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Cardiovascular disease (CVD) is a class of diseases with high disability and mortality rates. In the elderly population, the incidence of cardiovascular disease is increasing annually. Between 1990 and 2016, the age-standardised prevalence of CVD in China significantly increased by 14.7%, and the number of cardiovascular disease deaths increased from 2.51 million to 3.97 million. Much research has indicated that cardiovascular disease is closely related to inflammation, immunity, injury and repair. Chemokines, which induce directed chemotaxis of reactive cells, are divided into four subfamilies: CXC, CC, CX3C, and XC. As cytokines, CXC chemokines are similarly involved in inflammation, immunity, injury, and repair and play a role in many cardiovascular diseases, such as atherosclerosis, myocardial infarction, cardiac ischaemia-reperfusion injury, hypertension, aortic aneurysm, cardiac fibrosis, postcardiac rejection, and atrial fibrillation. Here, we explored the relationship between the chemokine CXC subset and cardiovascular disease and its mechanism of action with the goal of further understanding the onset of cardiovascular disease.
Keywords: CXC chemokines, cardiovascular disease, atherosclerosis, hypertension, myocardial infarction and rejection after heart transplantation
INTRODUCTION
Cardiovascular disease is a long-standing major health problem. Because of its many influencing factors, complex symptoms, rapid changes in disease, and poor prognosis, cardiovascular disease has become the most important cause of death worldwide and has gradually begun to show increasing trends among younger people in recent years. Chemokines are a class of small molecular cytokines that can induce directed chemotaxis in response to activating G protein-coupled receptors (GPCRs). According to the arrangement of amino acid (N-terminal) cysteines, chemokines can be divided into four subgroups: CXC, CC, C and CX3C. Chemokines can be expressed by activated endothelial cells (ECs), smooth muscle cells (SMCs) and migrating leukocytes (Liu et al., 2019; Zernecke et al., 2008; Hartmann et al., 2015). To date, 17 CXC chemokines have been found in humans, most of which are involved in cardiovascular disease. CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, and CXCL8 have proinflammatory effects, mainly through the recruitment of monocytes by CXCR2. In addition, CXCL9, CXCL10 and CXCL11 induce immune cell infiltration through CXCR3; CXCL12 recruits progenitor cells and leukocytes mainly through CXCR4, playing both proinflammatory and repair roles; and CXCL16 induces T cell recruitment by CXCR6. In addition, CXCL4 forms a heterodimer with CCL5 and induces the entry of monocytes into the endothelium. Studies of CXC chemokines associated with cardiovascular disease suggest that they play an important role in the progression of cardiovascular disease. They may therefore be potential intervention targets for multiple cardiovascular diseases.
Characteristics of CXC Chemokines
As a class of small secreted proteins, chemokines are best known for stimulating cell migration. These chemokines, including CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7 and CXCL8, act through receptors CXCR1 and CXCR2 to mediate neutrophil function. In contrast, CXCL4 plays a role by binding to CCL5 to form heterodimers, mainly promoting monocyte recruitment (Rajarathnam et al., 2019). In addition, CXCL9, CXCL10 and CXCL11 are inflammatory chemokines that share a common receptor, CXCR3. They mainly guide the recruitment of activated T cells to exert immune functions and, to some extent, inhibit angiogenesis (Metzemaekers et al., 2017). Another study found that CXCL12, along with its two receptors CXCR4 and CXCR7, was associated with the migration of haematopoietic progenitor cells and stem cells, ECs and most leukocytes. CXCL12 mainly recruits progenitor cells and white blood cells through CXCR4, while CXCR7 mainly inhibits the CXCL12/CXCR4 axis. Additionally, CXCL12 can regulate lipid metabolism (Janssens et al., 2018; Gao et al., 2019). CXCL16 can mediate the migration of T cells through CXCR6 and can also be used as a scavenger receptor for the oxidation of low-density lipoprotein (Sheikine and Sirsjo, 2008). Chemokines play a variety of roles in inflammation, immunity, injury repair and other processes. The recruited cells and major sources of CXC chemokine family members in disease are listed in Table 1.
TABLE 1 | Recruitment cells of CXC chemokines and their main source.
[image: Table 1]Signalling Pathway of CXC Chemokines
Chemokines are first expressed by activated endothelial cells (ECs), white blood cells and smooth muscle cells (SMCs), which can exist reversibly in the form of monomers and dimers (Graham et al., 2019). They are then captured by glycoaminoglycans (GAGs) on the surface of endothelial cells and presented to white blood cells as a soluble “cloud”. Among them, the affinity between the dimer and GAGs is higher (Rajarathnam et al., 2019). Eventually, chemokines bind to receptors on the corresponding cells to initiate downstream signals.
G-protein-coupled receptors (GPCRs) are the largest and most diverse group of membrane receptors in eukaryotes. Intracellular G protein is first activated upon chemokine binding to GPCR, which is a heterotrimer with alpha (α), beta (β), and gamma (γ) subunits. The combination of chemokines and GPCRs changes the conformation of GPCRs to activate the G protein. G proteins then bind GTP to activate and dissociate into α- and βγ-subunits, and the α subunit binds to adenosine cyclase and activates it under Mg2+ to convert ATP into cAMP. Subsequently, cAMP-dependent protein kinase A (PKA) is activated and enters the nucleus, regulating the expression of associated genes. However, chemokine-mediated chemotaxis is mainly induced through release of the βγ-subunit (Neptune and Bourne, 1997). Gβγ activates the phosphoinositide 3-kinase (PI3K) and phosphoinositol-specific phospholipase Cβ (PLC)/inositol triphosphate (IP3)/diacyl glycerol pathways (Thelen et al., 1995). The receptors, signalling pathways, and main roles of the CXC chemokine family members are shown in Table 2.
TABLE 2 | Receptors, signaling pathways of CXC chemokines, and their role in cardiovascular disease.
[image: Table 2]CXC CHEMOKINES AND CARDIOVASCULAR DISEASES
CXC Chemokines and Atherosclerosis
Atherosclerosis is a slow progressive disease, and its initial lesions are mainly due to vascular endothelial damage and local accumulation of oxidised low-density lipoprotein (oxLDL) in the aorta. Subsequently, lipids deposited within the blood vessels and cytokines released by impaired ECs induce monocyte-directed chemotaxis (Barlic and Murphy, 2007). Foam cells are formed after oxLDL is phagocytosed by infiltrating monocytes, which is also a marker of the early course of atherosclerosis (Apostolakis et al., 2010). As a class of cytokines, CXC chemokines are involved in the process of atherosclerosis (Figure 1).
[image: Figure 1]FIGURE 1 | The role of CXC Chemokines in atherosclerosis.Chemokines mainly control the migration of neutrophils, monocytes, T cells, smooth muscle progenitor cells and angiogenic cells in atherosclerosis. CXCL1 and CXCL8 recruit neutrophils through the PI3K / AKT pathway and plays a pro-inflammatory role. CXCL4 forms heterodimers with CCL5 to recruit monocytes. CXCL9, CXCL10 and CXCL11 recruit T cells through STAT3, STAT6 pathway, exacerbating tissue inflammation. And CXCL12 recruits smooth muscle progenitor cells, angiogenic cells and inflammatory cells, which also plays a pro-inflammatory role and a protective role. In addition, CXCL16 recruits T cells and acts as an oxLDL clearance receptor.
At present, research on CXC chemokines and atherosclerosis has mostly been conducted in animals, and clinical research is limited. Animal studies have shown that CXCL1 and its receptor CXCR2 are highly expressed in mouse atherosclerotic plaques. Under hypercholesterolemia, activated endothelial cells express CXCL1, which can recruit monocytes and neutrophils to the lesion through its receptor CXCR2 (Greaves et al., 2001; Soehnlein et al., 2013). Boisvert et al. established a chimeric mouse model of CXCR2 and LDLR deficiency and found that the atherosclerotic lesions of mice were reduced. CXCL1 promotes the development of atherosclerosis by regulating the migration, diffusion, and differentiation of macrophages (Boisvert et al., 2006). However, another study showed that CXCL1 stabilises plaques in the late stages of atherosclerosis. Herlea-Pana et al. found that endothelial progenitor cells (EPC) express CXCR2, the receptor of CXCL1, and can be recruited to the plaque site in the late stage of atherosclerosis to accelerate plaque regression. Under the condition of decreased blood lipids, the expression of CXCR2 on the surface of white blood cells decreased, and CXCL1 expression increased, which undoubtedly increased the recruitment effect of CXCL1 on EPCs (Yao et al., 2012; Herlea-Pana et al., 2015). These studies have shown that CXCL1 promotes inflammation early in atherosclerosis but plays a protective role in late atherosclerosis by promoting plaque stability and regression. Stable plaques generally cause stenosis or obstruction of the arteries and are rarely fatal in the absence of myocardial scarring. However, unstable plaques are prone to rupture and bleeding and cause acute cardiovascular events. It is therefore necessary to stabilise early atherosclerotic plaques (Bentzon et al., 2014).
Previous studies have shown that CXCL4 in plasma can promote the binding of monocytes to ECs by forming a heterodimer with CCL5 to enter the subendothelial space and promote atherosclerotic lesions (Domschke and Gleissner, 2019; von Hundelshausen et al., 2005). In a clinical study, researchers did not find evidence that CXCL4 levels are directly associated with coronary artery disease (CAD) (Erbel et al., 2015). However, inhibition of CCL5 with CCR5 reduced the recruitment and activation of inflammatory cells and prevented CCR5-mediated mechanical dysfunction of cardiomyocytes in the SIV/macaque model of HIV (Kelly et al., 2014).
Clinical evidence has suggested a negative correlation between CXCL5 plasma levels and CAD severity. Moreover, several CXCL5 and CXCR2 aggregates were observed in coronary atherosclerotic plaques, suggesting that CXCL5 plays a protective role in CAD (Ravi et al., 2017). Animal studies have demonstrated that foam cells and macrophages accumulate in atherosclerotic plaques and decrease collagen content in Apoe−/− mice with inhibition of CXCL5. This result suggests that CXCL5 may delay the progression of atherosclerosis by limiting macrophage accumulation and foam cell formation (Rousselle et al., 2013).
Almost all nucleated cells can produce CXCL8. However, it is mainly overexpressed in diseased macrophages, ECs and SMCs (Apostolakis et al., 2009). Animal experiments have demonstrated that CXCL8 can rapidly cause rolling monocytes to adhere firmly onto monolayers expressing E-selectin, whereas related chemokines do not (Boisvert et al., 2006). Studies have shown a significant reduction in atherosclerosis in CXCL8 and LDLR deficiency, although this decrease occurs in only half of the mice with CXCR2 and LDLR deficiency. This also suggests that CXCL8 can, to some extent, promote the development of atherosclerosis through the recruitment of macrophages (Gerszten et al., 1999).
