGCGTTGCAGTGA
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Timepoint

Enrollment
Eligibility screen

Informed cons

nt
Clinical interviews

Allocation

Interventions

Assessments.
Primary ClinRO endpoint
Access-related complications
Access site infection
Bleeding/ hematoma
Access-related arterial injury
Femoral artery occlusion
Pseudoaneurysm
Lymphorrhagia/seroma
Access-related nerve injury
Wound dehiscence

Primary PCO endpoint
“Time back to normal life/work

Secondary ClinRO endpoints
Operative time
Length of hospital stay
30-day limb graft occlusion
30-day overall complications
30-day mortality

Secondary PCO endpoints
Quality of life scores

Duration of access-related pain

Pre-study

Enrollment

-T1

Baseline/
Allocation
0

Study visit

Treatment

Tl

2-week
after surgery
T2

Follow-up

1-month after

surgery
T4

3-month after

surgery
T5
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Saint-Bonnet Doppler
classification waveforms

Arterial waveform with high resistive flow

Saint-Bonnet N P r
Saint-Bonnet A F H
Saint-Bonnet B n !

Saint-Bonnet CD

Saint-Bonnet E D e
Saint-Bonnet 0 —

Arterial waveforms with intermediate or low resistive flow

Saint-Bonnet N-CF

Saint-Bonnet A-CF P P

Saint-Bonnet B-CF

Saint-Bonnet CD-CF

Saint-Bonnet E-CF

Society for Vascular Medicine. §!

SVM/SVU classification

Multiphasic (Triphasic), high resistive with sharp peak,
and rapid upstroke

Multiphasic (Biphasic), high resistive with sharp peak,

and rapid upstroke

Monophasic, high resistive with sharp peak, and rapid

upstroke

Monophasic, high resistive,
(a) Dampened
(b) Dampened, and prolonged upstroke

(¢) Dampened, and prolonged upstroke

Monophasic, high resistive, dampened, and prolonged

upstroke

Absent

Monophasic, intermediate resistive with sharp peak,

and rapid upstroke

Monophasic, intermediate resistive with sharp peak,

and rapid upstroke

Monophasic, low resistive with sharp peak, and rapid

upstroke.

Monophasic, low resistive,
(a) Dampened
(b) Dampened, and prolonged upstroke

(c) Dampened, and prolonged upstroke

Monophasic, low resistive, dampened, and prolonged

upstroke

Society for Vascular Ultrasound.





OPS/images/fcvm-09-941600/fcvm-09-941600-t002.jpg
Clinical characteristics n=188

Male, n = 188 152 (80.9%)
Age (years), n = 188 6212
BMI (kg/m?), n = 187 26834452
Comorbidities, (history of), no. (%)
Hypertension, n = 188 128 (68.1%)
Dyslipidemia, n = 188 127 (67.6%)
Diabetes mellitus, 1 = 188 38(20.2%)
Tobacco, n = 182

Active 74 (40.7%)

Stopped >6 months 80 (44.0%)

Never 28 (15.4%)
Vascular bypass, 1 = 184 27 (14.7%)
Vascular angioplasty, n = 182 56 (30.8%)
Myocardial infarction, n = 181 59 (32.6%)
Stroke (ischemic, hemorrhagic, or transient), n = 180 21 (11.7%)
Diuretics, n = 188 45 (23.9%)
ACEI/A2RA, n =188 113 (60.1%)
Beta blockers, n = 188 62 (33.0%)
Calcium channel blockers, n = 188 48 (25.5%)
VKA, n= 188 12 (6.4%)
Oral anticoagulants, n = 188 8 (4.3%)
Antiplatelet agents (Aspirin or Clopidogrel), n = 188 147 (78.2%)
Statins, n = 188 118 (62.8%)

rates, n = 188 4(2.1%)

BMI, body mass index; AC
angiotensin 11 receptor antagon

, angiotensin-converting enzyme inhibitors; A2RA,
ts; VKA, vitamin K antagonists.
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Total limbs

Right (n = 188) AHA-ABI Left (n = 188)

PAD NoPAD PAD

FLOW-ABI PAD 106 5 FLOW-ABI PAD 103
No PAD 0 77 No PAD 0

Limbs with different types of Doppler waveforms according to Saint-Bonnet

Right (n = 50) AHA-ABI Left (n = 45)
PAD NoPAD PAD
FLOW-ABI PAD 28 0 FLOW-ABI PAD 29
No PAD 0 2 NoPAD 0

FLOW-ABI corresponds to the ABI calculated according to the best arterial flow. AHA-ABI corresponds to the ABI calculated according to the American Heart Asso

PAD means lower extremity peripheral artery di

AHA-ABI

No PAD

77

AHA-ABI

No PAD
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Number of patients who consutted vith
exertional limb symptoms suspected of
peripheral artery isease between May 2016
tolune 2019

59

Patients excluded |

- Patients with missing ABI
measurements or missing doppler
waveform recordings.

1

Number of patients with ABI and Doppler
waveform recording data

N=18s
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T1 (ASA) T2 (DPI) ?r

TAT, pg/L, mean % SD 113£3.37 0994382 0013
F12,pmol/L, meanSD  386.43:£20441  25824+15379  <0.001
EXIa:AT, pM, mean £ SD 17.68 4+ 25.69 16.90 £ 21.59 0949

TAT, thrombin:antithrombin; F1,2, fragment 1+2; FXL:aAT, factorXL:antithrombin; SD,
standard deviation; ASA, acetylsalicylic acid; DPI, dual pathway inhibition,
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T1 (ASA) T2 (DPI) P

CAR response, constriction, 1 (%) McNemar’ test
Al 29(220)  30(227) 1.000
Cohort A 20Q26) 22037 1.000
Cohort B 8(205)  8(05) 1.000

CAR%, mean = SD Paired sample t-test
Al 192288 1.69+3.09 0510
Cohort A 2034298 171296 0442
Cohort B 166264 163342 0.969

Plasma endothelin-1, pg/mL, Paired sample t-test

mean  SD
Al 170057 1.6 0.64 0440
Cohort A 169059 162055 0202
Cohort B 173053 177082 0.682

Cohort A: intermittent claudication, Rutherford I-1IL. Cohort B: chronic limb-
a, Rutherford IV-VL

. standard de

threatening ischae

CAR, carotid artery react n; ASA, acetylsalicylic acid; DPL, dual

pathway inhibition,
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All participants, n = 132 CAR response at T2, after 12 weeks of dual pathway inhibition

Dilatation Constriction Total
CAR response at T1, after 4 weeks of ASA monotherapy ~ Dilatation 80 2 103
Constriction 2 7 29
Total 102 30 132
Cohort A, n'=93 CAR response at T2, after 12 weeks of dual pathway inhibition
Dilatation Constriction Total
CAR response at T1, after 4 weeks of ASA monotherapy  Dilatation 55 17 72
Constriction 16 5 21
Total 71 22 93
Cohort B, 1= 39 CAR response at T2, after 12 weeks of dual pathway inhibition
Dilatation Constriction Total
CAR response at T1, after 4 weeks of ASA monotherapy ~ Dilatation 25 6 31
Constriction 6 2 s
Total 31 s 39

Cohort A: intermittent claudication, Rutherford I-I11. Cohort B: chronic limb-threatening ischaemia, Rutherford IV-VI
CAR, carotid artery reactivity; ASA, acetylsalicylic acid.
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Cohort A, CohortB,

159 n=111 n=48
Age (mean  SD) 678 678 689
Male (1, %) 105 (66.0) 77(69.4) 28(58.3)
BMI (mean = SD) 26846  27.1%47 261442
Tobacco use (1, %)
Current 52(327) 31079) 21(438)
Former 98 (61.6) 74(66.7) 24(50.0)
Never 9(5.7) 6(54) 3(6.3)
Alcohol use (1, %)
Never 437.0) 29(26.1) 14(292)
Rarely 17(10.7) 1199 6(125)
Monthly 14(88) 13(11.7) 1)
Weekly 46(289) 33(297) 13 27.1)
Daily 39(245) 25(225) 14(292)
Previous intervention for 105 (66.0) 64(57.7) 41(85.4)
PAD (, %)
Endovascular 100 (62.9) 64(57.7) 36 (75.0)
revascularization
Thrombendarteriectomy 12(75) “5) 7(146)
Bypass surgery 18 (11.3) 6(54) 12(25.0)
Lower extremity amputation 5(3.0) 0(0.0) 5(104)
Amputation of toe(s) 3(19) 0(00) 3(63)
Thrombolysis 2(13) 0(00) 2(42)
Embolectomy 1(0.6) 0(0.0) 121
Comorbidity (1, %)
Hypertension 114 (71.7) 79(71.2) 35(729)
Hyperlipidaemia 71(44.7) 51(459) 20417
Ischaemic heart disease 50 (31.4) 33(297) 17(35.4)
CVAITIA 20(126) 12(10.8) 8(167)
Diabetes mellitus 52(327) 36 (32.4) 16(33.3)
Asthma/COPD 42(26.4) 30(27.0) 12(25.0)
Medication before study
participation (1, %)
Acetylsalicylic acid 103 (64.8) 75(67.7) 28(58.3)
Clopidogrel 56(35.2) 36 (32.4) 20(417)
Lipid lowering drugs 146 (91.8) 102(919) 4917
Antihypertensive drugs 117(73.6) 82(739) 35 (72.9)

