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Abstract

:

The damage of the endothelial glycocalyx as a consequence of ischemia and/or reperfusion injury (IRI) following kidney transplantation has come at the spotlight of research due to potential associations with delayed graft function, acute rejection as well as long-term allograft dysfunction. The disintegration of the endothelial glycocalyx induced by IRI is the crucial event which exposes the denuded endothelial cells to further inflammatory and oxidative damage. The aim of our review is to present the currently available data regarding complex links between shedding of the glycocalyx components, like syndecan-1, hyaluronan, heparan sulphate, and CD44 with the activation of intricate immune system responses, including toll-like receptors, cytokines and pro-inflammatory transcription factors. Evidence on modes of protection of the endothelial glycocalyx and subsequently maintenance of endothelial permeability as well as novel nephroprotective molecules such as sphingosine-1 phosphate (S1P), are also depicted. Although advances in technology are making the visualization and the analysis of the endothelial glycocalyx possible, currently available evidence is mostly experimental. Ongoing progress in understanding the complex impact of IRI on the endothelial glycocalyx, opens up a new era of research in the field of organ transplantation and clinical studies are of utmost importance for the future.
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1. Introduction


Kidney transplantation, the treatment of choice for end-stage kidney disease, is associated with remarkable improvements in patients’ prognosis, including survival, cardiovascular outcomes and quality of life, as compared to dialysis [1,2]. Despite tenable improving trends relating to long term kidney allograft survival, the rates of chronic graft loss following the first year after transplantation remain considerable [3,4]. Apart from immunological culprits including human leukocyte antigen (HLA) mismatching and sensitization, the type of kidney donor, long-term immunosuppression, as well as comorbidities such as arterial hypertension and dyslipidemia, large studies suggest that perioperative factors are implicated in the augmented risk of long-term allograft failure [5,6,7,8,9,10,11]. Ischemia and/or reperfusion injury (IRI) in kidney transplantation is at the forefront as a critical risk factor associated not only with early complications such as delayed graft function in the setting of post-ischemic acute tubular necrosis but with acute rejection and long-term allograft dysfunction as well [12]. IRI, at least at some degree, is an inevitable phenomenon occurring during kidney transplantation. Although the term at its core denotes a disturbance of blood flow, nevertheless there is a multitude of intertwining pathophysiological pathways underlying the complex pathological and clinical implications of this entity [13,14,15].



There is abundant information available in the literature with regard to kidney IRI, including numerous experimental and clinical studies which attempt to shed light on the intricate mechanisms involved in its pathogenesis as well as its main targets, the vascular endothelium and renal tubular epithelial cells. Among others, the negatively-charged carbohydrate-rich gel-like structure known as the endothelial glycocalyx, which lies at the interface between blood and the endothelium has come at the spotlight of extensive research, due to its fundamental role in the maintenance of endothelial homeostasis. Glycocalyx should not be considered as a mere mixture of proteoglycans, glycoproteins, and glycolipids. It plays a pivotal modulatory role in endothelial function, not only due to its biomechanical properties which regulate shear stress transduction to the endothelium, but due to its composition as well, which includes proteins involved in cell attachment and migration, growth factors, chemokines, mediators of oxidative stress and coagulation factors [16].




2. Aims and Methods


The aim of our review is to present the currently available data regarding complex links between shedding of the glycocalyx components, like syndecan-1, hyaluronan, heparan sulphate, and CD44 with the activation of intricate immune system responses, including toll-like receptors, cytokines and pro-inflammatory transcription factors. Evidence on modes of protection of the endothelial glycocalyx and subsequently maintenance of endothelial permeability as well as novel nephroprotective molecules such as sphingosine-1 phosphate (S1P), are also depicted. Accordingly, we searched the electronic databases including PubMed, Medline, and Cochrane for all publications on solid organ transplantation or kidney/renal transplantation, and ischemia and reperfusion injury and acute kidney injury and endothelial glycocalyx, syndecan, hyaluronan, heparan sulphate, CD44, until November 2020. We included both experimental and original clinical studies. Additionally, we hand-searched the references of every relevant study and review article for additional publication.




3. IRI at a Glance


Ischemia and reperfusion injury represent an invariable and major challenge during the perioperative period in kidney transplantation. The time path of the events which determine the extent of IRI in this setting, from brain death and associated sympathetic nervous system hyperactivity, to warm ischemia after clamping of the kidney vessels and cold ischemia after graft refrigeration until graft implantation and reperfusion, has a common denominator which is defined by reduced oxygen and nutrients supply to the renal tissue [13]. The ensuing switch to anaerobic glycolysis, fails to meet the energetic demands of the renal cells, leading to leakage of lysosome enzymes due to disruption of the lysosomal membrane, inhibition of the Na+/K+/ATPase activity and calcium overload within the cytoplasm [14,17,18,19]. Paradoxically, the process of reperfusion itself in the setting of this ischemic milieu ignites the generation of reactive oxygen species (ROS) and the activation of intracellular calcium-dependent proteolytic enzymes, thus perpetrating further damage [20,21]. The simplistic approach depicted above is a universal process common to all cells exposed to an ischemic environment; however it entails the participation and integration of several distinct cellular and molecular pathways, including cell-death programs such autophagy, necroptosis and apoptosis, the activation of the pro-inflammatory cascade, endothelial dysfunction manifesting as augmented expression of vasoactive and vascular adhesion molecules and amplification of the oxidative stress [22,23,24,25,26,27,28].



The innate immune system and in specific activation of toll-like receptor (TLR)—4 on white blood cells as well as on endothelial and renal tubular cells plays a key role in IRI, leading to a cascade of increased expression of pro-inflammatory transcription factors, NF-kB and activator protein 1. Upregulation of adhesion molecules, including intracellular cell adhesion molecule (ICAM-1), vascular cell adhesion molecule VCAM-1, and E-selectin, which facilitate leukocyte migration and infiltration, further augment the inflammatory response and the activation of the immune system [15,29,30,31]. Activation of TLR-4 has been shown to promote the release of major pro-inflammatory cytokines such as interleukin (IL)-6, IL-1, tumor necrosis factor (TNF) and chemotactic mediators such as macrophage inflammatory protein-2 (MIP-2) and monocyte chemo attractant protein-1 (MCP-1) [32]. Additionally, there is an interaction between TRL signaling and the complement system in IRI with mitogen activated protein kinases (MAPKs) serving as the linking chains between the two systems [15,33]. Furthermore, following recognition of cellular debris released in the setting of cellular injury, the so-called danger-associated molecular patterns (DAMPs), TLRs activate not only the inflammatory response as depicted above, but induce the dendritic cells to perform their antigen-presenting role to the B- and T-lymphocytes of the adaptive immune system [34]. In the setting of IRI, renal TLR-4 recognizes among other endogenous ligands, molecules of the extracellular matrix and the glycocalyx such as biglycan, hyaluronan and heparan sulfate [35,36,37].



Reactive oxygen species are pivotal components of the pathogenesis of IRI. Ischemic deregulation of mitochondrial function most probably causes an outbreak of ROS release due to activation of xanthine oxidase and nicotinamideadenine dinucleotide phosphate (NADPH) oxidase following reperfusion and reinstallation of proper tissue oxygenation. An imbalance between ROS and reactive nitrogen species (RNS) formation and the endogenous antioxidant system responses ensues, resulting in oxidative damage and further activation of inflammation as well as pro-apoptotic mediator expression, thus perpetuating a vicious circle [28,38,39,40,41]. Intracellular metabolic byproducts accumulated during the ischemia phase, such as succinate, have been shown to further disrupt mitochondrial electron transport and induce superoxide generation [42].



Hypoxia inducible factors (HIF), HIF-1 and HIF-2, are transcription factors which have gained a lot of attention due to their potential beneficial role in IRI [15,43]. Von Hippel–Lindau and prolyl hydroxylase domain (PHD) proteins are associated with HIF degradation during conditions of normoxia [43]. On the other hand, HIF are stabilized by hypoxia, thus regulating tissue adaptation to such conditions through transcription of target genes, including those associated with glycolysis, production of angiogenic factors such as the VEGF and erythropoietin production [43]. It should be noted that HIF-1 upregulate TLR4 expression in macrophages in response to hypoxic stress whereas ROS mediate HIF-1 regulation through distinct pathways, including inhibition of propyl hydroxylases, post-translational modification of HIF-1a protein by the process of nitrosation, as well as indirectly through involvement of miR-21, miR-210 and inflammatory mediators [44,45].



A major target of IRI and the associated pathogenic processes is vascular endothelial dysfunction, manifesting as endothelial cell swelling, degradation of the endothelial cytoskeleton, loss of endothelial layer integrity as well as glycocalyx degradation which shall be elaborated subsequently in detail [46,47]. The culminating event is the endothelial-to-mesenchymal transition (EndMT), during which the endothelial cells display a phenotype similar to mesenchymal cells, demonstrated by an increased propensity for increased extracellular matrix production and migratory properties [48,49].




4. An Overview of the Endothelial Glycocalyx


The backbone of the endothelial glycocalyx consists of proteoglycans together with their polysaccharide chains of glycosaminoglycans (GAGs) as well as glycoproteins and glycolipids [16,50]. The main GAG constituents are heparan sulfate (HS) and chondroitin sulfate (HS) which are attached to proteoglycans whereas hyaluronic acid (HA) directly binds to CD44, a transmembrane glycoprotein. The family of syndecans (including syndecan-1, syndecan-2, syndecan-3 and syndecan-4) represents single transmembrane domain proteoglycans whereas glypican-1 is an extracellular glycosylphosphatidylinositol (GPI)-anchored HS glycoprotein [51]. Additionally, perlecan and biglycan are soluble form of proteoglycans which reside within the glycocalyx matrix without being attached to the endothelial cell membrane. It has been shown that the glycocalyx thickness and composition differ among various organs, vascular anatomic sites and even within fenestrated versus non-fenestrated capillary beds, which in turn might determine heterogeneous glycocalyx properties respectively [16,52]. Vascular shear stress and sphingosine-1-phosphate (S1P), a phospholipid that participates in signaling pathways mediated by G-protein–coupled receptors appear to be significant determinants and regulators of the glycocalyx structure and function [53].



Furthermore, glycoproteins are also considered as essential functional constituents of the glycocalyx, because they add to its diverse biological functions [51]. The main glycoprotein classes include the endothelial cell adhesion molecules and components of the coagulation and fibrinolysis system [51]. Accordingly, E-selectin and P-selectin mediate the interaction between white blood cells and endothelial cells whereas integrins mediate endothelium interaction with components of the extracellular matrix [54,55]. ICAM-1 and -2 as well as VCAM-1 belong to the immunoglobulin superfamily of transmembrane glycoproteins which serve as ligands for integrins on white blood cells and platelets, thus participating in leukocyte trafficking, including recruitment and extravasation to inflamed sites [51,56]. The von Willebrand factor receptor or otherwise glycoprotein Ib-IX–V complex and thrombomodulin, a thrombin co-factor and natural anti-coagulant represent among others, membrane-bound proteins of the endothelial glycocalyx with a regulatory role in coagulation and fibrinolysis.



Apart from cell-membrane anchored proteins, there is an abundance of numerous molecules from various origins (e.g., plasma, endothelial cells, etc.) residing within the glycocalyx microenvironment. These soluble components include enzymes belonging to the defense system of the organism against ROS (superoxide dismutase), interleukins, fibroblast growth factor (FGF) and transforming growth factor b (TGFb), LDL lipase, and members of the coagulation cascade such as antithrombin III, and tissue pathway factor inhibitor [51].



Acknowledging the complexity of the endothelial glycocalyx, renders it straightforward to comprehend its pleiotropic properties as a transducer of vascular shear stress forces into the endothelial cells, regulator of vascular permeability, modulator of inflammatory responses and oxidative stress, as well as regulator of hemostasis [51].