IFN-γ can stimulate endothelial cells to produce CXCL9, CXCL10, and CXCL11 to recruit and retain activated T cells at the atherosclerotic site (Mach et al., 1999). In patients with stable angina, all three chemokine levels were elevated (de Oliveira et al., 2009). Heller et al. demonstrated that CXCL10 can stimulate atherosclerosis by inhibiting the aggregation of regulatory T cells (Tregs) to lesion sites and recruiting activated T cells. CXCL9 and CXCL11 share a common receptor with CXCL10, i.e., CXCR3; thus, we speculate that they may play the same role. On the one hand, the formation of atherosclerotic lesions in mice was significantly inhibited, and cell proliferation and cell activation at the lesion site were also reduced after knockout of the CXCR3 gene (Veillard et al., 2005; Heller et al., 2006). On the other hand, using CXLCL10-neutralising antibodies to treat Apoe−/− mice with unstable plaques, Dolf Segers et al. found that the atherosclerotic plaques were more stable. Additionally, in human arterial intima specimens, they observed that higher human plasma CXCL10 levels correlated with more unstable plaques. All of this evidence suggests that CXCL10 may be positively associated with unstable atherosclerotic plaques (Segers et al., 2011).
The role of CXCL12 in atherosclerosis is controversial, although there is substantial evidence indicating that CXCL12 plays a protective role. Through the use of intravenous CXCL12 to treat Apoe−/− mice, Akhtar et al. observed that the fibrous cap of diseased plaques in mice was thickened and that smooth muscle cells increased, but the lesion size did not change significantly (Akhtar et al., 2013). The injured endothelial cells release apoptotic bodies to induce peripheral vascular cells to produce CXCL12, which can recruit smooth muscle progenitor cells and promote atherosclerotic stable plaque formation (Zernecke et al., 2009). Plasma CXCL12 levels in CAD patients were lower than those in healthy individuals, and plasma CXCL12 levels in advanced atherosclerotic mice were also lower than those in normal mice. This suggests that CXCL12 may have antiatherosclerotic effects (Damas et al., 2002; Xu et al., 2011). Mice treated with the CXCR4 inhibitor AMD3465 had increased lesions and leucocytosis in the plaque, suggesting that CXCL12 might resist atherosclerosis by regulating neutrophil release. Zernecke et al. also found that CXCL12 can protect endothelial integrity via CXCR4 through recruitment of angiogenic cells (Zernecke et al., 2008). Additionally, there is evidence that CXCL12 has proatherogenic effects. According to epidemiological investigations, CXCL12 levels were positively correlated with the risk of CAD onset (Sjaarda et al., 2018). Reduced aortic lesions were observed in mice with arterial endothelial (EC)-specific CXCL12 deficiency, suggesting that CXCL12 from ECs can promote atherosclerosis (Doring et al., 2019). Ma et al. found that CXCL12 can promote macrophage phagocytosis by activating its other receptor, CXCR7, which activates the JNK and P38 pathways and leads to atherosclerosis (Ma et al., 2013). CXCL12 can also promote neointimal formation by recruiting smooth muscle progenitor cells and stimulating vascular smooth muscle cell (VSMC) proliferation. After treating mice with the CXCL12 antagonist NOX-A12, both intralesion SMCs and neointimal hyperplasia were observed (Thomas et al., 2015; Zernecke et al., 2005). Moreover, CXCL12 can also recruit EPCs to promote neovascularization in injured arteries (Kanzler et al., 2013). An increase in CXCL12 expression, which can cause platelet aggregation and prolong survival of the thrombus, was found in patients with angina pectoris (Kraemer et al., 2010; Ohtsuka et al., 2017). Neointima formation, neoangiogenesis and platelet aggregation all aggravate atherosclerosis.
Clinical studies have shown a significant increase in serum CXCL16 concentrations in patients with atherosclerosis (Wang et al., 2010). The CXCL16 gene polymorphism rs3744700 is closely related to coronary heart disease and can increase the risk of coronary heart disease (Tian et al., 2015). Another study showed that CXCL16 levels were significantly positively correlated with the severity of coronary atherosclerotic heart disease (Xing et al., 2018). Many studies have found that, when CXCL16 levels increase, the probability of poor prognosis in patients with coronary syndrome also increases (Jansson et al., 2009; Andersen et al., 2019). Soluble SR-PSOX/CXCL16 is significantly reduced in acute coronary syndrome, and its specificity and sensitivity are higher than those of high-sensitivity C-reactive proteins. Therefore, Mitsuoka et al. proposed that soluble SR-PSOX/CXCL16 could serve as a biomarker for ACS (Mitsuoka et al., 2009). CXCL16 can recruit T cells expressing CXCR6 and promote local inflammation aggravation. Moreover, mice lacking CXCR6 showed reduced lesions (Zernecke et al., 2008). In addition, CXCL16 acts as an oxLDL clearance receptor to fight atherosclerosis, and the phagocytosis of oxLDL by macrophages in CXCL16-deficient mice was decreased. Furthermore, CXCL16−/−/LDLR−/− mice showed accelerated atherosclerotic lesions. This evidence confirms the antiatherosclerotic effects of CXCL16 (Aslanian and Charo, 2006).
CXC Chemokines and Myocardial Infarction and Cardiac Ischaemia Reperfusion Injury
Myocardial infarction (MI) occurs mostly in patients with coronary heart disease and is caused by myocardial ischaemia and hypoxia, which are caused by coronary artery occlusion. Injured cardiomyocytes can activate complement, produce reactive oxygen species and induce cytokine upregulation. Upregulated cytokines then recruit leucocytes to the injured site, exacerbating inflammation (Figure 2) (Frangogiannis, 2014; Lu et al., 2015).
[image: Figure 2]FIGURE 2 | CXC chemokines in the Myocardial Infarction and Cardiac Ischaemia Reperfusion Injury. CXCL4 recruited neutrophils in a mouse MI model and inhibited macrophage phagocytosis after MI, exacerbating tissue injury. CXCL5 recruits neutrophils and promotes inflammatory development. CXCL8 recruits inflammatory cells through the PI3K / AKT pathway and plays a pro-inflammatory role. CXCL10 can inhibit fibroblast migration and thus promote tissue repair. CXCL12 recruits both bone marrow-derived progenitors, vascular cells, and Th1 cells, playing both proinflammatory and repair roles. CXCL16 primarily recruits monocytes to promote inflammatory development.
CXCL4 itself has a strong proinflammatory effect. Nevertheless, in the I/R model, Vajen et al. observed a decrease in the area of MI and a decrease in the number of neutrophils in the infarct area by blocking the isomerization of CXCL4 with CCL5. Lindsey et al. also found that infusion of exogenous CXCL4 into MI mice inhibited phagocytosis of macrophages and increased mortality after MI (Vajen et al., 2018; Koenen, 2019; Lindsey et al., 2019). CXCL5 expressed by cardiomyocytes is upregulated in a mouse ischaemia-reperfusion model, while CXCL5 can recruit neutrophils to aggravate myocardial ischaemia-reperfusion injury (Chandrasekar et al., 2001). Furthermore, studies have demonstrated that CXCL8 is upregulated by Ang II in the infarcted myocardium, similarly inducing inflammatory cell infiltration (Nabah et al., 2004; Sun et al., 2019). The use of FR183998 in reperfusion models significantly inhibited the content of CXCL8 and the occurrence of MI (Ohara et al., 2002). According to these studies, CXCL8 can promote MI in the case of myocardial ischaemia. CXCL10 is similarly upregulated in the infarcted myocardium, and animal experiments have shown that CXCL10-deficient mice over-repair and have scarred cardiomyocytes after reperfusion. Furthermore, CXCL10 can inhibit fibroblast migration while promoting wound contraction, playing a protective role in MI (Bujak et al., 2009). The role of CXCL12 in MI is controversial. On the one hand, a great deal of evidence suggests an increase in plasma CXCL12 in patients with myocardial infarction (Zhuang et al., 2009; Kim et al., 2016). In the case of heart damage, CXCL12 can protect cardiomyocytes from IRI damage and improve the proliferation of cardiomyocytes (Bromage et al., 2014; Hou et al., 2015). In the early stages of MI, CXCL12 can recruit bone marrow-derived progenitor cells and vascular cells in the heart, promoting cardiovascular production and cardiac repair (Ghadge et al., 2011; Goldstone et al., 2018). Experiments have shown that the left ventricular MI of mice treated with SDF-1αPEG fibrin patches is better than that of the control group. This suggests that increased local release of CXCL12 can increase stem cell homing and repair damaged hearts (Zhang et al., 2007). On the other hand, experiments have shown that CXCL12 has adverse effects on MI. Mice overexpressing CXCL12 had impaired cardiac function and increased myocardial fibrosis after MI, and high concentrations of CXCL12 can upregulate TNF-α protein to induce cardiomyocyte apoptosis. In addition, CXCL12-deficient mice showed retention of cardiac function and decreased Th1 cell infiltration. This indicates that CXCL12 can aggravate MI by promoting Th1 cell infiltration, cardiomyocyte apoptosis and cardiac fibrosis (Muhlstedt et al., 2016; Jarrah et al., 2018). In the ischaemia-reperfusion model, therapeutic CXCL12 2 hours in advance reduced the myocardial infarction area in mice. This evidence shows that CXCL12 can have a protective effect (Bromage et al., 2019). However, another experiment found that treatment of mice after ischaemia/reperfusion injury with the CXCR4 inhibitor AMD3100 significantly improved cardiac function after reperfusion. This could be due to the inhibition of CXCL12-mediated recruitment of CXCR4+ inflammatory cells (Chen et al., 2010; Jujo et al., 2013; Wang et al., 2019). These opposing results may have been due to the different models used by the two experiments. CXCL12 transgenic overexpressing (Tg) rats promoted inflammation and fibrosis after the induction of myocardial infarction. Another set of experiments using fibrin patches to control the release of CXCL12 to the MI site in mice increased the recruitment of c-kit+ cells to the mouse heart and significantly improved cardiac function. This indicates that the early administration of exogenous CXCL12 may improve cardiac function after myocardial infarction. Plasma CXCL16 levels were similarly elevated in myocardial infarction mice, as CXCL16 exerts a protective function by promoting macrophage phagocyte fragments (Xiao et al., 2014). CXCR6 KO mice showed a smaller infarct size and better cardiac function under I/R induction. This finding indicates that failure of the CXCL16-CXCR6 axis can resist I/R damage (Zhao et al., 2013).
CXC Chemokines and Hypertension
Hypertension is a serious public health problem worldwide. During hypertension, infiltration of immune cells often leads to tissue damage and elevated blood pressure. The injured tissue further releases IFN-γ to promote T lymphocyte migration. Moreover, injured tissues express several kinds of CXC chemokines (such as CXCL1-CXCL8); regulate the accumulation of neutrophils; and promote vascular inflammation, dysfunction and injury (Rudemiller and Crowley, 2017).
A recent study showed elevated blood CXCL1 and CXCL2 levels in spontaneously hypertensive rats (SHRs). Treatment with CXCR2 inhibitors inhibits the accumulation of monocytes/macrophages and reduces the production of proinflammatory cytokines and ROS, thereby weakening cardiac remodelling and improving cardiac function (Zhang et al., 2019; Zhang et al., 2020). Upon hypertension, AngII mediates continuous expression of CXCL8 through the AT1 receptor. Meanwhile, CXCL8 promotes VSMC proliferation through the ERK pathway and increases hypertension (Kim et al., 2008; Kim et al., 2009). Stimulated by hypertension, the tissue may secrete various inflammatory factors, including CXCL10. This view is supported by increased circulating levels in patients with hypertension. CXCL10 induces infiltration of T cells in the kidney, causing T cell-driven inflammation and exacerbating hypertension and kidney damage (Antonelli et al., 2012; Youn et al., 2013). Similarly, AngII induced CXCL16 expression in renal tubular epithelial cells by activating NF-κB. Experiments have shown that the absence of CXCL16 inhibits the recruitment of bone marrow-derived fibroblasts, macrophages, and T cells into the kidney and reduces fibrosis of the renal interstitium (Xia et al., 2013; Ma et al., 2016).