Cohort A: intermittent claudication, Rutherford I-IIl. Cohort B: chronic limb-
threatening ischaemia, Rutherford IV-VL
BMI, body mass index; PAD, peripheral arterial disease; CVA, cerebrovascular accident;

obstructive pulmonary disease.
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Antibody

GAPDH
Myc-tag
SOX13
Lamin A/C

a-Tubulin

Species

Rabbit
Mouse
Rabbit
Rabbit
Rabbit

Cat. No.

sc-25778
2276S
18902-1-AP
20328
21448

Company

Santa Cruz Technologies
Cell Signaling Technology
Proteintech

Cell Signaling Technology
Cell Signaling Technology

RRID

RRID:AB_10167668
RRID:AB_331783
RRID:AB_10642149
RRID:AB_2136278
RRID:AB_2210548

Concentration

1:2500
1:1000
1:500
1:500
1:1000
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PTGS2
SIX1
SIX2
SOX13
SOX4
SOX8
TCF23
TCF712
TGIF1
TXNIP
ZBTB46
ZBTB7C

CGGTGAAACTCTGGCTAGACAG
AGGTCAGCAACTGGTTTAAGAACC
CACACAGGTCAGCAACTGGTTC
CCGAAACAGCAGCCACATCAAG
GACATGCACAACGCCGAGATCT
GACCAGTACCCGCACCTG
CCTCCTCAGGCACTGTGTTT
GAATCGTCCCAGAGTGATGTCG
GGATTGGCTGTATGAGCACCGT
CAGCAGTGCAAACAGACTTCGG
AGCAGGTGGAAGATGACAGCCG
GGAGAAGCCATACATGTGCACC

GCAAACCGTAGATGCTCAGGGA
GAGGAGAGAGTTGGTTCTGCTTG
TCATCCTCCGAGCTGCCTAACA
CTGCTTCTCCTGGTTGGTCATG
GTAGTCAGCCATGTGCTTGAGG
GCTTCTCGCTCTCGCTCA
CTCTGGCCTTCCTCTGTGAC
TGCACTCAGCTACGACCTTTGC
GCCATCCTTTCTCAGCATGTCAG
CTGAGGAAGCTCAAAGCCGAAC
TGCTGGCTTCGGTGACGGACA
ACGAACTTGGCGTTGCAGTGGA
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Gene

AHR

AKNA

AQP

1

ATOHS
BTG2
CCL5
CEBPA
CEBPB
CREB3L1

CSE3

CX3CL1
CXCL1
CXCL10
CXCL11
CXCL2
CXCL3
CXCL6
CXCL8/IL8

DHX!
EMC

58
N

ETV5

FAM
FOS

107A

FOSB
FOSL2
FOXQ1
GLIS3
HEY1
HLA-F

IFI35
IFI6

IFIT3
IFITM1

IL1p
IL3

1SG20

KLF
KLF
KLF2
KLF4
Lpar
MAF

MAFF

Map4
MCP

2
5

k4
1/ CCL2

MFA
MX2
NFIL

P5

3

OASL

Forward sequence

GTCGTCTAAGGTGTCTGCTGGA
CTCTGGCAACAGTGAGGTGGAG
TATGCGTGCTGGCTACTACCGA
AGCCTTCGAGGCGCTCAGGAA
GCAGAGGCTTAAGGTCTTCAGC
CCTGCTGCTTTGCCTACATTGC
AGGAGGATGAAGCCAAGCAGCT
AGAAGACCGTGGACAAGCACAG
GCCTTGTGCTTTGTTCTGGTGC
AAGGTCGTGCTGGCATTCTG
ACAGCACCACGGTGTGACGAAA
AGCTTGCCTCAATCCTGCATCC
GGTGAGAAGAGATGTCTGAATCC
AGCAGTGAAAGTGGCAGAT
CATCGAAAAGATGCTGAAAAATG

AAAATCATCGAAAAGATACTGAACAAG

GGGAAGCAAGTTTGTCTGGACC
GAGAGTGATTGAGAGTGGACCAC
ATGACCACCTGGAGATGCCTGA
GCAAGCACTTCAGCAACCAGCC
GTGTTGTGCCTGAGAGACTGGA
GCTCATCAAGCCCAAGAAGCTG
GCCTCTCTTACTACCACTCACC
TCTGTCTTCGGTGGACTCCTTC
AAGAGGAGGAGAAGCGTCGCAT
CCTACTCGTACATCGCGCTCAT
AAGCCAGGTCTCTACAGCATGC
TGTCTGAGCTGAGAAGGCTGGT
GCTGCTGTGATGTGGAGGAAGA
CACGATCAACATGGAGGAGTGC
TGATGAGCTGGTCTGCGATCCT
CCTGGAATGCTTACGGCAAGCT
GGCTTCATAGCATTCGCCTACTC
CCACAGACCTTCCAGGAGAATG
CTTCGAAGGCCAAACCTGGA
ACACGTCCACTGACAGGCTGTT
CCTTTCCATAGCCAGAGCAGTAC
GTGAGAAGCCCTTCGCCTGCA
ATGACCACCAACCATTGCAC
CATCTCAAGGCACACCTGCGAA
GGCTATGTTCGCCAGAGGACTA
AGAAGTTGGTGAGCAGCGGCTT
CTGTCGGACGAGGCGCTGATG
CAACATCTCGCTCCCCTGTT
AGAATCACCAGCAGCAAGTGTCC
GGGTCAATAGTCAACGAGGAGAC
AAAAGCAGCCCTGTGAGGCATG
TGGAGAAGACGAGCAACAGGTC
GTGCCTGAAACAGGACTGTTGC

Reverse sequence

CGCAAACAAAGCCAACTGAGGTG
GGAGAGACTTCACACTGAGGTAC
GGTTAATCCCACAGCCAGTGTAG
TCGGCACTGTAGTCAAGGTCAG
TGGTTGATGCGAATGCAGCGGT
ACACACTTGGCGGTTCTTTCGG
AGTGCGCGATCTGGAACTGCAG
CTCCAGGACCTTGTGCTGCGT
CCGTCATCGTAGAATAGGAGGC
AGCTGTGATCAGTGGTTGGG
AACAGCCTGTGCTGTCTCGTCT
TCCTTCAGGAACAGCCACCAGT
GTCCATCCTTGGAAGCACTGCA
TTGGGATTTAGGCATCGT
TTCAGGAACAGCCACCAATA
GTAAGGGCAGGGACCAC
AAACTGCTCCGCTGAAGACTGG
CACAACCCTCTGCACCCAGTTT
CATTGTAGCGCCTCAGGTGAAG
GGATCTGCCTTCCAGCACATTC
CGACCTGTCCAGGCAATGAAGT
TCTGGCTTGCTGTCCACACCAA
AGATGGCAGTGACCGTGGGAAT
GTTGCACAAGCCACTGGAGGTC
GCTCAGCAATCTCCTTCTGCAG
TCGTTGAGCGAAAGGTTGTGGC
ACTCAAGGTCGTGGACGCCAAA
TTCAGGTGATCCACGGTCATCTG
GTATGTTCGTGAGGCACAAGTGC
GGCAGGAAATCCAGTGACCAAC
GTAGCCCATCAGGGCACCAATA
GAGCATCTGAGAGTCTGCCCAA
AGATGTTCAGGCACTTGGCGGT
GTGCAGTTCAGTGATCGTACAGG
ATGGATTGGATGTCGCGTGG
ATCTTCCACCGAGCTGTGTCCA
CTGGCGTCTTGTGCTCTCAATAC
ACAGGACACTGGTACGGCTTCA
ACACCTCTCAGCTGTTTCCA
TCGGTCGCATTTTTGGCACTGG
GGAGTCCAGCAGATGATAAAGGC
CACTGATGGCTCCAACTTGCGA
AGCCACGGTTTTTGAGTGTGCG
CCTGGGCTCAATACTGGTGG
TCCTGAACCCACTTCTGCTTGG
GCCAAGTCATCTGTGGAAGGTG
GTGATCTCCAGGCTGATGAGCT
CTTGTGTGGCAAGGCAGAGGAA
CCTCTGCTCCACTGTCAAGTGG
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Outcomes Definition

Primary outcome

3-year freedom from MALEs Free of type IB, I endoleak and limb occlusion within 3 years
Secondary outcomes

3-year freedom from type IA endoleak Free of type I endoleak within 3 years

3-year freedom from aortic reintervention Free of any reintervention related to the index EVAR within 3 years

Other outcomes
Intraoperative technical outcome

technical success rate Freedom from surgical conversion or mortality, type I or III endoleaks, or graft limb
obstruction after the deployment of devices

Short-term postoperative outcomes

Acute kidney injury Serum creatinine elevates by 0.3 mg/dL or 50% compared with baseline within 48 h;
or urine less than 0.5 mL/kg/h for more than 6 h

30-day morbidity The existence of any adverse event within 30 days, consisting of infection,
pseudoaneurysm, deep venous thrombosis, hypoalbuminemia, hemorrhage,
embolism, stroke, buttock ischemia and systematic complications such as
pulmonary, cardiac, cerebral and bowel events

30-day MACEs Diagnosed with myocardial infarction, chronic cardiac failure, or receive repeat

revascularization or died within 30 days

Long-term outcomes

Renal function decline Diagnosed with chronic renal failure and could not be attributed to other known
causes

Type I endoleak Endoleak due to inadequate proximal or distal seal of the stent graft

Type II endoleak Endoleak originating from collateral vessels

Type III endoleak Endoleak resulting from stent graft component separation or fabric tear

Stent migration Migration from original position for more than 5 mm

Aneurysm related death All deaths from secondary aneurysm rupture after repair, death within 30 days of any

reintervention attributable to the aneurysm or death from other aneurysm-related
causes (including graft infection or fistula)

MALES, major adverse limb-graft events; EVAR, endovascular aneurysm repair; MACEs, major adverse cardiac events.
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Inclusion

Patients are considered eligible if they meet all of the following criteria:

1. Men or non-pregnant women aged > 18 years and with sufficient life
expectancy to complete all the processes of the study.

