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Abstract

:

Atherosclerosis is an inflammatory reaction that develops at specific regions within the artery wall and at specific sites of the arterial tree over a varying time frame in response to a variety of risk factors. The mechanisms that account for the interaction of systemic factors and atherosclerosis-susceptible regions of the arterial tree to mediate this site-specific development of atherosclerosis are not clear. The dynamics of blood flow has a major influence on where in the arterial tree atherosclerosis develops, priming the site for interactions with atherosclerotic risk factors and inducing cellular and molecular participants in atherogenesis. But how this accounts for lesion development at various locations along the vascular tree across differing time frames still requires additional study. Currently, murine models are favored for the experimental study of atherogenesis and provide the most insight into the mechanisms that may contribute to the development of atherosclerosis. Based largely on these studies, in this review, we discuss the role of hemodynamic shear stress, SR-B1, and other factors that may contribute to the site-specific development of atherosclerosis.
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1. Introduction


While there are many excellent reviews on the initiation, progression, and regression of atherosclerosis, relatively few papers or reviews have been devoted to the development of lesions at particular sites of the vascular tree. In the decades that have followed our 2004 review on site-selective atherosclerosis [1], our understanding of the cellular and molecular aspects of atherogenesis has advanced immensely. This merits analysis of the improved appreciation of the basis for the focality of atherosclerotic lesion development.



Atherosclerosis is an inflammatory reaction that develops at specific regions within the artery wall of large and medium-sized arteries and at specific sites of the arterial tree over a varying time frame, with some reactions occurring early after the initiation of an atherogenic stimulus and some appearing later. There are a number of risk factors that are associated with the development of atherosclerosis, most of which are systemic in nature and therefore cannot on their own account for the focal nature of lesion development. Among the risk factors are hyperlipidemia, hypertension, diabetes, and sex. An ignored but critical systemic risk factor is age, which was highlighted in a recent analysis of clonal hematopoiesis [2]. These expanded blood cell clones with somatic mutations increase with age and produce enhanced levels of proinflammatory cytokines. One of the few good examples of the site-selective action of risk factors is seen in the multidisciplinary Pathological Determinants of Atherosclerosis in Youth (PDAY) studies. In these studies, early atherosclerosis was examined at autopsy in approximately 3000 apparently healthy (asymptomatic) individuals between the ages of 15 and 34 and its association with smoking, hypertension, hyperlipidemia, impaired glucose homeostasis (glycohemoglobin), and sex determined. Females had more abdominal aortic lesions than males, while the reverse sex bias was found in the right coronary artery [3]. Subjects who were smokers in life had three times as many raised abdominal lesions as nonsmokers, but smoking had no significant impact on lesions in the right coronary artery [4]. On the other hand, elevated glycohemoglobin levels were associated with more extensive lesions in the right coronary artery but not with the extent of abdominal aorta lesions [5]. The basis for these selective effects on atherosclerosis is not clear. Other examples of the effects of risk factors on site-specific lesion development are seen in the increased prevalence of peripheral vascular disease in patients with type III hyperlipoproteinemia (apoE2/E2) [6,7] and diabetes [8].



The focal nature of atherosclerotic lesions is generally thought to be driven by the hemodynamic properties of blood flow. Disturbed or oscillatory flow leads to low wall shear stress and occurs at sites where atherosclerotic lesions develop, while regions of the aorta with laminar flow with high wall shear stress seldom develop atherosclerosis. The geometry of the blood vessel contributes to the blood flow pattern. Disturbed flow is observed at the curvatures, branches, and bifurcation of arteries, and laminar blood flow is observed at straight, non-branching regions of the artery. The hemodynamic drivers of lesion development have largely been inferred from our understanding of the flow pattern in areas where lesions appear in human specimens. A good example of this is seen in the asymmetry of lesion development in human carotid arteries, where one artery contains significant atherosclerosis while the contralateral carotid artery is relatively plaque-free. Carotid arteries with lesions generally manifest lower shear stress [9]. But it is not clear whether the hemodynamic profile alone can account for lesion development at various locations along the vascular tree across differing time frames.



Since it is difficult to undertake detailed experimentation in humans, investigators have turned to experimental animals, large and small, to approach the mechanisms that account for the development of lesions at atherosclerosis-susceptible regions of the arterial tree [10,11]. Murine models are currently favored for the experimental study of atherogenesis. In a valuable commentary, Peter Libby points out that mice offer unique advantages for the exploration of the mechanisms of atherogenesis. These advantages relate to the relative ease of experimentally manipulating genes and controlling genetics, the environment, and other experimental variables, which cannot be applied in humans. While there are limitations to mice in relation to the complex, multifaceted pathogenesis of human atherosclerosis [12], nonetheless, studies in mice have contributed to the identification of cells, cellular pathways, and proteins that participate in atherogenesis, for example, inflammation and efferocytosis, for which targeted therapeutics have been developed [13,14].



Therefore, in this review, we focus primarily on studies in murine models. Since atherosclerosis develops in large and medium-sized arteries, we first outline the structure and components of these arteries and then describe a prototypic lesion as a platform for further analysis of lesion development. As the basis for insights into the mechanisms that contribute to site selectivity rests on temporal–spatial lesion development, we will describe the commonly used atherogenic mouse models of apolipoprotein E (apoE) deficiency and low-density lipoprotein (LDL) receptor deficiency and studies of lesion development over time. Finally, we end with a detailed treatment of what is known of the mechanisms that can be said to contribute to selective lesion development.




2. Artery Walls


The walls of large and medium-size arteries consist of three major layers, the endothelium, the media, and the adventitia, each of which participates in lesion development and may contribute to site-selective responses. The endothelial cells represent the thin barrier layer separating the blood from the rest of the artery. This layer is the most important sensor of the blood flow dynamics and hence is critically involved in the initiation of plaque development. Endothelial cells detect these shear stresses via mechanosensitive proteins such as G-protein-coupled receptors, flow-sensitive ion channels, and adhesion junction proteins, leading to the activation of cell signaling pathways that alter endothelial cell function and morphology in distinct ways [15]. The endothelial cells in disturbed (atherosusceptible) and laminar (atheroresistant) flow regions of the aorta differ in cell shape, the organization of the cytoskeleton, and intercellular junctional proteins. In the atheroresistant regions with laminar flow, the endothelial cells are aligned in the direction of the flow. Transcriptional and epigenetic differences have been noted in endothelial cells isolated from atherosusceptible and atheroresistant aortic areas and in cultured endothelial cells subjected to different flow patterns (see Section 5.1). For the most part, there is good concordance between the in vivo and in vitro results [16,17]. In vivo, the endothelium at atherosusceptible and atheroresistant sites sees the same systemic risk factors.



Almost all the vascular smooth muscle cells of normal arteries are found in the media, where they contribute to the contractility and vascular tone of the vessel wall. Lineage mapping studies have shown that smooth muscle cells at various aortic sites along the arterial tree may originate from different embryological precursors [18,19]. The smooth muscle cells of the ascending aorta and the aortic arch and its branches are derived from neural crest cells, while the cells of the thoracic aorta are derived from somites, and cells in the abdominal aorta and those of its branches are derived from the serosal mesothelium. Not only do they arise from different sources but their postnatal signaling networks may also differ, which may contribute to differences in the response of the aorta sites to risk factors. For example, aortic homograft transplantation studies suggest that intrinsic differences in the aortic wall, including smooth muscle cells of different lineage sources, may contribute to the unique properties of the artery wall at different locations. In these studies, an atherosusceptible abdominal aortic segment was transplanted into the atheroresistant thoracic artery in canines, and vice versa (thoracic aortic section into the abdominal aorta) [18,20]. Following feeding them an atherogenic diet, the transplanted abdominal aorta segments developed severe atherosclerotic lesions despite being transplanted into an atheroresistant region of the aorta. Similarly, the transplanted thoracic artery segments developed minimal lesions when transplanted into the atherosusceptible abdominal aortic region.



The adventitia is the outermost layer of the artery wall and has received increased attention [21]. The arterial adventitia is made up of many cell types, including fibroblasts, microvascular endothelial cells, resident macrophages, T cells, B cells, adipocytes, and perivascular nerves, and contributes to vascular development, homeostasis, repair, and disease pathologies. In humans and large animals, it is also the site that regulates the vasa vasorum, a microvascular network that supplies oxygen and nutrients to the cells in the outer layers of the vessel wall and the intima of developing plaques and can serve as a route for leukocyte trafficking into the lesion. During atherosclerosis, the adventitia accumulates inflammatory cells and is thought to be an important area of immune surveillance. The adventitia also contains resident vascular progenitor cells that in mice express the stem cell antigen 1 marker (Sca-1) [22] and that can differentiate into smooth muscle cells, endothelial cells, and macrophages. Adventitial progenitor cells have also been observed in humans. These cells may exchange between the adventitia and the media and contribute to lesion development and healing [23]. Whether these progenitor cells differ in concentration or function in the adventitia at different arterial sites is not known.




3. The Prototypic Atherosclerotic Lesion


The prototypic atherosclerotic lesion represents various phases of the chronic inflammatory reaction in arteries. As mentioned, the sites at which lesions develop are largely determined by the interaction of blood flow characteristics with the underlying vessel wall, especially endothelial cells. Dysfunctional and inflamed endothelial cells are found in regions of disturbed flow, especially in the presence of atherosclerosis risk factors. The most common systemic risk factor that drives the blood vessel response is hyperlipidemia, usually characterized by elevated LDL. The low shear stress of disturbed flow permits a longer residence time for LDL interaction with the arterial wall than in regions of lamellar flow. LDL particles, especially when its levels are elevated, cross the endothelium into the intimal space, where they are retained according to charged-based interactions with matrix proteoglycans like biglycan (human) or perlecan (mouse) [24,25,26] and are modified enzymatically and by oxidation and may aggregate [27]. The interaction of modified LDL with the endothelial cells enhances the expression of cell surface adhesion molecules and chemotactic factors to promote the influx of immune cells into the intima [28]. Monocyte chemoattractant protein 1 (MCP-1) is a key chemokine that promotes the ingress of monocytes. Intimal monocytes differentiate into macrophages and may proliferate locally under the influence of macrophage colony-stimulating factor (M-CSF). Macrophages also secrete MCP-1 to further enhance the ingress of monocytes. Within the intima, the resident and monocyte-derived macrophages take up modified LDL by the scavenger receptor pathways, phagocytosis, and micropinocytosis, resulting in the formation of lipid-loaded foam cells [27]. If the concentration of LDL is high enough, even unmodified LDL is taken up by micropinocytosis. The activation of macrophages in the intima results in the secretion of a panoply of cytokines and chemokines that act on local cells, promoting the further ingress of immune cells, including cells of the adaptive immune system, such as T cells, B cells, and natural killer T (NKT) cells [29,30]. These cells also contribute to the local cytokine milieu. The modified LDLs may serve as neoantigens, eliciting an immune response, with the production of antibodies against components of the atheromatous plaque [31]. It should be borne in mind that single-cell RNA sequencing (scRNA-seq) and cytometry by time of flight (CyTOF) analysis of murine atherosclerotic lesions have demonstrated the presence of multiple subtypes of macrophages in the atherosclerotic plaque, including some having characteristics of foam cells and others of a non-foamy inflammatory phenotype [32]. These studies also shed light on the heterogeneity of other leukocytes in lesions.