Experimental data in the literature suggest that the endothelial glycocalyx is a significant component of the glomerular filtration barrier [16]. Thus, not only does its mesh of negatively charged GAG and sialic acid residues of glycoproteins provide both a charge and size selective barrier, it has been shown that the glomerular endothelial fenestrae are filled with HA, which prevents albumin form transversing the glomerular capillary wall [52,57]. Endothelial deletion of hyaluronan synthase 2 (Has2) in mice is associated with mesangiolysis, glomerular capillary rarefaction, glomerulosclerosis and albuminuria, findings with direct implications in several disease models, including diabetic nephropathy [57].



Likewise, mice deficient in N-deacetylase-N-sulfotransferase (Ndst) enzyme, which modulates HS structure, appear to be protected from glomerular leukocyte influx, in an experimental model of anti-glomerular basement membrane nephritis [58].



Furthermore, it has been shown that HA, HS and glypican-1 are required for the vasoactive response of the endothelial cells to shear stress and in specific through transferring forces to the actin cytoskeleton as well as through endothelial nitric oxide synthase (eNOS) activation and nitric oxide (NO) generation [53,59,60].



It should be noted that the process of studying the endothelial glycocalyx ex vivo and in vitro is a challenging task due to its fragility of structure as well as technical difficulties in preparation of results. Circulating markers of the endothelial glycocalyx might serve as attractive alternatives, as occurs with pathological glycocalyx shedding in various disease models [16].




5. IRI and Glycocalyx Damage in Kidney Transplantation


The damage of the endothelial glycocalyx and the related endothelial dysfunction as a consequence of IRI, is common to several disease models. Accordingly, both generalized ischemia states as occur with cardiac arrest and various types of shock or local organ ischemia like in the setting of myocardial infarction and revascularization procedures, are characterized by direct or indirect evidence of endothelial glycocalyx degradation [61]. Likewise, ischemic acute kidney injury (AKI) and IRI in kidney transplantation which manifests as delayed graft function, share common pathophysiological traits, with damage to the glycocalyx being one of those (Figure 1).



5.1. IRI Induced Shedding of the Renal Endothelial Glycocalyx


The disintegration of glycocalyx induced by IRI is the crucial event which exposes the denuded endothelial cells to further inflammatory and oxidative damage. Evidence suggests that glycocalyx shedding is a common occurrence and correlates with graft injury in liver and lung transplantation [62,63,64,65]. Thus, plasma syndecan-1 level increases significantly following reperfusion during orthotopic liver transplantation and moreover it predicts superimposition of post-transplant AKI stage 2 or 3 within 48 h following reperfusion [62]. According to recent data, the glycocalyx damage is installed within human liver grafts as early as during graft preservation as indicated by elevated syndecan-1 levels in effluents of liver grafts, which further correlated with effluent concentrations of hepatic injury markers as well as with increased risk for development of early allograft dysfunction [63].



Likewise, increased concentrations of endothelial glycocalyx breakdown products, like syndecan-1, hyaluronan, heparan sulphate, and CD44 have been detected in the perfusate of human and porcine lungs undergoing ex vivo lung perfusion, a new technique which aims to improve graft function in lung transplantation [64]. Decreased hyaluronan levels in the peripheral blood of lung donors were shown to be independently associated with the odds of lungs being acceptable for transplant whereas high levels of plasma syndecan-1 in both lung donors and recipients have been associated with primary graft dysfunction [65]. A lung autotransplantation experiment in pigs, revealed decreased lung tissue levels of syndecan-1 and heparan sulphate together with increased levels in the plasma samples following pulmonary artery clumping and subsequently post-reperfusion, which were additionally accompanied by neutrophil activation and augmented expression of adhesion molecules [66].



Activation of the complement cascade has been directly implicated in the renal tissue damage in the setting of IRI causing endothelial activation with increased VCAM-1 expression and recruitment of inflammatory cells [67,68,69]. In a model of IRI induced in single kidney mice, pharmacological C5 blockade resulted in reduced renal endothelial glycocalyx shedding as manifested by preserved expression of renal vascular HS and reduced circulating syndecan-1 and hyaluronan levels [69].



In kidney transplantation, measurement of syndecan-1 and heparan sulfate concentrations at 5 min following reperfusion of kidneys from DCDs demonstrated increased levels in the transplant renal vein in comparison to the systemic arterial circulation [70]. Remarkably, graft function on the first day after transplantation was inversely associated with the renal flux of syndecan-1 at 5 min after reperfusion.



Glycocalyx components are cleaved from the endothelial cell surface by a variety of matrix proteinases, known as the “sheddases”. Matrix metalloproteinases (MMPs) are a big family of proteolytic endopeptidases, which degrade collagens and other extracellular matrix proteins, thus exerting a multitude of essential physiological functions, from wound healing to angiogenesis [71]. There is a large body of evidence implicating MMP in acute kidney injury and fibrotic kidney disease models in both native and transplanted kidneys [72,73,74,75,76]. Different MMPs have been identified as early biomarkers of severe AKI whereas on the other hand they are suggested to promote renal tubular regeneration following AKI [73]. In an experimental model of IRI associated AKI induced in mice, MMP-2 and MMP-9 activities as well as severity of AKI augmented with increasing ischemia duration. Additionally, MMP-2 expression in the peritubular capillaries of the outer medulla, correlated with outer medulla apoptosis and necrosis [73]. Similarly, examination of the perfusate from human perfused kidneys has shown significantly higher levels of MMP-2 and MMP-9 in perfusates from Donation after Circulatory Determination of Death (DCDD) donors compared to donors after brain death (DBD) [77]. Furthermore, it should be noted that the levels of MMP-2 and MMP-9 were approximately double in DGF kidneys compared to the non-DGF kidneys [77]. Comparable results from lung perfusates during ex vivo human lung perfusions have shown a strong positive correlation between MMP-2 activity, and increased syndecan-1 and hyaluronan concentrates [65].



Increased urine MMP-9 concentration in the first post-operative day following kidney transplantation has been shown to correlate not only with tubular atrophy and fibrosis in renal biopsies performed 3 and 12 months after transplantation but with early as well as long-term graft dysfunction [78]. Additionally, patients with DGF, which is a direct clinical outcome of IRI, display higher urine levels of tissue inhibitors of matrix metalloproteinase (TIMP)-1 and TIMP-2 [78].



Apart from the degradation of the extracellular matrix, the endothelial glycocalyx and the type IV collagen basement membrane of the glomeruli, MMP-9 also seems to possess direct pro-inflammatory properties through activation of IL-8 and the endothelial origin epithelial cell derived neutrophil activating peptide (ENA) −78 [79].



It should be noted that MMP-mediated shedding of syndecans has been found to contribute to the endothelial glycocalyx disruption as occurs in various entities, including diabetes mellitus and other pro-inflammatory states [80,81]. Additionally, bilateral renal IRI in syndecan-1–deficient mice as compared to wild-type mice has been associated with augmented macrophage and myofibroblast numbers as well as tubular injury [82]. Furthermore, several experimental data support that MMP-7 shedding of syndecan-1/CXCL1 complexes from various cell surfaces stimulate neutrophil activation and migration in various tissues [83].



GAG chains of syndecan-1 act as binding sites for hepatocyte growth factor (HGF), and mediate HGF interaction with its specific receptor, the mesenchymal epithelial transition factor (c-Met). In turn, HGF receptor together with its downstream effectors, AKT and glycogen synthase kinase-3β (GSK-3β) have been shown to play a renoprotective role in AKI [81,84]. Pharmacological inhibition of syndecan-1 shedding in the setting of IRI activates phosphorylation of the c-Met/AKT/GSK-3β signaling pathway, thus further supporting the important role of syndecan-1 as a coreceptor for HGF to attenuate apoptosis and inflammation in IRI [85]. Thus, administration of GM6001, a sheddase inhibitor in mice with IRI induced AKI, attenuated the stimulatory effect of IRI on IL-6 and TNFα mRNA levels as well as inhibited syndecan-1 shedding and apoptosis of proximal tubular cells [85].



Considering that reactive oxygen species hold a crucial and common position in the pathogenesis of several models of kidney disease, it would be straightforward to acknowledge their role in the rarefaction and degradation of the microvascular endothelial glycocalyx induced by IRI [86,87,88]. Thus, available experimental evidence suggests that ROS do not affect the biosynthesis of the glycocalyx components, but rather they directly cause shedding of heparan sulphate containing glycosaminoglycans. Accordingly, exposure of conditionally immortalized human endothelial cells to hydrogen peroxide was associated with increased levels of radiolabeled glycosaminoglycans fractions in the cell supernatant, as shown by liquid chromatography and immunofluorescence techniques [87]. Similarly, amplification of oxidative stress has been associated with stimulation the expression and activity of MMP-2 and MMP-9, downregulation of TIMP-1 and TIMP-3 and shedding of the extracellular domain of syndecan-1 from the endothelial cell surface [88].



Syndecan molecules and especially syndecan-1 have been extensively studied in carcinogenesis for their proangiogenic properties mediated by modulation of VEGF-VEGFR-2 signaling [89]. Immunofluorescence staining and co-immunoprecipitation analysis of glomerular cultures showed that syndecan-1 co-localizes and interacts with VEGFR receptor (VEGFR)-2 in endothelial cells in vivo and in vitro, thus in fact serving as e VEGFR coreceptor [90]. Notably, western blotting analysis of animal models with hypoxia induced ischemic AKI showed reduced syndecan-1 expression in the glomerular endothelial cells, which was associated with activation of caspase-3, mediated endothelial cell apoptosis. Down-regulation of syndecan-1 in the ischemic glomeruli prevented clathrin mediated VEGF-dependent endocytosis of VEGFR-2 and as a consequence VEGF signaling, thus leading to endothelial cell dysfunction and apoptosis [90]. VEGF signaling which is essential for the protection of the microvascular structure of the kidneys is down-regulated in the setting of renal IRI [91,92]. Recent evidence from a longitudinal study of kidney transplant recipients as well as animal models showed that increased levels of soluble fms-like tyrosine kinase 1 (sFlt-1), a natural circulating antagonist of VEGF corelate with diminished peritubular capillary area following IRI as well as with higher risk of delayed graft function and graft rejection, impaired graft function, and death [93].



Considering, syndecan-1 property of binding of growth factors and cytokines, it would be straightforward to comprehend current evidence linking increased epithelial syndecan-1 in renal allografts with lower interstitial inflammation, proteinuria and serum creatinine levels as well as improved allograft survival [83].



Yet, it should be noted that the available evidence regarding involvement of the glycocalyx components in the pathogenesis of IRI of kidney transplantation remains controversial and in general not direct. Thus, recent data from renal protocol biopsies as well as from an experimental model of kidney transplantation in rats injected with monoclonal rat anti-mouse syndecan-1 antibodies indicated very low expression of syndecan-1 in the vascular endothelium. Accordingly, the authors suggest that increased levels of plasma syndecan-1 following graft injury should be ascribed to upregulation of tubular syndecan-1 and its partial cleavage by sheddases, such as ADAM17 and MMP-9 [94]. On the other hand, Lu et al., detected syndecan-1 expression mainly in the renal corticomedullary junction, which is the most vulnerable zone to IRI injury as well as both on the basolateral and the luminal side of renal tubular cells, via immunohistochemical study of kidneys from sham-operated and IRI mice. Yet, the authors point out that despite the absence of direct evidence linking syndecan-1 with the renal endothelial structure in their study, future investigation is deemed necessary considering the technical difficulties we currently face for appropriate glycocalyx study as well as the important protective role of the endothelial glycocalyx layer in IRI [85]. Acknowledging that circulating erythrocytes may transiently penetrate the endothelial glycocalyx, which is reflected as a dynamic range of the erythrocyte column width may permit us to indirectly estimate the glycocalyx dimensions. Accordingly, microscan sidestream darkfield imaging of the cortical peritubular microcirculation of human kidney grafts, revealed a reduced dynamic range of the erythrocyte column width at 5 min following reperfusion in kidneys from DCD as compared to living donor kidneys. It would be straightforward for us to interpret this fact as a significant loss of the glycocalyx layer early in the course of renal ischemia and reperfusion after kidney transplantation [70].