2. Diagnosed with infrarenal abdominal aortic aneurysm (according to ICD
171.3 and 171.4) and indicated for surgical intervention.

3. Local anatomy of bilateral femoral and iliac arteries allows for guide wire
passing.

4. Provide written informed consent and agree to participate in the study.

5. Placement of iliac endografts is required during the procedure.

AAA, abdominal aortic aneurysm; EVAR, endovascular aneurysm repair.

Exclusion

Patients shall be excluded from the trial if they meet any of the following
criteria:

1. Unable to tolerate contrast agents, antiplatelets or anticoagulants.

2. Recorded with previous primary repair for AAA, no matter EVAR or open

surgical repair.





OPS/images/fcvm-09-1046200/fcvm-09-1046200-g004.jpg





OPS/images/fcvm-09-1046200/fcvm-09-1046200-g003.jpg





OPS/images/fcvm-09-1046200/fcvm-09-1046200-g002.jpg
Study Period

Enrollment

Allocation

Post allocation

Close-out

Time point

-t1

0

tl
(1month)

t2
(6months)

t3
(12months)

t4
(24 months)

36 months after

operation

Enrollment:
Eligibility screen
Informed consent
Preoperative
management

Allocation

Intervention:
Crossed limb

Standard Iimb

Assessments:
Demographic &
anatomical details
Primary outcomes
Secondary outcomes

Other outcomes






OPS/images/fcvm-09-1046200/fcvm-09-1046200-g001.jpg
Patients diagnosed with abdominal aortic aneurysm and
scheduled for endovascular aortic repair
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Condition Group 1
HMW apo(a) and
Lpfa) <50 mg/dL

Coronary heart disease 1
Multivessel disease® 1
Myocardial infarction 1

Group 2
HMW apo(a) and
Lp(a) 250 mg/dL

1.2(0.4-35)
p=029

1.1(03-33)
p=092

1.0(05-2.1)
p=094

Group 3
LMW apofa) and
Lp(a) <50 mg/dL

2.0(09-4.5)
p=008
22(1.0-4.9)
p=0056
2.1 (1.2-8.4)
p=0.006

Group 4
LMW apo(a) and
Lp(a) 250 mg/dL.

9.3 (2.8-30.4)
p < 0.0005
10.1 (3.1-33.5)
p=00001
1.8(1.2-2.7)
p=0007

Data are presented as Odds ratio (95% confidential interval) [OR (95% C1). OR for coronary atherosclerosis, multivessel disease, and Mi wes calculated for groups 2-4 vs. Group 1.
LMW apo(a), fow-molecular weight apo(a) phenotype; HMW, high-molecular weight apofa) phenotype: Lp(a), lipoprotein(a). *Two and three diseased coronary arteries.
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Parameter Groupt Group 2 Group 3 Group 4

HMW apofa) and HMW apofa) and LMW apo(a) and LMW apo(a) and
Lp(a) <50 mg/dL Lp(a) 250 mg/dL Lp(a) <50 mg/dL. Lp(a) 250 mg/dL.
Number 266 29 % 151
Sex, male (%) 218 (82%) 23 (79%) 82 (87%) 119 (79%)
Age 54585 550+9.4 540+9.4 52987
8MI 27.1£36 27.0+48 27.4£82 26935
Smoking 145 (54%) 13 (45%) 60 (64%) 77 (61%)
Hyperiipidemia 222 (83%) 23 (79%) 80 (85%) 131 (83%)
Obesity 175 (44%) 5 (23%) 18 (19%) 23 (15%)
Hypertension 172 (68%) 14 (49%) 60 (64%) 87 (58%)
GHD family history 105 (40%) 8(28%) 47 (50%) 55 (36%)
Diabetes melitus 32 (12%) 207%) 6(6%) 5(3%)
TC, mmol/L. 6.4+12 68+16 64+13 6.7 +1.3"
TG, mmol/L 23+09 21£10 21£10 2109
HDL-C, mmol/L 12£03 12£03 1202 12£03
LDL-C, mmol/L 44%12 50%1.4 4312 47£1.10
LDL-Ccorr, mmol/L 43+12 45+1.4 41+12 39+ 1.1
Glucose, mmol/L 58+ 1.1 53+09" 55+07 57422
Lpla), mg/dL 11.0[4.3;21.1) 64.0(56.3; 815" 243 (13.0;30.1)" 83.0(65.2; 108.3]"
Lpla) =30 mg/dL. 1% 100%" 41% 100%"

'p < 0.05, *'p < 0.005 vs. Group 1. BMI, body mass index; CHD, coronary heart disease; TC, total cholesterol; TG, triglycerides; HDL-C, high density cholesterol; LDL-C, low density
cholesterol; LDL-Ccorr, LDL-C corrected for Lp(e)- cholesterol; Lp(a), ipoprotein(e); GroupT, HIMW apofa) and Lp(e) <50 mg/dlL; Group 2, HMW apo(a) and Lp(a) =50 mg/aL.; Group 3,
LMW apo(a) and Lp(a) <50 mg/dL.; Group 4, LMW apo(a) and Lp(a) =50 mg/dL; LMW apofa), low-molecular weight apo(a) phenotype; HMW, high-molecular weight apo(a) phenotype.
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Parameter Model 1 Model 2 Model 3
Male sex 0.18" 047+ .18
Age 0.11* 0.12* 0.12*
Hypertension 0.04 0.03 0.03
Hyperiipidemia 023" 0.23" 023"
Lp(a)=50 mg/dL. 0.16 - 0.06
LMW apola) - 021 0.4

*p < 0.01, “p < 0.001, *p < 0.0001. LMW apofa), low-molecular weight apofa)
phenotype; Lp(a), liooprotein(a). Data are presented as rparia-partial correlation
coefficient—the correlation of the independent variable with the dependent variable,
adjusted for the effect of the other variables in the model (partial comrelation is the.
corelation between an independent variable and the dependent variable after the
linear effects of the other variables have been removed from both the independent
variable and the dependent variable). Regression models include sex, age, hypertension,
hyperfipidemia and Lp(a) level (Model 1), LMW apo(a) (Model 2), or both (Model 3).
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Features Aortic dissections SCAD CeAD Pulmonary
Pathology
Intramural haematoma and intimal failure (100) (157) (218) (241)
Altered vasa vasorum (108) (160) (222)
Risk factors
Sexual dimorphism 67.5% male age related 84% women 57% male age related Age related dimorphism
dimorphism (109) (161) dimorphism (239)
(223)
Average age of dissection 63 years old (103) 51.1 years old (161) 45.3 years old (223) 44.8 years old (239)
Hypertension (109) (161) (225) (239, 242)
Migraine (94, 188) (227)
Infection/Inflammation (112) (168) (228) Some evidence, (244)
Connective tissue disorders (100) (166) (219) (240)
Examples of shared disease associated genes/pathways
COLIAI (Limited data) (172); (221)
(132, 133)
COLIA2 (Limited data) (172, 185) (221)
(132)
COL3A1 (121) (172, 175, 185) (234)
EoM COL4AI (Limited data) (132) (172, 185) (230)
COL5A2 (125) (172, 185) (232)
FBNI1 (121, 290) (97,172,291) (230)
FBN2 (121) (172)
LOX (135) (175)
MFAP5 (134) (172) (221)
TGE-B pathways LRPI (121, 126) (97,172, 188) (233,292)
TGFBR2 (121) (230)
TGFB2 (119) (Likely pathogenic)
(175)
Cytoskeletal/Contractile PHACTRI1 (97,171, 188) (233)
pathways
MYLK (121, 125) (175)
PRKG1 (293) (172)
TLNI (142) (203)
VSMC metabolism SLC2A10 (1) (172)
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Condition

Ehlers-Danlos
(EDS)

Marfan
syndrome

Loeys-Dietz
syndrome

Alport
syndrome

Fibromuscular
dysplasia

Polycystic
kidney disease
Osteogenesis
imperfecta

Description

CTD; hyperextendable
joints, hyperextensible
skin, easy bruising,
abnormal scarring;
vascular EDS subtype,
and in 17% 13
non-vascular EDS have

vascular involvement

CTD; affects the ocular,
skeletal, and
cardiovascular systems
with varying severity

CTD; affects the skin,
skeletal and

cardiovascular system

Affects the renal,
auditory and ocular
systems. Hypertension
increases risk of
cardiovascular events
1000 fold.