Foam cells may undergo apoptosis. In the initial stages of atherogenesis, these apoptotic cells are efficiently phagocytosed by neighboring phagocytes, mostly macrophages, according to a process designated as efferocytosis [33]. As lesions progress, efferocytosis becomes less efficient, and the accumulating apoptotic cells may undergo secondary necrosis, which, if extensive enough, produces the necrotic core of the advanced plaque.



Growth factors secreted by cells in the developing lesion promote the migration of medial smooth muscle cells into the intima [34]. The intimal smooth muscle cells undergo transdifferentiation from a contractile to a synthetic phenotype and are a major source of matrix molecules, including collagen and the proteoglycans that play a role in retaining plasma lipoproteins in the intima [35,36]. The smooth muscle cells and collagen are major components of the fibrous cap that overlies the atherosclerotic plaque. An intact fibrous cap helps to stabilize the plaque, limiting its interaction with the blood coagulation system. However, the disruption of this cap by inflammatory macrophages may generate an unstable plaque, with the possibility of the formation of a thrombus, causing acute obstruction of the blood flow, with dire clinical consequences [34].



In addition, smooth muscle cells that migrate into the intima can contribute to the pool of lipid-loaded foam cells [37,38]. Indeed, lineage tracing studies have suggested that the proportion of smooth-muscle-derived foam cells may be equal to the proportion derived from macrophages [39]. However, smooth-muscle-cell-derived foam cells exhibit reduced phagocytic and efferocytic activity compared to macrophage-derived foam cells, which may contribute to the accumulation of apoptotic cells, with ensuing secondary necrosis in the lesions, indirectly contributing to necrotic core formation [40]. A recent scRNA-seq analysis of atherosclerotic lesions revealed the heterogeneity of the smooth muscle cells in the artery wall and also the expansion of various clones of smooth muscle cells [36,41]. This recalls the findings of Benditt that atherosclerotic atheromas are clonal expansions of smooth muscle cells [42].



The above is a broad overview of the typical process of atherogenesis, mediated by numerous molecules derived from local cell participants. However, the evolution of the atherogenic plaque is not a one-way pro-atherogenic process. It is balanced by counter-regulatory processes involved in lesion healing and resolution. This includes the removal of lipids from the plaque cells by reverse cholesterol transport [43], the emigration of macrophages from the lesions to draining lymph nodes [44], and the generation of resolving molecules, mostly from polyunsaturated fatty acids [45]. This may be promoted by the removal of pro-atherogenic stimuli such as hyperlipidemia and hypertension. The generation of alternatively activated macrophages, along with regulatory T cells, produces anti-inflammatory cytokines such as IL-10 and transforming growth factor-β (TGFβ), which can, in turn, stimulate the production of stabilizing matrix molecules [27,45,46].



The state of the atherosclerotic plaque represents a balance between pro- and anti-atherogenic processes, which may differ quantitatively from plaque to plaque and from site to site within the vascular tree. At any given time point, lesions at differing stages of evolution and resolution may be encountered. These considerations need to be borne in mind as we examine examples of apparent site-selective atherosclerosis in this review.




4. Murine Models of Atherosclerosis


The above brief review of atherogenic lesion formation reveals an extremely complex set of interactions, with most of these potential interactions illuminated by studies in animals, particularly mice. Aside from mice, pigs, especially minipigs, are valuable models for atherosclerosis studies [11]. Inducing atherosclerosis in mice requires significantly increasing the levels of apoB-containing lipoproteins. Among the most frequently used models to study the mechanisms underlying atherosclerosis are mice with germ-line deletion of the apoE gene (Apoe) or the LDL receptor gene (Ldlr).



The Apoe−/− mouse was first described in 1992 by Maeda and colleagues [47] and by Plump and Breslow [48]. ApoE is an important ligand for the clearance of remnant lipoproteins. In its absence, remnant particles accumulate, leading to hypercholesterolemia and atherosclerosis on a low-fat chow diet. The administration of a high-fat, high-cholesterol, Western-type diet exacerbates hyperlipidemia and atherosclerosis. An important paper by Nakashima et al. [49] contributed to our thinking about the temporal–spatial evolution of atherosclerosis. To follow the evolution of lesions over time, atherosclerosis was examined throughout the vascular tree in Apoe−/− mice maintained on chow or a Western-type diet for up to 40 weeks. Lesions were first noted in the aortic root, the lesser curvature of the aortic arch, the brachiocephalic artery (or innominate artery), and the right common carotid artery, followed by the carotid bifurcation, where lesions occurred on the outer wall of the bifurcation, while the flow dividers were spared [50]. Lesions were later observed in the branches of the superior mesenteric artery, the origins of the two renal arteries, and the aortic bifurcation and finally seen in the descending thoracic and common iliac arteries and the iliac bifurcation. The sites of lesion development were not different between the chow- and Western-type-diet-fed mice, but lesions developed more rapidly when the mice were fed the Western-type diet. In this study, sex did not influence the sites of lesion development. It is probably worth noting that these mice had a mixed C57BL/6 × 129 genetic background.



The Ldlr−/− mouse is a model of human familial hypercholesterolemia with elevated levels of LDL [51]. Humans with homozygous deficiency of the receptor develop xanthomatous lesions; widespread atherosclerosis, including in the aortic root; and often myocardial infarction and premature death [52,53]. In contrast to the Apoe−/− mice, the development of significant atherosclerosis in the Ldlr−/− mouse requires feeding them a high-fat diet [54,55]. This more readily allows us to study the initial stages of lesion development that occur after the initiation of a high-cholesterol diet. The two models also differ in their lipoprotein profile, with apoB100-containing LDL being the major lipoprotein in Ldlr−/− mice and apoB48-containing remnant lipoproteins being the major lipoproteins that accumulate in Apoe−/− mice. These two apoproteins differ in their binding affinity to intimal proteoglycans [56]. Due to these differences, the detailed early atherogenic mechanisms may well differ between the two models. Nonetheless, the distribution of atherosclerotic lesions is very similar for the two models as a function of age or duration of diet.



These murine models have been used extensively to study the mechanisms underlying atherosclerosis. These studies use inbred strains of these murine models in specific pathogen-free environments fed a closely defined diet. While these experimental conditions allow for the performance of well-controlled experiments, they are not readily translated to free-living human environments. The advantage of mice is that multiple genes can be manipulated at the same time and their impact on atherosclerosis studied in a reasonable time frame. However, this has its limitations. The choice of the gene(s) for study may introduce an inherent bias. Often, the genes chosen are eliminated (knocked out) or overexpressed (transgenic or viral-mediated expression). These are extreme changes in gene expression that are not usually encountered in human populations. To ground these findings in the human experience, where more subtle quantitative or structural genetic variations are seen, Genome-Wide Association Studies (GWAS) are often consulted for corresponding human genetic variations. The closest murine counterpart is the Hybrid Mouse Diversity Panel (HMDP), which represents a panel of 100 inbred mouse strains studied on a hyperlipidemic background (transgenic for human apoE3 Leiden and human cholesteryl ester transfer protein) to identify natural variations in mice that contribute to atherosclerosis [57]. There is a good deal of concordance between the risk factors and trait loci identified in humans and mice. However, there is a lack of concordance for two aspects: namely sex and the effects of obesity [58]. In humans, atherosclerosis develops earlier in males, whereas in mice, females often exhibit greater atherosclerosis. Obesity in humans is associated with increased atherosclerosis, but atherosclerosis is reduced in genetically obese mice.



However, not all studies examining the impact of specific genes or drugs on atherosclerosis in the Apoe−/− and Ldlr−/− models have produced the same phenotype [52]. This discordance may be related to mechanistic differences in the models, as mentioned above: the stage of atherogenesis at the time of sacrifice, the duration and nature of diet employed, the sex of the animals, or the housing conditions (e.g., microbiome complexity).




5. Factors Contributing to the Site-Selective Development of Atherosclerosis


In this section we will review what is known about the contribution of various factors listed in Figure 1 to the site specificity of atherosclerosis observed in murine atherosclerotic models.



5.1. Hemodynamics and Shear Stress


The progressive development of atherosclerotic lesions at different sites in the vascular tree might be a reflection of the extent of blood flow disruption, with it being greatest at the most rapidly developing sites. A strict quantitative comparison of flow dynamics with a propensity for lesion development through the vascular tree has not been reported, although a few attempts have been made. Giddens and colleagues [59] noted that the wall shear stress measured in the aortic arch and its principal branches is much higher in mice than in humans. The heart rate in mice is also much higher. The average flow velocity across the cardiac cycle (cm/s) in various aortic vessels in mice was measured, showing a progressive decline in flow velocity moving down from the suprarenal aorta to the infrarenal aorta and to the femoral artery [60]. This correlates with the relative temporal appearance of lesions in the mouse model, in which the suprarenal artery develops lesions sooner than the other sites. In another study, the flow pattern in the thoracic and abdominal aortas in Western-type-diet-fed Ldlr−/− mice was changed from atheroresistant laminar flow to disturbed (oscillatory) flow using catheter-induced aortic regurgitation. The lesion burden in the descending thoracic and abdominal aortas were drastically increased, while the lesion burden in the non-flow-modified ascending aorta and the proximal aortic arch in the control and aortic regurgitation mice was comparable [61]. An increased prevalence of atherosclerosis in the descending thoracic aorta in humans with aortic regurgitation has also been observed [62]. These results highlight the importance of flow disturbance in lesion development. The genetics of the aortic geometry also highlights the importance of hemodynamics. A study of atherosclerosis in Apoe−/− mouse strains with atheroresistant 129S6/SvEvTac (129) and atherosusceptible C57BL/6 genetic backgrounds found that the aortic root lesions were smaller in the 129 Apoe−/− strain, as expected, but the aortic arch lesions were significantly larger compared to the C57BL/6 Apoe−/− strain [63,64]. A possible contributor to the unexpected larger aortic arch lesions is that the aortic arch in the 129 strain has a sharper bend than in the C57BL/6 mice, which in modeling studies was associated with lower shear stress in the curvature of the aortic arch than in the C57BL/6 mice. Genetic crosses between these two strains show that the quantitative train locus (QTL) for aortic arch curvature and for atherosclerosis overlap [65].



