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Abstract

:

Endothelial cells (ECs) play a pivotal role in the crosstalk between blood coagulation and inflammation. Endothelial cellular dysfunction underlies the development of vascular inflammatory diseases. Recent studies have revealed that aberrant gap junctions (GJs) and connexin (Cx) hemichannels participate in the progression of cardiovascular diseases such as cardiac infarction, hypertension and atherosclerosis. ECs can communicate with adjacent ECs, vascular smooth muscle cells, leukocytes and platelets via GJs and Cx channels. ECs dynamically regulate the expression of numerous Cxs, as well as GJ functionality, in the context of inflammation. Alterations to either result in various side effects across a wide range of vascular functions. Here, we review the roles of endothelial GJs and Cx channels in vascular inflammation, blood coagulation and leukocyte adhesion. In addition, we discuss the relevant molecular mechanisms that endothelial GJs and Cx channels regulate, both the endothelial functions and mechanical properties of ECs. A better understanding of these processes promises the possibility of pharmacological treatments for vascular pathogenesis.
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1. Introduction


Gap junctions (GJs) are comprised of members of the connexin (Cx) protein family [1,2], which contains at least 20 highly conserved proteins in humans and 21 in mice [3,4]. The connexin hexamer forms a hemichannel (connexon) in the plasma membrane and docks to another hemichannel on the adjacent cell (Figure 1) [1,2]. The classification of Cx isoforms is based on their molecular weights, with further designations based on isoform interaction [5]. The Cx has four transmembrane domains and two extracellular loop domains. The amino and carboxyl terminals of Cx proteins are located on the cytoplasmic side of the membrane. The N-terminal domain of Cx26 is likely to work as a plug that affects the closure of GJs [6,7]. The C-terminal domain has several phosphorylation sites that transmit signals in order to control the opening and closing of channels [8]. Phosphorylation of Cx has also been implicated in other biological pathways [9]. The extracellular loops of Cx are responsible for the docking of hemichannels among adjacent cells [1,2]. Although Cx hemichannels consist of homomeric or heteromeric connexins, differences in channel activity and biochemical properties between homomeric and heteromeric channels remain unclear [10]. Most cells express more than one Cx isoform in tissues and various cell type-specific expression patterns [11]. Although the role played by GJs in homocellular interactions is quite well known, their part in heterocellular interactions has only recently been observed.



GJs are channel-like structures that directly connect the cytoplasm of adjacent cells and allow the intercellular movement of small molecules and electron coupling (Figure 1) [1,2]. GJ intercellular communication (GJIC) is essential for the modulation and synchronization of the intracellular environment between adjacent cells. GJIC facilitates this processing by allowing the transfer of intracellular mediators such as ions, amino acids, small metabolites and secondary messengers [12]. In addition, Cx hemichannels are involved in the release of intracellular molecules into extracellular spaces, such as in pannexin channels, resulting in communication links with neighboring cells via the paracrine pathway [13]. Both GJ and Cx hemichannels, therefore, contribute to the maintenance of cellular and tissue functionality.



Vascular component cells, including endothelial cells (ECs), smooth muscle cells (SMCs) and monocytes predominantly express three Cxs: Cx37, Cx40 and Cx43 [14,15]. ECs play a critical role in the regulation of vascular inflammation, blood coagulation [16,17], leukocyte adhesion and extravasation [18], and angiogenesis [19] in response to pro-inflammatory stimuli. Thus, endothelial dysfunction underlies the development of cardiovascular diseases such as atherosclerosis. Vascular component cells dynamically regulate GJ function and Cx expression in response to pro-inflammatory/pro-coagulant stimuli (Table 1). Recent papers have indicated that aberrant GJs and Cx expression in ECs contributes to various endothelial functions including inflammation, blood coagulation and leukocyte adhesion. Below we will discuss the roles of GJs and Cx hemichannels in ECs, which have been implicated in vascular inflammation, blood coagulation and leukocyte adhesion.