Abnormal (dysplastic)
cell growth in
medium-sized arteries

causing tortuosity

Kidney cyst formation,
cardiovascular

Brittle bones disease

Genes with Prevalence

pathogenic variants

COL1A1, COL1A2, COL5A1, 1:5,000

COL5A2, COL3A1, COLI2A,

ADAMTS2, PLOD1, FKBP14,

TNXB, CHST14, DSE,

B4GALT7, B3GALTS,

SLC39A13, ZNF469, PRDMS,

CIR, CIS, AEBPI1

FBNI 1:5,000-1:10,000

TGFBRI1, TGFBR2, SMAD3, Less than

TGFB2 1:10,000

COL4A3, COL4A4, COL4A5 1:10,000

PHACTR1 Up to 6.6%
population
(potential

kidney donors)
PKDI1, PKD2 10M people
globally
COLIAI COLIA2, BMPI, 1:20,000

CRTAR LEPREI, PPIB,
TMEM38B, SERPINH1,
FKBP10, PLOD2, WNT1,
CREB3L1

Sexual
dimorphism

Dissection types

vary by gender

Sex related
burden
(pregnancy
increases aortic

root dilation)

NA

X-linked in 85%
cases

90% patients
female; male
patients
significantly
associated with
CeAD

NA

NA

Dissection
associated

CeAD, aortic,
SCAD

CeAD, aortic,
SCAD, PA

CeAD, aortic,
SCAD

Aortic, SCAD

CeAD, SCAD

CeAD, Aortic,
SCAD, iliac

CeAD, aortic,
SCAD

References

(98, 264-268)

(109, 157, 220,
269-272)

(273-275)

(276-279)

(157, 166, 171,
280, 281)

(34, 175,
282-284)

(229, 285-289)
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Quiescent

Activated

Endothelial Cells

Vascular Smooth
Muscle Cells

Fibroblasts

Extracellular Matrix

‘Monolayer in intima
‘Permeable barrier-forming
Control vascular tone

Control inflammatory response
Low turnover (6 year average)
‘Predominantly glycolytic

Vary with sex and anatomy

-

‘Multilayer in media

Contractile

‘Modulate vasa vasorum blood
flow within the media

Low turn over (~1 year half-life)

Aerobic respiration

Vary with sex and anatomy

R

* Main component of adventitia
e | ECM production and
maintenance

————

:& Collagen&

‘Required in all artery layers
‘Well organized

‘Determine artery distensibility
and elasticity

*Elastic and collagen fibers

ST

* | Function as barrier-forming
T Motility

* T Proliferation

e T ECM production

< &

e |l Function as contractile cells
* T Motility

e T Proliferation

* T ECM production

* T Glycolysis

* Activated state varies
depending on activation type

S e

* | Function

e T Motility

e T Proliferation

e T ECM production

* Activated fibroblasts can
differentiate to myofibroblasts

f
Disorganized depositions
Alter mechanical properties
Influences identity of
surrounding cells
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Radial

K . Cervical
Ascending Aorta W De Pulmonary
/ \

Thoracic Aorta : Coronary
Hepatic —775 A‘&\\\ Splenic
Renal ///I’ \\\\ Renal

=
Abdominal Aorta %J/ ‘

Intimal Medial
Thickness (mm)

Ascending Aorta 1.48 Most Common Bae 2003
10 cases/100,000 person-years Saliba 2015

(thoracic); Ascending more

Mesenteric

lliac

Artery Reported Incidence Rates | References

Descending Aorta 1.39 common than descending Roberts 1991
: Least Common Aortic | Sumbul 2019
Aldeminal Aerta 1.24 Dissection Subtype Roberts 1991
Less Common Fayad 2000
Coronary Artery 0.75 2.7 cases/100,000 person-years | Kronzer 2020
Cervical Arter Less Common Eigenbrodt 2007
y O ) 66 2.6 cases/100,000 person-years Lee 2006

Rare Leertouwer 1999
Renal Artery O 50 Estimated 1-2% arterial dissections | Jha 2020

Li 2012
Pulmonary Artery 0.16 Very Rare e SO

~150 cases reported






OPS/images/fcvm-10-1116861/crossmark.jpg
(®) Check for updates.





OPS/images/fcvm-10-968213/fcvm-10-968213-t007.jpg
ore ead ead otla
a g alking
5 3(6%) 51(94%) 54
4 1(25%) 3(75%) 4
3 30 (27%) 81 (73%) 111
2 43 (52%) 40 (48%) 83
1 26 (72%) 10 (28%) 36
0 9(100%) 0(0%) 9
Total 112 185 297






OPS/images/fcvm-10-968213/fcvm-10-968213-t006.jpg
During the last week, how difficult was it for you to walk 1 block (100 m),
on level ground, without stopping to rest?

No difficulty, some difficulty, or slight difficulty

Much difficulty/unable to do

What maximum distance can you walk before stopping because the pain
becomes unbearable?

Answers strictly above 750 m

Answers below 750 m

Compared to the usual walking speed of your relatives, friends, or people
of your own age, do you think that you personally usually walk...

“A bit slower,” “same speed,” or “faster”

“Much slower” or “moderately slower”

How long can you walk slowly (slower than the usual speed of relatives,
friends, or other people of your own age) on level ground without
stopping?

“I hour” or “3 hours or more”

“Not possible” “30 seconds,” “1 minute,” “3 minutes,

10 minutes;” or “30 minutes”

Threshold for indication of walking < 250 m

>2

Area under the curve of simple 1-digit score

0.79 (0.74, 0.84)

Accuracy

71.4% (66.3, 76.6%).

Correlation coefficient

—0.52 (—0.60, —0.43).
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Explanatory variable

Odds ratio (95% Cl)

During the last week, how difficult was it for you to walk 1 block, on level ground, at average speed without stopping to rest?* 0.006
No difficulty 1 0

Some difficulty/slight difficulty 1.14 (0.58, 2.26) 0.13

Much difficulty/unable to do 6.39 (1.90, 21.50) 1.85

What maximum distance can you walk before stopping because the pain becomes unbearable? 0.007
Answer strictly above 750 m 1 0

Answer below or equal to 750 m 2.39(1.27, 4.49) 0.87

Compared to the usual walking speed of your relatives, friends, or people of your own age, do you think that you personally 0.010
usually walk...>

“Abit slower” “same speed.” or “faster” 1 0

“Much slower” or “moderately slower” 2.11(1.20,3.73) 075

How long can you walk slowly (slower than the usual speed of relatives, friends, or other people of your own age) on level 0.006
ground without stopping?®

“1 hour” or “3 hours or more” 1 0

“Not possible;” “30 seconds;” “1 minute” “3 minutes,” “10 minutes,” or “30 minutes” 2.59(1.32, 5.09) 0.95

Threshold when adding variables >1.95

“From the WIQ (Walking Impairment Questionnaire).
®From the WELCH (Walking Estimated-Limitation Calculated by History).
CI, confidence interval.
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Variable

Age

OR (95% CI)

p=02959

<66 years old

1

>66 years old

130 (080, 2.12)

Sex

p=07844

Male

1

Female

109 (0.8, 2.05)

Body mass index (BMI)

p=09785

< 25kg/m?

1

25-30 kg/m?

106 (061, 1.82)

>30 kg/m®

105 (056, 1.96)

DPWD (declared pain-onset walking
distance)

p=00021

>400m

1

<400m

2,40 (1.37,4.19)

DMWD (declared maximal walking
distance)

p < 0.0001

>750m

1

<750m

5.05 (2.98, 8.56)

Diabetes

p=00371

No

1

Yes

1.83 (1.04, 3.24)

Treated dyslipidaemia

p=03866

Yes

1

No

1.31(0.71, 2.40)

Treated hypertension

p=02614

Yes

al

No

0.72 (041, 1.27)

Tobacco consumption

p=06373

Never

&

Yes, active

101 (046, 2.25)

Previous (>6 months)

0.80 (037, 1.75)

Vascular graft or stenting or other vascular
surgery of lower limbs

p=00062

No

1

Yes

2.04(1.22,3.39)

NSTEMI, STEMLI, or coronary heart
disease or ischemic or transient stroke or
carotid endarterectomy

p=038078

No

1

Yes

106 (065, 1.72)

Resting ankle-brachial index

p=00168

One side or none < 0.90

1

Both sides < 0.90

1.82 (1.11,2.97)

Best ankle-brachial index

p=0.0006

>0.98

1

<0.98

232 (1.43,3.76)

Worst ankle-brachial index

p=00033

>0.90

1

<0.90

2.07 (1.27,3.36)

NSTEMI, non-ST elevation myocardial infarction; STEMI, ST elevation myocardial

infarction; OR, odds ratio; CI, confidence interval; WIQ, Walking Impairment Questionnaire;
'WELCH, Walking Estimated-Limitation Calculated by History.
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Variable

Level of difficulty of walking indoors
(WIQ)

P

p=0.0005

No difficulty

Some difficulty/slight difficulty

3.21(1.75,5.89)