Laminar shear stress upregulates mechanosensitive transcription factors (e.g., Krüppel-like factor (KLF)2, KLF4, nuclear factor-erythroid 2-related factor 2 (NRF2)) in endothelial cells. This leads to increased expression of endothelial nitric oxide synthase (eNOS) and bioavailable nitric oxide (NO), heme oxygenase 1, and thrombomodulin, among other genes, and KLF2-mediated inhibition of NF-kB to promote the anti-atherogenic, anti-inflammatory, and antithrombotic phenotype in the cells in laminar flow regions of the aorta [66,67]. The downregulation of KLF2 with the low shear stress of disturbed flow leads to the activation of NF-kB and the expression of inflammatory genes (e.g., vascular adhesion molecule (VCAM)-1, MCP-1, cytokines). Disturbed flow also leads to increased oxidative stress and endothelial–mesenchymal transition and induces metabolic reprogramming of the endothelial cells to increase glycolysis and reduce oxidative phosphorylation. Hypoxia-inducible factor 1α (HIF1α) appears to have an important role in this reprogramming. The induction of NAPDPH oxidase 4 (NOX4) and the subsequent increase in reactant oxidant species leads to the stabilization of HIF1α and subsequent induction of glycolytic enzymes such as hexokinase 2, (HK2), 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3), and 3-phosphoinosital-dependent kinase 1 (PDKI) (an inhibitor of pyruvate dehydrogenase) [68]. These metabolic changes also contribute to the increased inflammatory phenotype of endothelial cells subjected to disturbed flow. Additionally, the ATP-dependent purinergic receptor P2X7 may be implicated in the inflammatory phenotype of endothelial cells in regions with disturbed flow via increasing p38 signaling [69]. While this accounts for the location of atherosclerosis in particular regions of the aortic wall, whether differences in the expression levels of these proteins at different locations along the arterial tree account for site-specific atherosclerosis effects is not known.




5.2. Genetics


The susceptibility to atherosclerosis of inbred strains of mice differs vastly. Cross-breeding strains of differing susceptibility to lesion formation clearly indicates the impact of genetics on atherogenesis. As mentioned above, the interaction of genetics and hemodynamics may explain the differential atherogenic response of the aortic root and the aortic arch in C57BL/6 Apoe−/− mice and 129 Apoe−/− mice [65]. Another genetic example is seen in relation to lesion formation in the innominate artery in Apoe−/− mice with C57BL/6 and C3H/HeJ genetic backgrounds. The former strain is atherosusceptible, while the latter is atheroresistant, and this is reflected in the higher level of aortic root lesions in C57BL/6 Apoe−/− mice. Yet innominate artery atherosclerosis is very similar for these two strains [70], indicating that the genetic impact on lesion development may be site-specific. CD44 was identified as a candidate gene associated with innominate artery atherosclerosis.



The literature is full of suggestions that the temporal–spatial atherosclerosis developmental profile is driven by the hemodynamic profile of the low shear stress of disturbed flow, which permits a longer residence time for effector particles within the arterial wall and produces differences in gene expression in the endothelial cells compared to laminar shear stress. While this is the consensual view, it does not seem to be the case in all studies [71]. For example, in a comparison of the evolution of lesions in Ldlr−/− mice with C57BL/6 and FVB genetic backgrounds fed semi-synthetic diets with increasing levels of dietary cholesterol, ranging from 0% to 0.5%, there appeared to be more at play [72]. In the C57BL/6 Ldlr−/− mice, their VLDL, IDL, and LDL levels were much higher than in the FVB mice with the diets with a higher cholesterol content. The C57BL/6 mice also had much larger aortic roots and innominate artery lesions than the FVB mice. On the other hand, the lesion sizes in the thoracic and abdominal aortas were similar for the two strains. Since various regions of the arterial tree are subject to the same level of lipoproteins, the differential responses of the abdominal aorta and the more proximal regions cannot be accounted for by the plasma lipids or hemodynamics. It is likely that there is a more complex explanation, probably dependent on the selective gene expression profile in the abdominal aorta.




5.3. LDL Homeostasis


Hyperlipidemia is a major risk factor for human disease and is required for lesions to develop in mice. Lipoproteins accumulate in the intimal of lesion-prone areas even before there is any evidence of the influx of blood cells. This was demonstrated morphologically using electron microscopy analysis by Frank and Breslow [73], who showed lipid particles the sizes of LDL, intermediate-density lipoprotein (IDL), or their remnants aligned along the collagen fibrils of the matrix of lesion-prone areas beginning at 3 weeks of age in chow-fed Apoe−/− mice, while monocyte association with the endothelial cells was not observed until 5 weeks of age. Lipoprotein accumulation could be attributable to selective changes in lipoprotein permeability, influx, retention, or metabolism. Recent experiments have described an active transcellular transport pathway in endothelial cells that contributes to the accumulation of lipids in the artery wall. Caveolae and scavenger receptor class B, type 1 (SR-B1), which localizes to the caveolae, are more abundant in the endothelial cells in the atherosusceptible area of the aortic arch (lesser curvature) than in the atheroresistant area (greater curvature) [74]. LDL binding to SR-B1 promotes its interaction with dedicator of cytokine-like kinase 4 (DOCK4), leading to the activation of Rac1 and the transcytosis of LDL across the endothelial cells into the subendothelial intima [75]. The transcytosed LDL may be retained in the intima by binding to local proteoglycans [76]. Although most of the experiments by Huang et al. [75] were conducted with the aortic arch, SR-B1-dependent transcytosis is probably operative throughout the atherosusceptible areas of the aorta, as shown by the reduction in the en face staining of lesions in the whole aorta in Apoe−/− mice with endothelial-cell-specific Srb1 deficiency. The inhibition of SR-B1-mediated transcytosis of LDL may be a mechanism contributing to the atheroprotective effect of estrogen. The estrogen receptor GPER (G-protein-coupled estrogen receptor) reduced LDL transcytosis in cultured endothelial cells by downregulating the expression of SR-B1 [77].



Increased lipoprotein permeability through the endothelial layer may also contribute. Permeability has been probed in several ways. Aortic areas of increased permeability to macromolecules are visualized using an injection of albumin–Evans blue, a probe that can be used in experimental models in the absence of hyperlipidemia to provide a measure of in vivo sites of intrinsic increased permeability. Uptake of Evans blue dye in Yorkshire pigs was seen in the coronary ostia, the intercostal ostia, and the iliac bifurcation, sites of lesion formation [78]. Young and mature pigs exhibited similar patterns of staining. The exposure of vessels to the Evans blue complex ex vivo did not yield the same pattern of staining, highlighting the importance of hemodynamic factors. The blue areas were also the preferential sites of labeling with radioactive cholesterol. As mentioned, lipoproteins accumulated and were associated with the matrix in atherosusceptible murine sites early, before monocytes were observed to associate with the endothelial cells [73]. These findings could be accounted for by changes in the influx of lipoproteins, changes in their retention, or changes in their degradation or removal. This was partially examined in rabbit aortas without measurable atherosclerosis by Schwenke and Carew using radiolabeled LDL to measure the accumulation of intact LDL and tyramine-cellobiose-radiolabeled LDL to measure degraded LDL [79]. They found that the intact LDL concentration and degradation rates (per gram of fresh tissue) were several times higher in the aortic arch than in the descending thoracic aorta and abdominal aorta, which develop lesions later than the aortic arch. Examination of the LDL accumulation and degradation in the branched and non-branched regions of the abdominal aorta showed that the branched regions had a higher LDL concentration than the unbranched areas. However, the LDL concentration in the highly atherosusceptible aortic arch was significantly higher than in the branched regions of the abdominal aorta. What these results suggest is that the temporal–spatial development of lesions could be related, at least in part, to differences in the uptake and metabolism of LDL in atherosusceptible regions. The extent of disturbed flow in atherosusceptible arterial sites may be a determinant, but quantitation of this flow parameter in susceptible arteries is needed. Many other aspects of LDL homeostasis will need to be examined to fully understand its contribution to the temporal–spatial atherosclerotic developmental profile. Among these is the extent of LDL retention in the intima by proteoglycans and the extent of LDL modification by, for example, sphingomyelinase or oxidation.




5.4. LDL Oxidation


The oxidation of LDL is thought to be an important modification of LDL that facilitates the activation of macrophages in the early stages of atherogenesis. Treatment with antioxidants has hinted at the importance of this initial activation of macrophages. Surprisingly, treatment of Apoe−/− mice with the antioxidant probucol led to an increase in the aortic root lesion area, though at other sites (i.e., the aortic arch, descending thoracic aorta, and abdominal aorta), there was a reduction in the lesion area [80]. The possibility that the oxidation of LDL is important at some arterial sites but not others has to be considered.




5.5. SR-B1


5.5.1. SR-B1 and HDL


While SR-B1-dependent LDL transcytosis across the endothelium is an important factor that contributes to the difference between atherosusceptible and atheroresistant sites, the function of endothelial SR-B1 in the process of atherosclerosis is complex [81]. High-density lipoprotein (HDL) has several atheroprotective functions. Among them is that the interaction of HDL with SR-B1 in endothelial cells triggers binding of the adaptor protein PDZ domain-containing 1 (PDZK1) and the activation of AKT serine/threonine kinase 1 (AKT1), resulting in the activation of eNOS and increased production of NO, which is anti-atherogenic [82]. In addition, one of the atheroprotective mechanisms of HDL might be to compete with LDL for SR-B1-dependent LDL transcytosis [75].



SR-B1-mediated transcytosis of HDL by the endothelial cells [75] may also enhance reverse cholesterol transport, in which the interaction of intimal HDL with ATP-binding cassette G1 (ABCG1) in macrophage foam cells promotes the efflux of cholesterol to HDL for its transport to the liver [83]. SR-B1 on hepatocytes mediates the selective uptake of cholesteryl esters from HDL and influences HDL composition [81].




5.5.2. SR-B1 and Coronary Artery Atherosclerosis


As valuable as the “mighty” mouse is for investigating the mechanisms involved in atherogenesis, this model does have important limitations in extrapolating its results to humans [12]. A major limitation is the absence of significant coronary artery lesions in most studies involving Apoe−/− and Ldlr−/− mice. Yet certain complex genetic models can elicit occlusive coronary disease accompanied by myocardial infarction. For example, in Western-type-diet-fed mice with combined Apoe and Ldlr deficiency [84] and with overexpression of the urokinase plasminogen activator in the macrophages in Apoe−/− mice fed a Western-type diet [85], the development of occlusive coronary arterial disease and myocardial infarction occurred. The most dramatic murine model for occlusive coronary artery atherosclerosis with myocardial infarction and notably premature mortality (mean age of 6 weeks) is seen with chow-fed mice with double knockout of the Apoe and Srb1 genes [86]. Ldlr−/−Srb1−/− mice fed a high cholesterol diet also develop coronary artery atherosclerosis and myocardial fibrosis [87]. Mortality is particularly premature when the diet is supplemented with sodium cholate. Interestingly, in contrast to what appears to be the response of the aortic root to probucol treatment [80], coronary artery atherosclerosis in Apoe−/−Srb1−/− mice is rescued by probucol treatment [88]. Obstructive coronary artery disease being observed in mice with global deficiency of Srb1 together with Apoe or Ldlr deficiency suggests that in the coronary arteries processes other than LDL transcytosis and eNOS activation may be at play [86,87]. Paracellular diffusion of LDL from the plasma may be one such process.



Individual global knockout of the pathway by which HDL binding to SR-B1 promotes NO production (Pdzk1, Akt1, or eNOS), accompanied by Apoe deficiency, also promotes occlusive coronary artery disease but only when the animals are fed atherogenic diets, with some requiring cholate in the diet [89,90,91]. Bone marrow transfer experiments indicate that it is the deficiency of Akt1 in non-hemopoietic cells, probably the endothelial cells, that accounts for the coronary artery phenotype in Akt1−/−Apoe−/− mice [90].