2. The Patho/Physiological Role of Connexin (Cx) in Progression of Cardiovascular Diseases


Healthy ECs express Cx37 and Cx40, whereas ECs exposed to abnormal turbulent flow and those in microvascular vessels express Cx43 [20]. SMCs of large arteries in vivo predominantly express Cx43 [21,22], while those of some smaller arteries and arterioles express Cx40 [23], and certain types of nonvascular SMCs co-express Cx43 and Cx45 [24,25]. Circulating monocytes express Cx37, whereas monocytes stimulated with pro-inflammatory cytokines [26] and cells in atherosclerotic plaques express Cx43 [27]. In addition, Cx43 is detected in the adventitia, which plays important roles in vessel-wall homeostasis and disease [28]. Adventitia is a perivascular tissue including fibroblasts, microvascular endothelium, nerves, resident macrophages and immune cells [29]. The dysfunction of these Cxs has been implicated as a cause of cardiovascular diseases—for example, cardiac infarction [30], hypertension [31] and atherosclerosis [14,15,26].



Polymorphisms in Cx37 have been associated with myocardial infarction in humans [30], while Cx40 polymorphisms are known to be a risk factor of hypertension [31]. Cx40-deficient mice exhibit highly elevated renin synthesis and secretion from the renin-secreting cells present in the renal juxtaglomerular apparatus, which can result in chronic hypertension [32]. Aberrations in Cx37, Cx40 and Cx43 expression and function contribute to the development of atherosclerosis [14,15]. Cx37−/− ApoE−/− mice develop more aortic lesions than Cx37+/+ ApoE−/− mice [26]. In-vivo adoptive transfer experiments have shown that Cx37-deleted monocytes and macrophages enhance recruitment to atherosclerotic lesions, but wild monocyte and macrophages do not do so in enhanced Cx37-deleted endothelium [26]. Cx37 thereby protects against early atherosclerotic lesion formation by negatively regulating monocyte adhesion. In addition, the aortas of Cx37-deficient mice enhance the expression of those pro-inflammatory genes involved in advanced atherosclerosis [33]. Young mice with endothelial-specific deletion of Cx40 develop spontaneous atherosclerotic lesions in their aortas even without a high-cholesterol diet [34]. Moreover, a high-cholesterol diet intensifies the progression of atherosclerosis-associated macrophage infiltration in plaques. The deletion of Cx40 in ECs accelerates the onset of atherosclerosis by promoting leukocyte adhesion. In heterogeneous Cx43 knock-out mice, SMCs not only reduced the expression of Cx43, but also impair its proliferation and differentiation [35]. In this way, Cx43 positively regulates the formation of atherosclerotic lesions. Thus, various influences that are dependent upon Cx expression patterns and cell types have been observed in a wide range of vascular functions associated with the progression of cardiovascular diseases [36].




3. The Crosstalk between Inflammation and Blood Coagulation


ECs play a pivotal role in the crosstalk between vascular inflammation and blood coagulation, and endothelial dysfunction results from dysregulation of such crosstalk [16,17,37]. In-vitro studies have indicated evidence that pro-inflammatory stimuli induce tissue factor (TF) expression in cultured EC, whereas in-vivo study has not yet confirmed TF expression in the endothelium [38]. This is due to low levels of TF expression on the endothelium, and from TF protein on the endothelium derived from not only endothelium but also cells within the vessel wall, monocyte and extracellular vesicles. Pro-inflammatory stimulation triggers the blood coagulation cascade via TF expression on the surface of ECs (Figure 2) [39]. TF binds to factor VIIa (FVIIa) in serum, thus forming the TF/FVIIa complex that activates FX to FXa. FXa assembles with FVa and forms a pro-thrombinase complex on the surface of ECs. This pro-thrombinase complex then activates prothrombin to thrombin, which in turn converts fibrinogen to fibrin. In addition, pro-inflammatory stimulation induces von Willebrand factor (VWF) release from ECs [40] and anti-fibrinolytic plasminogen activator inhibitor-1 expression in ECs [41], leading to fibrin formation and platelet activation and aggregation on injured endothelium. Thrombin also activates other coagulation factors such as FV, FVIII and FXI, which are components of Xase and prothombinase. In this manner, such complexes rapidly accelerate the generation of thrombin at injured sites, resulting in thrombus formations [42].