Much difficulty/unable to do

7.39 (0.28, 195.75)

Level of difficulty of walking 20 m (WIQ)

P <0.0001

No difficulty

1

Some difficulty/slight difficulty

3.62(2.02, 6.48)

Much difficulty/unable to do

7.98 (0.30,211.63)

Level of difficulty of walking 50 m (WIQ)

p <0.0001

No difficulty

1

Some difficulty/slight difficulty

3.32(2.00,5.51)

Much difficulty/unable to do

19.36 (3.47,
108.05)

Level of difficulty of walking 100m (WIQ)

No difficulty

1

P <0.0001

Some difficulty/slight difficulty

2,61 (1.51,4.50)

Much difficulty/unable to do

18.96 (6.55, 54.90)

Level of difficulty of walking 200 m (WIQ)

P <0.0001

No difficulty

Some difficulty/slight difficulty

|

2.80 (147, 5.36)

Much difficulty/unable to do

9.09 (4.29,19.27)

Level of difficulty of walking 300 m (WIQ)

p < 0.0001

No difficulty

1

Some difficulty/slight difficulty

3.38(1.59,7.19)

Much difficulty/unable to do

7.52 (3.57,15.82)

Level of difficulty of walking 500 m (WIQ)

P <0.0001

No difficulty

1

Some difficulty/slight difficulty

421 (155, 11.39)

Much difficulty/unable to do

11.27 (4.35,29.19)

Level of difficulty of walking one block
slowly (WIQ)

p=0.0006

No difficulty

1

Some difficulty/slight difficulty

2.28(1.39, 3.76)

Much difficulty/unable to do

8.85 (152, 51.66)

Level of difficulty of walking one block at
average speed (WIQ)

P <0.0001

No difficulty

1

Some difficulty/slight difficulty

2,09 (1.25, 3.50)

Much difficulty/unable to do

8.50 (3.17,22.76)

Level of difficulty of walking one block
quickly (WIQ)

p <0.0001

No difficulty

1

Some difficulty/slight difficulty

1.85 (0.85, 4.04)

Much difficulty/unable to do

489 (2.23,10.75)

Level of difficulty of jogging one block
(WIQ)

p=0.0004

No difficulty

1

Some difficulty/slight difficulty

185 (0.43,7.92)

Much difficulty/unable to do

5.57 (1.4, 21.58)

Level of difficulty of climbing one flight of
staits (WIQ)

p=0.0005

No difficulty

1

Some difficulty/slight difficulty

2.33 (1.41, 3.86)

Much difficulty/unable to do

422 (151, 11.76)

Level of difficulty of climbing two flights
of stairs (WIQ)

p <0.0001

No difficulty

i |

Some difficulty/slight difficulty

2.87 (1.63, 5.06)

Much difficulty/unable to do

5.50 (2.75, 11.02)

Level of difficulty of climbing three flights
of stairs (WIQ)

p < 0.0001

No difficulty

1

Some difficulty/slight difficulty

2.30 (1.10, 4.79)

Much difficulty/unable to do

6.15 (3.06, 12.36)

Maximal duration of a slow walk
(WELCH)

p <0.0001

“1 hour” or “3 hours or more”

1

“Not possible;” “30 seconds;” “1 minute;”
“3 minutes,” “10 minutes. or “30 minutes”

5.35 (3.05, 9.39)

Maximal duration of a walk at a normal
pace (WELCH)

P <0.0001

“30 minutes,
more”

1 hour” or “3 hours or

“Not possible;” “30 seconds;” “1 minute;”
“3 minutes,” or “10 minutes”

634 (3.63,11.05)

Maximal duration of a walk at a rapid pace
(WELCH)

P < 0.0001

“10 minutes,” “30 minutes,” “1 hour,” or “3
hours or more”

“Not possible” “30 seconds,” “1 minute;”
or “3 minutes”

499 (2.91,8.54)

Walking speed compared to relatives of
same age (WELCH)

p < 0.0001

“A bit slower,” “same speed,” or “faster”

1

“Much slower” or “moderately slower”

3.97 (240, 6.57)

OR, odds ratio; CI, confidence interval; WIQ, Walking Impairment Questionnaire; WELCH,
Walking Estimated-Limitation Calculated by History.
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Score Sensi Y Spe: 1% Accuracy Correlation
WELCH <22 0.78 (0.73,0.83) 69.7% (63.1, 76.4%) 67.0% (59.8,74.1%) 68.7% (63.4, 74.0%) 055 (0.46,0.62)
wIQ <64% 0.74 (0.68, 0.80) 88.1% (83.4, 92.8%) 43.8% (37.3,50.2%) 71.4% (66.2, 76.5%) 051 (0.42,0.59)
DMWD <250m 0.72 (0.6, 0.78) 46.5% (39.3, 53.7%) 76.8% (69.0, 84.6%) 57.9% (52.3, 63.5%) 041 (0.31,0.50)
DPWD <250m 0.56 (0.49, 0.63) 73.5% (67.2, 79.9%) 38.4% (31.7,45.1%) 60.3% (54.7, 65.8%) 021 (0.10,0.32)

AUC, area under the curve; DMWD, declared maximal walking distance; DPWD, declared pain-onset walking distance; WIQ, Walking Impairment Questionnaire; WELCH, Walking
Estimated-Limitation Calculated by History. All variables are presented with a 95% confidence interval.
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Variables Population
Age (years) 63.0 £ 10.0
Male sex 247 (83%)
Body mass index (kg/m?) 27.0 4.4
DPWD (m) 332+ 884
DMWD (m) 1,086 + 2,048
Diabetes 76 (26%)
Dyslipidemia 239 (81%)
Hypertension 233 (79%)
Current smoker or smoking cessation < 6 months 120 (41%)
Smoking cessation > 6 months 141 (48%)
Never smoked 34 (12%)
Lower limb graft or stent 109 (37%)
ACS or coronary stent or bypass 96 (32%)
History of ischemic stroke 29 (10%)
Sleep apnea syndrome 30 (10%)
‘Worst limb ABI 0.81+0.26
Resting ABI < 0.90 195 (66%)
Best limb ABI 0944028
WIQ (%) 46 £25
'WELCH (points) 26£19

Results are presented in the form mean = standard deviation or number (proportion).
ABI, ankle-brachial index; WIQ, Walking Impairment Questionnaire; WELCH, Walking
Estimated-Limitation Calculated by History; ACS, acute coronary syndrome; DMWD,

declared maximal walking distance; DPWD, declared pain-onset walking distance.
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Univariate Multivariate*

HR (95% CI) P Value HR (95% CI) P Value

PLR  2234(1530-3264) <0001  1.768(1.186-2.636)  0.005
NLR  2852(1.951-4.169)  <0.001  1.767(1.163-2.685)  0.008
MLR  2641(1.794-3887) <0001  1.795(1.185-2.719) 0006
sl 3.055(2.079-4.490) <0001  2.241(1.471-8414) <0001
SRl 3847 (2.623-5641) <0001  2561(1.681-3.902)  <0.001

“Adjusted for GRACE risk score, past M, past PCI, type of ACS, FPG, hsCRR LVEF,
SYNTAX score, use of aspirin and ACEVARBS at discherge.
Abbreviations as in Table 1.
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A.

Discrimination ability PLR NLR MLR s SIRI
Cutoff value 139.89 283 0.24 580.86 113
Sensitivity (%) 489 52.8 59.1 58.2 56.4
Positive predictive value (%) 99 1.4 109 1.3 13.4

C-statistic (95% CI) 0692 [0.611-0.773]

0.739 [0.666-0.812] 0.729 [0.654-0.805]

0.754(0.682-0.825]

0.794(0.731-0.856]

B.
C-statistic

Comparison Difference P Value
NLRVS. PLR 0.047 0.128
NLRVS. MLR 0.010 0.402
MLRVS. PLR 0.037 0218
SIVS. PLR 0.081 0.042
SIIVS.NLR 0.014 0317
SIVS. MLR 0.024 0283
SIRIVS. PLR 0.101 0.013
SIRIVS. NLR 0.054 0.044
SIRIVS. MLR 0.064 0.018
SIRIVS. SlI 0.040 0.114

(A) The discrimination abilty of five lymphocyte-based inflammetory indices; (B) The pair-wise comparison of C-statistics among five ymphocyte-based inflammatory indices.

Abbreviations as in Table 1.
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Model

GRACE
GRACE + PLR
GRACE + NLR
GRACE + MLR
GRACE + SlI
GRACE + SIRI

Abbreviations as in Table 1.