A related but valuable model for the study of coronary artery disease and myocardial infarction is Srb1−/− mice crossed with a hypomorphic apoE mutant (threonine 61 substituted with arginine), in which apoE is expressed at 5% of the wild-type levels and fed a high-fat, high-cholesterol, cholate-containing diet [92]. SR-B1 is expressed on endothelial cells, macrophages, and hepatocytes. The importance of SR-B1 outside of the endothelium is indicated by the observation that the transplantation of bone marrow from apoE hypomorphic mice expressing SR-B1 into Srb1−/− apoE hypomorphic mice protects against coronary artery disease [93]. The anti-atherogenic role of SR-B1 in the macrophages may be related to its role in promoting cholesterol efflux, reducing their inflammatory phenotype and maintaining efferocytotic activity [81].



But the transplantation of bone marrow deficient in Srb1 into Ldlr−/− recipients suggests that the role of SR-B1 in bone-marrow-derived cells is complex. SR-B1-expressing bone marrow reduces very early atherosclerosis after 4 weeks of a Western-type diet, yet at longer periods on this diet, atherosclerosis is increased [94]. This suggests that SR-B1 on bone-marrow-derived cells, likely macrophages, can be pro-atherogenic or anti-atherogenic at different stages of atherogenesis. The expression of SR-B1 on macrophages is associated with reduced expression of the inflammatory cytokines IL-1, IL-6, and tumor necrosis factor-α (TNFα) [95].



In summary, SR-B1 is associated with pro- and anti-atherogenic pathways depending on context and the site of expression.





5.6. Macrophages


Intimal lipoproteins promoting atherosclerosis requires the participation of the macrophages. In the absence of M-CSF, which regulates the proliferation and survival of monocytes/macrophages, very little atherosclerosis is seen in Apoe−/− [96] and Ldlr−/− mice [97]. In the highly atherosusceptible, lesser curvature of the ascending aortic arch, intimal leukocytes, with markers of monocytes or dendritic cells, are present in normal arteries. In the first few days after the initiation of feeding a cholesterol-rich diet to Ldlr−/− mice, these cells become loaded with lipids [98]. These foam cells are not clearly evidenced in less atherosusceptible regions like the greater curvature of the ascending aortic arch, the descending thoracic aorta, or the abdominal aorta, even though the latter is a site of atherosclerosis after exposure to a cholesterol-rich diet for longer durations [99]. These cells have the characteristics of dendritic cells [100]. After the consumption of a cholesterol-rich diet for 2–12 weeks, foam cells are derived from monocytes recruited from the blood and from the local proliferation of macrophages [99].



The influx of monocytes into evolving lesions requires chemokines and their receptors. In the combined absence of CCL2, CCR5, and CX3CR1, very few lesions develop [101]. The absence of CX3CR1 in the Apoe-deficient background results in reduced atherosclerosis in the aortic root and aortic arch and reduced en face staining of lesions in the whole aorta [102,103]. In mice, there are two major monocyte subtypes, Ly6Chi and Ly6Clo. Ly6Chi monocytes are more inflammatory and preferentially infiltrate the artery wall [104]. The monocyte subsets differentially employ the three receptors to enter the artery wall [105]. Ly6Chi monocytes require all three receptors, while the influx of Ly6Clo monocytes is much less dependent on CX3CR1 and partially dependent on CCR5. These chemokine/chemokine receptor pairs are not all equally involved in atherogenesis at all arterial sites. For example, in the absence of the ligand CX3CL1, lesions are preferentially reduced in the innominate artery in Apoe−/− mice [106].




5.7. Adaptive Immune System


The adaptive immune system embodies several subsets of B and T cells. We examined chow-fed male Apoe−/− mice lacking both B and T cells due to deficient of recombination activating gene 1 (Rag−/− mice) at 27 weeks of age. When adjusted for plasma cholesterol, aortic root lesions were reduced in the immune-deficient mice, though no differences were observed in the innominate artery [107]. This might be explained by the different balance between pro-atherogenic and anti-atherogenic immune cells (e.g., CD4+ Th cells vs. CD4+ regulatory T cells) at the two sites, at least at the time of monitoring. This suggestion has yet to be validated. These animals were fully backcrossed into the C57BL/6 background. In this background, Western-type-diet-fed Ldlr−/− mice showed similar results. However, in a strain that was only 93% C57BL/6, adaptive immune deficiency was associated with a reduction in lesions in the aortic root, as well as in the innominate artery [108]. This suggests that the genes expressed in the innominate artery may influence the state of regulatory T cells at this site.



Other cells of the immune system also have a site-specific impact on atherosclerosis. NKT cells exist as at least two subtypes [109]. Type I or invariant NKT cells express a semi-invariant T cell receptor (TCR) composed of the Vα14-Jα18 chain coupled with a limited number of TCRβ chains in mice. Type II NKT cells have more variable TCRs. Both recognize the lipid antigens presented by CD1d on antigen-presenting cells. Ldlr−/− mice transgenic for the Vα14-Jα18 TCRα chain with increased levels of type I NKT cells and mice lacking type I NKT cells due to deficiency of the Jα18 chain were fed a Western-type diet for 4 or 12 weeks [110]. The atherosclerosis response was quite complex. There was a selective decrease in atherosclerosis in the ascending aorta near the lesser curvature of the aortic arch in the absence of type I NKT cells after 4 weeks of the diet (early atherosclerosis) despite a noticeable increase in plasma lipids. But after 12 weeks of the diet, the lesions were similar at this site. The overexpression of Vα14 Jα18 resulted in a site-specific increase in innominate artery atherosclerosis after 12 weeks of feeding.



Lymphotoxin ligands are mainly expressed by lymphocytes and innate lymphoid cells and come in two forms [111]. Soluble homotrimers of lymphotoxin α ligands (LTα3) are secreted mainly by lymphocytes and signal via TNF receptors, which are widely expressed. The heterotrimeric LTα1β2 ligand is bound to the cell surface of lymphocytes and signals through interaction with the lymphotoxin β receptor (LTβR), expressed on the cell surface of many cell types. Female Ldlr−/− Lta−/− animals that lacked both lymphotoxin ligands were compared with mice with T-cell-specific lymphotoxin β deficiency, lacking LTα1β2 on their T cells, and mice deficient in the LTβR. The animals were fed a Western-type diet for either 6 or 12 weeks. Atherosclerosis in the innominate artery was not impacted by the manipulation of this ligand–receptor pathway at either time point. There was a selective reduction in aortic arch lesions with global deficiency of Lta or T-cell-specific deficiency of Ltb at the 12 week time point. The aortic root lesion responses were quite complex. Aortic root lesions were reduced in Lta deficiency, associated mainly with reduced atherosclerosis in the left-coronary-artery-associated sinus, which is the sinus that carries the major burden of lesion development compared to the right-coronary-artery-associated sinus and the sinus not associated with a coronary artery. However, in T-cell-specific Ltb deficiency, the aortic root lesions were increased, especially in the non-coronary-artery-associated sinus. In contrast, compared to the Ldlr−/− mice, the Ltbr−/−Ldlr−/− mice exhibited no lesion differences at any arterial site examined. In the Apoe−/− background with Western-type diet feeding, the absence of the LTβR was associated with a reduction in lesions in the aortic root and reduced en face staining of the whole aorta [112]. Bone marrow transplantation studies suggest that the expression of the receptor on hematopoietic cells, likely monocytes, is determinative. Clearly, this is a very complex system, and much further experimentation is required to unravel the intricacies of the observed findings.



In aged chow-fed Apoe−/− mice, a tertiary lymphoid organ develops in the adventitia surrounding abdominal aortas with atherosclerotic lesions [113]. The lymphoid organs are rich in B cells and T cells, including regulatory T cells. The tertiary lymphoid organs begin to appear at 32 weeks of age, being obvious at 52 weeks and peaking at 78 weeks. Their development is dependent on signaling via the LTβR on the smooth muscle cells, resulting in the secretion of the lymphorganogenic chemokines CXCL13 and CCL21 [114]. Vascular smooth muscle cell depletion of Ltbr suggests that the signaling via the receptor is age-dependent, initially having no impact on atherosclerosis in young mice and then being atheroprotective in aged mice, especially in the abdominal aorta [115]. Intriguing is the territoriality of these tertiary lymphoid organs, which are particularly found around the abdominal aorta, a site that develops lesions later in the temporal progression of atherosclerosis in the vascular tree. The basis for this specific location is yet to be clarified.




5.8. Toll-Like Receptors (TLRs) and Lesion Localization


Many TLRs have been implicated in atherogenesis. In relation to differential lesion localization, TLR2 is particularly relevant. TLR2 is widely expressed among the cells involved in atherogenesis, including endothelial cells, monocytes and macrophages, smooth muscle cells, and lymphocytes [116]. TLR2 is upregulated in the endothelium by disturbed flow and hyperlipidemia [117]. TLR2 can be activated by both endogenous and exogenous activators of bacterial origin [118]. Among the endogenous activators are oxidized LDL, apoCIII, biglycan, versican, decorin, and hyaluronan fragments. The synthetic TLR2 activator PAM3CSK4, in a dose- and TLR2-dependent fashion, was shown to enhance atherosclerosis in an Ldlr−/− model fed a Western-type diet, particularly in the abdominal aorta [119]. The basis for the almost unique impact at this site is unclear. However, it is in part dependent on the expression of TLR2 in bone-marrow-derived cells. Among the effects of TLR2 activation is the proliferation of regulatory T cells, which is accompanied by temporary inhibition of their suppressive activity [120].




5.9. Perivascular Adipose Tissue (PVAT)


Recent work has indicated the potential importance of PVAT in the evolution of atherosclerosis. PVAT is located adjacent to the adventitia of most of the major arteries, with the cerebral and pulmonary arteries being notable exceptions, and is functionally distinct from other adipose depots [121]. It is composed of adipocytes, nerves, monocytes, endothelial cells, macrophages, and T and B cells. PVAT regulates vasomotor tone and vascular homeostasis through the secretion of relaxing and contracting factors and inflammatory status through the secretion of pro- and anti-inflammatory factors. The regional phenotypic heterogeneity of perivascular adipocytes has been noted among different PVAT arterial sites. In rodents, thoracic aorta PVAT is composed of mostly brown adipocytes, abdominal aorta PVAT contains predominately white adipocytes with some brown adipocytes, and mesenteric PVAT is largely white adipocytes [121,122]. In humans, the perivascular fat contains mostly white adipocytes. Interestingly, TLR2 is upregulated in brown adipose non-PVAT tissue in obese mice [123].



The potential contribution of PVAT may differ depending on the vascular bed it surrounds. A recent study has explored this complexity in the thoracic aorta in mice. The anterior thoracic and lateral thoracic artery PVAT pads differ in their developmental pathways and transcriptional profiles and are associated with different effects on vascular function [124].