CXC Chemokines and Aortic Aneurysms and Aortic Dissection
Both aortic aneurysm and aortic dissection are associated with the degeneration of aortic elastic mediators, especially loss of SMCs. Among them, the production of reactive oxygen species and inflammatory factors is closely related to the apoptosis of SMCs. Loss of SMCs destroys the integrity of the aortic structure and further exacerbates both lesions (Lopez-Candales et al., 1997; Sakalihasan et al., 2005).
Clinical studies have shown that serum CXCL8 levels in patients with abdominal aortic aneurysms (AAAs) are increased, and neutrophils are recruited. Neutrophil release of multiple matrix degradation proteases (MMPs) induces destruction of aortic extracellular matrix components and VSMC apoptosis in human AAA (Kokje et al., 2018). Another study showed elevated CXCR3 levels in thoracic aortic aneurysms. Animal experiments have shown that CXCR3 is closely related to mouse aneurysms and can promote aneurysm formation (Gallo et al., 2012). Only one study mentioned that upregulation of CXCL10 expression via IFN-γ induction can inhibit the formation and rupture of AAAs. CXCL10 can raise T lymphocyte levels and reduce the enrichment of non-Th1 cytokines at the lesion site, including transforming growth factor-β1 (TGF-β1). Thus, CXCL10 reduces the expansion of aneurysms and delays disease progression by inhibiting TGFβ1-mediated VSMCs (King et al., 2009).
Parietti et al. found a positive correlation between CXCL12 levels and aortic aneurysm size (Parietti et al., 2011). The expression of CXCL12 and CXCR4 genes was significantly increased in AAA, especially CXCR4 in neutrophils (Tanios et al., 2015). Blocking CXCR4 with AMD3100 reduced the infiltration of outer membrane macrophages in experimental AAA and significantly inhibited AAA amplification. This finding suggests that CXCL12 likely aggravates AAA lesions through proinflammatory effects (Michineau et al., 2014). Another study showed that the CXCL12/CXCR4 axis could induce homing of rat bone marrow mesenchymal stem cells (BMSCs) and delay further AAA development (Long et al., 2014). With regard to aortic dissection, only one study showed that CXCL1 levels increased after abdominal aortic dissection (AAD), promoting neutrophil infiltration. Neutrophils can express high levels of IL-6, leading to outer membrane inflammation with dilation and rupture of the aortic arch (Anzai et al., 2015).
CXC Chemokines and Cardiac Fibrosis
Myocardial fibrosis is caused by excessive repair of damaged myocardium. Impaired apoptosis of cardiomyocytes induces the production of a large number of cytokines and promotes the proliferation of myocardial fibroblasts. At the same time, fibroblasts synthesize a large number of collagen fibres to accelerate the repair of damaged tissues, causing heart fibrosis (Figure 3) (Dobaczewski and Frangogiannis, 2009).
[image: Figure 3]FIGURE 3 | CXC chemokines in Cardiac Fibrosis. CXCL8 recruits inflammatory cells through the PI3K / AKT pathway and plays a pro-inflammatory role. CXCL9 promotes the proliferation and migration of fibroblasts through the STAT3 and STAT6 pathway, promoting cardiac fibrosis. Instead, the CXCL10 inhibit fibroblast migration and protects the heart from Cardiac Fibrosis. CXCL12 can promote the proliferation of cardiac fibroblasts (CFs), and recruit inflammatory cells, while exerting pro-inflammatory and repair effects.
Few studies have evaluated CXC chemokines and cardiac fibrosis. One study mentioned that CXCR4 antagonists could delay cardiac fibrosis in mice with type I and II diabetes. In addition, treatment with CXCL12 can cause proliferation and hypertrophy of cardiac fibroblasts (CFs) in mice and promote CFs to produce collagen. This result was more significant in hypertension models (Jackson et al., 2017; Wang et al., 2020). Moreover, CXCL12 itself can promote cardiac repair and delay cardiac fibrosis. After inhibiting the scavenger receptor CXCR7, the fibrosis process slowed in mice (Chu et al., 2015). The effect of CXCL12 on promoting cardiac fibrosis may be due to the recruitment of CXCR4-expressing inflammatory cells that trigger local inflammation and CF activation (Menhaji-Klotz et al., 2018). CXCL8 plays a proinflammatory role in cardiac fibrosis, and increased CXCL9 expression after MI promotes the proliferation and migration of fibroblasts. Unlike CXCL9, however, CXCL10 can inhibit fibroblast migration (Dobaczewski and Frangogiannis, 2009; Turner et al., 2011; Lin et al., 2019).
CXC Chemokines and Atrial Fibrillation
Atrial fibrillation (AF) is a common arrhythmia that is often closely associated with inflammation and atrial fibrosis (Figure 4) (Melenovsky and Lip, 2008).
[image: Figure 4]FIGURE 4 | CXC chemokines in Atrial Fibrillation. CXCL1/2 recruits monocytes/macrophages through the PI3K / AKT pathway to induce atrial fibrillation and ventricular remodeling. CXCL4 is involved in hemostasis and abnormal platelet activation, inducing the development of atrial fibrillation. CXCL8 recruits inflammatory cells through the PI3K / AKT pathway and plays a pro-inflammatory role. CXCL12 recruits inflammatory cells and promotes inflammation associated with cardiac remodeling.
There is growing evidence that inflammatory cells, especially monocytes/macrophages, play an important role in AF. CXCL1/2 regulate the entry of CXCR2+ monocytes/macrophages into cardiac tissues and lead to the further development of AF. In contrast, inhibition of the CXCR2-MAPK (mitogen-activated protein kinase) and nicotinamide adenine dinucleotide phosphoroxidase, NF-κB, and TGFβ-1/Smad2/3 pathways significantly attenuated atrial infiltration in monocytes/macrophages, AF induction, and atrial remodelling in Ang II-infused mice (Zhang et al., 2020). The inflammation resolution-promoting molecule resolvin-D1 reduced CXCL1 and CXCL2 expression in heart tissues of monocrotaline MCT-treated rats and simultaneously attenuated AF induction in MCT rats and reduced the mean AF duration (Hiram et al., 2021). Abnormal haemostasis and platelet activation occurs in permanent AF patients, and Serkan et al. observed high levels of CXCL4 in the plasma of AF patients (Kamath et al., 2002; Topaloglu et al., 2007). A clinical report showed that elevated blood CXCL8 levels in patients with coronary artery bypass transplantation (CABG) were associated with the occurrence of atrial fibrillation. CXCL8 may be produced after reperfusion of ischaemic myocardium (Melenovsky and Lip, 2008; Wu et al., 2008). CXCL12 expression was also increased, especially in patients with permanent and persistent AF. Another clinical study showed a similar increase in CXCR4 expression in AF patients (Stellos et al., 2012). In an AF model, CXCR4 inhibitors blocked hyperactivation of ERK1/2/AKT/mTOR signalling in the atrium, reduced atrial inflammation, and delayed left ventricular remodelling (Larocca et al., 2019; Liu et al., 2021).
CXC Chemokines and Rejection After Heart Transplantation
Rejection is an important complication of heart transplantation, and recruitment of lymphocytes to the transplanted heart leads to organ structure damage, the basis of rejection (Figure 5) (Long et al., 2014).
[image: Figure 5]FIGURE 5 | CXC chemokines in Rejection After Heart Transplantation. CXCL1/2 recruits neutrophils and plays a pro-inflammatory role. CXCL10 can promote T cell infiltration and promote rejection. CXCL12 recruits bone marrow-derived progenitor cells, vascular cells, and inflammatory cells through multiple pathways, promoting rejection and angiopathy. CXCL13 recruits B lymphocytes and promotes rejection. CXCL16 recruits NKT cells and activated CD8+ T cells, which can accelerate acute immune rejection.
Early CXCL1 and CXCL2 expression was increased in blood upon neutrophil infiltration in heart transplant mice (Fairchild et al., 1997; Yun et al., 2000), and treating heart transplant mice with CXCL1/CXCL2 antibodies can prolong heart transplant survival. Wieder et al. also found that the treatment of heart transplant rats with rapamycin prolonged graft survival, and they observed a decrease in CXCL1/CXCL2 content and neutrophil infiltration in these rats (Wieder et al., 1993; El-Sawy et al., 2005).
Previous clinical studies have reported elevated CXCL9 and CXCL10 levels after cardiac transplantation (Ma et al., 2015). After a postoperative follow-up survey of heart transplant patients, Michael et al. found that CXCL10 was significantly induced upon acute rejection, and expression of its receptor CXCR3 was also associated with T cell infiltration (Melter et al., 2001). Moreover, plasma CXCL10 levels decreased in patients who were treated with simvastatin. These data also further confirm that CXCL10 promotes rejection (Nykanen et al., 2019). Animal experiments have shown that treating heart transplant mice with CXCL9 and CXCL10 inhibitors reduces memory T lymphocyte infiltration in the graft and prolongs its survival (Yun et al., 2002; Ma et al., 2015). In a previous study, Michael et al. reported that inhibition of the CXCL12/CXCR4/CXCR7 axis could improve chronic rejection after heart transplantation in mice (Michael et al., 2015). Furthermore, a combination of CXCR4 antagonists and immunosuppressive agents can reduce rejection and angiopathy in a porcine heart transplant model (Hsu et al., 2018). All of these results demonstrate the effect of CXCL12 on rejection after heart transplantation. Moreover, CXCL13 can recruit B lymphocytes through CXCR5 and induce acute immune rejection (Di Carlo et al., 2007). Similarly, in allograft transplantation, CXCL16 can recruit NKT cells and activated CD8+ T cells through CXCR6 and accelerate acute immune rejection (Jiang et al., 2005; Jiang et al., 2010).
CXC Chemokines and Other Cardiovascular Diseases
CXC chemokines are also involved in other types of heart disease, such as cardiomyopathy, viral myocarditis, congenital heart disease and ventricular fibrillation (Delete: However, there are few reports about them).
Anna et al. reported that CXCL1 knockout mice were more likely to survive bur-type spirochete-induced myocarditis, and reduced neutrophil infiltration at the lesion site reduces heart disease (Ritzman et al., 2010). In addition, in acute stress (Takotsubo) cardiomyopathy, CXCL1 expression was upregulated, and the number of monocytes was increased (Scally et al., 2019). In viral myocarditis, Coxsackie virus B type 3 (CVB3) infection induces CXCL2 and CXCL10 expression in myocardial tissue. An upregulation of CXCL10 expression and a decrease in viral titre were also observed in early stage viral myocarditis, indicating that CXCL10 plays a protective role in viral myocarditis (Shen et al., 2003; Yuan et al., 2009). Moreover, studies have shown that cardiomyocyte-specific CXCR4 knockout (CXCR4cKO) mice exhibit progressive cardiomyopathy and that CXCL12 treatment prevents isoproterenol-induced cardiac hypertrophy (Larocca et al., 2019). Another experiment demonstrated that CXCL12 can promote cardiac fibrosis in dilated cardiomyopathy mice (Chu et al., 2019). According to clinical reports, CXCL16 expression is upregulated in patients with inflammatory cardiomyopathy and heart failure (Dahl et al., 2009; Borst et al., 2014). CXCL16 is also elevated in inflammatory valvular heart disease, which mediates the adhesion of CD8+ T cells to ECs through VLA-4 and stimulates CD8+ T cells to produce IFN-γ (Yamauchi et al., 2004). The expression of chemokines varies in cardiovascular disease in human and mouse, and these differences are summarized in Table 3.