C-Statistic (95% CI)

0.624 [0.566-0.682]
0.656 [0.602-0.710]
0.668 [0.612-0.724]
0672 [0.619-0.725)
0.680 [0.627-0.733]
0.699 (0.646-0.753]

P value

ref
0.067
0.018
0.010
0.005
<0.001

NRI

ref
0.199 [0.104-0.207)
0250 0.148-0.341]
0.245[0.143-0.342)
0.268[0.162-0.361]
0311 0.200-0.407)

P value

<0.001
<0.001
0.002

<0.001
<0.001

DI

ref
0,009 (0.002-0.024]
0,015 (0.004-0.030]
0,011 (0.002-0.027]
0.015(0.005-0.031]
0,024 (0.010-0.046]

P value

<0.001
<0.001
0.002
<0.001
<0.001
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Variable Total study population No such event MACE Pvalue

N=1,701 N=15% N=107
Male, n (%) 1,305 (76.7) 1,227 (77.0) 78 (72.9) 0334
BMI (kg/m?) 25796 257494 253114 0218
Current smoking, n (%) 754 (44.3) 709 (44.5) 45 (42.1) 0,625
Hypertension, n (%) 1082 (63.6) 1107 (63.2) 75 (70.1) 0.150
Diabetes, 1 (%) 783 (46.0) 731 (45.9) 52 (48.6) 0582
Dyslipidernia, n (%) 1359 (79.9) 1268 (79.5) 91(85.0) 0.170
Previous MI, n (%) 325 (19.1) 294 (18.4) 31(29.0) 0,007
Previous PCI, n (%) 338 (19.9) 304 (19.1) 34(31.8) 0001
CKD, n (%) 737 (43.3) 684 (42.9) 53 (49.5) 0.181
Type of ACS
UA, n (%) 1267 (74.5) 1196 (75.0) 71(66.4) 0,046
NSTEMI, n (%) 216 (12.7) 193 (12.1) 23(21.5) 0,005
STEMI, n (%) 218(12.8) 205 (12.9) 13 (12.1) 0831
GRACE variables
Age (years) 60+ 10 5910 64+ 12 <0.001
HR (opm) 689 6849 78+ 10 <0.001
SBP (mmHg) 180 16 130+ 16 184+ 18 0,008
Creatinine (umol/L) 703 [62.1-79.6] 703 (62.0-79.4] 702 (63.2-813) 0432
Heart fallure, n (%) 115 (6.8) 89(5.6) 26(24.9) <0.001
ST-segment deviation, 1 (%) 298(17.5) 269 (16.9) 2927.1) 0,007
Elevated cardiac enzymes/markers, n (%) 434(25.5) 398 (25.0) 36(33.6) 0,046
Cardiac arrest, n (%) 2(0.9) 2(0.1) 0(0.0) 1.000
‘GRACE risk score 103 £ 38 102 £37 121+ 44 <0.001
Laboratory data
Triglycerides (mmol/L) 1.45 [1.01-2.06] 1.441.00-2.04) 154 [1.12-2.28) 0.120
Total cholesterol (mmol/L) 416+ 0.99 4.14 £0.99 424 £102 0.309
HDL-C (mmol/) 1.03+023 1.04 £0.23 1.00+025 0.128
LOL-C (mmol/L) 244081 2.44 +0.81 251080 0.337
FPG (mmolL) 578 (5.23-6.92] 578 [5.22-6.87) 6.12 [5.33-7.45] 0018
hsCRP (mg/L) 1.34(0.64-3.42) 1.82(0.62-3.23) 286 [1.16-7.14] <0.001
LVEF (%) 65 [60-68) 65 (60-68) 60 [53-66] <0.001
30-89,n (%) 21(1.2) 16.(1.0) 5(4.7)
40-49, n (%) 74 (4.4) 61(3.8) 13 (12.1)
250, (%) 1606 (94.4) 1517 (95.2) 89 (832)
Angiographic and procedural results
Left-main/multi-vessel disease, n (%) 1,441 (84.7) 1347 (84.5) 94(87.9) 0.362
Proximal LAD disease, n (%) 850 (50.0) 790 (49.6) 60 (56.1) 0.192
SYNTAX score 20+ 11 20+ 11 24412 <0.001
DES, n (%) 1397 (82.1) 1807 (82.0) 90(84.1) 0580
BRS, n (%) 976.7) 916.7) 6(56) 0.965
DCB, n (%) 82(4.8) 76 (4.8) 6(5.6) 0923
Discharge medications
Aspirin, n (%) 1685 (99.1) 1586 (99.5) 99 (92.5) <0.001
P2Y12 inhibitors, n (%) 1701 (100) 1594 (100) 107 (100) /
Statins, n (%) 1701 (100) 1594 (100) 107 (100) /
ACEVARBS, n (%) 821 (48.9) 748 (46.9) 73(68.2) <0.001
B-blockers, 1 (%) 1197 (70.4) 1123(70.5) 74(69.2) 0777
Lymphooyte-based inflammatory indices
PLR 118,06 [94.15-150.00] 117.20 [93.61-148.66] 137.74 [100.00-172:31] 0002
NLR 226 (1.72-2.97) 2.22[1.70-2.92) 291 [2.05-3.80] <0.001
MLR 020 [0.16-0.26] 020 [0.15-0.26] 025 [0.19-0.32) <0.001
si 468,00 [339.94-644.45) 461.51 (336.50-630.71) 613.42 [423.45-938.94) <0001
SIRI 0.80 [0.56-1.17] 0.78[0.55-1.12) 1.20 (0.81-1.77) <0.001

ACEI, angiotensin converting enzyme inhibitor; ACS, acute coronary syndrome; ARB, angiotensin  receptor blocker; BMI, body mass index; BRS, bioresorbable scaffold; CKD, chronic
Kidney disease; DOB, drug coated balloon; DES, drug eluting stent; FPG, fasting plasma glucose; GRACE, global registry of acute coronary events; HDL-C, high-density lipoprotein-
cholesterol; HR, heart rate; HSCAP high-sensitive C-reaction protein; LAD, left anterior descending branch; LDL-C, low-density lipoprotein-cholesterol; LVEF, left ventricular ejection
fraction; MLR, monocyte-ymphocyte ratio; Mi, myocardial inferction; NLR, neutrophi-ymphocyte ratio; NSTEMI, non-ST segment elevation myocardial inferction; PCI, percutaneous
coronary intervention; PLR, platelet-lymphocyte ratio; SBP. systolic blood pressure; STEMI, ST segment elevation myocardial infarction; Si, systemic inflammatory reaction index; SIRl,
‘systemic inflammatory response index; SYNTAX, Synergy between PCl with TAXus and cardiac surgery; UA, unstable angina.
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Authors
References

PM Ridker et al.

Reference (121)

Year

Country,
follow-up
(y)
39 countries,
3.7 years

Study design, data
source

CANTOS, a randomized,
double-blind trial

Sample
size

10,061

Study population

Stable CAD, persistent
elevation of hsCRP
(2 mgl)

Comparison

Three doses of

Primary endpoint

Nonfatal M, nonfatal stroke,
or death

Placebo: 4.50 events per 100

c: (IL-1p.
antibody) 50 mg, 150 mg,
300 mg vs. placebo

P . 50 mg/150 mg/
300 mg dose of canakinumab:
4.11/3.86/3.90 events per 100
person-years, respectively.

Summary of findings

Canakinumab lowered the
plasma CRP, IL-1 and IL-6
levels. Reduction in CV
events.

PM Ridker et al.

Reference (122)

2019

North America,
23 years

CIRT, a randomized,
double-blind trial

4,786

Stable CAD and
persistent evidence of
inflammation, type 2

diabetes or metabolic
syndrome

Low-dose (15-20 mg)
‘methotrexate (a purine
‘metabolism inhibitor)
once per week vs. placebo

Nonfatal MI, nonfatal stroke,
or cardiovascular death,
hospitalization for unstable
angina

Methotrexate group/placebo
group: 201/207 patients.
Incidence rate: 4.13/4.31 per 100
person-years (Methotrexate/
placebo)

Halted prematurely for
futility. No change in plasma
IL-1p, IL-6 and hsCRP
levels. No reduction in CV/
events

JC Tardif et al
Reference (123)

2019

12 countries,
22.6 months

COLCOT, A randomized,
double-blind trial

4,745

Recent MI (<30 days)

Low-dose (0.5 mg/day)
colchicine (a tubulin
disrupter) vs. placebo

A composite of death from
CV, resuscitated cardiac
arrest, MI, stroke, or urgent

Colchicine/placebo incidence:
5.5%/7.1%

Reduction in CV death and
CV events. Increase in
pneumonia

SM Nidorf et al.

Reference (124)

2013

Australia, 36
months

LoDoCo, a prospective,
randomized, observer-
blinded trial

Stable CAD

Low-dose (0.5 mg/day)
colchicine plus usual care
or standard care alone

The composite incidence of
ACS, out-of-hospital cardiac
arrest, or non-cardioembolic
ischemic stroke.

Colchicine /placebo: 5.3%/16%

Colchicine effectively
prevents cardiovascular
events in patients with stable
coronary disease.

Nidorf SM et al.