6. Conclusions and Future Directions


From this review, it is clear that atherosclerosis and its site specificity is extremely complex and that the basis for the temporal–spatial lesion localization in Apoe- and Ldlr-deficient mice is incompletely understood. While most studies of regionalization have been made in mice, there is also evidence that this occurs in humans too, as evidenced by the PDAY studies [1]. In a great deal of the research on the mechanisms of atherosclerosis using mouse models, the emphasis is on the lesions in the aortic root, a site not often developing lesions in humans, and on en face analysis of lesions over the entire aorta and principal branches, without specific analysis of discrete aortic regions. To achieve a better understanding of the mechanisms of these localizations, further studies are necessary at appropriately selected sites at various stages of atherogenesis. These include a more accurate measurement of the flow patterns along the extent of the aorta and its branches, a detailed analysis of transcytosis, and the distribution of proteoglycans along the vasculature to determine the basis for lipoprotein retention at these sites. In addition, the application of evolving single-cell technologies, such as scRNA-seq, CITE-seq (cellular indexing of transcriptomes and epitopes), scATAC-seq (single-cell transposase-accessible chromatin with sequencing), and CyTOF, to analysis of atherosclerosis at different sites in the vascular tree should provide insight into the cellular and molecular heterogeneity that may contribute to the site-specific development of atherosclerosis [125]. This is a tall order, but this will be required to understand the patterns of lesion initiation and progression along the vasculature.
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	ABCG1
	ATP-binding cassette G1



	AKT1
	AKT serine/threonine kinase 1



	ApoE
	Apolipoprotein E



	CITE-seq
	cellular indexing of transcriptomes and epitopes



	CyTOF
	cytometry by time of flight



	DOCK4
	dedicator of cytokine-like kinase 4



	eNOS
	endothelial nitric oxide synthase



	GPER
	G-protein-coupled estrogen receptor



	GWAS
	Genome-Wide Association Studies



	HDL
	high-density lipoprotein



	HIF1
	hypoxia-inducible factor 1



	HK2
	hexokinase 2



	HMDP
	Hybrid Mouse Diversity Panel



	IDL
	intermediate-density lipoprotein



	KLF
	Krüppel-like factor



	LDL
	low-density lipoprotein



	LDLR
	low-density lipoprotein receptor



	LT
	lymphotoxin



	LTβR
	lymphotoxin β receptor



	M-CSF
	macrophage colony-stimulating factor



	MCP-1
	monocyte chemoattractant protein 1



	NKT
	natural killer T cell



	NO
	nitric oxide



	NOX4
	NADPH oxidase 4



	NRF2
	nuclear factor-erythroid 2 related factor 2



	PDAY
	Pathological Determination of Atherosclerosis in Youth



	PDH
	pyruvate dehydrogenase



	PDK1
	3-phosphoinosital-dependent kinase 1



	PDZK1
	PDZ domain-containing 1



	PFKFB3
	6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3



	PVAT
	perivascular adipose tissue



	QTL
	quantitative trait locus



	RAG
	recombination activating gene



	Sca-1
	stem cell antigen 1 marker



	scATAC-seq
	single-cell transposase-accessible chromatin with sequencing



	scRNA-seq
	single-cell RNA sequencing



	SR-B1
	scavenger receptor class B, type 1



	TCR
	T cell receptor



	TGFβ
	Transforming growth factor-β



	TLR
	toll-like receptor



	TNF
	tumor necrosis factor



	VCAM1
	vascular adhesion molecule 1







References


	



VanderLaan, P.A.; Reardon, C.A.; Getz, G.S. Site specificity of atherosclerosis: Site-selective responses to atherosclerotic modulators. Arter. Thromb. Vasc. Biol. 2004, 24, 12–22. [Google Scholar] [CrossRef] [PubMed]

	



Jaiswal, S.; Libby, P. Clonal haematopoiesis: Connecting ageing and inflammation in cardiovascular disease. Nat. Rev. Cardiol. 2020, 17, 137–144. [Google Scholar] [CrossRef] [PubMed]

	



McGill, H.C., Jr.; McMahan, C.A.; Herderick, E.E.; Tracy, R.E.; Malcom, G.T.; Zieske, A.W.; Strong, J.P. Effects of coronary heart disease risk factors on atherosclerosis of selected regions of the aorta and right coronary artery. PDAY Research Group. Pathobiological Determinants of Atherosclerosis in Youth. Arter. Thromb. Vasc. Biol. 2000, 20, 836–845. [Google Scholar] [CrossRef] [PubMed]

	



McGill, H.C., Jr.; McMahan, C.A. Determinants of atherosclerosis in the young. Pathobiological Determinants of Atherosclerosis in Youth (PDAY) Research Group. Am. J. Cardiol. 1998, 82, 30t–36t. [Google Scholar] [CrossRef] [PubMed]

	



McGill, H.C., Jr.; McMahan, C.A.; Zieske, A.W.; Sloop, G.D.; Walcott, J.V.; Troxclair, D.A.; Malcom, G.T.; Tracy, R.E.; Oalmann, M.C.; Strong, J.P. Associations of coronary heart disease risk factors with the intermediate lesion of atherosclerosis in youth. The Pathobiological Determinants of Atherosclerosis in Youth (PDAY) Research Group. Arter. Thromb. Vasc. Biol. 2000, 20, 1998–2004. [Google Scholar] [CrossRef]

	



Morganroth, J.; Levy, R.I.; Fredrickson, D.S. The biochemical, clinical, and genetic features of type III hyperlipoproteinemia. Ann. Intern. Med. 1975, 82, 158–174. [Google Scholar] [CrossRef] [PubMed]

	



Mahley, R.W.; Weisgraber, K.H.; Huang, Y. Apolipoprotein E: Structure determines function, from atherosclerosis to Alzheimer’s disease to AIDS. J. Lipid Res. 2009, 50, S183–S188. [Google Scholar] [CrossRef] [PubMed]

	



Leibson, C.L.; Ransom, J.E.; Olson, W.; Zimmerman, B.R.; O’Fallon, M.W.; Palumbo, P.J. Peripheral arterial disease, diabetes, and mortality. Diabetes Care 2004, 27, 2843–2849. [Google Scholar] [CrossRef]

	



Gnasso, A.; Irace, C.; Carallo, C.; De Franceschi, M.S.; Motti, C.; Mattioli, P.L.; Pujia, A. In vivo association between low wall shear stress and plaque in subjects with asymmetrical carotid atherosclerosis. Stroke 1997, 28, 993–998. [Google Scholar] [CrossRef]

	



Getz, G.S.; Reardon, C.A. Animal models of atherosclerosis. Arter. Thromb. Vasc. Biol. 2012, 32, 1104–1115. [Google Scholar] [CrossRef]

	



Getz, G.S.; Reardon, C.A. Pig and Mouse Models of Hyperlipidemia and Atherosclerosis. Methods Mol. Biol. 2022, 2419, 379–411. [Google Scholar] [CrossRef] [PubMed]

	



Libby, P. Murine “model” monotheism: An iconoclast at the altar of mouse. Circ. Res. 2015, 117, 921–925. [Google Scholar] [CrossRef] [PubMed]

	



Engelen, S.E.; Robinson, A.J.B.; Zurke, Y.X.; Monaco, C. Therapeutic strategies targeting inflammation and immunity in atherosclerosis: How to proceed? Nat. Rev. Cardiol. 2022, 19, 522–542. [Google Scholar] [CrossRef] [PubMed]

	



Adkar, S.S.; Leeper, N.J. Efferocytosis in atherosclerosis. Nat. Rev. Cardiol. 2024; Online ahead of print. [Google Scholar] [CrossRef]

	



Fang, Y.; Wu, D.; Birukov, K.G. Mechanosensing and Mechanoregulation of Endothelial Cell Functions. Compr. Physiol. 2019, 9, 873–904. [Google Scholar] [CrossRef] [PubMed]

	



Gimbrone, M.A., Jr.; García-Cardeña, G. Endothelial Cell Dysfunction and the Pathobiology of Atherosclerosis. Circ. Res. 2016, 118, 620–636. [Google Scholar] [CrossRef] [PubMed]

	



Davies, P.F. Hemodynamic shear stress and the endothelium in cardiovascular pathophysiology. Nat. Clin. Pr. Cardiovasc. Med. 2009, 6, 16–26. [Google Scholar] [CrossRef] [PubMed]

	



Majesky, M.W. Developmental basis of vascular smooth muscle diversity. Arter. Thromb. Vasc. Biol. 2007, 27, 1248–1258. [Google Scholar] [CrossRef] [PubMed]

	



Wilm, B.; Ipenberg, A.; Hastie, N.D.; Burch, J.B.; Bader, D.M. The serosal mesothelium is a major source of smooth muscle cells of the gut vasculature. Development 2005, 132, 5317–5328. [Google Scholar] [CrossRef]

	



Haimovici, H.; Maier, N. Fate of aortic homografts in canine atherosclerosis. 3. study of fresh abdominal and thoracic aortic implants into thoracic aorta: Role of tissue susceptibility in atherogenesis. Arch. Surg. 1964, 89, 961–969. [Google Scholar] [CrossRef]

	



Majesky, M.W.; Weiser-Evans, M.C.M. The adventitia in arterial development, remodeling, and hypertension. Biochem. Pharmacol. 2022, 205, 115259. [Google Scholar] [CrossRef]

	



Hu, Y.; Zhang, Z.; Torsney, E.; Afzal, A.R.; Davison, F.; Metzler, B.; Xu, Q. Abundant progenitor cells in the adventitia contribute to atherosclerosis of vein grafts in ApoE-deficient mice. J. Clin. Investig. 2004, 113, 1258–1265. [Google Scholar] [CrossRef] [PubMed]

	



Psaltis, P.J.; Puranik, A.S.; Spoon, D.B.; Chue, C.D.; Hoffman, S.J.; Witt, T.A.; Delacroix, S.; Kleppe, L.S.; Mueske, C.S.; Pan, S.; et al. Characterization of a resident population of adventitial macrophage progenitor cells in postnatal vasculature. Circ. Res. 2014, 115, 364–375. [Google Scholar] [CrossRef] [PubMed]

	



Williams, K.J.; Tabas, I. The response-to-retention hypothesis of atherogenesis reinforced. Curr. Opin. Lipidol. 1998, 9, 471–474. [Google Scholar] [CrossRef] [PubMed]

	



Allahverdian, S.; Ortega, C.; Francis, G.A. Smooth Muscle Cell-Proteoglycan-Lipoprotein Interactions as Drivers of Atherosclerosis. Handb. Exp. Pharmacol. 2022, 270, 335–358. [Google Scholar] [CrossRef] [PubMed]

	



Tannock, L.R.; King, V.L. Proteoglycan mediated lipoprotein retention: A mechanism of diabetic atherosclerosis. Rev. Endocr. Metab. Disord. 2008, 9, 289–300. [Google Scholar] [CrossRef]

	



Moore, K.J.; Sheedy, F.J.; Fisher, E.A. Macrophages in atherosclerosis: A dynamic balance. Nat. Rev. Immunol. 2013, 13, 709–721. [Google Scholar] [CrossRef] [PubMed]

	



Glass, C.K.; Witztum, J.L. Atherosclerosis. the road ahead. Cell 2001, 104, 503–516. [Google Scholar] [CrossRef] [PubMed]

	



Hansson, G.K.; Hermansson, A. The immune system in atherosclerosis. Nat. Immunol. 2011, 12, 204–212. [Google Scholar] [CrossRef] [PubMed]

	



Witztum, J.L.; Lichtman, A.H. The influence of innate and adaptive immune responses on atherosclerosis. Annu. Rev. Pathol. 2014, 9, 73–102. [Google Scholar] [CrossRef]

	