Conversely, pro-coagulant and anti-coagulant factors such as thrombin, anti-thrombin, thrombomodulin (TM), protein C, fibrinogen and fibrin modulate inflammation. Thrombin, TF/FVIIa complex and FXa exhibit an array of pro-inflammatory activities by cleaving protease-activated receptors (PARs) (Figure 3) [43,44]. Thrombin, therefore, induces leukocyte adhesion molecule expression [43], as well as interleukin-6 (IL-6) and IL-8 production by ECs [45], leading to monocyte and neutrophil chemotaxis [46]. Thrombin also impairs barrier function and increases vascular permeability via the disruption of endothelial cell–cell junctions [47]. A recent study demonstrated that thrombin and fibrin contribute to high-fat diet-induced obesity involved in the induction of chronic inflammation by promoting macrophage recruitment [48]. A direct thrombin inhibitor, dabigatran, protects against the onset of high-fat diet-induced obesity via fibrin-driven inflammation. This is clear evidence that thrombin plays an important role in initiating the inflammation that underlies the pathogenesis of obesity [48].



Protein C system plays important roles both in anti-coagulant and anti-inflammatory pathways (Figure 4) [17]. While thrombin activates blood coagulation and inflammation under pro-inflammatory conditions, thrombin remains tightly regulated by negative-feedback loops under such physiological conditions. The protein C pathway is initiated by the formation of thrombin and the TM complex on the surface of normal ECs [49]. The interaction of TM with thrombin switches thrombin substrate specificity from fibrinogen to protein C [50]. Protein C then binds to endothelial cell protein C receptor (EPCR) [51], thereby forming a complex with thrombin, TM and EPCR simultaneously on the surface of the endothelium. During the course of this complex formation, protein C is converted to activate protein C (APC) [51]. APC subsequently dissociates itself from the APC–EPCR complex. APC and its cofactor, protein S, dampen the coagulation cascade by degrading both FVa and FVIIIa. In addition to these anti-coagulant effects, APC induces anti-inflammatory and cytoprotective effects by not only activating the PAR-1 [52] and sphingosine 1-phosphate receptor 1 pathways [53] in ECs, but also by inhibiting the transduction of nuclear factor-κB (NF-κB) signaling in monocytes [54,55]. In this PAR-1-derived cytoprotective effect, the activation of PAR-1 co-localizing with EPCR occupied by protein C (PC) or APC is essential, and thereby, thrombin also induces a cytoprotective effect through activation of the EPCR/PAR-1 complex [56]. This suggests that the activation of the EPCR/PAR1 complex is always cytoprotective and not dependent on the protease. Furthermore, APC suppresses lipopolysaccharide (LPS)-induced increases in the pulmonary accumulation of leukocytes, as well as vascular permeability [57]. Moreover, APC, TM and EPCR directly bind to leukocyte integrins, an interaction that may regulate leukocyte adhesion to inflamed endothelium [58,59,60]. Therefore, the protein C pathway plays a pivotal role in the negative regulation of both blood coagulation and inflammation.




4. Endothelial Cxs and Inflammation


Within the cells of the blood vessel wall, the expression of Cx37, Cx40 and Cx43 has primarily been observed. The expression of these Cxs is dependent upon vessel type, be it arteries, veins or lymphatic vessels. Typically, Cx37, Cx40 and Cx43 are detected in arterial ECs in the vessels of healthy subjects [15]. In general, Cx37 and Cx40 are co-expressed in ECs [20], whereas Cx43 has been observed in ECs of the microvasculature and at branch points of arteries that experience turbulent blood flow [20]. Cx37 and Cx40 are present in venous ECs, while Cx37, Cx43 and Cx47 are expressed in lymphatic vessels [61]. Both cultured human vein and artery ECs express Cx37, Cx40 and Cx43 in vitro. In addition, we and another group have reported that Cx32 expressed in culture and vessel ECs contributes to both EC–EC communication and hemichannel function [62,63].



Inflammatory stimuli alter Cx expression and GJ function in ECs and other vascular component cells in the context of cardiovascular diseases [64,65]. Pro-inflammatory tumor necrosis factor-α (TNF-α) reduces the expression of Cx37 and Cx40, but not Cx43, in ECs [66]. We have also demonstrated that Cx32 expression is reduced in cultured ECs after exposure to TNF-α for 24 h, although we could not detect significant changes in Cx43 expression [67]. Just as the transcriptional expression of Cxs in ECs weakens, so does TNF-α stimulation (4 h) rapidly attenuate GJ function in cultured ECs, as was evident using a dye-transfer assay [67]. ECs thereby attenuate GJ function in response to TNF-α stimulation without decreasing Cx expression. These results indicate that Cxs are regulated by both transcriptional expression and post-translational modifications. In fact, LPS reduces GJIC between micro-vascular ECs through tyrosine phosphorylation of Cx43 [68,69]. In cultured microvascular ECs from rat and mouse skeletal muscles, LPS not only reduced GJ-mediated electrical coupling along confluent cell monolayers, but also conducted hyperpolarization–depolarization along capillary-like structures. LPS induces tyrosine-phosphorylated Cx43 and serine-dephosphorylated Cx40 [70]. Since LPS-reduced coupling is Cx40- but not Cx43-dependent, only Cx40 dephosphorylation may be consequential [70].



