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Abstract

:

The endothelial glycocalyx (EGC) is a layer of proteoglycans (associated with glycosaminoglycans) and glycoproteins, which adsorbs plasma proteins on the luminal surface of endothelial cells. Its main function is to participate in separating the circulating blood from the inner layers of the vessels and the surrounding tissues. Physiologically, the EGC stimulates mechanotransduction, the endothelial charge, thrombocyte adhesion, leukocyte tissue recruitment, and molecule extravasation. Hence, severe impairment of the EGC has been implicated in various pathological conditions, including sepsis, diabetes, chronic kidney disease, inflammatory disorders, hypernatremia, hypervolemia, atherosclerosis, and ischemia/reperfusion injury. Moreover, alterations in EGC have been associated with altered responses to therapeutic interventions in conditions such as cardiovascular diseases. Investigation into the function of the glycocalyx has expanded knowledge about vascular disorders and indicated the need to consider new approaches in the treatment of severe endothelial dysfunction. This review aims to present the current understanding of the molecular mechanisms underlying cardiovascular diseases and to elucidate the impact of heart surgery on EGC dysfunction.
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1. Introduction


The vascular endothelium is the largest organ in the body, which spreads along the luminal side of blood vessels and lymphatic vessels; for decades, it was considered a mechanical barrier separating the circulating blood from the inner layers of the vessels and the surrounding tissues [1,2,3]. The endothelial layer consists of endothelial cells, which produce components of the thin EGC layer extending from their luminal surface [4,5]. The extracellular parts of transmembrane glycoproteins and proteoglycans are anchored in the cell membrane of endothelial cells and form the fundamental structure (matrix) of the EGC, whereas the transmembrane parts of their molecules attach the EGC to endothelial cells [5,6].



Glycoproteins contain short carbohydrate side chains capped with sialic acid in their extracellular parts, which give them a negative charge important for the control of endothelial permeability, as filtration of negatively charged plasma proteins in the extracellular space is diminished [7]. Due to its negative charge, the EGC acts as a barrier against pathogens, deterring bacteria and viruses, as well as participates in controlling platelet interactions, leukocyte adhesion, endothelial permeability, coagulation, and the regulation of vascular tone [5,8,9]. Similarly, proteoglycans (syndecan-1 and glypican-1) expressed on endothelial cells covalently bind negatively charged glycosaminoglycans (chondroitin sulfate, heparan sulfate, and dermatan sulfate) with the extracellular parts of their molecules in different proportions and compositions [5], which contributes to the negative charge of the EGC. Chondroitin sulfate binds mainly to syndecan-1, and heparan sulfate accounts for 50–90% of all glycosaminoglycans bound to syndecan-1 and glypican-1; therefore, these essentially define the properties of the EGC matrix [10] (Figure 1).



The matrix of the EGC includes intracellular adhesion molecule (ICAM)-1, vascular cell adhesion molecule (VCAM)-1 and platelet endothelial cell adhesion molecule (PECAM)-1, also known as CD31, which are responsible for thrombocyte and leukocyte aggregation and leukodiapedesis and which protect endothelial cells from direct exposure to blood cellular elements, thus contributing to the control of inflammation and hemostasis. Heparan sulfate exerts anticoagulant activity [11]. It also binds to proinflammatory mediators (cytokines, chemokines, and growth factors) and morphogens in the circulation and protects them against proteolysis [12]. Heparan-sulfate-containing proteoglycans act as coreceptors for various tyrosine-kinase-based receptors [13], implying their influence on signal transduction in endothelial cells mediated by proinflammatory cytokines and growth factors, lowering their activation threshold or changing the duration of the signal transduction. On the other hand, heparan-sulfate-containing proteoglycans act as endocytic receptors for the clearance of bound lipoproteins or morphogens; in this way, the EGC regulates tissue development/remodeling [12].