Porsch, F.; Mallat, Z.; Binder, C.J. Humoral immunity in atherosclerosis and myocardial infarction: From B cells to antibodies. Cardiovasc. Res. 2021, 117, 2544–2562. [Google Scholar] [CrossRef]

	



Zernecke, A.; Winkels, H.; Cochain, C.; Williams, J.W.; Wolf, D.; Soehnlein, O.; Robbins, C.S.; Monaco, C.; Park, I.; McNamara, C.A.; et al. Meta-Analysis of Leukocyte Diversity in Atherosclerotic Mouse Aortas. Circ. Res. 2020, 127, 402–426. [Google Scholar] [CrossRef] [PubMed]

	



Yurdagul, A., Jr.; Doran, A.C.; Cai, B.; Fredman, G.; Tabas, I.A. Mechanisms and Consequences of Defective Efferocytosis in Atherosclerosis. Front. Cardiovasc. Med. 2017, 4, 86. [Google Scholar] [CrossRef] [PubMed]

	



Basatemur, G.L.; Jørgensen, H.F.; Clarke, M.C.H.; Bennett, M.R.; Mallat, Z. Vascular smooth muscle cells in atherosclerosis. Nat. Rev. Cardiol. 2019, 16, 727–744. [Google Scholar] [CrossRef] [PubMed]

	



Bennett, M.R.; Sinha, S.; Owens, G.K. Vascular Smooth Muscle Cells in Atherosclerosis. Circ. Res. 2016, 118, 692–702. [Google Scholar] [CrossRef] [PubMed]

	



Jacobsen, K.; Lund, M.B.; Shim, J.; Gunnersen, S.; Füchtbauer, E.M.; Kjolby, M.; Carramolino, L.; Bentzon, J.F. Diverse cellular architecture of atherosclerotic plaque derives from clonal expansion of a few medial SMCs. JCI Insight 2017, 2, e95890. [Google Scholar] [CrossRef] [PubMed]

	



Feil, S.; Fehrenbacher, B.; Lukowski, R.; Essmann, F.; Schulze-Osthoff, K.; Schaller, M.; Feil, R. Transdifferentiation of vascular smooth muscle cells to macrophage-like cells during atherogenesis. Circ. Res. 2014, 115, 662–667. [Google Scholar] [CrossRef] [PubMed]

	



Shankman, L.S.; Gomez, D.; Cherepanova, O.A.; Salmon, M.; Alencar, G.F.; Haskins, R.M.; Swiatlowska, P.; Newman, A.A.; Greene, E.S.; Straub, A.C.; et al. KLF4-dependent phenotypic modulation of smooth muscle cells has a key role in atherosclerotic plaque pathogenesis. Nat. Med. 2015, 21, 628–637. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Dubland, J.A.; Allahverdian, S.; Asonye, E.; Sahin, B.; Jaw, J.E.; Sin, D.D.; Seidman, M.A.; Leeper, N.J.; Francis, G.A. Smooth Muscle Cells Contribute the Majority of Foam Cells in ApoE (Apolipoprotein E)-Deficient Mouse Atherosclerosis. Arter. Thromb. Vasc. Biol. 2019, 39, 876–887. [Google Scholar] [CrossRef] [PubMed]

	



Vengrenyuk, Y.; Nishi, H.; Long, X.; Ouimet, M.; Savji, N.; Martinez, F.O.; Cassella, C.P.; Moore, K.J.; Ramsey, S.A.; Miano, J.M.; et al. Cholesterol loading reprograms the microRNA-143/145-myocardin axis to convert aortic smooth muscle cells to a dysfunctional macrophage-like phenotype. Arter. Thromb. Vasc. Biol. 2015, 35, 535–546. [Google Scholar] [CrossRef]

	



Miano, J.M.; Fisher, E.A.; Majesky, M.W. Fate and State of Vascular Smooth Muscle Cells in Atherosclerosis. Circulation 2021, 143, 2110–2116. [Google Scholar] [CrossRef]

	



Benditt, E.P.; Benditt, J.M. Evidence for a monoclonal origin of human atherosclerotic plaques. Proc. Natl. Acad. Sci. USA 1973, 70, 1753–1756. [Google Scholar] [CrossRef] [PubMed]

	



Rosenson, R.S.; Brewer, H.B., Jr.; Davidson, W.S.; Fayad, Z.A.; Fuster, V.; Goldstein, J.; Hellerstein, M.; Jiang, X.C.; Phillips, M.C.; Rader, D.J.; et al. Cholesterol efflux and atheroprotection: Advancing the concept of reverse cholesterol transport. Circulation 2012, 125, 1905–1919. [Google Scholar] [CrossRef] [PubMed]

	



Moore, K.J.; Koplev, S.; Fisher, E.A.; Tabas, I.; Björkegren, J.L.M.; Doran, A.C.; Kovacic, J.C. Macrophage Trafficking, Inflammatory Resolution, and Genomics in Atherosclerosis: JACC Macrophage in CVD Series (Part 2). J. Am. Coll. Cardiol. 2018, 72, 2181–2197. [Google Scholar] [CrossRef] [PubMed]

	



Bäck, M.; Yurdagul, A., Jr.; Tabas, I.; Öörni, K.; Kovanen, P.T. Inflammation and its resolution in atherosclerosis: Mediators and therapeutic opportunities. Nat. Rev. Cardiol. 2019, 16, 389–406. [Google Scholar] [CrossRef] [PubMed]

	



Spitz, C.; Winkels, H.; Bürger, C.; Weber, C.; Lutgens, E.; Hansson, G.K.; Gerdes, N. Regulatory T cells in atherosclerosis: Critical immune regulatory function and therapeutic potential. Cell Mol. Life Sci. 2016, 73, 901–922. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, S.H.; Reddick, R.L.; Piedrahita, J.A.; Maeda, N. Spontaneous hypercholesterolemia and arterial lesions in mice lacking apolipoprotein E. Science 1992, 258, 468–471. [Google Scholar] [CrossRef] [PubMed]

	



Plump, A.S.; Smith, J.D.; Hayek, T.; Aalto-Setälä, K.; Walsh, A.; Verstuyft, J.G.; Rubin, E.M.; Breslow, J.L. Severe hypercholesterolemia and atherosclerosis in apolipoprotein E-deficient mice created by homologous recombination in ES cells. Cell 1992, 71, 343–353. [Google Scholar] [CrossRef] [PubMed]

	



Nakashima, Y.; Plump, A.S.; Raines, E.W.; Breslow, J.L.; Ross, R. ApoE-deficient mice develop lesions of all phases of atherosclerosis throughout the arterial tree. Arter. Thromb. 1994, 14, 133–140. [Google Scholar] [CrossRef] [PubMed]

	



Dhawan, S.S.; Avati Nanjundappa, R.P.; Branch, J.R.; Taylor, W.R.; Quyyumi, A.A.; Jo, H.; McDaniel, M.C.; Suo, J.; Giddens, D.; Samady, H. Shear stress and plaque development. Expert. Rev. Cardiovasc. Ther. 2010, 8, 545–556. [Google Scholar] [CrossRef]

	



Ishibashi, S.; Brown, M.S.; Goldstein, J.L.; Gerard, R.D.; Hammer, R.E.; Herz, J. Hypercholesterolemia in low density lipoprotein receptor knockout mice and its reversal by adenovirus-mediated gene delivery. J. Clin. Investig. 1993, 92, 883–893. [Google Scholar] [CrossRef]

	



Getz, G.S.; Reardon, C.A. Do the Apoe-/- and Ldlr-/- Mice Yield the Same Insight on Atherogenesis? Arter. Thromb. Vasc. Biol. 2016, 36, 1734–1741. [Google Scholar] [CrossRef] [PubMed]

	



Rallidis, L.; Naoumova, R.P.; Thompson, G.R.; Nihoyannopoulos, P. Extent and severity of atherosclerotic involvement of the aortic valve and root in familial hypercholesterolaemia. Heart 1998, 80, 583–590. [Google Scholar] [CrossRef] [PubMed]

	



Ishibashi, S.; Goldstein, J.L.; Brown, M.S.; Herz, J.; Burns, D.K. Massive xanthomatosis and atherosclerosis in cholesterol-fed low density lipoprotein receptor-negative mice. J. Clin. Investig. 1994, 93, 1885–1893. [Google Scholar] [CrossRef] [PubMed]

	



Du, W.; Wong, C.; Song, Y.; Shen, H.; Mori, D.; Rotllan, N.; Price, N.; Dobrian, A.D.; Meng, H.; Kleinstein, S.H.; et al. Age-associated vascular inflammation promotes monocytosis during atherogenesis. Aging Cell 2016, 15, 766–777. [Google Scholar] [CrossRef] [PubMed]

	



Flood, C.; Gustafsson, M.; Richardson, P.E.; Harvey, S.C.; Segrest, J.P.; Borén, J. Identification of the proteoglycan binding site in apolipoprotein B48. J. Biol. Chem. 2002, 277, 32228–32233. [Google Scholar] [CrossRef] [PubMed]

	



Bennett, B.J.; Davis, R.C.; Civelek, M.; Orozco, L.; Wu, J.; Qi, H.; Pan, C.; Packard, R.R.; Eskin, E.; Yan, M.; et al. Genetic Architecture of Atherosclerosis in Mice: A Systems Genetics Analysis of Common Inbred Strains. PLoS Genet. 2015, 11, e1005711. [Google Scholar] [CrossRef] [PubMed]

	



von Scheidt, M.; Zhao, Y.; Kurt, Z.; Pan, C.; Zeng, L.; Yang, X.; Schunkert, H.; Lusis, A.J. Applications and Limitations of Mouse Models for Understanding Human Atherosclerosis. Cell Metab. 2017, 25, 248–261. [Google Scholar] [CrossRef] [PubMed]

	



Suo, J.; Ferrara, D.E.; Sorescu, D.; Guldberg, R.E.; Taylor, W.R.; Giddens, D.P. Hemodynamic shear stresses in mouse aortas: Implications for atherogenesis. Arter. Thromb. Vasc. Biol. 2007, 27, 346–351. [Google Scholar] [CrossRef]

	



Crouch, A.C.; Cao, A.A.; Scheven, U.M.; Greve, J.M. In Vivo MRI Assessment of Blood Flow in Arteries and Veins from Head-to-Toe Across Age and Sex in C57BL/6 Mice. Ann. Biomed. Eng. 2020, 48, 329–341. [Google Scholar] [CrossRef]

	



Zhou, Y.Q.; Zhu, S.N.; Foster, F.S.; Cybulsky, M.I.; Henkelman, R.M. Aortic regurgitation dramatically alters the distribution of atherosclerotic lesions and enhances atherogenesis in mice. Arter. Thromb. Vasc. Biol. 2010, 30, 1181–1188. [Google Scholar] [CrossRef]

	



Shimoni, S.; Zilberman, L.; Edri, O.; Bar, I.; Goland, S.; Gendelman, G.; Swissa, M.; Livshitz, S.; Paz, O.; Ayzenberg, O.; et al. Thoracic aortic atherosclerosis in patients with aortic regurgitation. Atherosclerosis 2011, 218, 107–109. [Google Scholar] [CrossRef] [PubMed]

	