TABLE 3 | Expression of several common CXC chemokines in cardiovascular diseases.
[image: Table 3]DISCUSSION
We attempted to describe the expression, signalling pathways, sources and main roles of CXC chemokines in different cardiovascular diseases. First, CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7 and CXCL8 can recruit neutrophils through the common receptor CXCR2; play a proinflammatory role; and promote angiogenesis to some extent. Moreover, CXCL1, CXCL6, and CXCL8 can also recruit inflammatory cells through CXCR1 to promote the development of inflammation. However, CXCL4 is special in cardiovascular disease, as it needs to form a heterodimer with CCL5 to promote monocyte adhesion and play an antiangiogenic role. In addition, CXCL9, CXCL10, and CXCL11 share the same receptor, CXCR3. They promote cellular immunity by recruiting T cells and are often upregulated in heart transplantation and viral infections. Unlike previous CXC chemokines, CXCL12 mainly recruits haematopoietic stem and progenitor cells and can promote the repair of haematopoietic and damaged tissues. However, two roles have been proposed for CXCL12 in cardiovascular disease. CXCL12 can recruit smooth muscle progenitor cells and endothelial progenitor cells through CXCR4, promote the repair of damaged tissues, or recruit inflammatory cells to a certain extent to play a proinflammatory role. In contrast, CXCL14 recruits B lymphocytes with natural killer cells through CXCR4 to play an immune role. CXCL16 also enhances cellular immunity by promoting the adhesion of T cells and some peripheral blood monocytes to endothelial cells.
Here, we report a diverse role of CXC chemokines in cardiovascular disease. Blocking the CXCR2 pathway primarily inhibits the development of cardiac inflammation and may help to improve the prognosis of inflammation-related cardiovascular diseases. In contrast, promoting the antiangiogenic effects of CXCL4 can inhibit tumour development to some extent. The CXCL9,10,11/CXCR3 axis can also play an antitumour role. On the other hand, inhibition of this axis can attenuate the occurrence of immune rejection. This may be a potential target for therapeutic intervention after heart transplantation. Furthermore, inhibition of the CXCL12/CXCR4 axis can improve cardiac fibrosis and promote tissue repair after myocardial infarction. CXC chemokines therefore play an important role in cardiovascular disease and may be potential intervention targets for multiple cardiovascular diseases. However, further research is needed.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
This work was supported by grants from National Natural Science Foundation of China (82070436).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Akhtar, S., Gremse, F., Kiessling, F., Weber, C., and Schober, A. (2013). CXCL12 Promotes the Stabilization of Atherosclerotic Lesions Mediated by Smooth Muscle Progenitor Cells in Apoe-Deficient Mice. Arterioscler Thromb. Vasc. Biol. 33 (4), 679–686. doi:10.1161/ATVBAHA.112.301162
 Andersen, T., Ueland, T., Ghukasyan Lakic, T., Åkerblom, A., Bertilsson, M., Aukrust, P., et al. (2019). C-X-C Ligand 16 Is an Independent Predictor of Cardiovascular Death and Morbidity in Acute Coronary Syndromes. Arterioscler Thromb. Vasc. Biol. 39 (11), 2402–2410. doi:10.1161/ATVBAHA.119.312633
 Antonelli, A., Fallahi, P., Ferrari, S. M., Ghiadoni, L., Virdis, A., Mancusi, C., et al. (2012). High Serum Levels of CXC (CXCL10) and CC (CCL2) Chemokines in Untreated Essential Hypertension. Int. J. Immunopathol Pharmacol. 25 (2), 387–395. doi:10.1177/039463201202500208
 Anzai, A., Shimoda, M., Endo, J., Kohno, T., Katsumata, Y., Matsuhashi, T., et al. (2015). Adventitial CXCL1/G-CSF Expression in Response to Acute Aortic Dissection Triggers Local Neutrophil Recruitment and Activation Leading to Aortic Rupture. Circ. Res. 116 (4), 612–623. doi:10.1161/CIRCRESAHA.116.304918
 Apostolakis, S., Amanatidou, V., and Spandidos, D. A. (2010). Therapeutic Implications of Chemokine-Mediated Pathways in Atherosclerosis: Realistic Perspectives and Utopias. Acta Pharmacol. Sin. 31 (9), 1103–1110. doi:10.1038/aps.2010.131
 Apostolakis, S., Vogiatzi, K., Amanatidou, V., and Spandidos, D. A. (2009). Interleukin 8 and Cardiovascular Disease. Cardiovasc. Res. 84 (3), 353–360. doi:10.1093/cvr/cvp241
 Aslanian, A. M., and Charo, I. F. (2006). Targeted Disruption of the Scavenger Receptor and Chemokine CXCL16 Accelerates Atherosclerosis. Circulation 114 (6), 583–590. doi:10.1161/CIRCULATIONAHA.105.540583
 Barlic, J., and Murphy, P. M. (2007). Chemokine Regulation of Atherosclerosis. J. Leukoc. Biol. 82 (2), 226–236. doi:10.1189/jlb.1206761
 Bentzon, J. F., Otsuka, F., Virmani, R., and Falk, E. (2014). Mechanisms of Plaque Formation and Rupture. Circ. Res. 114 (12), 1852–1866. doi:10.1161/CIRCRESAHA.114.302721
 Bernal, A., San Martín, N., Fernández, M., Covarello, D., Molla, F., Soldo, A., et al. (2012). L-selectin and SDF-1 Enhance the Migration of Mouse and Human Cardiac Mesoangioblasts. Cell Death Differ 19 (2), 345–355. doi:10.1038/cdd.2011.110
 Boisvert, W. A., Rose, D. M., Johnson, K. A., Fuentes, M. E., Lira, S. A., Curtiss, L. K., et al. (2006). Up-regulated Expression of the CXCR2 Ligand KC/GRO-alpha in Atherosclerotic Lesions Plays a central Role in Macrophage Accumulation and Lesion Progression. Am. J. Pathol. 168 (4), 1385–1395. doi:10.2353/ajpath.2006.040748
 Borst, O., Schaub, M., Walker, B., Sauter, M., Muenzer, P., Gramlich, M., et al. (2014). CXCL16 Is a Novel Diagnostic Marker and Predictor of Mortality in Inflammatory Cardiomyopathy and Heart Failure. Int. J. Cardiol. 176 (3), 896–903. doi:10.1016/j.ijcard.2014.08.033
 Bromage, D. I., Davidson, S. M., and Yellon, D. M. (2014). Stromal Derived Factor 1α: a Chemokine that Delivers a Two-Pronged Defence of the Myocardium. Pharmacol. Ther. 143 (3), 305–315. doi:10.1016/j.pharmthera.2014.03.009
 Bromage, D. I., Taferner, S., He, Z., Ziff, O. J., Yellon, D. M., and Davidson, S. M. (2019). Stromal Cell-Derived Factor-1α Signals via the Endothelium to Protect the Heart against Ischaemia-Reperfusion Injury. J. Mol. Cel. Cardiol. 128, 187–197. doi:10.1016/j.yjmcc.2019.02.002
 Bujak, M., Dobaczewski, M., Gonzalez-Quesada, C., Xia, Y., Leucker, T., Zymek, P., et al. (2009). Induction of the CXC Chemokine Interferon-Gamma-Inducible Protein 10 Regulates the Reparative Response Following Myocardial Infarction. Circ. Res. 105 (10), 973–983. doi:10.1161/CIRCRESAHA.109.199471
 Caolo, V., Vries, M., Zupancich, J., Houben, M., Mihov, G., Wagenaar, A., et al. (2016). CXCL1 Microspheres: a Novel Tool to Stimulate Arteriogenesis. Drug Deliv. 23 (8), 2919–2926. doi:10.3109/10717544.2015.1120366
 Chandrasekar, B., Smith, J. B., and Freeman, G. L. (2001). Ischemia-reperfusion of Rat Myocardium Activates Nuclear Factor-KappaB and Induces Neutrophil Infiltration via Lipopolysaccharide-Induced CXC Chemokine. Circulation 103 (18), 2296–2302. doi:10.1161/01.cir.103.18.2296
 Chatterjee, M., and Gawaz, M. (2013). Platelet-derived CXCL12 (SDF-1α): Basic Mechanisms and Clinical Implications. J. Thromb. Haemost. 11 (11), 1954–1967. doi:10.1111/jth.12404
 Chen, J., Chemaly, E., Liang, L., Kho, C., Lee, A., Park, J., et al. (2010). Effects of CXCR4 Gene Transfer on Cardiac Function after Ischemia-Reperfusion Injury. Am. J. Pathol. 176 (4), 1705–1715. doi:10.2353/ajpath.2010.090451
 Cho, H. R., Son, Y., Kim, S. M., Kim, B. Y., Eo, S. K., Park, Y. C., et al. (2017). 7α-Hydroxycholesterol Induces Monocyte/macrophage Cell Expression of Interleukin-8 via C5a Receptor. PLoS One 12 (3), e0173749. doi:10.1371/journal.pone.0173749
 Chu, P. Y., Joshi, M. S., Horlock, D., Kiriazis, H., and Kaye, D. M. (2019). CXCR4 Antagonism Reduces Cardiac Fibrosis and Improves Cardiac Performance in Dilated Cardiomyopathy. Front. Pharmacol. 10, 117. doi:10.3389/fphar.2019.00117
 Chu, P. Y., Walder, K., Horlock, D., Williams, D., Nelson, E., Byrne, M., et al. (2015). CXCR4 Antagonism Attenuates the Development of Diabetic Cardiac Fibrosis. PLoS One 10 (7), e0133616. doi:10.1371/journal.pone.0133616
 Curnock, A. P., and Ward, S. G. (2003). Development and Characterisation of Tetracycline-Regulated Phosphoinositide 3-kinase Mutants: Assessing the Role of Multiple Phosphoinositide 3-kinases in Chemokine Signaling. J. Immunol. Methods 273 (1-2), 29–41. doi:10.1016/s0022-1759(02)00416-7
 Dahl, C. P., Husberg, C., Gullestad, L., Waehre, A., Damås, J. K., Vinge, L. E., et al. (2009). Increased Production of CXCL16 in Experimental and Clinical Heart Failure: a Possible Role in Extracellular Matrix Remodeling. Circ. Heart Fail. 2 (6), 624–632. doi:10.1161/CIRCHEARTFAILURE.108.821074
 Damås, J. K., Waehre, T., Yndestad, A., Ueland, T., Müller, F., Eiken, H. G., et al. (2002). Stromal Cell-Derived Factor-1alpha in Unstable Angina: Potential Antiinflammatory and Matrix-Stabilizing Effects. Circulation 106 (1), 36–42. doi:10.1161/01.cir.0000020001.09990.90
 De Filippo, K., Dudeck, A., Hasenberg, M., Nye, E., van Rooijen, N., Hartmann, K., et al. (2013). Mast Cell and Macrophage Chemokines CXCL1/CXCL2 Control the Early Stage of Neutrophil Recruitment during Tissue Inflammation. Blood 121 (24), 4930–4937. doi:10.1182/blood-2013-02-486217
 de Oliveira, R. T., Mamoni, R. L., Souza, J. R., Fernandes, J. L., Rios, F. J., Gidlund, M., et al. (2009). Differential Expression of Cytokines, Chemokines and Chemokine Receptors in Patients with Coronary Artery Disease. Int. J. Cardiol. 136 (1), 17–26. doi:10.1016/j.ijcard.2008.04.009
 Di Carlo, E., D'Antuono, T., Contento, S., Di Nicola, M., Ballone, E., and Sorrentino, C. (2007). Quilty Effect Has the Features of Lymphoid Neogenesis and Shares CXCL13-CXCR5 Pathway with Recurrent Acute Cardiac Rejections. Am. J. Transpl. 7 (1), 201–210. doi:10.1111/j.1600-6143.2006.01584.x
 Dobaczewski, M., and Frangogiannis, N. G. (2009). Chemokines and Cardiac Fibrosis. Front. Biosci. (Schol Ed. 1, 391–405. doi:10.2741/s33
 Domschke, G., and Gleissner, C. A. (2019). CXCL4-induced Macrophages in Human Atherosclerosis. Cytokine 122, 154141. doi:10.1016/j.cyto.2017.08.021
 Döring, Y., van der Vorst, E. P. C., Duchene, J., Jansen, Y., Gencer, S., Bidzhekov, K., et al. (2019). CXCL12 Derived from Endothelial Cells Promotes Atherosclerosis to Drive Coronary Artery Disease. Circulation 139 (10), 1338–1340. doi:10.1161/CIRCULATIONAHA.118.037953
 El-Sawy, T., Belperio, J. A., Strieter, R. M., Remick, D. G., and Fairchild, R. L. (2005). Inhibition of Polymorphonuclear Leukocyte-Mediated Graft Damage Synergizes with Short-Term Costimulatory Blockade to Prevent Cardiac Allograft Rejection. Circulation 112 (3), 320–331. doi:10.1161/CIRCULATIONAHA.104.516708
 Erbel, C., Korosoglou, G., Ler, P., Akhavanpoor, M., Domschke, G., Linden, F., et al. (2015). CXCL4 Plasma Levels Are Not Associated with the Extent of Coronary Artery Disease or with Coronary Plaque Morphology. PLoS One 10 (11), e0141693. doi:10.1371/journal.pone.0141693
 Fairchild, R. L., Vanbuskirk, A. M., Kondo, T., Wakely, M. E., and Orosz, C. G. (1997). Expression of Chemokine Genes during Rejection and Long-Term Acceptance of Cardiac Allografts. Transplantation 63 (12), 1807–1812. doi:10.1097/00007890-199706270-00018
 Frangogiannis, N. G. (2014). The Inflammatory Response in Myocardial Injury, Repair, and Remodelling. Nat. Rev. Cardiol. 11 (5), 255–265. doi:10.1038/nrcardio.2014.28