In contrast, SMCs express Cx43 under normal conditions, which increases inflammatory stimulation [71]. The level of Cx43 expression positively correlates with NF-κB activation in human radial arteries in vascular SMCs [72]. While monocytes and macrophages express low levels of Cx37 under normal conditions, treatment with both TNF-α and IFN-γ increases Cx43 expression in monocytes [27]. Foam cells and macrophages in atherosclerotic plaques express both Cx37 and Cx43 [73,74]. Although alterations in Cx expression in response to pro-inflammatory conditions has been observed, tightly regulated GJ function likely stems from the predominantly expressed Cx molecule, depending on the cell type.



Conversely, altered Cx expression and GJ function impact the inflammatory responses of ECs. In particular, the deletion of Cx40 from ECs [34] can promote monocyte adhesion and transmigration, resulting in development of the atherosclerosis that underlies endothelial dysfunction and inflammation. Cx37 knockout mice have exhibited increased expression of pro-inflammatory genes in their aortas [33]. Furthermore, loss-of-function analysis via the use of GJ inhibitors, peptides, antibodies and siRNA has been well documented. We have demonstrated that inhibition of endothelial GJ function by the GJ inhibitors carbenoxolone and oleamide significantly enhanced TNF-α-induced monocyte chemotactic protein-1 (MCP-1) and IL-6 expression by human umbilical vein endothelial cells (HUVECs) [67]. Subsequently, intracellular anti-Cx32 antibody, which blocks GJ formation between ECs via binding to the cytoplasmic domain of Cx32, decreased TNF-α-induced MCP-1 and IL-6 expression in ECs, while overexpression of Cx32 led to a decrease in both of them [67]. Taken together, GJ functionality and predominant Cx expression in ECs may determine the quality and quantity of EC activation in response to inflammatory stimuli.




5. Endothelial Cxs and Blood Coagulation


Thrombin and other proteases contribute not only to thrombus formation, but also to EC activation, resulting in the disruption of endothelial barrier function and the induction of vascular inflammation [43,44]. ECs constitutively express the protease-activated receptors PAR-1, PAR-2 and PAR-4, all of which are involved in endothelial functions [75]. Specifically, the thrombin-PAR-1 signal is a major pathway in the regulation of barrier function and vascular inflammation. Although thrombin, as well as cytokines, influences GJ function and Cx expression in ECs, its exact effects remain a subject of controversy. Thrombin attenuates Cx43-based GJIC between fibroblasts via PAR-1 activation [76], which utilizes a Src tyrosine kinase pathway and transiently inhibits Cx43-based GJIC [77]. Moreover, rapid and acute internalization of Cx43-mediated GJ has been observed in primary pulmonary artery ECs following thrombin stimulation via endocytosis [78]. Yet another study has shown that thrombin positively regulates Cx43 expression in ECs and GJ function, processes associated with the disruption of the endothelial barrier [79]. In addition, the GJ inhibitor carbenoxolone and Cx43 knockdown attenuate thrombin-induced vascular permeabilization and phosphorylation of myosin light chain, suggesting that thrombin-induced GJ alterations are involved in the regulation of vascular permeability [79]. Moreover, thrombin promotes ATP release not only from HUVECs through PAR-1 activation [80], but also from lung epithelial cells through the activation of Rho- and Ca2+-dependent signaling pathways [81], suggesting that thrombin may induce the opening of Cx hemichannels. Although the effects of thrombin on other endothelial Cxs have not been extensively investigated, these studies indicate the possibility that pro-coagulant thrombin is the modulator of endothelial GJs and Cx hemichannels.