Reference (125)

2020

Australia,
Netherlands,
28.6 months

LoDoCo2, A randomized,
controlled, double-blind
trial

5522

Chronic CAD

Low-dose (0.5 mg/day)
colchicine plus usual care
or standard care plus
placebo

A composite of CV death,
spontaneous MI, ischemic
stroke, o ischemia-driven
coronary i

Colchicine group/placebo group
6.8%/9.6% (Incidence, 25 vs. 3.6
events per 100 person-years)

Reduction in CV events

s ——
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Authors Yeal untry, Study design, Comparison Primary endpoint Outcome Summary of findings
EEE follow-up data source
(years)
U Hoffman et al. [ 2017 | North America, | PROMISE trial, prospective 9,102 CCTA vs. functional A composite of time-to-MACE CCTA vs. functional death, 137 No difference in clinical outcome
Reference (57) 26.1 months observational study including death from any cause, MI, | (3.1%) vs. 132 (3.0%). Death,
or hospitalization for unstable angina | 62 (1.4%) vs. 66 (1.4%),, ML, 26
(0.6%) vs. 31 (0.7%)., Unstable
angina, 52 (1.2%) vs. 41 (0.9%).
De Newby etal. |2018 | Scotland, 48y | SCOT-HEART trial, 4138 [SOC vs. SOC+CCTA | Death due to CAD or nonfatal MI | SOC vs. SOC +CCTA group ‘The use of CCTA resulted in a significantly lower
Reference (8) prospective observational 2.3% (48 patients) vs. 3.9% (81 | rate of death due to CAD or nonfatal MI.
study patients)
TM Lee et al. 2019 | Korea, 5y ‘The 3V FFR-FRIENDS 299 (772 | High risk plaque VOCO (ischemia-driven target vessel | The cumulative incidence of | Integration of both physiological stenosis severity
Reference (56) study,prospective vessels) | characteristics 23 vs. <3 | revascularization, vessel-related MI, | VOCO at 5 years was 4.3%, and plaque vulnerability would provide better
observational study with FFR and cardiac death) 15.0%, and 10.7% among the | prognostic stratification of patients than the
deferred vessels with FFR individual components alone.
>0.80 and >3 high-risk
plaque characteristics, and
stented vessels with FFR
80, respectively.
E Sorbets et al. | 2020 | 45 countries, 5 y | CLARIFY registry, the 32,703 | Prior MI vs. no prior | CV death and nonfatal MI Prior | CV death or non- Both angina and prior MI are easily identifiable
Reference (53) prospective observational MI Angina vs. no fatal MI 9.1% vs. high-risk groups
study angina M 64 (prior M1) PCI
7.1% vs. 7.9%
Angina | €y death or non-
fatal MI 9.8% vs.
7.5% (Angina) PCI
9.6% vs. 6.8%
MJ Budoff et al. [ 2020 | USA, 18 months | EVAPORATE trial, 80 Icosapent ethyl (IPE) vs. | The change in LAP IPE vs. placebo Change in LAP | IPE significantly regressed the LAP volume on
Reference (58) randomized, double-blind, placebo volume measured on CCTA ~0.3mm? vs 0.9 mm’(P= CCTA compared to the placebo.
placebo-controlled trial 0006)

SOC, standard of care; CAD, coronary artery disease; CV, cardiovascular; MI, myocardial infarction; ACS, acute coronary syndrome; LAP, low-attenuation plaque; CCTA, coronary computed tomography angiography; VOCO, vessel-oriented
composite cutcome: PCL percutanecus coronary intervention; FFR. fraction flow reserve.
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i Microvascular
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Microvascular
and epicardial
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¥
Management of INOCA
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Gene

AMIGO2

STK38L

CAVIN4

GDFS

GALNT15

Gene ID

347902

23012

347273

8200

117248

Function

This gene encodes a cell receptor involved in axon extension and migration.

Also described as a pro-survival factor in endothelial cells subjected to
hypoxia and regulator of tumor cell adhesion and formation of metastases.

The encoded protein is a serine/threonine kinase 38 like, inmplicated in
neuronal cytoskeletal development, neurite outgrowth and synaptic
remodeling.

Cavin-4 protein modulates the morphology of formed caveolae, results
activated the extracellular signal-regulated kinase pathway, influencing
skeletal muscle differentiation, and to activate RhoA pathway, modulating
cardiac function.

“This is one of the earliest genes expressed in the embryonic joint interzone,
fated to give rise to joint tissues. Gal5-lineage mesenchymal stromal/stem
cells are involved in cartlage repair.

The encoded protein catalyzes the initial reaction in O-linked
oligosaccharide biosynthesis
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Term

GO:0098742
GO:0007160
GO:0044089
GO:0008935
GO:0051962

Description

Cell-cell adhesion via plasma-membrane adhesion molecules
Gell-matrix adhesion

Positive regulation of cellular component biogenesis
Chermotaxis

Positive regulation of nervous system development

-Log10 value

207
772
374
6.92
4.88
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Gene

SKIL
ENC1
AMIGO2
BHLHE40
F2RL1
TGFB1
CAVIN4
STK38L
DACT1
L1t

Top10 up-regulated DEGs - 72h ON vs. 72h OFF

Log;FoldChange

205
219
5.66
191
335
1.66
333
1.63
351
391

P-value BH-adjusted

2.35E-23
1.82E-17
2.14E-12
4.50E-12
9.19E-12
2.58E-11
3.55E-11
9.84E-11
5.39E-10
1.04E-09

Top10 down-regulated DEGs - 72h ON vs. 72h OFF

Gene

MRVI1
GDFS
LOMD1
VCAM1
KCNS2
GALNT15
ATP2B4
MBNL3
DTNA
SNCG

Log;FoldChange

-3.69
-2.92
-3.39
-4.51
-3.08
391
—1.70
-1.87
-1.80
-1.70

P-value BH-adjusted

1.84E-17
6.60E-15
1.04E-14
2.52E-10
2.79E-10
5.39E-10
1.87E-09
2.63E-09
1.18E-08
3.58E-08
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Top10 up-regulated DEGs - 24 h ON vs. 24h OFF Top10 down-regulated DEGs - 24h ON vs. 24 h OFF

Gene Log;FoldChange P-value BH-adjusted Gene Log;FoldChange P-value BH-adjusted
CAVING 291 1.28E-04 ACKR4 -232 1.23E-04
AMIGO2 4.49 1.23E-04 GALNT15 -2.56 5.76E-04
EDN1 291 1.58E-04 ANKRD338 -2.48 8.57E-03
KIAA 1755 268 4.60E-04 PDE7B -155 1.46E-02
MIRS08HG 273 5.756-04 IFIT —1.67 1.46E-02
SMAD7 1.58 7.37E-04 FAM107A —3.44 1.926-02
TSPANZ 3.7 821E-04 TOX ~1.76 2.89E-02
COL7A1 2.42 1.23E-03 CENPP -1.52 3.12E-02
STK38L 1.73 1.71E-03 ZNF367 —174 3.80E-02

ANGPTL4 1.62 2.78E-03 GDF5 -1.54 4.41E-02
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Variable Maximal relaxation (%) ECso value (-Log[M])
Thoracic aorta without PVAT
Female control 84.18+1.66 741+0.14
Female DSS 83.98+3.86 7.33+0.23
Male control 82.32+1.54 6.93+0.16
Male DSS 79.84+4.86 7.14+0.28
Thoracic aorta with PVAT
Female control 84.95+1.71 7.30+0.09
Female DSS 80.29+4 .47 7.05+0.19
Male control 81.70+2.55 7.19+0.18
Male DSS 78.71+4.38 7.00+0.27
Abdominal aorta without PVAT
Female control 82.06+2.61 7.22+0.17
Female DSS 79.42+5.51 7.03+0.33
Male control 83.44+3.33 736+0.16
Male DSS 87.38+2.19 7.42+0.15
Abdominal aorta with PVAT
Female control 83.88+5.21 7.10+0.10
Female DSS 87.46+4.14 7.47+0.24
Male control 72.83+3.09 6.77+0.20
Male DSS 78.42+4.80 7.28+0.29

ECso, effective concentration causing 50% of the maximal relaxation.
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Variable Maximal relaxation (%) ECso value (-Log[M]) |
Thoracic aorta without PVAT
Female control 76.72+3.83 7.06+0.16
Female DSS 75.31+2.69 7.07+0.15
Male control 71.94+293 6.97+0.21
Male DSS 67.19+5.80 6.60+0.35
Thoracic aorta with PVAT
Female control 82.42+2.07 7.01+0.08
Female DSS 85.55+1.31 6.98+0.14
Male control 71.36+3.79 6.42+0.16
Male DSS 73.34+5.47 6.41+0.27
Abdominal aorta without PVAT
Female control 81.25+3.23 7.26+0.19
Female DSS 66.94+3.00° 6.63+0.22*
Male control 84.53+1.98 7.39+0.21
Male DSS 80.53+3.52 7.28+0.26
Abdominal aorta with PVAT
Female control 87.43+3.95 7.36+0.16
Female DSS 87.81+2.64 7.65+0.16
Male control 83.44+2.32 7.47+0.08
Male DSS 85.01+3.47 7.45+0.19

ap < 0.05; °p < 0.01 versus control group, two-tailed Student’s 7-test. ECso, effective concentration
causing 50% of the maximal relaxation.
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Group N Rapid urease Geimsa Infection rate

tests positive staining (%)
(N) positive (N)

Method 12
Control 10 0 0 0
CagA™ H. pylori 10 2 2 20
CagA~ H. pylori 10 1 1 10
Method 2°
Control 10 0 0 0
CagA*t H. pylori 10 6 6 60
CagA~ H. pylori 10 4 4 40
Method 3°
Control 10 0 0 0
CagA*t H. pylori 10 10 10 100
CagA~ H. pylori 10 8 8 80
Method 4¢
Control 10 0 0 0
CagA~ H. pylori 10 10 10 100

a\ethod 1. Intragastric gavage once a day for 1 day; ®Method 2: Intragastric
gavage once a day for 2 days; °*Method 3: Intragastric gavage once a day for
3 days; YMethod 4: Intragastric gavage once a day for 3 days, take 1 day break,
then gavage once a day for 3 days again.
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Disease Model