 Gallo, A., Saad, A., Ali, R., Dardik, A., Tellides, G., and Geirsson, A. (2012). Circulating Interferon-γ-Inducible Cys-X-Cys Chemokine Receptor 3 Ligands Are Elevated in Humans with Aortic Aneurysms and Cys-X-Cys Chemokine Receptor 3 Is Necessary for Aneurysm Formation in Mice. J. Thorac. Cardiovasc. Surg. 143 (3), 704–710. doi:10.1016/j.jtcvs.2011.08.036
 Gao, J. H., He, L. H., Yu, X. H., Zhao, Z. W., Wang, G., Zou, J., et al. (2019). CXCL12 Promotes Atherosclerosis by Downregulating ABCA1 Expression via the CXCR4/GSK3β/β-cateninT120/TCF21 Pathway. J. Lipid Res. 60 (12), 2020–2033. doi:10.1194/jlr.RA119000100
 Gerszten, R. E., Garcia-Zepeda, E. A., Lim, Y. C., Yoshida, M., Ding, H. A., Gimbrone, M. A., et al. (1999). MCP-1 and IL-8 Trigger Firm Adhesion of Monocytes to Vascular Endothelium under Flow Conditions. Nature 398 (6729), 718–723. doi:10.1038/19546
 Ghadge, S. K., Mühlstedt, S., Ozcelik, C., and Bader, M. (2011). SDF-1α as a Therapeutic Stem Cell Homing Factor in Myocardial Infarction. Pharmacol. Ther. 129 (1), 97–108. doi:10.1016/j.pharmthera.2010.09.011
 Gijsbers, K., Gouwy, M., Struyf, S., Wuyts, A., Proost, P., Opdenakker, G., et al. (2005). GCP-2/CXCL6 Synergizes with Other Endothelial Cell-Derived Chemokines in Neutrophil Mobilization and Is Associated with Angiogenesis in Gastrointestinal Tumors. Exp. Cel Res. 303 (2), 331–342. doi:10.1016/j.yexcr.2004.09.027
 Girbl, T., Lenn, T., Perez, L., Rolas, L., Barkaway, A., Thiriot, A., et al. (2018). Distinct Compartmentalization of the Chemokines CXCL1 and CXCL2 and the Atypical Receptor ACKR1 Determine Discrete Stages of Neutrophil Diapedesis. Immunity 49 (6), 1062–e6. doi:10.1016/j.immuni.2018.09.018
 Goldstone, A. B., Burnett, C. E., Cohen, J. E., Paulsen, M. J., Eskandari, A., Edwards, B. E., et al. (2018). SDF 1-alpha Attenuates Myocardial Injury without Altering the Direct Contribution of Circulating Cells. J. Cardiovasc. Transl Res. 11 (4), 274–284. doi:10.1007/s12265-017-9772-y
 Graham, G. J., Handel, T. M., and Proudfoot, A. E. I. (2019). Leukocyte Adhesion: Reconceptualizing Chemokine Presentation by Glycosaminoglycans. Trends Immunol. 40 (6), 472–481. doi:10.1016/j.it.2019.03.009
 Greaves, D. R., Häkkinen, T., Lucas, A. D., Liddiard, K., Jones, E., Quinn, C. M., et al. (2001). Linked Chromosome 16q13 Chemokines, Macrophage-Derived Chemokine, Fractalkine, and Thymus- and Activation-Regulated Chemokine, Are Expressed in Human Atherosclerotic Lesions. Arterioscler Thromb. Vasc. Biol. 21 (6), 923–929. doi:10.1161/01.atv.21.6.923
 Halvorsen, B., Smedbakken, L. M., Michelsen, A. E., Skjelland, M., Bjerkeli, V., Sagen, E. L., et al. (2014). Activated Platelets Promote Increased Monocyte Expression of CXCR5 through Prostaglandin E2-Related Mechanisms and Enhance the Anti-inflammatory Effects of CXCL13. Atherosclerosis 234 (2), 352–359. doi:10.1016/j.atherosclerosis.2014.03.021
 Hartmann, P., Schober, A., and Weber, C. (2015). Chemokines and microRNAs in Atherosclerosis. Cell. Mol. Life Sci. 72 (17), 3253–3266. doi:10.1007/s00018-015-1925-z
 Heller, E. A., Liu, E., Tager, A. M., Yuan, Q., Lin, A. Y., Ahluwalia, N., et al. (2006). Chemokine CXCL10 Promotes Atherogenesis by Modulating the Local Balance of Effector and Regulatory T Cells. Circulation 113 (19), 2301–2312. doi:10.1161/CIRCULATIONAHA.105.605121
 Herlea-Pana, O., Yao, L., Heuser-Baker, J., Wang, Q., Wang, Q., Georgescu, C., et al. (2015). Chemokine Receptors CXCR2 and CX3CR1 Differentially Regulate Functional Responses of Bone-Marrow Endothelial Progenitors during Atherosclerotic Plaque Regression. Cardiovasc. Res. 106 (2), 324–337. doi:10.1093/cvr/cvv111
 Hiram, R., Xiong, F., Naud, P., Xiao, J., Sirois, M., Tanguay, J. F., et al. (2021). The Inflammation-Resolution Promoting Molecule Resolvin-D1 Prevents Atrial Proarrhythmic Remodelling in Experimental Right Heart Disease. Cardiovasc. Res. 117 (7), 1776–1789. doi:10.1093/cvr/cvaa186
 Hou, C. J., Qi, Y. M., Zhang, D. Z., Wang, Q. G., Cui, C. S., Kuang, L., et al. (2015). The Proliferative and Migratory Effects of Physical Injury and Stromal Cell-Derived Factor-1α on Rat Cardiomyocytes and Fibroblasts. Eur. Rev. Med. Pharmacol. Sci. 19 (7), 1252–1257.
 Hsu, W. T., Lin, C. H., Jui, H. Y., Tseng, Y. H., Shun, C. T., Hsu, M. C., et al. (2018). CXCR4 Antagonist Reduced the Incidence of Acute Rejection and Controlled Cardiac Allograft Vasculopathy in a Swine Heart Transplant Model Receiving a Mycophenolate-Based Immunosuppressive Regimen. Transplantation 102 (12), 2002–2011. doi:10.1097/TP.0000000000002404
 Hui, W., Zhao, C., and Bourgoin, S. G. (2015). LPA Promotes T Cell Recruitment through Synthesis of CXCL13. Mediators Inflamm. 2015, 248492. doi:10.1155/2015/248492
 Isozaki, T., Arbab, A. S., Haas, C. S., Amin, M. A., Arendt, M. D., Koch, A. E., et al. (2013). Evidence that CXCL16 Is a Potent Mediator of Angiogenesis and Is Involved in Endothelial Progenitor Cell Chemotaxis : Studies in Mice with K/BxN Serum-Induced Arthritis. Arthritis Rheum. 65 (7), 1736–1746. doi:10.1002/art.37981
 Izquierdo, M. C., Martin-Cleary, C., Fernandez-Fernandez, B., Elewa, U., Sanchez-Niño, M. D., Carrero, J. J., et al. (2014). CXCL16 in Kidney and Cardiovascular Injury. Cytokine Growth Factor. Rev. 25 (3), 317–325. doi:10.1016/j.cytogfr.2014.04.002
 Jackson, E. K., Zhang, Y., Gillespie, D. D., Zhu, X., Cheng, D., and Jackson, T. C. (2017). SDF-1α (Stromal Cell-Derived Factor 1α) Induces Cardiac Fibroblasts, Renal Microvascular Smooth Muscle Cells, and Glomerular Mesangial Cells to Proliferate, Cause Hypertrophy, and Produce Collagen. J. Am. Heart Assoc. 6 (11), 7253. doi:10.1161/JAHA.117.007253
 Janssens, R., Struyf, S., and Proost, P. (2018). Pathological Roles of the Homeostatic Chemokine CXCL12. Cytokine Growth Factor. Rev. 44, 51–68. doi:10.1016/j.cytogfr.2018.10.004
 Janssens, R., Struyf, S., and Proost, P. (2018). The Unique Structural and Functional Features of CXCL12. Cell. Mol. Immunol. 15 (4), 299–311. doi:10.1038/cmi.2017.107
 Jansson, A. M., Aukrust, P., Ueland, T., Smith, C., Omland, T., Hartford, M., et al. (2009). Soluble CXCL16 Predicts Long-Term Mortality in Acute Coronary Syndromes. Circulation 119 (25), 3181–3188. doi:10.1161/CIRCULATIONAHA.108.806877
 Jarrah, A. A., Schwarskopf, M., Wang, E. R., Larocca, T., Dhume, A., Zhang, S., et al. (2018). SDF-1 Induces TNF-Mediated Apoptosis in Cardiac Myocytes. Apoptosis 23 (1), 79–91. doi:10.1007/s10495-017-1438-3
 Jiang, X., Shimaoka, T., Kojo, S., Harada, M., Watarai, H., Wakao, H., et al. (2005). Cutting Edge: Critical Role of CXCL16/CXCR6 in NKT Cell Trafficking in Allograft Tolerance. J. Immunol. 175 (4), 2051–2055. doi:10.4049/jimmunol.175.4.2051
 Jiang, X., Sun, W., Zhu, L., Guo, D., Jiang, H., Ma, D., et al. (2010). Expression of CXCR6 on CD8(+) T Cells Was Up-Regulated in Allograft Rejection. Transpl. Immunol. 22 (3-4), 179–183. doi:10.1016/j.trim.2009.12.001
 Jujo, K., Ii, M., Sekiguchi, H., Klyachko, E., Misener, S., Tanaka, T., et al. (2013). CXC-chemokine Receptor 4 Antagonist AMD3100 Promotes Cardiac Functional Recovery after Ischemia/reperfusion Injury via Endothelial Nitric Oxide Synthase-dependent Mechanism. Circulation 127 (1), 63–73. doi:10.1161/CIRCULATIONAHA.112.099242
 Kamath, S., Chin, B. S., Blann, A. D., and Lip, G. Y. (2002). A Study of Platelet Activation in Paroxysmal, Persistent and Permanent Atrial Fibrillation. Blood Coagul. Fibrinolysis 13 (7), 627–636. doi:10.1097/00001721-200210000-00008
 Kanzler, I., Tuchscheerer, N., Steffens, G., Simsekyilmaz, S., Konschalla, S., Kroh, A., et al. (2013). Differential Roles of Angiogenic Chemokines in Endothelial Progenitor Cell-Induced Angiogenesis. Basic Res. Cardiol. 108 (1), 310. doi:10.1007/s00395-012-0310-4
 Karin, N. (2020). CXCR3 Ligands in Cancer and Autoimmunity, Chemoattraction of Effector T Cells, and beyond. Front. Immunol. 11, 976. doi:10.3389/fimmu.2020.00976
 Karin, N. (2010). The Multiple Faces of CXCL12 (SDF-1alpha) in the Regulation of Immunity during Health and Disease. J. Leukoc. Biol. 88 (3), 463–473. doi:10.1189/jlb.0909602
 Kelly, K. M., Tocchetti, C. G., Lyashkov, A., Tarwater, P. M., Bedja, D., Graham, D. R., et al. (2014). CCR5 Inhibition Prevents Cardiac Dysfunction in the SIV/macaque Model of HIV. J. Am. Heart Assoc. 3 (2), e000874. doi:10.1161/JAHA.114.000874
 Kim, B. S., Jacobs, D., Emontzpohl, C., Goetzenich, A., Soppert, J., Jarchow, M., et al. (2016). Myocardial Ischemia Induces SDF-1α Release in Cardiac Surgery Patients. J. Cardiovasc. Transl Res. 9 (3), 230–238. doi:10.1007/s12265-016-9689-x
 Kim, H. Y., Kang, Y. J., Song, I. H., Choi, H. C., and Kim, H. S. (2008). Upregulation of interleukin-8/CXCL8 in Vascular Smooth Muscle Cells from Spontaneously Hypertensive Rats. Hypertens. Res. 31 (3), 515–523. doi:10.1291/hypres.31.515
 Kim, J. H., Kang, Y. J., and Kim, H. S. (2009). IL-8/CXCL8 Upregulates 12-Lipoxygenase Expression in Vascular Smooth Muscle Cells from Spontaneously Hypertensive Rats. Immune Netw. 9 (3), 106–113. doi:10.4110/in.2009.9.3.106
 King, V. L., Lin, A. Y., Kristo, F., Anderson, T. J., Ahluwalia, N., Hardy, G. J., et al. (2009). Interferon-gamma and the Interferon-Inducible Chemokine CXCL10 Protect against Aneurysm Formation and Rupture. Circulation 119 (3), 426–435. doi:10.1161/CIRCULATIONAHA.108.785949
 Koenen, R. R. (2019). No Hearty Reception: Infusion of CXCL4 Impedes Tissue Repair by Macrophages after Myocardial Infarction. Cardiovasc. Res. 115 (2), 264–265. doi:10.1093/cvr/cvy241
 Kokje, V. B. C., Gäbel, G., Dalman, R. L., Koole, D., Northoff, B. H., Holdt, L. M., et al. (2018). CXCL8 Hyper-Signaling in the Aortic Abdominal Aneurysm. Cytokine 108, 96–104. doi:10.1016/j.cyto.2018.03.031
 Kraemer, B. F., Borst, O., Gehring, E. M., Schoenberger, T., Urban, B., Ninci, E., et al. (2010). PI3 Kinase-dependent Stimulation of Platelet Migration by Stromal Cell-Derived Factor 1 (SDF-1). J. Mol. Med. (Berl) 88 (12), 1277–1288. doi:10.1007/s00109-010-0680-8
 Larocca, T. J., Altman, P., Jarrah, A. A., Gordon, R., Wang, E., Hadri, L., et al. (2019). CXCR4 Cardiac Specific Knockout Mice Develop a Progressive Cardiomyopathy. Int. J. Mol. Sci. 20 (9), 2267. doi:10.3390/ijms20092267
 Lee, C. W., Chung, S. W., Bae, M. J., Song, S., Kim, S. P., and Kim, K. (2015). Peptidoglycan Up-Regulates CXCL8 Expression via Multiple Pathways in Monocytes/Macrophages. Biomol. Ther. (Seoul) 23 (6), 564–570. doi:10.4062/biomolther.2015.053
 Lentini, G., Famà, A., Biondo, C., Mohammadi, N., Galbo, R., Mancuso, G., et al. (2020). Neutrophils Enhance Their Own Influx to Sites of Bacterial Infection via Endosomal TLR-dependent Cxcl2 Production. J. Immunol. 204 (3), 660–670. doi:10.4049/jimmunol.1901039
 Li, X., Sun, W., Xi, W., Shen, W., Wei, T., Chen, W., et al. (2018). Transplantation of Skin Mesenchymal Stem Cells Attenuated AngII-Induced Hypertension and Vascular Injury. Biochem. Biophys. Res. Commun. 497 (4), 1068–1075. doi:10.1016/j.bbrc.2018.02.180
 Liekens, S., Schols, D., and Hatse, S. (2010). CXCL12-CXCR4 axis in Angiogenesis, Metastasis and Stem Cell Mobilization. Curr. Pharm. Des. 16 (35), 3903–3920. doi:10.2174/138161210794455003
 Lin, C. F., Su, C. J., Liu, J. H., Chen, S. T., Huang, H. L., and Pan, S. L. (2019). Potential Effects of CXCL9 and CCL20 on Cardiac Fibrosis in Patients with Myocardial Infarction and Isoproterenol-Treated Rats. J. Clin. Med. 8 (5), 659. doi:10.3390/jcm8050659
 Lindsey, M. L., Jung, M., Yabluchanskiy, A., Cannon, P. L., Iyer, R. P., Flynn, E. R., et al. (2019). Exogenous CXCL4 Infusion Inhibits Macrophage Phagocytosis by Limiting CD36 Signalling to Enhance post-myocardial Infarction Cardiac Dilation and Mortality. Cardiovasc. Res. 115 (2), 395–408. doi:10.1093/cvr/cvy211
 Linke, B., Meyer Dos Santos, S., Picard-Willems, B., Keese, M., Harder, S., Geisslinger, G., et al. (2019). CXCL16/CXCR6-mediated Adhesion of Human Peripheral Blood Mononuclear Cells to Inflamed Endothelium. Cytokine 122, 154081. doi:10.1016/j.cyto.2017.06.008