5.2. A Closer Inspection of Heparan Sulfate and Hyaluronan


The HS moieties of the endothelial glycocalyx are suggested to hold a key functional position in health and disease, considering their potential for binding a great array of proteins, including endothelial superoxide dismutase and xanthine oxidase as well as components of the complement cascade [95,96,97,98].



Heparan sulphate containing proteoglycans of the renal endothelial basement membrane have been shown to bind L-selectin and monocyte chemoattractant protein (MCP)-1 and induce monocyte adhesion in kidney associated IRI [99]. Similarly, augmented MCP-1 binding to the HS proteoglycans pertaining to the basement membranes of the renal peritubular capillaries has been identified in kidney graft biopsies immediately post-transplantation [99]. Ongoing research will reveal whether HS moieties of the endothelial glycocalyx display similar properties. Likewise, deficiency in the kidney allograft of N-deacetylase-N-sulfotransferase-1 (Ndst1), a HS modifying enzyme which catalyzes sulfate conjugation to carbohydrates, has been correlated with reduced acute rejection, most probably through interfering with the interaction of glycosaminoglycans and chemokines [100]. Both augmented and deficient sulphation of heparin moieties in the glycocalyx of kidney grafts have been associated with chronic fibrosis and potentially inflammatory endoglycoside heparanase degradation of the glycocalyx respectively [100,101].



Heparanase is the enzyme which cleaves the glycosidic bond within the HS moieties bound to glycocalyx proteoglycans as well as those pertaining to the extracellular matrix proteins [102]. Heparanase activity is tightly regulated by syndecan-1 and vice-versa, HS and heparanase regulate syndecan-1 shedding [103,104]. Heparanase is considered to play a pivotal pro-inflmmatory and pro-fibrotic role in various disease processes, including AKI and proteinuric kidney diseases, partly as a result of the release of an array of growth factors and cytokines which are normally bound to HS following its degradation [105,106,107]. Thus, heparanase has a direct role in the FGF-2 induced EMT of tubular cells through syndecan-1 mediated fibroblast growth factor (FGF)-2 signaling [106]. In renal transplant recipients, significantly elevated urinary heparanase levels are associated with both proteinuria and graft dysfunction [108]. Increased expression of heparanase not only by the vascular endothelium but by infiltrating CD4+ and CD8+ T cells as well has been linked to acute cellular rejection in murine cardiac allografts. Likewise elevated plasma heparan sulfate levels have been detected in human kidney transplant recipients, before the establishment of renal allograft rejection diagnosis by biopsy, thus supporting the role of heparan sulfate as an early marker of cellular rejection [109].



Immunofluorescence staining of renal tissue from a mouse model in which IRI was induced by bilateral clamping of renal arteries, showed evidence of heparanase upregulation at both glomerular and tubulointerstitial sites 72 h following reperfusion [110]. Furthermore, in transgenic mice over-expressing heparanase but not in wild-type mice, IRI induced a significant up-regulation of markers of EMT such as alpha smooth muscle actin (α-SMA) and vimentin [110]. Treatment with a heparanase inhibitor of both Wild type (WT) and heparanase-silenced renal tubular cells submitted to hypoxia and reoxygenation, did not induce significant changes in syndecan-1 expression. Nevertheless, further research is required so as to establish a certain and direct evidence regarding the link between heparanase upregulation in the setting of IRI following kidney transplantation, its cleavage products and clinical outcomes [110].



Experimental evidence suggests that heparanase holds a key position in the process of the recruitment and activation of macrophages in response to IRI and in specific the M1 macrophage polarization profile [111]. M1 macrophages express proinflammatory cytokines such as IL-1b, IL-6 and TNF-α as well as induce the mechanism of EMT in renal tubular cells. Additionally, heparanase augments the expression of TLRs in tubular epithelial cells, vascular endothelial cells, and infiltrating leukocytes during renal IRI, thus creating a positive pro-inflammatory feed-back which eventually leads to tubular cell apoptosis, immune activation, graft rejection and eventually chronic allograft nephropathy [111]. Inhibition of heparanase both in vivo and in vitro diminishes the M1 macrophage response pathways without affecting the M2 macrophages or the expression of the M2 markers, such as Arginase1 and the macrophage mannose receptor (MR). M2 markers are associated with anti-inflammatory and immune-modulating responses as well as promotion of tissue repair. This would consequently translate into improved histological patterns and renal function as indicated by experimental evidence from mice subjected to IRI [111].



Similarly, IRI induces a long-term over-expression of heparanase by the kidneys, following the initial insult, which is compatible with the establishment of chronic allograft nephropathy in kidney transplantation. Gene expression analysis and immunofluorescence staining of kidney tissue from mice with unilaterally induced renal IRI, revealed amplified expression of heparanase in the glomeruli and in the interstitial cells even 8 weeks after the procedure of unilateral renal artery clamping [112]. This was associated respectively with increased collagen accumulation, up-regulation of MMP-2 and MMP-9, increased TNF-α, IL-1b and IL-6 gene expression as well as higher renal and plasma levels of malondialdehyde, a lipid peroxidation product [112]. On the other hand, administration of Roneparstat, a heparanase inhibitor, abrogated all the above effects.



Experimental data show that IRI in the kidneys is associated with reduced expression of endothelial NOS (eNOS) and simultaneously with increased inducible NOS (iNOS) and endothelin-1 expression by the renal endothelium and the inflammatory cells [113,114,115,116]. There seems to be a close relation between the mediators of endothelial dynamics, such as endothelin-1 and nitric oxide synthases (NOS) with heparanase. Accordingly, eNOS appears to prevent heparanase induction in a model of proteinuric kidney disease whereas heparanase inhibition blunts inducible NOS (iNOS) and endothelin-1 production by the renal endothelium in the setting of IRI [113,114].



As already described previously, hyaluronan is a ubiquitous glycosaminoglycan not only pertaining to the extracellular matrix but to the endothelial glycocalyx as well, albeit accounting for less than 20% of its glycosaminoglycan content. Hyaluronan significantly contributes to the endothelial glycocalyx thickness and structure preservation. It regulates mechanical signal transduction to the endothelial cells through flow-mediated NO production as well as the endothelial permeability to white blood cells and platelets [117,118,119].



Animal models of severe renal IRI to a single kidney, thus simulating the conditions of renal allograft transplantation, indicate sequential biphasic induction of hyaluronan synthases 1 and 2 in the renal tissue, which is manifested by transient increase in high molecular weight hyaluronan deposition followed by a delayed accumulation of lower size hyaluronan products [120]. Low molecular weight hyaluronan fragments appear to be implicated in the inflammatory cascade through activation of toll-like receptor-4 (TLR4) and -2 (TLR2) as well as in the genesis of renal fibrosis [32,120]. Low molecular weight hyaluronan fragments following interaction with the CD44 hyaluronan receptor, cause enhanced actin fiber formation in the endothelial cells and disruption of the endothelial barrier, which is characterized by capillary ballooning, mesangiolysis, and loss of endothelial fenestration [117,121,122].



Inactivation of the hyaluronan synthesizing enzyme, hyaluronan synthase 2 in endothelial cells of mice led to more than 50% loss of the glycocalyx structure compared to control mice, as estimated by cationic ferritin coverage, although the rest glycocalyx constituents were not affected [57].



The interaction of hyaluronan with its receptor CD44 has been implicated in pathophysiology of IRI with stimulation of macrophage recruitment by inducing expression of monocyte chemoattractant protein-1 (MCP-1) by the renal tubular cells as well as through promoting renal fibrosis via the transforming growth factor (TGF)-β pathway [122,123,124]. In rat models of IRI, significant ectopic up-regulation of hyaluronan synthase 2 expression by the renal cortex together with accumulation of cortical hyaluronan up to ten times its normal amount was observed [125].



Although CD44 is barely expressed in the renal tissue under normal conditions, it is markedly and rapidly upregulated in the infiltrating white blood cells as well as the capillary endothelial cells and renal tubular epithelia in postischemic kidneys [126,127,128,129]. Available experimental evidence indicates that adhesion and migration of neutrophils in the setting of IRI, is mediated by the interaction of membrane-bound hyaluronan moieties expressed by the neutrophils with the de novo expressed CD44 on the renal endothelial cells [126].



It should be noted that there is a continuous prominent expression of CD44 by the endothelial cells of renal allografts both under normal conditions as well as with acute rejection, which is otherwise not evident in native kidneys [130]. Deficiency of hyaluronidases, the enzymes responsible for hyaluronan degradation exacerbates renal damage in the post-ischemic kidney [131]. Pharmacological inhibition of hyaluronan synthesis in the setting of IRI is associated with a marked decrease of the content of hyaluronan and of CD44 expression in the renal tissue, as well as of the inflammatory infiltrate in the post-ischemic kidney, which translates improved renal function [132]. Likewise, CD44 absence or its pharmacological inhibition result in decreased influx of neutrophils attenuated kidney injury and preserved renal function following IRI [126].



Hyaluronan moieties in the endothelial glycocalyx also specifically bind to Agiopoetin 1 through a lectin-like fold, a linkage which is a prerequisite for Angiopoetin 1 binding to the glomerular endothelium via its Tie2 receptor [57]. Angiopoetin 1 is an angiogenic factor secreted by a multitude of cells, including endothelial cells, vascular smooth muscle cells and mesenchymal cells, which possesses anti-inflammatory as well as antiapoptotic properties. Following IRI, the renal Angiopoetin1 expression begins to increase after 7 days and is sustained for at least 14 days after IRI, suggesting its role in the neo-angiogenesis of the repair process [133]. Experimental models of renal IRI indicate that Angiopoietin-1 promotes the mobilization and recruitment of endothelial progenitor cells in the kidneys, thus attenuating the effects of IRI [134]. Furthermore, administration of COMP-Ang1, an engineered variant of angiopoietin-1 in mice with renal IRI reduced the infiltration of neutrophils and macrophages in the kidneys, preserved renal tissue perfusion and microvascular permeability as well as decreased interstitial fibrosis [135].




5.3. Novel Insights: Sphingosine-1-Phosphate Signaling in IRI and the Endothelial Glycocalyx


Sphingosine 1-phosphate (S1P) is a sphingolipid with a plethora of physiologic roles, mediated mainly by interacting with its five subtypes of G-protein coupled receptors (S1PR1-S1PR5), which are differentially distributed in specific tissues [136]. S1P acts both as an intracellular messenger regulating processes such as cellular proliferation and apoptosis, as well as an autocrine and paracrine agent. The major carrier of S1P in the plasma is the HDL molecule. In the setting of IRI, S1P is released by a variety of cells, including platelets, endothelial cells, and leukocytes where it modulates endothelial permeability and immune cell infiltration through its S1PR signaling pathways [15,136,137]. S1P itself and S1P agonists have been shown to play a protective role in various IRI models, including myocardial, pulmonary and liver IRI [138,139,140]. S1P exerts its pleiotropic nephroprotective effects in kidney IRI, through regulation of endothelial hemodynamics, protection of tubular epithelial cells from apoptosis and above all immune modulation [141,142,143]. It has been shown that expression of the S1PR in renal endothelial cells, peaks 3 h after IRI [144].



In the setting of ischemic AKI, mice with deletion of endothelial S1P1R displayed increased expression of pro-inflammatory mediators such as ICAM-1, MCP-1 and TNF-α, impaired vascular permeability, as well as more severe patterns of renal tubular necrosis and apoptosis compared to mice with normal S1P expression [145,146]. It has been suggested that the protective role that endothelial S1P1R exerts against ischemic AKI is at least partly mediated by regulating heat shock protein (HSP) 27 expression, which is well known for its cytoprotective functions [145,146].