The EGC plays a crucial role in modulating endothelial functions through various mechanisms, including mechanotransduction, barrier function regulation, leukocyte adhesion modulation, and signaling pathway regulation [1]. The glycocalyx acts as a mechanosensor, converting mechanical forces exerted by the blood flow into biochemical signals, especially in downstream signaling pathways. Recent research suggests that the EGC has an important mechanosensing function [1,14,15,16,17]. Components of the EGC participate in mechanotransduction, as they participate in the translation of shear stress into electrical, functional, and genetic changes inside endothelial cells by connecting the cytoskeleton and cell membrane. Endothelial cells are under the strong influence of hemodynamic forces and other important factors (presented in Figure 2) and exhibit accentuated mechanosensing.



The EGC contributes to the shear-induced signaling pathway through endothelial-cell junctional proteins, such as PECAM-1, a cell-adhesion molecule and endothelial-cell mechanosensor that acts in a complex of different junctional proteins composed of PECAM-1, vascular endothelial cadherin (VE-cadherin), and vascular endothelial growth factor receptor 2 (VEGFR2), which play a central role in endothelial mechanosensing and alignment [16,17,18]. PECAM-1 is involved in mechanotransduction through its interactions with other proteins and its localization in specialized structures within endothelial cells, such as at intercellular junctions and focal adhesions. PECAM-1 plays a multifaceted role in endothelial mechanotransduction by detecting mechanical signals, mediating intercellular communication, regulating focal-adhesion dynamics, and modulating intracellular signaling pathways as well as inflammatory modulation. Mechanical forces generated during leukocyte adhesion and migration can influence PECAM-1-mediated signaling, regulating the inflammatory phenotype of endothelial cells [1,14,15,16,17,18].



Blood flow and shear stress increase the force on PECAM-1, initiating a signaling cascade leading to eNOS and NO production [17]. PECAM-1 has a central role in the response during abrupt changes of flow and in mediating shear-stress-induced vasodilatation, facilitating eNOS activation; it does this by enhancing its activity and through physical interaction at the junction between endothelial cells [16,17,18]. Studies have suggested that the proteoglycan core protein glypican-1 transmits the fluid shear force sensed by glycosaminoglycan (GAG) side chains mainly via heparan sulfate (HS), but not chondroitin sulfate and syndecan-1, to the cell surface, leading to the phosphorylation of eNOS to NO [17,18].



Applying stress directly to glypican-1, rather than PECAM-1, induced nitric oxide (NO) production by human umbilical-vein endothelial cells (HUVECs) and rat fat-pad endothelial cells in vitro. In this model, the generation of NO was abolished by using small interfering RNA (siRNA) to knock down PECAM-1 expression, but also by using glypican-1 knockout mice with normal levels of PECAM-1 expression [18]. These findings highlight glypican-1 as the primary shear sensor upstream and underscore PECAM-1 as the downstream mediator in shear-induced NO generation [18,19,20,21]. Furthermore, heparan sulfate is crucial for initiating early-phase endothelial mechanotransduction by association with PECAM-1 [16], as PECAM-1 activation generates shear-induced NO through the phosphorylation of endothelial nitric oxide synthase (eNOS) in endothelial cells [21,22]. Similarly, hyaluronan, but not chondroitin sulfate, blocks shear-induced NO production [17,18,21].



It has been shown that in the early-phase mechanotransduction in response to a step change in shear stress, PECAM-1 and G-protein Gαq/11 form a mechanosensitive complex that contains endogenous heparan sulfate proteoglycans with an HS chain that is central for complex assembly and flow response regulation [18,19]. The PECAM-1/Gαq/11 complex bound by HS has been shown to be disrupted in studies using heparinase to cleave HS, altering the early-phase induction of NO production [17,18,21]. In addition, it has been shown that heparinase treatment blocked both the early- and late-phase response of NO production to a step change in shear stress [21,22]. PECAM-1 has a role in shear-induced PGI2 production and upregulation of the enzyme cyclooxygenase 2 (COX-2), the precursor to PGI2, which has been confirmed by different studies [22,23].



The integrity of the EGC is preserved by physiological blood flow parameters that control the expression of its constituent parts (Figure 3). Under the influence of glycosaminoglycans, water molecules and various plasma proteins are incorporated into the matrix, playing a critical role in maintaining the integrity and hydration of tissues [6,10,23,24,25].