 Liu, P., Sun, H., Zhou, X., Wang, Q., Gao, F., Fu, Y., et al. (2021). CXCL12/CXCR4 axis as a Key Mediator in Atrial Fibrillation via Bioinformatics Analysis and Functional Identification. Cell Death Dis 12 (9), 813. doi:10.1038/s41419-021-04109-5
 Liu, S., Li, Y., Zeng, X., Wang, H., Yin, P., Wang, L., et al. (2019). Burden of Cardiovascular Diseases in China, 1990-2016: Findings from the 2016 Global Burden of Disease Study. JAMA Cardiol. 4 (4), 342–352. doi:10.1001/jamacardio.2019.0295
 Liu, X., Asokan, S. B., Bear, J. E., and Haugh, J. M. (2016). Quantitative Analysis of B-Lymphocyte Migration Directed by CXCL13. Integr. Biol. (Camb) 8 (8), 894–903. doi:10.1039/c6ib00128a
 Long, M. Y., Li, H. H., Pen, X. Z., Huang, M. Q., Luo, D. Y., and Wang, P. S. (2014). Expression of Chemokine Receptor-4 in Bone Marrow Mesenchymal Stem Cells on Experimental Rat Abdominal Aortic Aneurysms and the Migration of Bone Marrow Mesenchymal Stem Cells with Stromal-Derived Factor-1. Kaohsiung J. Med. Sci. 30 (5), 224–228. doi:10.1016/j.kjms.2013.12.005
 López-Candales, A., Holmes, D. R., Liao, S., Scott, M. J., Wickline, S. A., and Thompson, R. W. (1997). Decreased Vascular Smooth Muscle Cell Density in Medial Degeneration of Human Abdominal Aortic Aneurysms. Am. J. Pathol. 150 (3), 993–1007.
 Lu, J., Chatterjee, M., Schmid, H., Beck, S., and Gawaz, M. (2016). CXCL14 as an Emerging Immune and Inflammatory Modulator. J. Inflamm. (Lond) 13, 1. doi:10.1186/s12950-015-0109-9
 Lu, L., Liu, M., Sun, R., Zheng, Y., and Zhang, P. (2015). Myocardial Infarction: Symptoms and Treatments. Cell Biochem. Biophys. 72 (3), 865–867. doi:10.1007/s12013-015-0553-4
 Ma, T., Xu, J., Zhuang, J., Zhou, X., Lin, L., Shan, Z., et al. (2015). Combination of C-X-C Motif Chemokine 9 and C-X-C Motif Chemokine 10 Antibodies with FTY720 Prolongs the Survival of Cardiac Retransplantation Allografts in a Mouse Model. Exp. Ther. Med. 9 (3), 1006–1012. doi:10.3892/etm.2015.2204
 Ma, W., Liu, Y., Ellison, N., and Shen, J. (2013). Induction of C-X-C Chemokine Receptor Type 7 (CXCR7) Switches Stromal Cell-Derived Factor-1 (SDF-1) Signaling and Phagocytic Activity in Macrophages Linked to Atherosclerosis. J. Biol. Chem. 288 (22), 15481–15494. doi:10.1074/jbc.M112.445510
 Ma, Z., Jin, X., He, L., and Wang, Y. (2016). CXCL16 Regulates Renal Injury and Fibrosis in Experimental Renal Artery Stenosis. Am. J. Physiol. Heart Circ. Physiol. 311 (3), H815–H821. doi:10.1152/ajpheart.00948.2015
 Mach, F., Sauty, A., Iarossi, A. S., Sukhova, G. K., Neote, K., Libby, P., et al. (1999). Differential Expression of Three T Lymphocyte-Activating CXC Chemokines by Human Atheroma-Associated Cells. J. Clin. Invest. 104 (8), 1041–1050. doi:10.1172/JCI6993
 Mccullagh, B. N., Costello, C. M., Li, L., O'Connell, C., Codd, M., Lawrie, A., et al. (2015). Elevated Plasma CXCL12α Is Associated with a Poorer Prognosis in Pulmonary Arterial Hypertension. PLoS One 10 (4), e0123709. doi:10.1371/journal.pone.0123709
 Mei, J., Liu, Y., Dai, N., Favara, M., Greene, T., Jeyaseelan, S., et al. (2010). CXCL5 Regulates Chemokine Scavenging and Pulmonary Host Defense to Bacterial Infection. Immunity 33 (1), 106–117. doi:10.1016/j.immuni.2010.07.009
 Melenovsky, V., and Lip, G. Y. (2008). Interleukin-8 and Atrial Fibrillation. Europace 10 (7), 784–785. doi:10.1093/europace/eun154
 Melter, M., Exeni, A., Reinders, M. E., Fang, J. C., Mcmahon, G., Ganz, P., et al. (2001). Expression of the Chemokine Receptor CXCR3 and its Ligand IP-10 during Human Cardiac Allograft Rejection. Circulation 104 (21), 2558–2564. doi:10.1161/hc4601.098010
 Menhaji-Klotz, E., Hesp, K. D., Londregan, A. T., Kalgutkar, A. S., Piotrowski, D. W., Boehm, M., et al. (2018). Discovery of a Novel Small-Molecule Modulator of C-X-C Chemokine Receptor Type 7 as a Treatment for Cardiac Fibrosis. J. Med. Chem. 61 (8), 3685–3696. doi:10.1021/acs.jmedchem.8b00190
 Metzemaekers, M., Vanheule, V., Janssens, R., Struyf, S., and Proost, P. (2017). Overview of the Mechanisms that May Contribute to the Non-redundant Activities of Interferon-Inducible CXC Chemokine Receptor 3 Ligands. Front. Immunol. 8, 1970. doi:10.3389/fimmu.2017.01970
 Meuter, S., and Moser, B. (2008). Constitutive Expression of CXCL14 in Healthy Human and Murine Epithelial Tissues. Cytokine 44 (2), 248–255. doi:10.1016/j.cyto.2008.08.009
 Michineau, S., Franck, G., Wagner-Ballon, O., Dai, J., Allaire, E., and Gervais, M. (2014). Chemokine (C-X-C Motif) Receptor 4 Blockade by AMD3100 Inhibits Experimental Abdominal Aortic Aneurysm Expansion through Anti-inflammatory Effects. Arterioscler Thromb. Vasc. Biol. 34 (8), 1747–1755. doi:10.1161/ATVBAHA.114.303913
 Mitsuoka, H., Toyohara, M., Kume, N., Hayashida, K., Jinnai, T., Tanaka, M., et al. (2009). Circulating Soluble SR-PSOX/CXCL16 as a Biomarker for Acute Coronary Syndrome -comparison with High-Sensitivity C-Reactive Protein. J. Atheroscler. Thromb. 16 (5), 586–593. doi:10.5551/jat.1081
 Miura, M., Morita, K., Kobayashi, H., Hamilton, T. A., Burdick, M. D., Strieter, R. M., et al. (2001). Monokine Induced by IFN-Gamma Is a Dominant Factor Directing T Cells into Murine Cardiac Allografts during Acute Rejection. J. Immunol. 167 (6), 3494–3504. doi:10.4049/jimmunol.167.6.3494
 Miyake, M., Goodison, S., Urquidi, V., Gomes Giacoia, E., and Rosser, C. J. (2013). Expression of CXCL1 in Human Endothelial Cells Induces Angiogenesis through the CXCR2 Receptor and the ERK1/2 and EGF Pathways. Lab. Invest. 93 (7), 768–778. doi:10.1038/labinvest.2013.71
 Mousavi, A. (2020). CXCL12/CXCR4 Signal Transduction in Diseases and its Molecular Approaches in Targeted-Therapy. Immunol. Lett. 217, 91–115. doi:10.1016/j.imlet.2019.11.007
 Mühlstedt, S., Ghadge, S. K., Duchene, J., Qadri, F., Järve, A., Vilianovich, L., et al. (2016). Cardiomyocyte-derived CXCL12 Is Not Involved in Cardiogenesis but Plays a Crucial Role in Myocardial Infarction. J. Mol. Med. (Berl) 94 (9), 1005–1014. doi:10.1007/s00109-016-1432-1
 Nabah, Y. N., Mateo, T., Estellés, R., Mata, M., Zagorski, J., Sarau, H., et al. (2004). Angiotensin II Induces Neutrophil Accumulation In Vivo through Generation and Release of CXC Chemokines. Circulation 110 (23), 3581–3586. doi:10.1161/01.CIR.0000148824.93600.F3
 Neptune, E. R., and Bourne, H. R. (1997). Receptors Induce Chemotaxis by Releasing the Betagamma Subunit of Gi, Not by Activating Gq or Gs. Proc. Natl. Acad. Sci. U S A. 94 (26), 14489–14494. doi:10.1073/pnas.94.26.14489
 Nykänen, A. I., Holmström, E. J., Tuuminen, R., Krebs, R., Dhaygude, K., Kankainen, M., et al. (2019). Donor Simvastatin Treatment in Heart Transplantation. Circulation 140 (8), 627–640. doi:10.1161/CIRCULATIONAHA.119.039932
 Ohara, F., Ohkubo, K., Maeda, K., Seki, J., and Goto, T. (2002). FR183998, a Na+/H+ Exchange Inhibitor, Suppresses Both IL-8 Content and Myocardial Infarct Size in a Cardiac Ischaemia-Reperfusion Model in Rats. J. Pharm. Pharmacol. 54 (2), 263–268. doi:10.1211/0022357021778295
 Ohtsuka, H., Iguchi, T., Hayashi, M., Kaneda, M., Iida, K., Shimonaka, M., et al. (2017). SDF-1α/CXCR4 Signaling in Lipid Rafts Induces Platelet Aggregation via PI3 Kinase-dependent Akt Phosphorylation. PLoS One 12 (1), e0169609. doi:10.1371/journal.pone.0169609
 Parietti, E., Pallandre, J. R., Deschaseaux, F., Aupècle, B., Durst, C., Kantelip, J. P., et al. (2011). Presence of Circulating Endothelial Progenitor Cells and Levels of Stromal-Derived Factor-1α Are Associated with Ascending Aorta Aneurysm Size. Eur. J. Cardiothorac. Surg. 40 (1), e6–12. doi:10.1016/j.ejcts.2011.02.065
 Petreaca, M. L., Yao, M., Liu, Y., Defea, K., and Martins-Green, M. (2007). Transactivation of Vascular Endothelial Growth Factor Receptor-2 by Interleukin-8 (IL-8/CXCL8) Is Required for IL-8/CXCL8-induced Endothelial Permeability. Mol. Biol. Cel. 18 (12), 5014–5023. doi:10.1091/mbc.e07-01-0004
 Pillai, M. M., Iwata, M., Awaya, N., Graf, L., and Torok-Storb, B. (2006). Monocyte-derived CXCL7 Peptides in the Marrow Microenvironment. Blood 107 (9), 3520–3526. doi:10.1182/blood-2005-10-4285
 Rajarathnam, K., Schnoor, M., Richardson, R. M., and Rajagopal, S. (2019). How Do Chemokines Navigate Neutrophils to the Target Site: Dissecting the Structural Mechanisms and Signaling Pathways. Cell. Signal. 54, 69–80. doi:10.1016/j.cellsig.2018.11.004
 Ravi, S., Schuck, R. N., Hilliard, E., Lee, C. R., Dai, X., Lenhart, K., et al. (2017). Clinical Evidence Supports a Protective Role for CXCL5 in Coronary Artery Disease. Am. J. Pathol. 187 (12), 2895–2911. doi:10.1016/j.ajpath.2017.08.006
 Ritzman, A. M., Hughes-Hanks, J. M., Blaho, V. A., Wax, L. E., Mitchell, W. J., and Brown, C. R. (2010). The Chemokine Receptor CXCR2 Ligand KC (CXCL1) Mediates Neutrophil Recruitment and Is Critical for Development of Experimental Lyme Arthritis and Carditis. Infect. Immun. 78 (11), 4593–4600. doi:10.1128/IAI.00798-10
 Rousselle, A., Qadri, F., Leukel, L., Yilmaz, R., Fontaine, J. F., Sihn, G., et al. (2013). CXCL5 Limits Macrophage Foam Cell Formation in Atherosclerosis. J. Clin. Invest. 123 (3), 1343–1347. doi:10.1172/JCI66580
 Rudemiller, N. P., and Crowley, S. D. (2017). The Role of Chemokines in Hypertension and Consequent Target Organ Damage. Pharmacol. Res. 119, 404–411. doi:10.1016/j.phrs.2017.02.026
 Sakalihasan, N., Limet, R., and Defawe, O. D. (2005). Abdominal Aortic Aneurysm. Lancet 365 (9470), 1577–1589. doi:10.1016/S0140-6736(05)66459-8
 Scally, C., Abbas, H., Ahearn, T., Srinivasan, J., Mezincescu, A., Rudd, A., et al. (2019). Myocardial and Systemic Inflammation in Acute Stress-Induced (Takotsubo) Cardiomyopathy. Circulation 139 (13), 1581–1592. doi:10.1161/CIRCULATIONAHA.118.037975
 Schenk, B. I., Petersen, F., Flad, H. D., and Brandt, E. (2002). Platelet-derived Chemokines CXC Chemokine Ligand (CXCL)7, Connective Tissue-Activating Peptide III, and CXCL4 Differentially Affect and Cross-Regulate Neutrophil Adhesion and Transendothelial Migration. J. Immunol. 169 (5), 2602–2610. doi:10.4049/jimmunol.169.5.2602
 Schwartzkopff, F., Petersen, F., Grimm, T. A., and Brandt, E. (2012). CXC Chemokine Ligand 4 (CXCL4) Down-Regulates CC Chemokine Receptor Expression on Human Monocytes. Innate Immun. 18 (1), 124–139. doi:10.1177/1753425910388833
 Segers, D., Lipton, J. A., Leenen, P. J., Cheng, C., Tempel, D., Pasterkamp, G., et al. (2011). Atherosclerotic Plaque Stability Is Affected by the Chemokine CXCL10 in Both Mice and Humans. Int. J. Inflam 2011, 936109. doi:10.4061/2011/936109
 Sheikine, Y., and Sirsjö, A. (2008). CXCL16/SR-PSOX--a Friend or a Foe in Atherosclerosis?Atherosclerosis 197 (2), 487–495. doi:10.1016/j.atherosclerosis.2007.11.034
 Shen, Y., Xu, W., Shao, X. A., Chen, R. Z., Yang, Y. Z., and Xiong, S. D. (2003). Infection of Coxsackievirus Group B Type 3 Regulates the Expression Profile of Chemokines in Myocardial Tissue/cells. Zhonghua Yi Xue Za Zhi 83 (11), 981–985.
 Silva-Cardoso, S. C., Affandi, A. J., Spel, L., Cossu, M., van Roon, J. A. G., Boes, M., et al. (2017). CXCL4 Exposure Potentiates TLR-Driven Polarization of Human Monocyte-Derived Dendritic Cells and Increases Stimulation of T Cells. J. Immunol. 199 (1), 253–262. doi:10.4049/jimmunol.1602020
 Sjaarda, J., Gerstein, H., Chong, M., Yusuf, S., Meyre, D., Anand, S. S., et al. (2018). Blood CSF1 and CXCL12 as Causal Mediators of Coronary Artery Disease. J. Am. Coll. Cardiol. 72 (3), 300–310. doi:10.1016/j.jacc.2018.04.067
 Soehnlein, O., Drechsler, M., Döring, Y., Lievens, D., Hartwig, H., Kemmerich, K., et al. (2013). Distinct Functions of Chemokine Receptor Axes in the Atherogenic Mobilization and Recruitment of Classical Monocytes. EMBO Mol. Med. 5 (3), 471–481. doi:10.1002/emmm.201201717