There is substantial evidence supporting a role for S1P protection of the endothelial glycocalyx and subsequently maintenance of endothelial permeability, as well as it boosting glycocalyx recovery following injury [147,148]. In a cell culture model of rat fat-pad endothelial cells, not only was the protective effect of plasma proteins to the structural stability of the endothelial glycocalyx confirmed, but it was also demonstrated that this effect was in fact mediated by plasma protein bound S1P interaction with its S1P1 receptor [147]. Accordingly, activation and phosphorylation of the S1P1 receptor by S1P inhibits the activity of MMP-9 and MMP-13 possibly via Rac-1-dependent pathways. As a result shedding of syndecan-1 ectodomain as manifested by chondroitin sulphate and heparin sulphate losses is suppressed [147].



It should be noted that even in the absence of S1P carrier proteins, exogenous administration of S1P appears to protect the glycocalyx from shedding [147]. Furthermore, evidence from cell culture studies indicates that S1P induces synthesis of glycocalyx through the phosphatidylinositol-3 kinase–dependent (PI3K) signaling pathway and thus promotes its recovery following injury. The PI3K-Akt signaling axis is induced by several mediators in the endothelial cells, including VEGF and S1P, and it is crucial for regulation of eNOS activity as well as endothelial cell survival and migration [149,150]. In vitro experiments of glycocalyx degradation have shown that exogenous administration of heparin sulphate together with S1P restores both the glycocalyx structure as well as gap junctions among endothelial cells [151].



Addition of S1P to a functional tissue-engineered blood vessel constructed by human endothelial cells and human cord blood derived endothelial progenitor cells on a decellularized human umbilical vein scaffold, resulted in enhanced syndecan 1 expression on the human endothelial cells which was accompanied by attenuated platelet adherence to the endothelium [152]. Similarly, human umbilical vein endothelial cells exposed to shock conditions demonstrated increased shedding of syndecan-1 and hyaluronic acid, which diminished following administration of S1P enriched plasma [153].



Still, the link between S1P signaling and glycocalyx status during IRI relies mainly on experimental data, at times controversial. Thus, recent evidence from a rat model of heart IRI showed that although IRI undoubtedly increased the release of syndecan-1 in the coronary effluent, treatment with S1P before development of ischemia had no visible effect on syndecan-1 release [154]. Still, the authors of the study suggest that the concentration and timing of S1P administration might have affected the aforementioned results.





6. Conclusions


The endothelial glycocalyx is a unique microenvironment and its integrity is of pivotal importance for organ function. Ongoing progress in understanding the complex impact of IRI on the endothelial glycocalyx, opens up a new era of research in the field of organ transplantation. Although recent advances in technology are making the visualization of the endothelial glycocalyx and the elaborate analysis of its components possible, currently available evidence relies mostly on experimental data and straightforward conclusions cannot always be drawn. Clinical studies evaluating the diagnostic and prognostic value of markers of endothelial glycocalyx damage either in the peripheral circulation or in kidney allograft biopsies are of utmost importance in the future. Furthermore, future research shall shed light on the intertwining pathophysiological pathways underlying the alterations of the endothelial glycocalyx in the setting of kidney transplantation, which would be crucial for exploring potential therapeutic targets.







Author Contributions


A.D., Review of the literature, Writing—Original Draft Preparation, Review, edit final manuscript. V.L., Design of the work, Review of the literature, Review, edit final manuscript. V.K., Review of the literature, Writing—Original Draft Preparation. C.P., Review of the literature, Writing—Review, edit final manuscript. M.M., Conception of the work—Supervision, Review, edit final manuscript. E.D., Conception and design of the work –Supervision—Review, edit final manuscript. All authors have approved the submitted version of the manuscript.




Funding


This review received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Schnuelle, P.; Lorenz, D.; Trede, M.; Van Der Woude, F.J. Impact of renal cadaveric transplantation on survival in end-stage renal failure: Evidence for reduced mortality risk compared with hemodialysis during long-term follow-up. J. Am. Soc. Nephrol. 1998, 9, 2135. [Google Scholar]

	



Meier-Kriesche, H.U.; Schold, J.D.; Srinivas, T.R.; Reed, A.; Kaplan, B. Kidney transplantation halts cardiovascular disease progression in patients with end-stage renal disease. Am. J. Transplant. 2004, 4, 1662–1668. [Google Scholar] [CrossRef]

	



Meier-Kriesche, H.U.; Schold, J.D.; Srinivas, T.R.; Kaplan, B. Lack of improvement in renal allograft survival despite a marked decrease in acute rejection rates over the most recent era. Am. J. Transplant. 2004, 4, 378–383. [Google Scholar] [CrossRef]

	



Hart, A.; Smith, J.M.; Skeans, M.A.; Gustafson, S.K.; Wilk, A.R.; Robinson, A.; Wainright, J.L.; Haynes, C.R.; Snyder, J.J.; Kasiske, B.L.; et al. OPTN/SRTR 2016 Annual Data Report: Kidney. Am. J. Transplant. 2018, 18 (Suppl. 1), 18–113. [Google Scholar] [CrossRef]

	



Humar, A.; Durand, B.; Gillingham, K.; Payne, W.D.; Sutherland, D.E.; Matas, A.J. Living unrelated donors in kidney transplants: Better long-term results than with non-HLA-identical living related donors? Transplantation 2000, 69, 1942–1945. [Google Scholar] [CrossRef]

	



Redfield, R.R.; Scalea, J.R.; Zens, T.J.; Mandelbrot, D.A.; Leverson, G.; Kaufman, D.B.; Djamali, A. The mode of sensitization and its influence on allograft outcomes in highly sensitized kidney transplant recipients. Nephrol. Dial. Transplant. 2016, 31, 1746–1753. [Google Scholar] [CrossRef]

	



Tullius, S.G.; Volk, H.D.; Neuhaus, P. Transplantation of organs from marginal donors. Transplantation 2001, 72, 1341–1349. [Google Scholar] [CrossRef]

	



Giral, M.; Foucher, Y.; Karam, G.; Labrune, Y.; Kessler, M.; Hurault de Ligny, B.; Büchler, M.; Bayle, F.; Meyer, C.; Trehet, N. Kidney and recipient weight incompatibility reduces long-term graft survival. J. Am. Soc. Nephrol. 2010, 21, 1022–1029. [Google Scholar] [CrossRef]

	



Butler, J.A.; Roderick, P.; Mullee, M.; Mason, J.C.; Peveler, R.C. Frequency and impact of nonadherence to immunosuppressants after renal transplantation: A systematic review. Transplantation 2004, 77, 769–776. [Google Scholar] [CrossRef]

	



Mange, K.C.; Cizman, B.; Joffe, M.; Feldman, H.I. Arterial hypertension and renal allograft survival. JAMA. 2000, 283, 633–638. [Google Scholar] [CrossRef]

	



Lu, C.Y.; Penfield, J.G.; Kielar, M.L.; Vazquez, M.A.; Jeyarajah, D.R. Hypothesis: Is renal allograft rejection initiated by the response to injury sustained during the transplant process? Kidney Int. 1999, 55, 2157–2168. [Google Scholar] [CrossRef]

	



Saat, T.C.; van den Akker, E.K.; IJzermans, J.N.M.; Dor, F.J.M.F.; de Bruin, R.W.F. Improving the outcome of kidney transplantation by ameliorating renal ischemia reperfusion injury: Lost in translation? J. Transl. Med. 2016, 14, 20. [Google Scholar] [CrossRef]

	



Ponticelli, C. Ischaemia-reperfusion injury: A major protagonist in kidney transplantation. Nephrol. Dial. Transplant. 2014, 29, 1134–1140. [Google Scholar] [CrossRef]

	



Salvadori, M.; Rosso, G.; Bertoni, E. Update on ischemia-reperfusion injury in kidney transplantation: Pathogenesis and treatment. World J. Transplant. 2015, 5, 52–67. [Google Scholar] [CrossRef]

	



Smith, S.F.; Hosgood, S.A.; Nicholson, M.L. Ischemia-reperfusion injury in renal transplantation: 3 key signaling pathways in tubular epithelial cells. Kidney Int. 2019, 95, 50–56. [Google Scholar] [CrossRef]

	



Dane, M.J.C.; van den Berg, B.M.; Lee, D.H.; Boels, M.G.S.; Tiemeier, G.S.; Avramut, M.C.; van Zonneveld, A.J.; van der Vlag, J.; Vink, H.; Rabelink, T.J. A microscopic view on the renal endothelial glycocalyx. Am. J. Physiol Renal Physiol. 2015, 308, F956–F966. [Google Scholar] [CrossRef]

	



Kako, K.; Kato, M.; Matsuoka, T.; Mustapha, A. Depression of membrane-bound Na+-K+-ATPase activity induced by free radicals and by ischemia of kidney. Am. J. Physiol. 1988, 254, C330–C337. [Google Scholar] [CrossRef]

	



Kajiwara, I.; Kawamura, K.; Hiratsuka, Y.; Takebayashi, S. The influence of oxygen free radical scavengers on the reduction of membrane-bound Na(+)-K(+)-ATPase activity induced by ischemia/reperfusion injury in the canine kidney. Nephron. 1996, 72, 637–643. [Google Scholar] [CrossRef]

	



Yamashita, J.; Kita, S.; Iwamoto, T.; Ogata, M.; Takaoka, M.; Tazawa, N.; Nishikawa, M.; Wakimoto, K.; Shigekawa, M.; Komuro, I.; et al. Attenuation of ischemia/reperfusion-induced renal injury in mice deficient in Na+/Ca2+ exchanger. Pharmacol Exp. Ther. 2003, 304, 284–293. [Google Scholar] [CrossRef]

	



Maenpaa, C.J.; Shames, B.D.; Van Why, S.K.; Johnson, C.P.; Nilakantan, V. Oxidant-mediated apoptosis in proximal tubular epithelial cells following ATP depletion and recovery. Free Radic. Biol. Med. 2008, 44, 518–526. [Google Scholar] [CrossRef]

	



Chouchani, E.T.; Pell, V.R.; James, A.M.; Work, L.M.; Saeb-Parsy, K.; Frezza, K.; Krieg, T.; Murphy, M.P. A unifying mechanism for mitochondrial superoxide production during ischemia-reperfusion injury. Cell Metab. 2016, 23, 254–263. [Google Scholar] [CrossRef]

	



Linkermann, A.; Hackl, M.J.; Kunzendorf, U.; Walczak, H.; Krautwald, S.; Jevnikar, A.M. Necroptosis in immunity and ischemia-reperfusion injury. Am. J. Transplant. 2013, 13, 2797–2804. [Google Scholar] [CrossRef]

	



Lau, A.; Wang, S.; Jiang, J.; Haig, A.; Pavlosky, A.; Linkermann, A.; Zhang, Z.X.; Jevnikar, A.M. RIPK3-mediated necroptosis promotes donor kidney inflammatory injury and reduces allograft survival. Am. J. Transplant. 2013, 13, 2805–2818. [Google Scholar] [CrossRef]

	



Decuypere, J.P.; Pirenne, J.; Jochmans, I. Autophagy in renal ischemia reperfusion injury: Friend or foe? Am. J. Transplant. 2014, 14, 1464–1465. [Google Scholar] [CrossRef]

	



Land, W.G. The role of postischemic reperfusion injury and other nonantigen-dependent inflammatory pathways in transplantation. Transplantation. 2005, 79, 505–514. [Google Scholar] [CrossRef]

	