Alteration of endothelial GJ function and Cx expression modulates blood coagulation via TF expression (Figure 5a). We have reported that treatment with non-specific GJ blockers increases TNF-α-induced TF expression [82]. Subsequently, intracellularly transferred anti-Cx32 monoclonal antibody induced TF expression in response to TNF-α stimulation, whereas anti-Cx43 monoclonal antibody reduced TF expression. In the absence of pro-inflammatory stimulation, GJ inhibitors and anti-Cx antibodies exert no influence on TF expression. Therefore, reduced GJ function and Cx expression cannot directly induce TF expression in normal ECs, although they can modulate TF expression in ECs upon pro-inflammatory stimulation, just as occurs with inflammatory cytokine expression. Moreover, the predominant expression of either endothelial Cx32 or Cx43 may dictate pro- or anti-coagulant states on the endothelial surface via TF expression in response to inflammatory stimuli (Figure 5b).



Additionally, we have found that direct cell–cell contacts, including GJs, contribute to TF expression; this was observed by using a co-culture system between TNF-α-activated effector HUVECs and non-treated acceptor HUVECs [82]. Activated ECs induce TF expression in adjacent normal ECs via direct cell–cell contact. The blockade of Cx32 increases direct contact-induced TF expression while blockade of Cx43 reduces it. These results suggest that the establishment of Cx32-mediated GJs provides suppressive signaling in normal ECs, while Cx43 supports inductive signaling in inflamed ECs. Thus, dysfunctional ECs that predominantly express Cx43 may lead to more widespread activation of blood coagulation via increasing TF expression.



Platelets also play an important role in thrombus formation [83]. The expression of Cx32, Cx37, Cx40 and Cx43 have been detected in platelets [84]. GJ structures form between platelets and are involved in intercellular communication within thrombus [84]. Non-specific GJ blockers and specific inhibitors can dampen a range of platelet functions, including platelet aggregation and clot retraction. The inhibition or deletion of Cx37 and Cx40 have reduced not only integrin αIIbβ3-dependent inside-out signaling in platelets, but also granule secretion and platelet activation [84,85]. Additionally, the reduced ATP release from platelets by inhibition of Cx37 and Cx40 suggests that these Cx hemichannel functions may contribute to the regulation of platelet aggregation. In experiments, the bleeding time after tail transection was prolonged in both Cx37- and Cx40-deficient mice. Although inhibition of Cx37 and Cx40 shows effects similar to those of platelets, both Cx37 and Cx40 are able to contribute to platelet regulation in an independent fashion. Another study has demonstrated that deletion of the Cx37 gene in mice shortens bleeding time and increases thrombus propensity [86]. The reasons for this discrepancy remain elusive. Furthermore, the role of other platelet Cxs, such as Cx32 and Cx43, in platelet function remain unclear. Nonetheless, these studies have raised the possibility that platelet Cxs may tightly control the platelet functions underlying thrombus formation and the maintenance of hemostasis.




6. Cxs and Leukocyte Adhesion


Leukocyte adhesion to injured ECs and transmigration into sub-endothelial spaces are essential steps of inflammation [87]. ECs regulate leukocyte adhesion and migration by expression of adhesion molecules and chemokines on the surface of cells in response to pro-inflammatory stimuli. Subsequently, circulating monocytes are activated by chemokines. Chemokine signaling elicits an intracellular signaling cascade that eventually induces conformational changes in integrin cytoplasmic domains and then promotes integrin activation. In this way, the integrin present on monocytes achieves a conformational change to a high-affinity active form in the extracellular domain via inside-out signaling. Activated integrins bind their ligand onto the surface of inflamed ECs, thereby permitting monocytes to more-strongly adhere to ECs. The interaction between integrins and integrin ligands contributes not only to adhesion, but also to monocyte migration and transmigration into sub-endothelial spaces. The persistent accumulation of monocytes and macrophages is a hallmark of the atherosclerosis observed in affected vascular lesions [88].



GJs and the Cx hemichannels present in ECs and monocytes have been implicated in monocyte adhesion to endothelium. Cx40- and Cx37-deleted mice experience progressive development of atherosclerotic plaques associated with both monocytes and macrophage recruitment [26,34]. ECs in Cx40-deleted mice increase vascular cell adhesion molecule-1 (VCAM-1) expression, which is a Mac-1 integrin ligand, but decrease 5′-ecto-ATPase CD73 in the aorta [34]. Healthy ECs constitutively express CD73 and degrade extracellular ATP to anti-inflammatory AMP, whereas inflamed ECs decrease CD73 expression and induce inflammatory reactions in response to extracellular ATP [89,90]. Thus, CD73 induces anti-inflammatory signaling via adenosine in order to prevent VCAM-1 expression [34,91]. Endothelial Cx40 promotes CD73 expression, which leads to reduced monocyte adhesion to ECs. The interplay between VCAM-1 and CD73 underlies the mechanism of Cx40-based regulation of leukocyte adhesion. Moreover, extracellular ATP is released from Cx43 hemichannels in ECs in response to thrombin stimulation [80]. Thus, Cx43 hemichannels may positively regulate monocyte adhesion via an ATP pathway.