Murine models

Animal Model

Diet Source

Diet Components

Time on Diet

Phenotype

References

NAFLD

Mouse (C57BL/6])
i

Mucedola, Milan,
Italy

Western-type Diet:
21.2% kCal from fat
0.2% cholesterol

Normal hepatic histology with no
triglyceride accumulation noted

Karavia et al.
(99)

Mouse (C57BL/6])

Mouse (C57BL/6])
Apoe”

Envigo

No information
provided

Fructose-palmitate diet
(TD.160785):

190g/kg hydrogenated
vegetable shortening
40g/kg anhydrous milk fat
0.2%-0.5% cholesterol
55% glucose/d5% fructose
wiw in the drinking water
High-fat diet

No additional information
provided

Enhanced steatosis but no fibrosis

Enhanced plasma AST/ALT, hepatic
steatohepatitis, ballooning, and
fibrosis

Wang et al.
76)

Lueetal. (100)

Mouse (C57BL/6])

Oriental Yeast,
Tokyo, Japan

Atherogenic diet:
14g fat

1.25% cholesterol
High fat diet

60g fat

1.25% cholesterol

Enhanced steatosis, inflammation,
and fibrosis observed in atherogenic
and high fat diet combined, but not
atherogenic diet alone

Matsuzawa et
al. (101)

Mouse (C57BL/6])

Research Diets,
New Brunswick,
NJ

Envigo

High-fat diet (D12492):
60% fat

0.03% cholesterol
Choline-deficient high fat
diet (D05010402)

60% fat

0.03% cholesterol
Choline deficient
Western diet (TD.88137):
42% fat, 0.2% cholesterol

Enhanced steatosis. Inflammation
only observed in Western diet.
Fibrosis only observed in choline
deficient high fat diet and Western
diet.

Smati et al.
(124)

Mouse (C57BL/6])

Teklad

Fructose-palmitate-
cholesterol (TD.140154):
190g/kg hydrogenated
vegetable shortening
40g/kg anhydrous milk fat
1.25% cholesterol

~35% reduction in choline
55% glucose/45% fructose
wiw in the drinking water

Enhanced steatohepatitis and fibrosis

Wang et al.
74)

Mouse (C57BL/6])

Envigo

Fructose-palmitate diet
(TD.160785):

190g/kg hydrogenated
vegetable shortening
40g/kg anhydrous milk fat
1.25% cholesterol

~35% reduction in choline
55% glucose/45% fructose
wiw in the drinking water

Enhanced steatohepatitis and fibrosis

Wang et al.
(76)

Mouse
(Lep™/Lep®)

Research Diets,
New Brunswick,
NI

High trans-fat, high
fructose, high cholesterol
diet (HTE):

40% kCal fat from
Vegetable shortening
22% wiw fructose

2% cholesterol

12 weeks for
trans-fat diet

Enhanced hepatic steatosis and
fibrosis

Trevaskis et
al. (104)

Mouse (C57BLI6])

Research Diets,
New Brunswick,
NJ

NASH diet (D17010103):
40% kCal fat with 50g/kg
primex shortening (non-
transfat), 122g/kg corn o,
partially hydrogenated
22% wiw fructose

2% cholesterol

Enhanced AST, ALT, and ALP, with
enhanced steatohepatitis and fibrosis

Mouse (C57BL/6])

Specially Feeds,
Glenn Forrest,

High-fat/high-cholesterol
diet:

43.7% fat

0.203% cholesterol

8-14 months

Enhanced AST, ALT, steatohepatitis,
and fibrosis beginning at 8 months,
and HCC observed by 10 months

NASH and
Atherosclerosis

Mouse (C56BL/6])
Ly Leiden

Research Diets,
New Brunswick,
NJ

High-fat diet (D12451):
45% kCal fat from lard
35% kCal carbohydrates
from sucrose

0.01% wiw cholesterol

Fast food diet:

41% kCal fat from milk fat
44% keal carbohydrates
from fructose

0.05% wiw cholesterol

Enhanced AST, ALT, hepatic
steatohepatitis, fibrosis, and
atherosclerosis

Non-murine models

Coronary artery disease

Ossabaw pig

No information
provided

Western diet:
38% kCal fat
1.5% cholesterol wiw

Significant increases in ALP, ALT,
AST (but no liver histology noted),
and coronary artery lesions
compared with control diet

Matthan et al.
(133)

Ossabaw pig

Purina TestDiet,
Inc, Richmond,

Atherogenic diet:

46% kCal fat

20% kCal fructose

2% cholesterol

900 ppm choline
Maodified atherogenic diet:
43% kCal fat

17.8% fructose

2% cholesterol

700ppm choline

Enhanced AST and ALT,
steatohepatitis, ballooning, and
fibrosis in modified atherogenic diet
group. Enhanced ALT and steatosis
in atherogenic diet group.

NASH with fibrosis by
NaNO, injections

Wistar rat

Research Diets,
New Brunswick,
NI

Choline deficient high fat
diet (A06071302):

60% keal fat

0.03% cholesterol

0.1% methionine
Choline deficient

NaNO, injections:
10-30mg/kg

10 weeks, with
NaNo,
administered
following 4 weeks

Enhanced fibrosis

Schwabl et al.
(126)

NASH and
atherosclerosis

Japanese white
rabbit

No information
provided

High-fat and -cholesterol
diet:

12% comn oil

0.75% cholesterol

9 months

Enhanced steatohepatitis, hepatic
fibrosis, and aortic atheroma

Ogawa et al.
135)

NASH and
atherosclerosis by aortic
endothelial injury by
balloon catheter

TestDiet, Saint
Louis, MO

Cholesterol containing
chow diet:

2.4% fat wiw

1% cholesterol

3 months.

Enhanced hepatocyte ballooning and
fibrosis. Atherosclerosis only
enhanced with cholesterol diet and
injury

Taylor et al.
139)

NASH

Cynomologus
monkey

Kunming Biomed

High fat diet:
20% fat, 5% cholesterol

Enhanced steatohepatitis, fibrosis,
and NAS score

Lyuetal
(142)

Cynomologus
mor

Beijing Keao Xieli
Feed Co., Ltd,
Beijing, China

High fat high cholesterol
diet:

10% lard

15% cholesterol

Enhanced steatohepatitis, hepatic
ballooning, fibrosis, and NAS score

Jian et al.
(143)

Cynomologus
monkey

Keao Xieli

High fat high cholesterol
diet:

10% lard

1% cholesterol

Enhanced NAS score, steatosis, and
fibrosis

Zang et al.
(144)
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Variable

Age, y (mean + SD)

Male, n (%)

Body mass index, kg/m? (median [IQR])
Systolic blood pressure, mm Hg (mean + SA)
Diastolic blood pressure, mm Hg (mean + SA)
Current smoker, n (%)

Comorbidities, n (%)

Hypertension

Dyslipidemia

Diabetes mellitus

Previous gouty arthritis

Previous myocardial infarction

Prior PCI

CABG

Stroke

Heart failure

Medication, n (%)

Antihypertensive drugs

ARBs

ACE inhibitors

Calcium channel blockers

B-blockers

Diuretics

Lipid-lowering drugs

Statins

Ezetimibe

Antiplatelet drugs

Aspirin

All

(n=79)

67.3410.3
63 (79.7)
251 (22.6-27.1)
130.4 + 14.7
75.7 £ 10.1
1(13.9)

Control group

(n =38)

67.4 £ 10.5
30 (78.9)
25.5 (23.3-27.1)
130.2 + 15.1
76.7 £ 10.9
2(5.3)

36 (94.7

62@
1 (28.9)
0(0)
3(7.9)
3(7.9
00
2(5.3)
4(10.5)

37 (97.4)
25 (65.8)
5(13.2)
2701ﬂ
44.7)

31.6)
6 (42.1)
39.5)

6)
34.2)

7
2
6 (
5
12
3
0(26.3)

Febuxostat group

(n = 41)

67.1 +10.2
33 (80.5)
24.8 (22.3-26.4)
130.6 + 14.5
74.7 £ 9.4
9(22.0)

40 (97.6)
20 (48.8)
9 (22.0)
1 (2.4)
4(9.8)
3(7.3)
0(0)
2 (4.9)
6(14.6)

41 (100)
27 (65.9)
5(12.2)
30(732)
26.8)
6.8)
3.9)
3.9)
3)
4.1)
31.7)

1
12
84
84
(.

@
(

3
14
13

P-value

0.898
1.000
0.298
0.886
0.383
0.069

0.947
0.907
0.649
1.000
1.000
1.000
NA
1.000
0.834

0.970
1.000
1.000
1.000
0.100
0.829
1.000
0.865
0.663
1.000
0.780

SD indicates standard deviation; IQR, interquartile range; PCI, percutaneous coronary intervention; CABG, coronary artery bypass grafting; ARB, angiotensin receptor
blocker; ACE, angiotensin-converting enzyme; NA, not applicable.
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