Kwon, O.; Hong, S.M.; Ramesh, G. Diminished NO generation by injured endothelium and loss of macula densa nNOS may contribute to sustained acute kidney injury after ischemia-reperfusion. Am. J. Physiol Renal Physiol. 2009, 296, F25–F33. [Google Scholar] [CrossRef]

	



Rovcanin, B.; Medic, B.; Kocic, G.; Cebovic, T.; Ristic, M.; Prostran, M. Molecular Dissection of Renal Ischemia-Reperfusion: Oxidative Stress and Cellular Events. Curr. Med. Chem. 2016, 23, 1965–1980. [Google Scholar] [CrossRef] [PubMed]

	



Yu, H.; Kalogeris, T.; Korthuis, R.J. Reactive species-induced microvascular dysfunction in ischemia/reperfusion. Free Radic. Biol. Med. 2019, 135, 182–197. [Google Scholar] [CrossRef]

	



Bergler, T.; Homann, U.; Bergler, E.; Jung, B.; Banas, M.C.; Reinhold, S.W.; Krämer, B.K.; Banas, B. Toll-like receptor 4 in experimental kidney transplantation: Early mediator of endogenous danger signals. Nephron. Exp. Nephrol. 2012, 121, e59–e70. [Google Scholar] [CrossRef]

	



Zhao, H.; Santiváñez Perez, J.; Lu, K.; George, A.J.T.; Ma, D. Role of Toll-like receptor-4 in renal graft ischemia-reperfusion injury. Am. J. Physiol. Renal Physiol. 2014, 306, F801–F811. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; John, R.; Richardson, J.A.; Shelton, J.M.; Zhou, X.J.; Wang, Y.; Wu, Q.Q.; Hartono, J.R.; Winterberg, P.D.; Lu, C.Y. Toll-like receptor 4 regulates early endothelial activation during ischemic acute kidney injury. Kidney Int. 2011, 79, 288–299. [Google Scholar] [CrossRef]

	



Wu, H.; Chen, G.; Wyburn, K.R.; Yin, J.; Bertolino, P.; Eris, J.M.; Alexander, S.I.; Alexander, S.I.; Sharland, A.F.; Chadban, S.J. TLR4 activation mediates kidney ischemia/reperfusion injury. J. Clin. Invest. 2007, 117, 2847–2859. [Google Scholar] [CrossRef]

	



Damman, J.; Daha, M.R.; van Son, W.J.; Leuvenink, H.G.; Ploeg, R.J.; Seelen, M.A. Crosstalk between complement and Toll-like receptor activation in relation to donor brain death and renal ischemia-reperfusion injury. Am. J. Transplant. 2011, 11, 660–669. [Google Scholar] [CrossRef] [PubMed]

	



Nieuwenhuijs-Moeke, G.J.; Pischke, S.E.; Berger, S.P.; Sanders, J.S.F.; Pol, R.A.; Struys, M.M.R.F.; Ploeg, R.J.; Leuvenink, J.H.G.D. Ischemia and Reperfusion Injury in Kidney Transplantation: Relevant Mechanisms in Injury and Repair. Clin. Med. 2020, 9, 253. [Google Scholar] [CrossRef]

	



Poluzzi, C.; Nastase, M.V.; Zeng-Brouwers, J.; Roedig, H.; Hsieh, L.T.; Michaelis, J.B.; Buhl, E.M.; Rezende, F.; Manavski, Y.; Bleich, A.; et al. Biglycan evokes autophagy in macrophages via a novel CD44/Toll-like receptor 4 signaling axis in ischemia/reperfusion injury. Kidney Int. 2019, 95, 540–562. [Google Scholar] [CrossRef]

	



Termeer, C.; Benedix, F.; Sleeman, J.; Fieber, C.; Voith, U.; Ahrens, T.; Miyake, K.; Freudenberg, M.; Galanos, C.; Simon, J.C. Oligosaccharides of Hyaluronan activate dendritic cells via toll-like receptor 4. J. Exp. Med. 2002, 195, 99–111. [Google Scholar] [CrossRef]

	



Johnson, G.B.; Brunn, G.J.; Kodaira, Y.; Platt, J.L. Receptor-mediated monitoring of tissue well-being via detection of soluble heparan sulfate by Toll-like receptor 4. J. Immunol. 2002, 168, 5233–5239. [Google Scholar] [CrossRef]

	



Li, C.; Jackson, R.M. Reactive species mechanisms of cellular hypoxia-reoxygenation injury. Am. J. Physiol. Cell Physiol. 2002, 282, C227–C241. [Google Scholar] [CrossRef]

	



De Vries, D.K.; Kortekaas, K.A.; Tsikas, D.; Wijermars, L.G.M.; van Noorden, C.J.F.; Suchy, M.T.; Cobbaert, C.M.; Klautz, R.J.M.; Schaapherder, A.F.M.; Lindeman, J.H.N. Oxidative Damage in Clinical Ischemia/Reperfusion Injury: A Reappraisal. Antioxid Redox Signal. 2013, 19, 535–545. [Google Scholar] [CrossRef] [PubMed]

	



Kar, F.; Hacioglu, C.; Senturk, H.; Burukoglu Donmez, D.; Kanbak, G. The Role of Oxidative Stress, Renal Inflammation, and Apoptosis in Post Ischemic Reperfusion Injury of Kidney Tissue: The Protective Effect of Dose-Dependent Boric Acid Administration. Biol. Trace Elem. Res. 2020, 195, 150–158. [Google Scholar] [CrossRef]

	



Parajuli, N.; MacMillan-Crow, L.A. Role of reduced manganese superoxide dismutase in ischemia-reperfusion injury: A possible trigger for autophagy and mitochondrial biogenesis? Am. J. Physiol. Renal Physiol. 2013, 304, F257–F267. [Google Scholar] [CrossRef]

	



Chouchani, E.T.; Pell, V.R.; Gaude, E.; Aksentijevic, D.; Sundier, S.Y.; Robb, E.L.; Logan, A.; Nadtochiy, S.M.; Ord, E.N.J.; Smith, A.C.; et al. Ischaemic accumulation of succinate controls reperfusion injury through mitochondrial ROS. Nature 2014, 515, 431–435. [Google Scholar] [CrossRef]

	



Howell, N.J.; Tennant, D.A. The role of HIFs in ischemia-reperfusion injury. Hypoxia (Auckl) 2014, 2, 107–115. [Google Scholar]

	



Kim, S.Y.; Choi, Y.J.; Joung, S.M.; Lee, B.H.; Jung, Y.S.; Lee, J.Y. Hypoxic stress up-regulates the expression of Toll-like receptor 4 in macrophages via hypoxia-inducible factor. Immunology 2010, 129, 516–524. [Google Scholar] [CrossRef]

	



Movafagh, S.; Crook, S.; Vo, K. Regulation of hypoxia-inducible factor-1a by reactive oxygen species: New developments in an old debate. J. Cell Biochem. 2015, 116, 696–703. [Google Scholar] [CrossRef]

	



Faller, D.V. Endothelial cell responses to hypoxic stress. Clin. Exp. Pharmacol. Physiol. 1999, 26, 74–84. [Google Scholar] [CrossRef]

	



Eleftheriadis, T.; Antoniadi, G.; Pissas, G.; Liakopoulos, V.; Stefanidis, I. The renal endothelium in diabetic nephropathy. Ren Fail. 2013, 35, 592–599. [Google Scholar] [CrossRef]

	



Basile, D.P.; Friedrich, J.L.; Spahic, J.; Knipe, N.; Mang, H.; Leonard, E.C.; Changizi-Ashtiyani, S.; Bacallao, R.L.; Molitoris, B.A.; Sutton, T.A. Impaired endothelial proliferation and mesenchymal transition contribute to vascular rarefaction following acute kidney injury. Am. J. Physiol. Renal. Physiol. 2011, 300, 721–733. [Google Scholar] [CrossRef]

	



Curci, C.; Castellano, G.; Stasi, A.; Divella, C.; Loverre, A.; Gigante, M.; Simone, S.; Cariello, M.; Montinaro, V.; Lucarelli, G.; et al. Endothelial-to-mesenchymal transition and renal fibrosis in ischaemia/reperfusion injury are mediated by complement anaphylatoxins and Akt pathway. Nephrol. Dial. Transplant. 2014, 29, 799–808. [Google Scholar] [CrossRef]

	



Tarbell, J.M.; Cancel, L.M. The glycocalyx and its significance in human medicine. J. Intern. Med. 2016, 280, 97–113. [Google Scholar] [CrossRef]

	



Reitsma, S.; Slaaf, D.; Vink, H.; van Zandvoort, M.A.M.J.; oude Egbrink, M.G.A. The endothelial glycocalyx: Composition, functions, and visualization. Pflugers Arch. 2007, 454, 345–359. [Google Scholar] [CrossRef]

	



Dane, M.J.; van den Berg, B.M.; Avramut, M.C.; Faas, F.G.; van der Vlag, J.; Rops, A.L.; Ravelli, R.B.; Koster, B.J.; van Zonneveld, A.J.; Vink, H.; et al. Glomerular endothelial surface layer acts as a barrier against albumin filtration. Am. J. Pathol. 2013, 182, 1532–1540. [Google Scholar] [CrossRef]

	



Zeng, Y. Endothelial glycocalyx as a critical signalling platform integrating the extracellular haemodynamic forces and chemical signaling. J. Cell Mol. Med. 2017, 21, 1457–1462. [Google Scholar] [CrossRef]

	



Sperandio, M. Selectins and glycosyltransferases in leukocyte rolling in vivo. FEBS J. 2006, 273, 4377–4389. [Google Scholar] [CrossRef]

	



Larsen, M.; Artym, V.V.; Green, J.A.; Yamada, K.M. The matrix reorganized: Extracellular matrix remodeling and integrin signaling. Curr Opin Cell Biol. 2006, 18, 463–471. [Google Scholar] [CrossRef]

	



Mulivor, A.W.; Lipowsky, H.H. Role of glycocalyx in leukocyte-endothelial cell adhesion. Am. J. Physiol Heart Circ. Physiol. 2002, 283, H1282–H1291. [Google Scholar] [CrossRef]

	



Van den Berg, B.M.; Wang, G.; Boels, M.G.S.; Avramut, M.C.; Jansen, E.; Sol, W.M.P.J.; Lebrin, F.; van Zonneveld, A.J.; de Koning, E.J.P.; Vink, H.; et al. Glomerular Function and Structural Integrity Depend on Hyaluronan Synthesis by Glomerular Endothelium. J. Am. Soc. Nephrol. 2019, 30, 1886–1897. [Google Scholar] [CrossRef]

	



Rops, L.W.M.M.A.; Loeven, M.A.; van Gemst, J.J.; Eversen, I.; Van Wijk, X.M.; Dijkman, H.B.; van Kuppevelt, T.H.; Berden, J.H.; Rabelink, T.J.; Esko, J.D.; et al. Modulation of heparan sulfate in the glomerular endothelial glycocalyx decreases leukocyte influx during experimental glomerulonephritis. Kidney Int. 2014, 86, 932–942. [Google Scholar]

	



Yen, W.; Cai, B.; Yang, J.; Zhang, L.; Zeng, M.; Tarbell, J.M.; Fu, B.M. Endothelial surface glycocalyx can regulate flow-induced nitric oxide production in microvessels in vivo. PLoS ONE 2015, 10, e0117133. [Google Scholar] [CrossRef]

	



Wang, G.; Kostidis, S.; Tiemeier, G.L.; Sol, W.M.P.J.; de Vries, M.R.; Giera, M.; Carmeliet, P.; van den Berg, B.M.; Rabelink, T.J. Shear Stress Regulation of Endothelial Glycocalyx Structure Is Determined by Glucobiosynthesis. Arterioscler. Thromb. Vasc. Biol. 2020, 40, 350–364. [Google Scholar] [CrossRef]

	