Cx37-deficient mice exhibit altered global differential gene expression in the aorta towards a pro-inflammatory phenotype, which leads to the development of atherosclerotic plaques [33]. In addition, in-vivo adoptive transfer experiments have shown that Cx37-deleted monocytes and macrophages enhance recruitment to atherosclerotic lesions. In contrast, wild monocytes and macrophages do not enhance their recruitment to Cx37-deleted endothelium. Cx37-deficient monocytes have been shown to adhere more strongly to non-biological surfaces and to EC monolayers. This suggests that Cx37-hemichannels have an anti-adhesive property in relation to monocytes that stems from the release of ATP in the extracellular space; however, the mechanism by which monocyte-released ATP induces this anti-adhesive effect in monocytes is unclear. Further studies will be needed to understand the role played by Cx37 in monocyte adhesion.



It is likely that leukocytes modulate cell adhesion, spreading and migration, depending on the degree of endothelial cellular stiffness (Figure 6) [92,93]. Leukocytes exert durotaxis, a stiffening of the cell-adhesion substrate that is dependent upon cell migration, by mechanically sensing and following gradients of matrix stiffness [94]. In fact, neutrophils increase cell spreading on stiffer ECs, which serve as a substrate for adherent neutrophils [93]. We have recently found that TNF-α stimulation increased endothelial cellular stiffness, a process regulated by cytoskeletal rearrangement and cell–cell interactions [95]. Moreover, blockade of GJs induced cellular stiffening and prolonged TNF-α-induced endothelial cellular stiffening. These results indicate that impaired GJ resulting from inflammation promotes increases in EC stiffness, thereby favoring a microenvironment more suitable for leukocyte adhesion. Thus, leukocytes may sense and respond to endothelial cellular stiffness gradients from the moment of adhesion to the crawling phase of transmigration, including both chemotaxis and durotaxis [96,97]. It has recently been shown that platelets sense the stiffness of the underlying fibrin/fibrinogen substrate, which increases platelet adhesion and spreading on stiffer substrates [98,99]. This raises the possibility that platelets modulate their adhesion depending on endothelial cellular stiffness. Taken together, endothelial cellular stiffening might trigger inflammation and thrombus formation as a consequence of leukocyte and platelet adhesion.



Transmigration of leukocytes across an EC monolayer becomes altered in the presence of Cx-mimetic peptides or gap junction channel blockers [27,100,101]. Although there is some evidence supporting the idea that leukocytes interact with ECs via GJ and Cx hemichannel-mediated communication, heterocellular GJ formation between leukocyte and EC remains a controversial topic. The roles of GJ vis-à-vis leukocytes and ECs in the context of leukocyte adhesion and transmigration have yet to be established.




7. The Regulation of Cellular Function by Gap Junctions (GJs) and Cx Channels


Cx channels establish large pores and transfer small molecules to synchronize the intracellular environment with adjacent cells. Metabolome analysis has revealed that over 35,000 molecules could theoretically pass through such channels [13]. Specifically, intracellular second messengers including cAMP, Ca2+ and inositol trisphosphate (IP3) pass though Cx channels, and the transfer of these molecules can contribute to the regulation of cellular functions [102,103]. Although it has been suggested that intercellular transfer of Ca2+ and ATP release are implicated in vascular inflammation, signaling mediators that pass through GJ and activate inflammation remain unclear. Recent studies have found that some small noncoding RNAs, such as siRNAs and miRNAs, can pass through Cx channels [104,105,106,107]. It is believed that miRNAs must linearize themselves for insertion into these channels, much like a needle. This finding may explain one mechanism by which Cx channels regulate specific gene expression during such cellular functions as pro-/anti-inflammation, pro-/anti-coagulation, cell adhesion, angiogenesis and proliferation.