Maeda, N.; Johnson, L.; Kim, S.; Hagaman, J.; Friedman, M.; Reddick, R. Anatomical differences and atherosclerosis in apolipoprotein E-deficient mice with 129/SvEv and C57BL/6 genetic backgrounds. Atherosclerosis 2007, 195, 75–82. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, H.; Zhang, J.; Shih, J.; Lopez-Bertoni, F.; Hagaman, J.R.; Maeda, N.; Friedman, M.H. Differences in aortic arch geometry, hemodynamics, and plaque patterns between C57BL/6 and 129/SvEv mice. J. Biomech. Eng. 2009, 131, 121005. [Google Scholar] [CrossRef] [PubMed]

	



Tomita, H.; Zhilicheva, S.; Kim, S.; Maeda, N. Aortic arch curvature and atherosclerosis have overlapping quantitative trait loci in a cross between 129S6/SvEvTac and C57BL/6J apolipoprotein E-null mice. Circ. Res. 2010, 106, 1052–1060. [Google Scholar] [CrossRef] [PubMed]

	



Niu, N.; Xu, S.; Xu, Y.; Little, P.J.; Jin, Z.G. Targeting Mechanosensitive Transcription Factors in Atherosclerosis. Trends Pharmacol. Sci. 2019, 40, 253–266. [Google Scholar] [CrossRef] [PubMed]

	



Tamargo, I.A.; Baek, K.I.; Kim, Y.; Park, C.; Jo, H. Flow-induced reprogramming of endothelial cells in atherosclerosis. Nat. Rev. Cardiol. 2023, 20, 738–753. [Google Scholar] [CrossRef] [PubMed]

	



Wu, D.; Huang, R.T.; Hamanaka, R.B.; Krause, M.; Oh, M.J.; Kuo, C.H.; Nigdelioglu, R.; Meliton, A.Y.; Witt, L.; Dai, G.; et al. HIF-1α is required for disturbed flow-induced metabolic reprogramming in human and porcine vascular endothelium. Elife 2017, 6, e25217. [Google Scholar] [CrossRef] [PubMed]

	



Green, J.P.; Souilhol, C.; Xanthis, I.; Martinez-Campesino, L.; Bowden, N.P.; Evans, P.C.; Wilson, H.L. Atheroprone flow activates inflammation via endothelial ATP-dependent P2X7-p38 signalling. Cardiovasc. Res. 2018, 114, 324–335. [Google Scholar] [CrossRef] [PubMed]

	



Bennett, B.J.; Wang, S.S.; Wang, X.; Wu, X.; Lusis, A.J. Genetic regulation of atherosclerotic plaque size and morphology in the innominate artery of hyperlipidemic mice. Arter. Thromb. Vasc. Biol. 2009, 29, 348–355. [Google Scholar] [CrossRef]

	



Kandangwa, P.; Torii, R.; Gatehouse, P.D.; Sherwin, S.J.; Weinberg, P.D. Influence of right coronary artery motion, flow pulsatility and non-Newtonian rheology on wall shear stress metrics. Front. Bioeng. Biotechnol. 2022, 10, 962687. [Google Scholar] [CrossRef]

	



Teupser, D.; Persky, A.D.; Breslow, J.L. Induction of atherosclerosis by low-fat, semisynthetic diets in LDL receptor-deficient C57BL/6J and FVB/NJ mice: Comparison of lesions of the aortic root, brachiocephalic artery, and whole aorta (en face measurement). Arter. Thromb. Vasc. Biol. 2003, 23, 1907–1913. [Google Scholar] [CrossRef] [PubMed]

	



Tamminen, M.; Mottino, G.; Qiao, J.H.; Breslow, J.L.; Frank, J.S. Ultrastructure of early lipid accumulation in ApoE-deficient mice. Arter. Thromb. Vasc. Biol. 1999, 19, 847–853. [Google Scholar] [CrossRef]

	



Zhang, X.; Fernández-Hernando, C. Transport of LDLs into the arterial wall: Impact in atherosclerosis. Curr. Opin. Lipidol. 2020, 31, 279–285. [Google Scholar] [CrossRef]

	



Huang, L.; Chambliss, K.L.; Gao, X.; Yuhanna, I.S.; Behling-Kelly, E.; Bergaya, S.; Ahmed, M.; Michaely, P.; Luby-Phelps, K.; Darehshouri, A.; et al. SR-B1 drives endothelial cell LDL transcytosis via DOCK4 to promote atherosclerosis. Nature 2019, 569, 565–569. [Google Scholar] [CrossRef]

	



Yurdagul, A., Jr.; Finney, A.C.; Woolard, M.D.; Orr, A.W. The arterial microenvironment: The where and why of atherosclerosis. Biochem. J. 2016, 473, 1281–1295. [Google Scholar] [CrossRef] [PubMed]

	



Ghaffari, S.; Naderi Nabi, F.; Sugiyama, M.G.; Lee, W.L. Estrogen Inhibits LDL (Low-Density Lipoprotein) Transcytosis by Human Coronary Artery Endothelial Cells via GPER (G-Protein-Coupled Estrogen Receptor) and SR-BI (Scavenger Receptor Class B Type 1). Arter. Thromb. Vasc. Biol. 2018, 38, 2283–2294. [Google Scholar] [CrossRef] [PubMed]

	



Bell, F.P.; Somer, J.B.; Craig, I.H.; Schwartz, C.J. Patterns of aortic Evans blue uptake in vivo and in vitro. Atherosclerosis 1972, 16, 369–375. [Google Scholar] [CrossRef]

	



Schwenke, D.C.; Carew, T.E. Quantification in vivo of increased LDL content and rate of LDL degradation in normal rabbit aorta occurring at sites susceptible to early atherosclerotic lesions. Circ. Res. 1988, 62, 699–710. [Google Scholar] [CrossRef] [PubMed]

	



Witting, P.K.; Pettersson, K.; Letters, J.; Stocker, R. Site-specific antiatherogenic effect of probucol in apolipoprotein E-deficient mice. Arter. Thromb. Vasc. Biol. 2000, 20, E26–E33. [Google Scholar] [CrossRef]

	



Mineo, C. Lipoprotein receptor signalling in atherosclerosis. Cardiovasc. Res. 2020, 116, 1254–1274. [Google Scholar] [CrossRef]

	



Saddar, S.; Mineo, C.; Shaul, P.W. Signaling by the high-affinity HDL receptor scavenger receptor B type I. Arter. Thromb. Vasc. Biol. 2010, 30, 144–150. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Sessa, W.C.; Fernández-Hernando, C. Endothelial Transcytosis of Lipoproteins in Atherosclerosis. Front. Cardiovasc. Med. 2018, 5, 130. [Google Scholar] [CrossRef] [PubMed]

	



Caligiuri, G.; Levy, B.; Pernow, J.; Thorén, P.; Hansson, G.K. Myocardial infarction mediated by endothelin receptor signaling in hypercholesterolemic mice. Proc. Natl. Acad. Sci. USA 1999, 96, 6920–6924. [Google Scholar] [CrossRef] [PubMed]

	



Cozen, A.E.; Moriwaki, H.; Kremen, M.; DeYoung, M.B.; Dichek, H.L.; Slezicki, K.I.; Young, S.G.; Véniant, M.; Dichek, D.A. Macrophage-targeted overexpression of urokinase causes accelerated atherosclerosis, coronary artery occlusions, and premature death. Circulation 2004, 109, 2129–2135. [Google Scholar] [CrossRef] [PubMed]

	



Braun, A.; Trigatti, B.L.; Post, M.J.; Sato, K.; Simons, M.; Edelberg, J.M.; Rosenberg, R.D.; Schrenzel, M.; Krieger, M. Loss of SR-BI expression leads to the early onset of occlusive atherosclerotic coronary artery disease, spontaneous myocardial infarctions, severe cardiac dysfunction, and premature death in apolipoprotein E-deficient mice. Circ. Res. 2002, 90, 270–276. [Google Scholar] [CrossRef] [PubMed]

	



Fuller, M.; Dadoo, O.; Serkis, V.; Abutouk, D.; MacDonald, M.; Dhingani, N.; Macri, J.; Igdoura, S.A.; Trigatti, B.L. The effects of diet on occlusive coronary artery atherosclerosis and myocardial infarction in scavenger receptor class B, type 1/low-density lipoprotein receptor double knockout mice. Arter. Thromb. Vasc. Biol. 2014, 34, 2394–2403. [Google Scholar] [CrossRef] [PubMed]

	



Braun, A.; Zhang, S.; Miettinen, H.E.; Ebrahim, S.; Holm, T.M.; Vasile, E.; Post, M.J.; Yoerger, D.M.; Picard, M.H.; Krieger, J.L.; et al. Probucol prevents early coronary heart disease and death in the high-density lipoprotein receptor SR-BI/apolipoprotein E double knockout mouse. Proc. Natl. Acad. Sci. USA 2003, 100, 7283–7288. [Google Scholar] [CrossRef]

	



Yesilaltay, A.; Daniels, K.; Pal, R.; Krieger, M.; Kocher, O. Loss of PDZK1 causes coronary artery occlusion and myocardial infarction in Paigen diet-fed apolipoprotein E deficient mice. PLoS ONE 2009, 4, e8103. [Google Scholar] [CrossRef]

	



Fernández-Hernando, C.; Ackah, E.; Yu, J.; Suárez, Y.; Murata, T.; Iwakiri, Y.; Prendergast, J.; Miao, R.Q.; Birnbaum, M.J.; Sessa, W.C. Loss of Akt1 leads to severe atherosclerosis and occlusive coronary artery disease. Cell Metab. 2007, 6, 446–457. [Google Scholar] [CrossRef]

	



Kuhlencordt, P.J.; Gyurko, R.; Han, F.; Scherrer-Crosbie, M.; Aretz, T.H.; Hajjar, R.; Picard, M.H.; Huang, P.L. Accelerated atherosclerosis, aortic aneurysm formation, and ischemic heart disease in apolipoprotein E/endothelial nitric oxide synthase double-knockout mice. Circulation 2001, 104, 448–454. [Google Scholar] [CrossRef]

	



Zhang, S.; Picard, M.H.; Vasile, E.; Zhu, Y.; Raffai, R.L.; Weisgraber, K.H.; Krieger, M. Diet-induced occlusive coronary atherosclerosis, myocardial infarction, cardiac dysfunction, and premature death in scavenger receptor class B type I-deficient, hypomorphic apolipoprotein ER61 mice. Circulation 2005, 111, 3457–3464. [Google Scholar] [CrossRef]

	



Pei, Y.; Chen, X.; Aboutouk, D.; Fuller, M.T.; Dadoo, O.; Yu, P.; White, E.J.; Igdoura, S.A.; Trigatti, B.L. SR-BI in bone marrow derived cells protects mice from diet induced coronary artery atherosclerosis and myocardial infarction. PLoS ONE 2013, 8, e72492. [Google Scholar] [CrossRef]

	



Van Eck, M.; Bos, I.S.; Hildebrand, R.B.; Van Rij, B.T.; Van Berkel, T.J. Dual role for scavenger receptor class B, type I on bone marrow-derived cells in atherosclerotic lesion development. Am. J. Pathol. 2004, 165, 785–794. [Google Scholar] [CrossRef] [PubMed]