Abassi, Z.; Armaly, Z.; Heyman, S.N. Glycocalyx Degradation in Ischemia-Reperfusion Injury. Am. J. Pathol. 2020, 190, 752–767. [Google Scholar] [CrossRef]

	



Schiefer, J.; Lebherz-Eichinger, D.; Erdoes, G.; Berlakovich, G.; Bacher, A.; Krenn, C.G.; Faybik, P. Alterations of Endothelial Glycocalyx During Orthotopic Liver Transplantation in Patients with End-Stage Liver Disease. Transplantation 2015, 99, 2118–2123. [Google Scholar] [CrossRef]

	



Schiefer, J.; Faybik, P.; Koch, S.; Tudor, B.; Kollmann, D.; Kuessel, L.; Krenn, C.G.; Berlakovich, G.; Baron, D.M.; Baron-Stefaniak, J. Glycocalyx Damage Within Human Liver Grafts Correlates with Graft Injury and Postoperative Graft Function After Orthotopic Liver Transplantation. Transplantation 2020, 104, 72–78. [Google Scholar] [CrossRef]

	



Sladden, T.M.; Yerkovich, S.; Wall, D.; Tan, M.; Hunt, W.; Hill, J.; Smith, I.; Hopkins, P.; Chambers, D.C. Endothelial Glycocalyx Shedding Occurs during Ex Vivo Lung Perfusion: A Pilot Study. J. Transplant. 2019, 2019, 6748242. [Google Scholar] [CrossRef]

	



Sladden, T.; Yerkovich, S.; Grant, M.; Zhang, F.; Liu, X.; Trotter, M.; Hopkins, P.; Linhardt, R.J.; Chambers, D.C. Endothelial Glycocalyx Shedding Predicts Donor Organ Acceptability and Is Associated with Primary Graft Dysfunction in Lung Transplant Recipients. Transplantation 2019, 103, 1277–1285. [Google Scholar] [CrossRef]

	



Rancan, L.; Simón, C.; Sánchez Pedrosa, G.; Aymonnier, K.; Shahani, P.M.; Casanova, J.; Muñoz, C.; Garutti, I.; Vara, E. Glycocalyx Degradation after Pulmonary Transplantation Surgery. Eur. Surg. Res. 2018, 59, 115–125. [Google Scholar] [CrossRef]

	



de Vries, B.; Kohl, J.; Leclercq, W.K.; Wolfs, T.G.A.M.; van Bijnen, A.J.H.M.; Heeringa, P.; Buurman, W.A. Complement factor C5a mediates renal ischemia-reperfusion injury independent from neutrophils. J. Immunol. 2003, 170, 3883–3889. [Google Scholar] [CrossRef]

	



Qin, L.; Li, G.; Kirkiles-Smith, N.; Clark, P.; Fang, C.; Wang, Y.; Yu, Z.-X.; Devore, D.; Tellides, G.; Pober, J.S.; et al. Complement C5 inhibition reduces T cell-mediated allograft vasculopathy caused by both alloantibody and ischemia reperfusion injury in humanized mice. Am. J. Transplant. 2016, 16, 2865–2876. [Google Scholar] [CrossRef]

	



Bongoni, A.K.; Lu, B.; McRae, J.L.; Salvaris, E.J.; Toonen, E.J.M.; Vikstrom, I.; Morelli, A.B.; Pearse, M.J.; Cowan, P.J. Complement-mediated Damage to the Glycocalyx Plays a Role in Renal Ischemia-reperfusion Injury in Mice. Transplant. Direct. 2019, 5, e341. [Google Scholar] [CrossRef]

	



Snoeijs, M.G.; Vink, H.; Voesten, N.; Christiaans, M.H.; Daemen, J.-W.H.; Peppelenbosch, A.G.; Tordoir, J.H.; Peutz-Kootstra, C.J.; Buurman, W.A.; Schurink, G.W.H.; et al. Acute ischemic injury to the renal microvasculature in human kidney transplantation. Am. J. Physiol. Renal Physiol. 2010, 299, F1134–F1140. [Google Scholar] [CrossRef]

	



Tan, R.J.; Liu, Y. Matrix metalloproteinases in kidney homeostasis and diseases. Am. J. Physiol. Renal Physiol. 2012, 302, F1351–F1361. [Google Scholar] [CrossRef]

	



Kunugi, S.; Shimizu, A.; Kuwahara, N.; Du, X.; Takahashi, M.; Terasaki, Y.; Fujita, E.; Mii, A.; Nagasaka, S.; Akimoto, T. Inhibition of matrix metalloproteinases reduces ischemia-reperfusion acute kidney injury. Lab. Investig. 2011, 91, 170–180. [Google Scholar] [CrossRef]

	



Fu, H.; Zhou, D.; Zhu, H.; Liao, J.; Lin, L.; Hong, X.; Fan Hou, F.; Liu, Y. Matrix metalloproteinase-7 protects against acute kidney injury by priming renal tubules for survival and regeneration. Kidney Int. 2019, 95, 1167–1180. [Google Scholar] [CrossRef]

	



Ke, B.; Fan, C.; Yang, L.; Fang, X. Matrix metalloproteinases-7 and kidney fibrosis. Front. Physiol. 2017, 8, 21. [Google Scholar] [CrossRef]

	



Zhao, H.; Dong, Y.; Tian, X.; Tan, T.K.; Liu, Z.; Zhao, Y.; Zhang, Y.; Harris, D.C.; Zheng, G. Matrix metalloproteinases contribute to kidney fibrosis in chronic kidney diseases. World J. Nephrol. 2013, 2, 84–89. [Google Scholar] [CrossRef]

	



Yan, Q.; Sui, W.; Wang, B.; Zou, H.; Zou, G.; Luo, H. Expression of MMP-2 and TIMP-1 in renal tissue of patients with chronic active antibody medicated renal graft rejection. Diagn. Path. 2012, 7, 141–146. [Google Scholar] [CrossRef]

	



Moser, M.A.J.; Arcand, S.; Lin, H.B.; Wojnarowicz, C.; Sawicka, J.; Banerjee, T.; Luo, Y.; Beck, G.R.; Luke, P.P.; Sawicki, G. Protection of the Transplant Kidney from Preservation Injury by Inhibition of Matrix Metalloproteinases. PLoS ONE 2016, 11, e0157508. [Google Scholar] [CrossRef]

	



Kwiatkowska, E.; Domanski, L.; Bober, J.; Safranow, K.; Romanowski, M.; Pawlik, A.; Kwiatkowski, S.; Ciechanowski, K. Urinary Metalloproteinases-9 and -2 and Their Inhibitors TIMP-1 and TIMP-2 are Markers of Early and Long-Term Graft Function After Renal Transplantation. Kidney Blood Press. Res. 2016, 41, 288–297. [Google Scholar] [CrossRef]

	



Kwiatkowska, E.; Domański, L.; Bober, J.; Safranow, K.; Szymańska-Pasternak, J.; Sulecka, A.; Pawlik, A.; Ciechanowski, K.; Kwiatkowski, S. Urinary IL-8 is a marker of early and long term graft function after renal transplantation. Ren. Fail. 2017, 39, 484–490. [Google Scholar] [CrossRef]

	



Ramnath, R.; Foster, R.R.; Qiu, Y.; Cope, G.; Butler, M.J.; Salmon, A.H.; Mathieson, P.W.; Coward, R.J.; Welsh, G.I.; Satchell, S.C. Matrix metalloproteinase 9-mediated shedding of syndecan 4 in response to tumor necrosis factor α: A contributor to endothelial cell glycocalyx dysfunction. FASEB J. 2014, 28, 4686–4699. [Google Scholar] [CrossRef]

	



Ramnath, R.D.; Butler, M.J.; Newman, G.; Desideri, S.; Russell, A.; Lay, A.C.; Neal, C.R.; Qiu, Y.; Fawaz, S.; Onions, K.L.; et al. Blocking matrix metalloproteinase-mediated syndecan-4 shedding restores the endothelial glycocalyx and glomerular filtration barrier function in early diabetic kidney disease. Kidney Int. 2020, 97, 951–965. [Google Scholar] [CrossRef]

	



Celie, J.W.A.M.; Katta, K.K.; Adepu, S.; Melenhorst, W.B.W.H.; Reijmers, R.M.; Slot, E.M.; Beelen, R.H.J.; Spaargaren, M.; Ploeg, R.J.; Navis, G.; et al. Tubular epithelial syndecan-1 maintains renal function in murine ischemia/reperfusion and human transplantation. Kidney Int. 2012, 81, 651–661. [Google Scholar] [CrossRef] [PubMed]

	



Gill, S.E.; Nadler, S.T.; Li, Q. Shedding of syndecan-1/CXCL1 complexes by matrix metalloproteinase 7 functions as an epithelial checkpoint of neutrophil activation. Am. J. Respir. Cell Mol. Biol. 2016, 55, 243–251. [Google Scholar] [CrossRef]

	



Zhou, D.; Tan, R.J.; Lin, L. Activation of hepatocyte growth factor receptor, c-met, in renal tubules is required for renoprotection after acute kidney injury. Kidney Int. 2013, 84, 509–520. [Google Scholar] [CrossRef] [PubMed]

	



Zhihui, L.; Song, N.; Shen, B.; Xu, X.L.; Fang, Y.; Shi, Y.; Ning, Y.; Hu, J.; Dai, Y.; Ding, X.; et al. Syndecan-1 Shedding Inhibition to Protect Against Ischemic Acute Kidney Injury through HGF Target Signaling Pathway. Transplantation. 2018, 102, e331–e344. [Google Scholar]

	



Singh, A.; Ramnath, R.D.; Foster, R.R.; Wylie, E.C.; Fridén, V.; Dasgupta, I.; Haraldsson, B.; Welsh, G.I.; Mathieson, P.W.; Satchell, S.C. Reactive oxygen species modulate the barrier function of the human glomerular endothelial glycocalyx. PLoS ONE 2013, 8, e55852. [Google Scholar] [CrossRef]

	



Rubio-Gayosso, I.; Platts, S.H.; Duling, B.R. Reactive oxygen species mediate modification of glycocalyx during ischemia-reperfusion injury. Am. J. Physiol. Heart Circ. Physiol. 2006, 290, H2247–H2256. [Google Scholar] [CrossRef]

	



Ali, M.M.; Mahmoud, A.M.; Master, E.L.; Levitan, I.; Phillips, S.A. Role of matrix metalloproteinases and histone deacetylase in oxidative stress-induced degradation of the endothelial glycocalyx. Am. J. Physiol Heart Circ. Physiol. 2019, 316, H647–H663. [Google Scholar] [CrossRef]

	



Alexopoulou, A.N.; Multhaupt, H.A.; Couchman, J.R. Syndecans in wound healing, inflammation and vascular biology. Int. J. Biochem. Cell Biol. 2007, 39, 505–528. [Google Scholar] [CrossRef]

	



Jing, Z.; Wei-Jie, Y.; Yi-Feng, Z.G. Downregulation of Syndecan-1 induce glomerular endothelial cell dysfunction through modulating internalization of VEGFR-2. Cell Signal. 2016, 28, 826–837. [Google Scholar] [CrossRef]

	



Dimke, H.; Sparks, M.A.; Thomson, B.R.; Frische, S.; Coffman, T.M.; Quaggin, S.E. Tubulovascular cross-talk by vascular endothelial growth factor A maintains peritubular microvasculature in kidney. J. Am. Soc. Nephrol. 2015, 26, 1027–1038. [Google Scholar] [CrossRef]

	



Kanellis, J.; Paizis, K.; Cox, A.J.; Stacker, S.A.; Gilbert, R.E.; Cooper, M.E.; Power, D.A. Renal ischemia-reperfusion increases endothelial VEGFR-2 without increasing VEGF or VEGFR-1 expression. Kidney Int. 2002, 61, 1696–1706. [Google Scholar] [CrossRef]

	