GJ- and Cx channel-mediated signaling involves interactions with other protein partners that contribute to not only Cx assembly, trafficking, gating and turnover, but also to the coordinated regulation of cellular functions [10]. Thus, GJIC and signaling are modulated by associating proteins, including regulatory protein phosphatases and protein kinases, catenins, structural proteins and microtubules [108]. For example, Cx32 interacts with Src, calmodulin, claudin, occludin and β catenin [109,110], whereas Cx43 interacts with ZO-1, the Src family, protein kinases, phosphatases and others [111]. It has been suggested that functional differences are determined by proteins’ intracellular domains, in which the C-terminal region of Cx is significantly different. Therefore, GJs and Cx channels may modulate intracellular signaling by using Cx type-dependent protein partners, thereby regulating endothelial cellular functions during vascular inflammation.



In addition, this interaction with associating proteins contributes to the regulation of cellular stiffness [95,112]. The latter has largely been linked to the contractile forces generated by the actomyosin cytoskeleton and filamentous actin [113,114]. Actin bundles bind to α-catenin, which forms a complex with β catenin and vinculin at the cell–cell junction interface. GJs and Cx channels are also thought to interact with a complex consisting of α-catenin, β catenin and cytoskeleton actin [10], much like what occurs with adherence junctions [115]. In addition to cell–cell junctions, cell–substrate interactions involve integrin, which binds the extracellular matrix at the basal membrane, forming a similar complex present in both vinculin and actin filament. Cell–substrate interactions can structurally generate more contractile force than cell–cell interactions. Thus, the balance of adhesive strengths at the integrin-mediated cell–substrate interactions and Cx-mediated cell–cell interactions represents an important mechanism for determining cellular stiffness. This concept is consistent with our results showing that impaired Cx-mediated cell–cell interactions lead to an increase in focal adhesion formation, which is indicative of the augmented cell–substrate interactions associated with cell stiffening [95].



Specifically, both Cx37 and Cx40 have been described to interact with endothelial nitric oxide synthase (eNOS) in aortic ECs [116]. This suggests that both Cx37 and Cx40 may regulate the release of eNOS-derived nitric oxide (NO) [117,118]. The NO generated by healthy endothelium plays an important role in vascular tone and protects against pathological vascular remodeling, hypertension and atherosclerosis [119]. In addition, NO prevents SMC proliferation and migration, leukocyte adhesion and platelet aggregation. In-vitro evidence indicates that Cx37 inhibits eNOS-dependent NO production and release [117]. In agreement with these findings, arteries from Cx37-deficient mice exhibit proper endothelium-dependent relaxation ex vivo. Cx40 also interacts with eNOS, and Cx40-deficient mice are characterized by reduced endothelium-dependent NO-mediated relaxations [118]. Cx40-deficient mice exhibit reduced endothelial Cx37 expression. Thus, it is unclear whether Cx37 and/or Cx40 are responsible for the vascular phenotype of Cx40 deficiency. Cx37 and Cx40 participate in the generation of eNOS-derived NO, thereby contributing to the regulation of endothelial functions.




8. Conclusions


The fact that aberrant GJs and Cx channels lead to endothelial dysfunction further emphasizes their importance in the homeostasis of vascular vessels. The endothelial Cxs—Cx32, Cx37, Cx40 and Cx43—have been directly and/or indirectly implicated in a wide range of endothelial cellular functions by mechanisms that have not been fully elucidated. In addition to ECs, SMCs, platelets, monocytes/macrophages and other vascular components, cells express one or more of these Cxs, each representing a different phenotype vis-à-vis their cellular functions. We are beginning to understand how endothelial GJs and Cx channels are linked to the crosstalk and interplay between inflammation and blood coagulation. Further advancements in GJ and Cx research would be obtained from various studies that analyse Cx expression patterns and GJ formation in vascular component cells during vascular inflammation and that elucidate mechanisms governing the regulation of endothelial function and properties. In the future, GJ and Cx hemichannel-mediated cell–cell interaction would be identified as an important system underlying the vascular homeostasis. Further studies should not only provide new insights for the development of pharmacological treatments based on GJs and Cx channels, but also help identify potential targets against vascular diseases.
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Abbreviations