 Sotsios, Y., and Ward, S. G. (2000). Phosphoinositide 3-kinase: a Key Biochemical Signal for Cell Migration in Response to Chemokines. Immunol. Rev. 177, 217–235. doi:10.1034/j.1600-065x.2000.17712.x
 Stellos, K., Rahmann, A., Kilias, A., Ruf, M., Sopova, K., Stamatelopoulos, K., et al. (2012). Expression of Platelet-Bound Stromal Cell-Derived Factor-1 in Patients with Non-valvular Atrial Fibrillation and Ischemic Heart Disease. J. Thromb. Haemost. 10 (1), 49–55. doi:10.1111/j.1538-7836.2011.04547.x
 Sun, Y., Wang, Y., Yang, H., Lu, Y., Zhu, G., Yang, L., et al. (2019). Interleukin 8 Targeted Contrast Echocardiography Is Effective to Evaluate Myocardial Ischemia-Reperfusion Injury in the Rabbits. Biomed. Pharmacother. 109, 1346–1350. doi:10.1016/j.biopha.2018.10.126
 Tabata, S., Kadowaki, N., Kitawaki, T., Shimaoka, T., Yonehara, S., Yoshie, O., et al. (2005). Distribution and Kinetics of SR-PSOX/CXCL16 and CXCR6 Expression on Human Dendritic Cell Subsets and CD4+ T Cells. J. Leukoc. Biol. 77 (5), 777–786. doi:10.1189/jlb.1204733
 Tanios, F., Pelisek, J., Lutz, B., Reutersberg, B., Matevossian, E., Schwamborn, K., et al. (2015). CXCR4: A Potential Marker for Inflammatory Activity in Abdominal Aortic Aneurysm Wall. Eur. J. Vasc. Endovasc Surg. 50 (6), 745–753. doi:10.1016/j.ejvs.2015.07.040
 Thelen, M., Uguccioni, M., and Bösiger, J. (1995). PI 3-kinase-dependent and Independent Chemotaxis of Human Neutrophil Leukocytes. Biochem. Biophys. Res. Commun. 217 (3), 1255–1262. doi:10.1006/bbrc.1995.2903
 Thomas, M. N., Kalnins, A., Andrassy, M., Wagner, A., Klussmann, S., Rentsch, M., et al. (2015). SDF-1/CXCR4/CXCR7 Is Pivotal for Vascular Smooth Muscle Cell Proliferation and Chronic Allograft Vasculopathy. Transpl. Int. 28 (12), 1426–1435. doi:10.1111/tri.12651
 Tian, J., Hu, S., Wang, F., Yang, X., Li, Y., and Huang, C. (2015). PPARG, AGTR1, CXCL16 and LGALS2 Polymorphisms Are Correlated with the Risk for Coronary Heart Disease. Int. J. Clin. Exp. Pathol. 8 (3), 3138–3143.
 Topaloglu, S., Boyaci, A., Ayaz, S., Yilmaz, S., Yanik, O., Ozdemir, O., et al. (2007). Coagulation, Fibrinolytic System Activation and Endothelial Dysfunction in Patients with Mitral Stenosis and Sinus Rhythm. Angiology 58 (1), 85–91. doi:10.1177/0003319706297917
 Turner, N. A., Das, A., O'Regan, D. J., Ball, S. G., and Porter, K. E. (2011). Human Cardiac Fibroblasts Express ICAM-1, E-Selectin and CXC Chemokines in Response to Proinflammatory Cytokine Stimulation. Int. J. Biochem. Cel Biol 43 (10), 1450–1458. doi:10.1016/j.biocel.2011.06.008
 Uppaluri, R., Sheehan, K. C., Wang, L., Bui, J. D., Brotman, J. J., Lu, B., et al. (2008). Prolongation of Cardiac and Islet Allograft Survival by a Blocking Hamster Anti-mouse CXCR3 Monoclonal Antibody. Transplantation 86 (1), 137–147. doi:10.1097/TP.0b013e31817b8e4b
 Vajen, T., Koenen, R. R., Werner, I., Staudt, M., Projahn, D., Curaj, A., et al. (2018). Blocking CCL5-CXCL4 Heteromerization Preserves Heart Function after Myocardial Infarction by Attenuating Leukocyte Recruitment and NETosis. Sci. Rep. 8 (1), 10647. doi:10.1038/s41598-018-29026-0
 Van Raemdonck, K., Van den Steen, P. E., Liekens, S., Van Damme, J., and Struyf, S. (2015). CXCR3 Ligands in Disease and Therapy. Cytokine Growth Factor. Rev. 26 (3), 311–327. doi:10.1016/j.cytogfr.2014.11.009
 Vandercappellen, J., Van Damme, J., and Struyf, S. (2011). The Role of the CXC Chemokines Platelet Factor-4 (CXCL4/PF-4) and its Variant (CXCL4L1/PF-4var) in Inflammation, Angiogenesis and Cancer. Cytokine Growth Factor. Rev. 22 (1), 1–18. doi:10.1016/j.cytogfr.2010.10.011
 Veillard, N. R., Steffens, S., Pelli, G., Lu, B., Kwak, B. R., Gerard, C., et al. (2005). Differential Influence of Chemokine Receptors CCR2 and CXCR3 in Development of Atherosclerosis In Vivo. Circulation 112 (6), 870–878. doi:10.1161/CIRCULATIONAHA.104.520718
 von Hundelshausen, P., Koenen, R. R., Sack, M., Mause, S. F., Adriaens, W., Proudfoot, A. E., et al. (2005). Heterophilic Interactions of Platelet Factor 4 and RANTES Promote Monocyte Arrest on Endothelium. Blood 105 (3), 924–930. doi:10.1182/blood-2004-06-2475
 Wang, K. D., Liu, Z. Z., Wang, R. M., Wang, Y. J., Zhang, G. J., Su, J. R., et al. (2010). Chemokine CXC Ligand 16 Serum Concentration but Not A181V Genotype Is Associated with Atherosclerotic Stroke. Clin. Chim. Acta 411 (19-20), 1447–1451. doi:10.1016/j.cca.2010.05.033
 Wang, W., Wu, C., Luo, R., and Zhang, Z. (2020). CXCR4 Antagonist Alleviates Proliferation and Collagen Synthesis of Cardiac Fibroblasts Induced by TGF-Β1. Gen. Physiol. Biophys. 39 (2), 187–194. doi:10.4149/gpb_2019051
 Wang, Y., Dembowsky, K., Chevalier, E., Stüve, P., Korf-Klingebiel, M., Lochner, M., et al. (2019). C-X-C Motif Chemokine Receptor 4 Blockade Promotes Tissue Repair after Myocardial Infarction by Enhancing Regulatory T Cell Mobilization and Immune-Regulatory Function. Circulation 139 (15), 1798–1812. doi:10.1161/CIRCULATIONAHA.118.036053
 Wang, Y. S., Liao, K. W., Chen, M. F., Huang, Y. C., Chu, R. M., and Chi, K. H. (2010). Canine CXCL7 and its Functional Expression in Dendritic Cells Undergoing Maturation. Vet. Immunol. Immunopathol 135 (1-2), 128–136. doi:10.1016/j.vetimm.2009.11.011
 Wieder, K. J., Hancock, W. W., Schmidbauer, G., Corpier, C. L., Wieder, I., Kobzik, L., et al. (1993). Rapamycin Treatment Depresses Intragraft Expression of KC/MIP-2, Granzyme B, and IFN-Gamma in Rat Recipients of Cardiac Allografts. J. Immunol. 151 (2), 1158–1166.
 Witte, A., Chatterjee, M., Lang, F., and Gawaz, M. (2017). Platelets as a Novel Source of Pro-inflammatory Chemokine CXCL14. Cell. Physiol. Biochem. 41 (4), 1684–1696. doi:10.1159/000471821
 Wu, Z. K., Laurikka, J., Vikman, S., Nieminen, R., Moilanen, E., and Tarkka, M. R. (2008). High Postoperative Interleukin-8 Levels Related to Atrial Fibrillation in Patients Undergoing Coronary Artery Bypass Surgery. World J. Surg. 32 (12), 2643–2649. doi:10.1007/s00268-008-9758-7
 Xia, Y., Entman, M. L., and Wang, Y. (2013). Critical Role of CXCL16 in Hypertensive Kidney Injury and Fibrosis. Hypertension 62 (6), 1129–1137. doi:10.1161/HYPERTENSIONAHA.113.01837
 Xiao, Z., Visentin, G. P., Dayananda, K. M., and Neelamegham, S. (2008). Immune Complexes Formed Following the Binding of Anti-platelet Factor 4 (CXCL4) Antibodies to CXCL4 Stimulate Human Neutrophil Activation and Cell Adhesion. Blood 112 (4), 1091–1100. doi:10.1182/blood-2008-04-153288
 Xiao, Z., Zhang, J., Zhang, J., Wang, L., and Du, J. (2014). Involvement of Chemokine CXCL16 in Myocardial Infarction and its Influence on Phagocytic Activity of Macrophage In Vitro. Zhonghua Yi Xue Za Zhi 94 (3), 218–222.
 Xing, J., Liu, Y., and Chen, T. (2018). Correlations of Chemokine CXCL16 and TNF-α with Coronary Atherosclerotic Heart Disease. Exp. Ther. Med. 15 (1), 773–776. doi:10.3892/etm.2017.5450
 Xu, Q., Wang, J., He, J., Zhou, M., Adi, J., Webster, K. A., et al. (2011). Impaired CXCR4 Expression and Cell Engraftment of Bone Marrow-Derived Cells from Aged Atherogenic Mice. Atherosclerosis 219 (1), 92–99. doi:10.1016/j.atherosclerosis.2011.07.118
 Yamauchi, R., Tanaka, M., Kume, N., Minami, M., Kawamoto, T., Togi, K., et al. (2004). Upregulation of SR-PSOX/CXCL16 and Recruitment of CD8+ T Cells in Cardiac Valves during Inflammatory Valvular Heart Disease. Arterioscler Thromb. Vasc. Biol. 24 (2), 282–287. doi:10.1161/01.ATV.0000114565.42679.c6
 Yao, L., Heuser-Baker, J., Herlea-Pana, O., Iida, R., Wang, Q., Zou, M. H., et al. (2012). Bone Marrow Endothelial Progenitors Augment Atherosclerotic Plaque Regression in a Mouse Model of Plasma Lipid Lowering. Stem Cells 30 (12), 2720–2731. doi:10.1002/stem.1256
 Youn, J. C., Yu, H. T., Lim, B. J., Koh, M. J., Lee, J., Chang, D. Y., et al. (2013). Immunosenescent CD8+ T Cells and C-X-C Chemokine Receptor Type 3 Chemokines Are Increased in Human Hypertension. Hypertension 62 (1), 126–133. doi:10.1161/HYPERTENSIONAHA.113.00689
 Yuan, J., Liu, Z., Lim, T., Zhang, H., He, J., Walker, E., et al. (2009). CXCL10 Inhibits Viral Replication through Recruitment of Natural Killer Cells in Coxsackievirus B3-Induced Myocarditis. Circ. Res. 104 (5), 628–638. doi:10.1161/CIRCRESAHA.108.192179
 Yun, J. J., Fischbein, M. P., Laks, H., Fishbein, M. C., Espejo, M. L., Ebrahimi, K., et al. (2000). Early and Late Chemokine Production Correlates with Cellular Recruitment in Cardiac Allograft Vasculopathy. Transplantation 69 (12), 2515–2524. doi:10.1097/00007890-200006270-00009
 Yun, J. J., Fischbein, M. P., Whiting, D., Irie, Y., Fishbein, M. C., Burdick, M. D., et al. (2002). The Role of MIG/CXCL9 in Cardiac Allograft Vasculopathy. Am. J. Pathol. 161 (4), 1307–1313. doi:10.1016/S0002-9440(10)64407-0
 Zernecke, A., Bidzhekov, K., Noels, H., Shagdarsuren, E., Gan, L., Denecke, B., et al. (2009). Delivery of microRNA-126 by Apoptotic Bodies Induces CXCL12-dependent Vascular protection. Sci. Signal. 2 (100), ra81. doi:10.1126/scisignal.2000610
 Zernecke, A., Bot, I., Djalali-Talab, Y., Shagdarsuren, E., Bidzhekov, K., Meiler, S., et al. (2008). Protective Role of CXC Receptor 4/CXC Ligand 12 Unveils the Importance of Neutrophils in Atherosclerosis. Circ. Res. 102 (2), 209–217. doi:10.1161/CIRCRESAHA.107.160697
 Zernecke, A., Schober, A., Bot, I., von Hundelshausen, P., Liehn, E. A., Möpps, B., et al. (2005). SDF-1alpha/CXCR4 axis Is Instrumental in Neointimal Hyperplasia and Recruitment of Smooth Muscle Progenitor Cells. Circ. Res. 96 (7), 784–791. doi:10.1161/01.RES.0000162100.52009.38
 Zernecke, A., Shagdarsuren, E., and Weber, C. (2008). Chemokines in Atherosclerosis: an Update. Arterioscler Thromb. Vasc. Biol. 28 (11), 1897–1908. doi:10.1161/ATVBAHA.107.161174
 Zhang, G., Nakamura, Y., Wang, X., Hu, Q., Suggs, L. J., and Zhang, J. (2007). Controlled Release of Stromal Cell-Derived Factor-1 Alpha In Situ Increases C-Kit+ Cell Homing to the Infarcted Heart. Tissue Eng. 13 (8), 2063–2071. doi:10.1089/ten.2006.0013
 Zhang, L., Zhang, L., Li, H., Ge, C., Zhao, F., Tian, H., et al. (2016). CXCL3 Contributes to CD133(+) CSCs Maintenance and Forms a Positive Feedback Regulation Loop with CD133 in HCC via Erk1/2 Phosphorylation. Sci. Rep. 6, 27426. doi:10.1038/srep27426
 Zhang, Y. L., Cao, H. J., Han, X., Teng, F., Chen, C., Yang, J., et al. (2020). Chemokine Receptor CXCR-2 Initiates Atrial Fibrillation by Triggering Monocyte Mobilization in Mice. Hypertension 76 (2), 381–392. doi:10.1161/HYPERTENSIONAHA.120.14698
 Zhang, Y. L., Geng, C., Yang, J., Fang, J., Yan, X., Li, P. B., et al. (2019). Chronic Inhibition of Chemokine Receptor CXCR2 Attenuates Cardiac Remodeling and Dysfunction in Spontaneously Hypertensive Rats. Biochim. Biophys. Acta Mol. Basis Dis. 1865 (12), 165551. doi:10.1016/j.bbadis.2019.165551
 Zhang, Y. L., Teng, F., Han, X., Li, P. B., Yan, X., Guo, S. B., et al. (2020). Selective Blocking of CXCR2 Prevents and Reverses Atrial Fibrillation in Spontaneously Hypertensive Rats. J. Cel. Mol. Med. 24 (19), 11272–11282. doi:10.1111/jcmm.15694
 Zhao, G., Wang, S., Wang, Z., Sun, A., Yang, X., Qiu, Z., et al. (2013). CXCR6 Deficiency Ameliorated Myocardial Ischemia/reperfusion Injury by Inhibiting Infiltration of Monocytes and IFN-γ-dependent Autophagy. Int. J. Cardiol. 168 (2), 853–862. doi:10.1016/j.ijcard.2012.10.022
 Zhuang, Y., Chen, X., Xu, M., Zhang, L. Y., and Xiang, F. (2009). Chemokine Stromal Cell-Derived Factor 1/CXCL12 Increases Homing of Mesenchymal Stem Cells to Injured Myocardium and Neovascularization Following Myocardial Infarction. Chin. Med. J. (Engl) 122 (2), 183–187. doi:10.3901/jme.2009.07.183
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.
Copyright © 2022 Lu, Wang, Ye, Feng, Liu, Xu, Wang, Zhang, Liu, Zhao, Xu, Ye and Wan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-765768-g005.gif