Wewers, T.M.; Mayer, A.B.; Pfleiderer, A.; Beul, K.; Schmidt, R.; Heitplatz, B.; Van Marck, V.; Nolte, I.; Pavenstädt, H.; Reuter, S.; et al. Increased soluble fms-like tyrosine kinase 1 after ischemia reperfusion contributes to adverse clinical outcomes following kidney transplantation. Kidney Int. 2019, 95, 1091–1102. [Google Scholar] [CrossRef] [PubMed]

	



Adepu, S.; Rosman, C.W.K.; Dam, W.; van Dijk, M.C.R.F.; Navis, G.; van Goor, H.; Bakker, S.J.L.; van den Born, J. Incipient renal transplant dysfunction associates with tubular syndecan-1 expression and shedding. Am. J. Physiol. Renal Physiol. 2015, 309, F137–F145. [Google Scholar] [CrossRef] [PubMed]

	



Adachi, T.; Fukushima, T.; Usami, Y.; Hirano, K. Binding of human xanthine oxidase to sulphated glycosaminoglycans on the endothelial-cell surface. Biochem. J. 1993, 289, 523–527. [Google Scholar] [CrossRef]

	



Cosimo, C.; Villa, G.; Mancinelli, P.; De Gaudio, R.; Adembri, C. Glycocalyx and sepsis-induced alterations in vascular permeability. Crit. Care. 2015, 19, 26. [Google Scholar]

	



Zaferani, A.; Talsma, D.; Richter, M.K.; Daha, M.R.; Navis, G.J.; Seelen, M.A.; van den Born, J. Heparin/heparan sulphate interactions with complement—a possible target for reduction of renal function loss? Nephrol. Dial. Transplant. 2014, 29, 515–522. [Google Scholar] [CrossRef]

	



Spijkers, P.P.; Denis, C.V.; Blom, A.M.; Lenting, P.J. Cellular uptake of C4b-binding protein is mediated by heparan sulfate proteoglycans and CD91/LDL receptor-related protein. Eur. J. Immunol. 2008, 38, 809–817. [Google Scholar] [CrossRef] [PubMed]

	



Celie, J.W.; Rutjes, N.; Keuning, E.D.; Soininen, R.; Heljasvaara, R.; Pihlajaniemi, T.; Dräger, A.M.; Zweegman, S.; Kessler, F.L.; Robert H J Beelenet, R.H.J.; et al. Subendothelial heparan sulfate proteoglycans become major L-selectin and MCP-1 ligands upon renal ischemia/reperfusion. Am. J. Pathol. 2007, 170, 1865–1878. [Google Scholar] [CrossRef]

	



Chen, H.; Ambadapadi, S.; Wakefield, D.; Bartee, M.; Yaron, J.R.; Zhang, L.; Archer-Hartmann, S.A.; Azadi, P.; Burgin, M.; Borges, C.; et al. Selective Deletion of Heparan Sulfotransferase Enzyme, Ndst1, in Donor Endothelial and Myeloid Precursor Cells Significantly Decreases Acute Allograft Rejection. Sci. Rep. 2018, 8, 13433. [Google Scholar] [CrossRef]

	



Naggi, A.; Casu, B.; Perez, M.; Torri, G.; Cassinelli, G.; Penco, S.; Pisano, C.; Giannini, G.; Ishai-Michaeli, R.; Vlodavsky, I. Modulation of the heparanase-inhibiting activity of heparin through selective desulfation, graded N-acetylation, and glycol splitting. J. Biol. Chem. 2005, 280, 12103–12113. [Google Scholar] [CrossRef]

	



Abassi, Z.; Goligorsky, M.S. Heparanase in Acute Kidney Injury. Adv. Exp. Med. Biol. 2020, 1221, 685–702. [Google Scholar] [PubMed]

	



Shteingauz, A.; Ilan, N.; Vlodavsky, I. Processing of heparanase is mediated by syndecan-1 cytoplasmic domain and involves syntenin and alpha-actinin. Cell. Mol. Life Sci. 2004, 71, 4457–4470. [Google Scholar] [CrossRef]

	



Ramani, V.C.; Pruett, P.S.; Thompson, C.A.; DeLucas, L.D.; Sanderson, R.D. Heparan Sulfate chains of Syndecan-1 regulate Ectodomain shedding. Journal of Biol. Chem. 2012, 287, 9952–9961. [Google Scholar] [CrossRef]

	



Garsen, M.; Rops, A.L.W.M.M.; Rabelink, T.J.; Berden, J.H.M.; van der Vlag, J. The role of heparanase and the endothelial glycocalyx in the development of proteinuria. Nephrol Dial. Transplant. 2014, 29, 49–55. [Google Scholar] [CrossRef]

	



Masola, V.; Gambaro, G.; Tibaldi, E.; Brunati, A.M.; Gastaldello, A.; D’Angelo, A.; Onisto, M.; Lupo, A. Heparanase and syndecan-1 interplay orchestrates fibroblast growth factor-2-induced epithelial–mesenchymal transition in renal tubular cells. J. Biol. Chem. 2012, 287, 1478–1488. [Google Scholar] [CrossRef]

	



Masola, V.; Zaza, G.; Secchi, M.F.; Gambaro, G.; Lupo, A.; Onisto, M. Heparanase is a key player in renal fibrosis by regulating TGF-beta expression and activity. Biochim. Biophys. Acta 2014, 1843, 2122–2128. [Google Scholar] [CrossRef]

	



Shafat, I.; Agbaria, A.; Boaz, M.; Schwartz, D.; Baruch, R.; Nakash, R.; Ilan, N.; Vlodavsky, I.; Weinstein, T. Elevated urine heparanase levels are associated with proteinuria and decreased renal allograft function. PLoS ONE 2012, 7, e44076. [Google Scholar] [CrossRef]

	



Barbas, A.S.; Lin, L.; McRae, M.K.; MacDonald, A.L.; Truong, T.; Yang, Y.; Brennan, T.V. Heparan sulfate is a plasma biomarker of acute cellular allograft rejection. PLoS ONE 2018, 13, e0200877. [Google Scholar] [CrossRef]

	



Masola, V.; Zaza, G.; Gambaro, G.; Onisto, M.; Bellin, G.; Vischini, G.; Khamaysi, I.; Hassan, A.; Hamoud, S.; Omri Nativ, O.; et al. Heparanase: A Potential New Factor Involved in the Renal Epithelial Mesenchymal Transition (EMT) Induced by Ischemia/Reperfusion (I/R). PLoS ONE 2016, 11, e0160074. [Google Scholar] [CrossRef]

	



Masola, V.; Zaza, G.; Bellin, G.; Dall’Olmo, L.; Granata, S.; Vischini, G.; Secchi, M.F.; Lupo, A.; Gambaro, G.; Onisto, M. Heparanase regulates the M1 polarization of renal macrophages and their crosstalk with renal epithelial tubular cells after ischemia/reperfusion injury. FASEB J. 2018, 32, 742–756. [Google Scholar] [CrossRef] [PubMed]

	



Masola, V.; Bellin, G.; Vischini, G.; Dall’Olmo, L.; Granata, S.; Gambaro, G.; Lupo, A.; Onisto, M.; Zaza, G. Inhibition of heparanase protects against chronic kidney dysfunction following ischemia/reperfusion injury. Oncotarget. 2018, 9, 36185–36201. [Google Scholar] [CrossRef] [PubMed]

	



Ishimura, T.; Fujisawa, M.; Isotani, S.; Iijima, K.; Yoshikawa, N.; Kamidono, S. Endothelial nitric oxide synthase expression in ischemia-reperfusion injury after living related-donor renal transplantation. Transpl Int. 2002, 15, 635–640. [Google Scholar] [CrossRef]

	



Herrero, I.; Torras, J.; Riera, M.; Condom, E.; Coll, O.; Cruzado, J.M.; Hueso, M.; Bover, J.; Lloberas, N.; Alsina, J.; et al. Prevention of cold ischaemia-reperfusion injury by an endothelin receptor antagonist in experimental renal transplantation. Nephrol Dial. Transplant. 1999, 14, 872–880. [Google Scholar] [CrossRef]

	



Li, L.; Wang, X.; Zheng, L.; Li, J.; Xu, M.; Rong, R.; Zhu, T.; Jia, Y. Downregulation of endothelin A receptor (ETaR) ameliorates renal ischemia reperfusion injury by increasing nitric oxide production. Life Sci. 2019, 228, 295–304. [Google Scholar] [CrossRef]

	



Garsen, M.; Lenoir, O.; Rops, A.L.W.M.M.; Dijkman, H.B.; Willemsen, B.; van Kuppevelt, T.H.; Rabelink, T.J.; Berden, J.H.M.; Tharaux, P.L.; van der Vlag, J. Endothelin-1 Induces Proteinuria by Heparanase-Mediated Disruption of the Glomerular Glycocalyx. J. Am. Soc. Nephrol. 2016, 27, 3545–3551. [Google Scholar] [CrossRef]

	



Dogné, S.; Flamion, B. Endothelial Glycocalyx Impairment in Disease: Focus on Hyaluronan Shedding. Am. J. Pathol. 2020, 190, 768–780. [Google Scholar] [CrossRef] [PubMed]

	



Mochizuki, S.; Vink, H.; Hiramatsu, O.; Kajita, T.; Shigeto, F.; Spaan, J.A.; Kaiya, F. Role of hyaluronic acid glycosaminoglycans in shear-induced endothelium-derived nitric oxide release. Am. J. Physiol Heart Circ. Physio. 2003, 285, H722–H726. [Google Scholar] [CrossRef]

	



Landsverk, S.A.; Tsai, A.G.; Cabrales, P.; Intaglietta, M. Impact of enzymatic degradation of the endothelial glycocalyx on vascular permeability in an awake hamster model. Crit. Care Res. Pract. 2012, 2012, 842545. [Google Scholar] [CrossRef]

	



Declèves, A.E.; Caron, N.; Voisin, V.; Legrand, A.; Bouby, N.; Kultti, A.; Tammi, M.I.; Flamion, B. Synthesis and fragmentation of hyaluronan in renal ischemia. Nephrol. Dial. Transplant. 2012, 27, 3771–3781. [Google Scholar] [CrossRef] [PubMed]

	



Lennon, F.E.; Singleton, P.A. Hyaluronan regulation of vascular integrity. Am. J. Cardiovasc. Dis. 2011, 1, 200–213. [Google Scholar] [PubMed]

	



Beck-Schimmer, B.; Oertli, B.; Pasch, T.; Wüthrich, R.P. Hyaluronan induces monocyte chemoattractant protein-1 expression in renal tubular epithelial cells. J. Am. Soc. Nephrol. 1998, 9, 2283–2290. [Google Scholar]

	



Declèves, A.E.; Caron, N.; Nonclercq, D.; Legrand, A.; Toubeau, G.; Kramp, R.; Flamion, B. Dynamics of hyaluronan, CD44, and inflammatory cells in the rat kidney after ischemia/reperfusion injury. Int. J. Mol. Med. 2006, 18, 83–94. [Google Scholar] [CrossRef]

	



Rouschop, M.A.K.; Claessen, N.; Pals, T.S.; Weening, J.J.; Florquin, S. CD44 disruption prevents degeneration of the capillary network in obstructive nephropathy via reduction of TGF-β1-induced apoptosis. J. Am. Soc. Nephrol. 2006, 17, 746–753. [Google Scholar] [CrossRef]

	



Göransson, V.; Johnsson, C.; Jacobson, A.; Heldin, P.; Hällgren, R.; Hansell, P. Renal hyaluronan accumulation and hyaluronan synthase expression after ischaemia reperfusion injury in the rat. Nephrol. Dial. Transplant. 2004, 19, 823–830. [Google Scholar] [CrossRef] [PubMed]

	