	EC
	Endothelial cell



	GJ
	Gap junction



	Cx
	Connexin



	GJIC
	Gap junction intercellular communication



	SMC
	Smooth muscle cell



	TF
	Tissue factor



	FVIIa
	Factor VIIa



	VWF
	von Willebrand factor



	TM
	Thrombomodulin



	PAR
	Protease-activated receptor



	IL-6
	Interleukin-6



	EPCR
	Endothelial cell protein C receptor



	APC
	Activated protein C



	NF-κB
	Nuclear factor-κB



	LPS
	Lipopolysaccharide



	TNF-α
	Tumor necrosis factor-α



	MCP-1
	Monocyte chemotactic protein-1



	HUVEC
	Human umbilical vein endothelial cell



	VCAM-1
	Vascular cell adhesion molecule-1



	IP3
	Inositol trisphosphate



	eNOS
	Endothelial nitric oxide synthase
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Figure 1. Gap junctions (GJ) and connexin (Cx) hemichannel-mediated intercellular (Cxs are inserted into the cell membrane and assemble into hexameric Cxs or hemichannels. Cx hemichannels transfer intracellular molecules, such as ATP, into extracellular spaces. A connexon pair forms a GJ channel, which transfers intracellular small molecules. ECs communicate with adjacent endothelial cells (ECs), smooth muscle cells (SMCs), leukocytes and platelets and regulate endothelial cellular functions. 
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Figure 2. ECs initiate the blood coagulation cascade in response to pro-inflammatory stimuli. Pro-inflammatory mediators induce tissue factor (TF) expression in ECs and initiate a blood coagulation cascade. Thrombin generates fibrin and activates platelets resulting in thrombus formation. 
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Figure 3. Thrombin induces the inflammatory responses of ECs. Thrombin activates protease-activated receptors (PARs), which induce the disruption of cell–cell junctions and the expression of adhesion molecules, cytokines and chemokines. Thus, the thrombin–PAR pathway contributes to the regulation of vascular permeability, leukocyte adhesion and vascular inflammation. 
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Figure 4. Anti-coagulant and anti-inflammatory effects of the protein C pathway. In a negative feedback loop, the thrombin– thrombomodulin (TM) complex generates activated protein C, which inhibits the blood coagulation cascade by degrading factor Va (FVa) and factor VIIa (FVIIa). In addition, activate protein C (APC) induces anti-inflammatory effects through PAR-1 activation. Both APC and rsTM negatively regulate leukocyte adhesion and EC activation. 
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Figure 5. Endothelial Cxs modulate the tissue-factor expression induced by direct cell–cell interaction. (a) Activated ECs induce TF expression in adjacent normal ECs via direct contact-based interactions. These direct contact-based pathways help augment blood coagulation at the injured endothelium. Cx32 negatively regulates direct contact-induced TF expression while Cx43 increases it; (b) Normal ECs constitutively express Cx32 and induce controlled TF expression while inflamed ECs decrease Cx32 expression and increase Cx43 expression, thereby inducing excessive TF expression. Thus, the predominantly expressed Cxs in ECs may dictate the anti-/pro-coagulant state of endothelial surfaces. 
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Figure 6. Endothelial GJs modulate cellular stiffness in response to inflammatory stimuli. ECs induce the formation of focal adhesion and stress upon inflammation. Inhibition of endothelial GJs strengthens them, leading to increased cellular stiffness. Leukocytes modulate cell adhesion, spreading and migration, depending on the degree of endothelial cellular stiffness. 






Figure 6. Endothelial GJs modulate cellular stiffness in response to inflammatory stimuli. ECs induce the formation of focal adhesion and stress upon inflammation. Inhibition of endothelial GJs strengthens them, leading to increased cellular stiffness. Leukocytes modulate cell adhesion, spreading and migration, depending on the degree of endothelial cellular stiffness.



[image: Ijms 18 02254 g006]







[image: Table] 





Table 1. Cx expression in vascular component cells and alteration of Cx expression/GJ function upon stimuli.
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Cell Type

	
Cx Expression

	
Stimuli/Signaling/Process

	
∆ Cx Expression/GJ Function






	
Endothelial cell

	
Cx32, Cx37, Cx40, Cx43

	
TNF-α

	
Cx37↑, Cx40↓, Cx32↓, GJ↓




	

	

	
LPS

	
Cx40↓, GJ↓




	

	

	
Thrombin

	
Cx43↓, GJ↓




	

	

	
Thrombin

	
Cx hemichannel↑




	
Smooth muscle cell

	
Cx40, Cx43

	
NF-κB

	
Cx43↑




	
Monocyte/Macrophage

	
Cx37, Cx43

	
TNF-α and IFN-γ

	
Cx43↑




	

	
Foam cell

	
Cx37↑, Cx43↑
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