OPS/images/fphar-12-765768-t001.jpg
CcXc
chemokines

CXCL1

CXCL2
CXCL3
CXCL4

CXCL5
CXCL6
CXCL7

CXCL8

CXCLS9, CXCL10,
CXCL11

CXCL12
CXCL13
CXCL14
CXCL15
CXCL16

CXCL17

Major recruitment

neutrophile granulocytes

neutrophie granuiocytes
neutrophie granulocytes
Monocytes

neutrophile granulocytes
neutrophile granulocytes
neutrophile granulocytes

neutrophile granulocytes
CD4" and CD8* T cells

Hematopoietic stem cells
and progenitor cells
B lymphocytes

B-cells

Tcells

Other recruitment

Monocytes

Monocytes
T lymphocytes, neutrophile
granulocytes

Monocytes

CD4* CD25" Foxp3* regulatory
T cells, natural killer T cells, NK cells
endothelial cells (ECs), leukocytes

THP-1 cells, activated human
natural killer cells (NKs), iDCs and

monocytes

platelets, peripheral blood
mononudiear cells (PBMCs)

Main sources

endothelial cells (main),
clasmatoblast, macrophage,
neutrophie granulocytes
neutrophie granulocytes (mair),
clasmatoblast, macrophage

Activated piatelets

platelets, ECs
ECs
monocytes, platelets

monocytes, macrophage
ECs(main), macrophage,
neutrophie granulocytes
platelets, ECs

stromal tissue and follculer dendritic
cels

epithelium, iDCs, DCs,B-
Cels,activated isolated human
monocytes, platelet

vascular wal cells, leukocytes, DCs
and platelets

Reference

Miyake et al. (2013), Girbl et al. (2018)

De Fiippo et al. (2013), Girbl et al. (2018),
Lentini et al. (2020)

Zhang et al. (2016)

Xiao et al. (2008), Schwartzkopff et al. (2012),
Van Raemdonck et al. (2015), Siva-Cardoso
etal. (2017)

Mei et al. (2010), Roussele et al. (2013)
Gisbers et al. (2005)

Schenk et . (2002), Pilli et al. (2006), Wang
etal, (2010)

Lee et al. (2015), Cho et al. (2017)

Miura et al. (2001), Uppaluri et al. (2008)

Karin, (2010), Chatterjee and Gawaz, (2013),
Janssens et al. (2018b)

Hui et al. (2015), Liu et al. (2016)

Meter and Moser, (2008), Witte et al. (2017)

Tabata et . (2008), Linke et al. (2019)





OPS/images/fphar-12-765768-g003.gif





OPS/images/fphar-12-765768-g004.gif





OPS/images/fphar-12-765768-t002.jpg
CXxc
chemokines

CXCL1

CXCL2

CXCL3
CXCL4

CXCL5
PISK/AKT
CXCL6
CXCL7
CXCL8

CXCL9

CXCL10
CXCL11
CXCL12

CXCL13
CXCL14,
CXCL15
CXCL16
CXCL17

Receptor
CXCR1,
CXCR2
CXCR2

CXCR2
CXCR3

CXCR2
Angiogenesis
CXCR1,0XCR2
CXCR2
CXCR1,0XCR2

CXCR3

CXCR4,CXCR7

CXCR5
CXCR4

CXCR6
CXCR8

Pathways

PIBK/AKT

ERK1/2
PIBK/AKT

PIBK/AKT
ERK1/2 MAPK

PIBK/AKT

PIBK/AKT
PI3K/AKT
PIBK/AKT MAPK ROS ERK

STAT3, STAT6

PIBK/AKT, mTOR, NF-«B,
JAK/STAT, ERK1/2
PIBK/AKT

PIK/AKT

PIBK/AKT

Main role

Proinflammatory effects, Promoting
angiogenesis

Proinflammatory effects, Promoting
angiogenesis

Proinflammatory effects

Induction of macrophage differentiation,
Anti-angiogenesis

Proinflammatory effects, Promoting

Proinflammatory effects
Proinflammatory effects
Proinflammatory effects, Promoting
angiogenesis

Immunization

Anti-angiogenesis

Hematopoiesis, Promoting angiogenesis,
Anti-inflammatory action
Anti-inflammatory action, Anti-apoptosis
Immunization, Anti-angiogenesis

Immunization, Promoting angiogenesis

Reference

Sotsios and Ward, (2000), Cumock and Ward, (2003),
Miyake et al. (2013), Caclo et al. (2016)

Lentini et al. (2020)

Zhang et al. (2016)
Vandercappelien et al. (2011), Van Raemdonck et .
(2015), Silva-Cardoso et al. (2017)

Mei et al. (2010)

Gijsbers et al. (2006)
Wang et al. (2010)
Petreaca et al. (2007), Kim et . (2009), Lee et al. (2015)

Karin, (2020)

Liekens et al. (2010), Janssens et al. (2018b), Mousavi,
(2020)

Halvorsen et al. (2014)

Lu et al. (2016)

Isozaki et al. (2013), lzquierdo et al. (2014)





OPS/images/fphar-12-765768-t003.jpg
Mice

Human

Disease

Atherosclerosis
Hypertension

Aortic Aneurysms
Myocardial Infarction
Rejection After Heart
Transplantation
Atherosclerosis
Hypertension

Aortic Aneurysms
Myocardial Infarction

Rejection After Heart
Transplantation

(o (R

Increase

Increase

Increase

Increase

CXcCL8

Increase

Increase

Increase

Increase

Decrease

Increase
Increase

CXCL9

Increase

Decrease

Increase

Increase

Increase

Increase

Increase

CXcL10

Increase

Decrease

Increase

Increase

Increase

Increase

Increase

(o (RE}

Increase

Decrease

Increase

Increase

Increase

Increase

Increase

CXCL12

Decrease

Increase

Increase

Increase

Decrease

Increase

Increase
Increase

CXCL16

Increase

Increase

Increase

Increase

Increase

Increase

References

Boisvert et al. (2006), Gerszten et al. (1999),
Heller et al. (2006), Xu et al. (2011)

Zhang et al. (2019), Kim et al. (2008), Li et al.
(2018), Ma et al. (2016)

Kokje et al. (2018), Galo et dl. (2012),
Michineau et al. (2014)

Sun et al. (2019), Buijak et al. (2009), Bromage
et al. (2019), Xieo et al. (2014)

Yunetal. (2000), Ma et al. (2015), Michael et al
(2015), Jiang et al. (2005)

Greaves et al. (2001), Apostolaks et al. (2009),
de Oliveira et al. (2009), Damas et al. (2002)
Antoneli et al. (2012), Xia et al. (2013),
Mecullagh et al. (2015)

Kokje et al. (2018), Parieti et al. (2011)
Nabah et al. (2004), Zhang et al. (2007)

Ma et al. (2015), Jiang et al. (2010)





OPS/xhtml/nav.xhtml
Contents

		Cover

		The Role of CXC Chemokines in Cardiovascular Diseases		Introduction		Characteristics of CXC Chemokines

		Signalling Pathway of CXC Chemokines





		CXC Chemokines and Cardiovascular Diseases		CXC Chemokines and Atherosclerosis

		CXC Chemokines and Myocardial Infarction and Cardiac Ischaemia Reperfusion Injury

		CXC Chemokines and Hypertension

		CXC Chemokines and Aortic Aneurysms and Aortic Dissection

		CXC Chemokines and Cardiac Fibrosis

		CXC Chemokines and Atrial Fibrillation

		CXC Chemokines and Rejection After Heart Transplantation

		CXC Chemokines and Other Cardiovascular Diseases





		Discussion

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
, frontiers
in Pharmacology






OPS/images/fphar-12-765768-g001.gif





OPS/images/fphar-12-765768-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