Rouschop, K.M.A.; Roelofs, J.J.T.H.; Claessen, N.; da Costa Martins, P.; Zwaginga, J.J.; Pals, S.T.; Weening, J.J.; Florquin, S. Protection against renal ischemia reperfusion injury by CD44 disruption. J. Am. Soc. Nephrol. 2005, 16, 2034–2043. [Google Scholar] [CrossRef]

	



Florquin, S.; Nunziata, R.; Claessen, N.; van den Berg, F.M.; Pals, S.T.; Weening, J.J. CD44 expression in IgA nephropathy. Am. J. Kidney Dis. 2002, 39, 407–414. [Google Scholar] [CrossRef] [PubMed]

	



Roy-Chaudhury, P.; Khong, T.F.; Williams, J.H.; Haites, N.E.; Wu, B.; Simpson, J.G.; Haites, N.E. CD44 in glomerulonephritis: Expression in human renal biopsies, the Thy 1.1 model, and by cultured mesangial cells. Kidney Int. 1996, 50, 272–281. [Google Scholar]

	



Lewington, A.J.; Padanilam, B.J.; Martin, D.R.; Hammerman, M.R. Expression of CD44 in kidney after acute ischemic injury in rats. Am. J. Physiol Regul Integr Comp. Physiol. 2000, 278, R247–R254. [Google Scholar] [CrossRef]

	



Rouschop, K.M.A.; Roelofs, J.J.T.H.; Sylva, M.; Rowshani, A.T.; Berge, I.J.M.T.; Weening, J.J.; Florquin, S. Renal expression of CD44 correlates with acute renal allograft rejection. Kidney Int. 2006, 70, 1127–1134. [Google Scholar] [CrossRef] [PubMed]

	



Colombaro, V.; Jadot, I.; Declèves, A.E.; Voisin, V.; Giordano, L.; Habsch, I.; Malaisse, J.; Flamion, B.; Caron, N. Lack of hyaluronidases exacerbates renal post-ischemic injury, inflammation, and fibrosis. Kidney Int. 2015, 88, 61–71. [Google Scholar] [CrossRef]

	



Colombaro, V.; Declèves, A.E.; Jadot, I.; Voisin, V.; Giordano, L.; Habsch, I.; Nonclercq, D.; Flamion, B.; Caron, N. Inhibition of hyaluronan is protective against renal ischemia-reperfusion injury. Nephrol. Dial. Transplant. 2013, 28, 2484–2493. [Google Scholar] [CrossRef]

	



Chiang, W.C.; Huang, Y.C.; Fu, T.I.; Chen, P.M.; Chang, F.C.; Lai, C.-F.; Wu, V.C.; Lin, S.L.; Chen, Y.M. Angiopoietin 1 influences ischemic reperfusion renal injury via modulating endothelium survival and regeneration. Mol. Med. 2019, 25, 5. [Google Scholar] [CrossRef] [PubMed]

	



Qin, Z.; Li, X.; Yang, J.; Cao, P.; Qin, C.; Xue, J.; Jia, R. VEGF and Ang-1 promotes endothelial progenitor cells homing in the rat model of renal ischemia and reperfusion injury. Int. J. Clin. Exp. Pathol. 2017, 10, 11896–11908. [Google Scholar] [PubMed]

	



Jung, Y.J.; Kim, D.H.; Lee, A.S.; Lee, S.; Kang, K.P.; Lee, S.Y.; Jang, K.Y.; Sung, M.J.; Park, S.K.; Kim, W. Peritubular capillary preservation with COMP-angiopoietin-1 decreases ischemia-reperfusion-induced acute kidney injury. Am. J. Physiol. Renal Physiol. 2009, 297, F952–F960. [Google Scholar] [CrossRef] [PubMed]

	



Raza, Z.; Saleem, U.; Naureen, Z. Sphingosine 1-phosphate signaling in ischemia and reperfusion injury. Prostaglandins Other Lipid Mediat. 2020, 149, 106436. [Google Scholar] [CrossRef] [PubMed]

	



Sattler, K.; Levkau, B. Sphingosine-1-phosphate as a mediator of high-density lipoprotein effects in cardiovascular protection. Cardiovasc Res. 2009, 82, 201–211. [Google Scholar] [CrossRef]

	



Fang, R.; Zhang, L.L.; Zhang, L.Z.; Li, W.; Li, M.; Wen, K. Sphingosine 1-Phosphate Postconditioning Protects Against Myocardial Ischemia/reperfusion Injury in Rats via Mitochondrial Signaling and Akt-Gsk3beta Phosphorylation. Arch. Med. Res. 2017, 48, 147–155. [Google Scholar] [CrossRef]

	



Zhu, Q.; Zhou, W.Q.; Wan, L.; Jin, Z.Y.; Zhang, X.H.; Lin, L.N. The Expression of Sphingosine-1-phosphate and Sphingosine-1-phosphate Receptor 1 in Mouse Model of Pulmonary Ischemia-Reperfusion Injury. Sichuan Da Xue Xue Bao Yi Xue Ban 2018, 49, 891–894. [Google Scholar]

	



Ito, T.; Kuriyama, N.; Kato, H.; Matsuda, A.; Mizuno, S.; Usui, M.; Sakurai, H.; Isaji, S. Sinusoidal protection by sphingosine-1-phosphate receptor 1 agonist in liver ischemia-reperfusion injury. J. Surg. Res. 2018, 222, 139–152. [Google Scholar] [CrossRef]

	



Awad, A.S.; Ye, H.; Huang, L.; Li, L.; Foss, F.W., Jr.; Macdonald, T.L.; Lynch, K.R.; Okusa, M.D. Selective sphingosine 1-phosphate 1 receptor activation reduces ischemia-reperfusion injury in mouse kidney. Am. J. Physiol. Renal Physiol. 2006, 290, F1516–F1524. [Google Scholar] [CrossRef]

	



Bajwa, A.; Huang, L.; Ye, H.; Dondeti, K.; Song, S.; Rosin, D.L.; Lynch, K.R.; Lobo, P.I.; Li, L.; Okusa, M.D. Dendritic cell sphingosine 1-phosphate receptor-3 regulates Th1- Th2 polarity in kidney ischemia-reperfusion injury. J. Immunol. 2012, 189, 2584–2596. [Google Scholar] [CrossRef] [PubMed]

	



Park, S.W.; Kim, M.; Kim, J.Y.; Brown, K.M.; Haase, V.H.; D’Agati, V.D.; Lee, H.T. Proximal tubule sphingosine kinase-1 has a critical role in A1 adenosine receptor-mediated renal protection from ischemia. Kidney Int. 2012, 82, 878–891. [Google Scholar] [CrossRef] [PubMed]

	



Matsuyama, M.; Funao, K.; Kuratsukuri, K.; Tanaka, T.; Kawahito, Y.; Sano, H.; Chargui, J.; Touraine, J.L.; Yoshimura, N.; Yoshimura, R. Expression of sphingosine-1 phosphate receptor in rat renal ischemia-reperfusion injury. Mol. Med. Rep. 2010, 3, 233–236. [Google Scholar] [PubMed]

	



Ham, A.; Kim, M.; Kim, J.Y.; Brown, K.M.; Fruttiger, M.; D’Agati, V.D.; Lee, H.T. Selective deletion of the endothelial sphingosine-1-phosphate 1 receptor exacerbates kidney ischemia-reperfusion injury. Kidney Int. 2014, 85, 807–823. [Google Scholar] [CrossRef]

	



Bartels, K.; Grenz, A.; Eltzschig, H.K. Sphingosine-1-phosphate receptor signaling during acute kidney injury: The tissue is the issue. Kidney Int. 2014, 85, 733–735. [Google Scholar] [CrossRef]

	



Zeng, Y.; Adamson, R.H.; Curry, F.R.E.; Tarbell, J.M. Sphingosine-1-phosphate protects endothelial glycocalyx by inhibiting syndecan-1 shedding. Am. J. Physiol. Heart Circ. Physiol. 2014, 306, H363–H372. [Google Scholar] [CrossRef]

	



Zhang, L.; Zeng, M.; Fan, J.; Tarbell, J.M.; Curry, F.R.E.; Fu, B.M. Sphingosine-1-phosphate Maintains Normal Vascular Permeability by Preserving Endothelial Surface Glycocalyx in Intact Microvessels. Microcirculation 2016, 23, 301–310. [Google Scholar] [CrossRef]

	



Zeng, Y.; Liu, X.H.; Tarbell, J.T.; Bingmei, F. Sphingosine 1-phosphate induced synthesis of glycocalyx on endothelial cells. Exp. Cell Res. 2015, 339, 90–95. [Google Scholar] [CrossRef]

	



Shiojima, I.; Walsh, K. Role of Akt signaling in vascular homeostasis and angiogenesis. Circ. Res. 2002, 90, 1243–1250. [Google Scholar] [CrossRef]

	



Mensah, S.A.; Cheng, M.J.; Homayoni, H.; Plouffe, B.D.; Coury, A.J.; Ebong, E.E. Regeneration of glycocalyx by heparan sulfate and sphingosine 1-phosphate restores inter-endothelial communication. PLoS ONE 2017, 12, e0186116. [Google Scholar] [CrossRef] [PubMed]

	



Hsia, K.; Yang, M.J.; Chen, W.M.; Yao, C.L.; Lin, C.H.; Loong, C.C.; Huang, Y.L.; Lin, Y.T.; Lander, A.D.; Lee, H.; et al. Sphingosine-1 phosphate improves endothelialization with reduction of thrombosis in recellularized human umbilical vein graft by inhibiting syndecan-1 shedding in vitro. Acta Biomater. 2017, 51, 341–350. [Google Scholar] [CrossRef] [PubMed]

	



Diebel, M.E.; Diebe, L.N.; Liberati, D.M.J. Protective effects of plasma products on the endothelial-glycocalyx barrier following trauma-hemorrhagic shock: Is sphingosine-1 phosphate responsible? Trauma Acute Care Surg. 2019, 87, 1061–1069. [Google Scholar] [CrossRef] [PubMed]

	



Araibi, H.; van der Merwe, E.; Gwanyanya, A.; Kelly-Laubscher, R. The effect of sphingosine-1-phosphate on the endothelial glycocalyx during ischemia-reperfusion injury in the isolated rat heart. Microcirculation 2020, 27, e12612. [Google Scholar] [CrossRef]








[image: Ijms 22 02157 g001 550] 





Figure 1. Clinical implications of glycocalyx damage in the setting of ischemia and/or reperfusion injury following kidney transplantation. FGF, fibroblast growth factor; iNOS, inducible nitric oxide synthase; MMPs, matrix metalloproteinases; S1P, sphingosine 1-phosphate; SOD, superoxide dismutase, TLR, toll like receptors. 






Figure 1. Clinical implications of glycocalyx damage in the setting of ischemia and/or reperfusion injury following kidney transplantation. FGF, fibroblast growth factor; iNOS, inducible nitric oxide synthase; MMPs, matrix metalloproteinases; S1P, sphingosine 1-phosphate; SOD, superoxide dismutase, TLR, toll like receptors.



[image: Ijms 22 02157 g001]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  ijms-22-02157


  
    		
      ijms-22-02157
    


  




  





media/file0.png





media/file2.png
hvaluwronan

l heparan sm',vkars-‘l

Sheddases
MMPs
Glycocalyx
shedding

[ Pro-inflammatory
milieu

TLRs

R S ——— ]
Co MpLEMERL cascade

Augmented:
Oxidanve soress
tNOS
Endothelal
permeabiliny

O Delayed graft
Sfunction "

0O Acute rejection

O Allograft
fibrosis
o s 15 B





media/file1.jpg
sndecans

aluronan

Aeparan sulphate

‘miliea

Lk Oxidadivesoress | o O Delayedgrat
Compmnr semet | | | 2 OB .
. Buieiy: [ 9 s
O Ategrat
porsatisy o