	



Mineo, C.; Shaul, P.W. Functions of scavenger receptor class B, type I in atherosclerosis. Curr. Opin. Lipidol. 2012, 23, 487–493. [Google Scholar] [CrossRef]

	



Smith, J.D.; Trogan, E.; Ginsberg, M.; Grigaux, C.; Tian, J.; Miyata, M. Decreased atherosclerosis in mice deficient in both macrophage colony-stimulating factor (op) and apolipoprotein E. Proc. Natl. Acad. Sci. USA 1995, 92, 8264–8268. [Google Scholar] [CrossRef] [PubMed]

	



Rajavashisth, T.; Qiao, J.H.; Tripathi, S.; Tripathi, J.; Mishra, N.; Hua, M.; Wang, X.P.; Loussararian, A.; Clinton, S.; Libby, P.; et al. Heterozygous osteopetrotic (op) mutation reduces atherosclerosis in LDL receptor- deficient mice. J. Clin. Investig. 1998, 101, 2702–2710. [Google Scholar] [CrossRef]

	



Paulson, K.E.; Zhu, S.N.; Chen, M.; Nurmohamed, S.; Jongstra-Bilen, J.; Cybulsky, M.I. Resident intimal dendritic cells accumulate lipid and contribute to the initiation of atherosclerosis. Circ. Res. 2010, 106, 383–390. [Google Scholar] [CrossRef] [PubMed]

	



Cybulsky, M.I.; Cheong, C.; Robbins, C.S. Macrophages and Dendritic Cells: Partners in Atherogenesis. Circ. Res. 2016, 118, 637–652. [Google Scholar] [CrossRef]

	



Zhu, S.N.; Chen, M.; Jongstra-Bilen, J.; Cybulsky, M.I. GM-CSF regulates intimal cell proliferation in nascent atherosclerotic lesions. J. Exp. Med. 2009, 206, 2141–2149. [Google Scholar] [CrossRef]

	



Combadière, C.; Potteaux, S.; Rodero, M.; Simon, T.; Pezard, A.; Esposito, B.; Merval, R.; Proudfoot, A.; Tedgui, A.; Mallat, Z. Combined inhibition of CCL2, CX3CR1, and CCR5 abrogates Ly6C(hi) and Ly6C(lo) monocytosis and almost abolishes atherosclerosis in hypercholesterolemic mice. Circulation 2008, 117, 1649–1657. [Google Scholar] [CrossRef]

	



Combadière, C.; Potteaux, S.; Gao, J.L.; Esposito, B.; Casanova, S.; Lee, E.J.; Debré, P.; Tedgui, A.; Murphy, P.M.; Mallat, Z. Decreased atherosclerotic lesion formation in CX3CR1/apolipoprotein E double knockout mice. Circulation 2003, 107, 1009–1016. [Google Scholar] [CrossRef] [PubMed]

	



Lesnik, P.; Haskell, C.A.; Charo, I.F. Decreased atherosclerosis in CX3CR1-/- mice reveals a role for fractalkine in atherogenesis. J. Clin. Investig. 2003, 111, 333–340. [Google Scholar] [CrossRef] [PubMed]

	



Swirski, F.K.; Libby, P.; Aikawa, E.; Alcaide, P.; Luscinskas, F.W.; Weissleder, R.; Pittet, M.J. Ly-6Chi monocytes dominate hypercholesterolemia-associated monocytosis and give rise to macrophages in atheromata. J. Clin. Investig. 2007, 117, 195–205. [Google Scholar] [CrossRef] [PubMed]

	



Tacke, F.; Alvarez, D.; Kaplan, T.J.; Jakubzick, C.; Spanbroek, R.; Llodra, J.; Garin, A.; Liu, J.; Mack, M.; van Rooijen, N.; et al. Monocyte subsets differentially employ CCR2, CCR5, and CX3CR1 to accumulate within atherosclerotic plaques. J. Clin. Investig. 2007, 117, 185–194. [Google Scholar] [CrossRef] [PubMed]

	



Teupser, D.; Pavlides, S.; Tan, M.; Gutierrez-Ramos, J.C.; Kolbeck, R.; Breslow, J.L. Major reduction of atherosclerosis in fractalkine (CX3CL1)-deficient mice is at the brachiocephalic artery, not the aortic root. Proc. Natl. Acad. Sci. USA 2004, 101, 17795–17800. [Google Scholar] [CrossRef] [PubMed]

	



Reardon, C.A.; Blachowicz, L.; White, T.; Cabana, V.; Wang, Y.; Lukens, J.; Bluestone, J.; Getz, G.S. Effect of immune deficiency on lipoproteins and atherosclerosis in male apolipoprotein E-deficient mice. Arter. Thromb. Vasc. Biol. 2001, 21, 1011–1016. [Google Scholar] [CrossRef] [PubMed]

	



Reardon, C.A.; Blachowicz, L.; Lukens, J.; Nissenbaum, M.; Getz, G.S. Genetic background selectively influences innominate artery atherosclerosis: Immune system deficiency as a probe. Arter. Thromb. Vasc. Biol. 2003, 23, 1449–1454. [Google Scholar] [CrossRef] [PubMed]

	



Getz, G.S.; Reardon, C.A. Natural killer T cells in atherosclerosis. Nat. Rev. Cardiol. 2017, 14, 304–314. [Google Scholar] [CrossRef] [PubMed]

	



VanderLaan, P.A.; Reardon, C.A.; Cabana, V.G.; Wang, C.R.; Getz, G.S. Invariant Natural Killer T-Cells and Total CD1d Restricted Cells Differentially Influence Lipid Metabolism and Atherosclerosis in Low Density Receptor Deficient Mice. Int. J. Mol. Sci. 2019, 20, 4566. [Google Scholar] [CrossRef]

	



Šedý, J.; Bekiaris, V.; Ware, C.F. Tumor necrosis factor superfamily in innate immunity and inflammation. Cold Spring Harb. Perspect. Biol. 2014, 7, a016279. [Google Scholar] [CrossRef]

	



Grandoch, M.; Feldmann, K.; Göthert, J.R.; Dick, L.S.; Homann, S.; Klatt, C.; Bayer, J.K.; Waldheim, J.N.; Rabausch, B.; Nagy, N.; et al. Deficiency in lymphotoxin β receptor protects from atherosclerosis in apoE-deficient mice. Circ. Res. 2015, 116, e57–e68. [Google Scholar] [CrossRef] [PubMed]

	



Gräbner, R.; Lötzer, K.; Döpping, S.; Hildner, M.; Radke, D.; Beer, M.; Spanbroek, R.; Lippert, B.; Reardon, C.A.; Getz, G.S.; et al. Lymphotoxin beta receptor signaling promotes tertiary lymphoid organogenesis in the aorta adventitia of aged ApoE-/- mice. J. Exp. Med. 2009, 206, 233–248. [Google Scholar] [CrossRef] [PubMed]

	



Hu, D.; Yin, C.; Luo, S.; Habenicht, A.J.R.; Mohanta, S.K. Vascular Smooth Muscle Cells Contribute to Atherosclerosis Immunity. Front. Immunol. 2019, 10, 1101. [Google Scholar] [CrossRef] [PubMed]

	



Hu, D.; Mohanta, S.K.; Yin, C.; Peng, L.; Ma, Z.; Srikakulapu, P.; Grassia, G.; MacRitchie, N.; Dever, G.; Gordon, P.; et al. Artery Tertiary Lymphoid Organs Control Aorta Immunity and Protect against Atherosclerosis via Vascular Smooth Muscle Cell Lymphotoxin β Receptors. Immunity 2015, 42, 1100–1115. [Google Scholar] [CrossRef] [PubMed]

	



Cole, J.E.; Georgiou, E.; Monaco, C. The expression and functions of toll-like receptors in atherosclerosis. Mediat. Inflamm. 2010, 2010, 393946. [Google Scholar] [CrossRef] [PubMed]

	



Mullick, A.E.; Soldau, K.; Kiosses, W.B.; Bell, T.A., 3rd; Tobias, P.S.; Curtiss, L.K. Increased endothelial expression of Toll-like receptor 2 at sites of disturbed blood flow exacerbates early atherogenic events. J. Exp. Med. 2008, 205, 373–383. [Google Scholar] [CrossRef] [PubMed]

	



Goulopoulou, S.; McCarthy, C.G.; Webb, R.C. Toll-like Receptors in the Vascular System: Sensing the Dangers Within. Pharmacol. Rev. 2016, 68, 142–167. [Google Scholar] [CrossRef] [PubMed]

	



Mullick, A.E.; Tobias, P.S.; Curtiss, L.K. Modulation of atherosclerosis in mice by Toll-like receptor 2. J. Clin. Investig. 2005, 115, 3149–3156. [Google Scholar] [CrossRef] [PubMed]

	



Sutmuller, R.P.; den Brok, M.H.; Kramer, M.; Bennink, E.J.; Toonen, L.W.; Kullberg, B.J.; Joosten, L.A.; Akira, S.; Netea, M.G.; Adema, G.J. Toll-like receptor 2 controls expansion and function of regulatory T cells. J. Clin. Investig. 2006, 116, 485–494. [Google Scholar] [CrossRef]

	



Li, X.; Ma, Z.; Zhu, Y.Z. Regional Heterogeneity of Perivascular Adipose Tissue: Morphology, Origin, and Secretome. Front. Pharmacol. 2021, 12, 697720. [Google Scholar] [CrossRef]

	



Kim, H.W.; Belin de Chantemèle, E.J.; Weintraub, N.L. Perivascular Adipocytes in Vascular Disease. Arter. Thromb. Vasc. Biol. 2019, 39, 2220–2227. [Google Scholar] [CrossRef] [PubMed]

	



Bae, J.; Ricciardi, C.J.; Esposito, D.; Komarnytsky, S.; Hu, P.; Curry, B.J.; Brown, P.L.; Gao, Z.; Biggerstaff, J.P.; Chen, J.; et al. Activation of pattern recognition receptors in brown adipocytes induces inflammation and suppresses uncoupling protein 1 expression and mitochondrial respiration. Am. J. Physiol. Cell Physiol. 2014, 306, C918–C930. [Google Scholar] [CrossRef] [PubMed]

	



Ye, M.; Ruan, C.C.; Fu, M.; Xu, L.; Chen, D.; Zhu, M.; Zhu, D.; Gao, P. Developmental and functional characteristics of the thoracic aorta perivascular adipocyte. Cell Mol. Life Sci. 2019, 76, 777–789. [Google Scholar] [CrossRef] [PubMed]

	



Eberhardt, N.; Giannarelli, C. How Single-Cell Technologies Have Provided New Insights Into Atherosclerosis. Arter. Thromb. Vasc. Biol. 2022, 42, 243–252. [Google Scholar] [CrossRef]








[image: Ijms 25 06375 g001] 





Figure 1. Factors contributing to site specificity of atherosclerosis. While shear stress induced by blood flow has an important role in priming cells in the artery wall for susceptibility or resistance to atherosclerosis, the response to risk factors at atherosusceptible sites may be differentially impacted by other factors that result in lesion initiation and progression proceeding at different rates at different sites along the artery wall. SR-B1, scavenger receptor B1, PVAT, perivascular adipose tissue. 
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