The interaction of plasma proteins (enzymes and cofactors, xanthine-oxidoreductase, superoxide dismutase, and thrombomodulin) with EGC is crucial in maintaining endothelial structure and function [24]. Proteins such as factor H, the C1 inhibitor, and antithrombin III, which bind to heparan sulfate domains within the glycocalyx, participate in vasodilatation and regulate coagulation, preserving vascular hemostasis and health [14].There is a dynamic balance between the layer of soluble EGC components and the circulating blood, which constantly affects the composition and thickness of the glycocalyx, and at the capillary level, they even slow down the blood flow due to their volume [26]. Therefore, the composition, structure, and dimensions of the EGC are quite variable [27]. The thickness of a healthy EGC varies depending on the location within the vascular tree. It represents the foundation required for a robust and effective physiological function of healthy vascular endothelium [26]. Decreased thickness is associated with endothelial dysfunction [28].



Endothelial dysfunction represents a potentially fatal process that manifests in different clinical entities such as ischemic cardiovascular diseases, particularly if they are complicated with diabetes and chronic kidney disease, volume loading (hypernatremia or hypervolemia), hyperkinetic circulation (sepsis), and ischemia/reperfusion damage (for example, during cardiac surgery) [29,30,31]. Additionally, damage to the EGC has been linked to altered outcomes of therapy in cardiovascular diseases [3]. This review aims to present the current understanding of the molecular mechanisms underlying endothelial dysfunction during heart surgery.




2. Emerging Insights into the Endothelial Glycocalyx in Cardiovascular Diseases


2.1. Atherosclerosis


Vascular function control and endothelial health are significantly impacted by the glycocalyx’s dynamic nature, which is defined by ongoing cycles of degradation and regeneration [32]. Coronary arteries of the White Carneau pigeon had reduced vascular glycocalyx in atheroprone regions [33]. Similarly, the EGC thickness was notably lower in the sinus area of the internal carotid artery in disease-prone mice as compared to the non-diseased sections of the common carotid artery [34]. Van den Berg et al. also noticed a thinner EGC in the branches of the internal carotid artery, with a higher intimal accumulation of low-density lipoproteins (LDLs) than in nearby common carotid regions in mice. This suggests that the increased LDL accumulation is caused by compromised EGC barrier properties [35]. Atherosclerosis-prone Apolipoprotein E-deficient (Apoe−/−) mice that were fed a diet rich in cholesterol for 10 weeks showed increased LDL buildup and greater apoptosis in the area of the common carotid artery under the thinner EGC [36]. It was proposed that EGC shedding increased endothelial apoptosis, which increased lipid permeability and promoted monocyte adhesion and subendothelial recruitment, resulting in the formation of atherosclerotic plaques [36,37]. Moreover, selective degradation of the heparan sulfate chains induced the release of cytokines, chemokines, and growth factors [38]. This created an opportunity for the cytokine-mediated activation of leukocytes, resulting in an increase in leukocyte adhesive properties. Subsequently, cell rolling and adhesion during diapedesis were rendered possible by ICAM-1, ICAM-2, VCAM-1, and PECAM-1 on endothelial cells [10]. Additionally, decreased synthesis of glycosaminoglycan hyaluronan promoted leukocyte adhesion, which, in turn, triggered inflammation and accelerated atherosclerosis [37]. This is in accordance with the physiological function of hyaluronan, which interacts with the transmembrane glycoprotein CD44 and prevents its functions, such as adhesion, rolling and diapedesis of leukocyte subpopulations, lymphocyte activation, and angiogenesis [39]. Therefore, the breakdown of hyaluronan via the CD44 molecule promotes endothelial dysfunction and atherosclerosis [40].



Recent investigations demonstrated that partial ligation of the carotid artery in atherosclerosis-prone Apoe−/− mice increase oscillatory shear and microRNA 712 production. This particular microRNA inhibits the tissue inhibitor of MMP 3, leading to the development of atherosclerotic plaques [41,42]. Stained samples of carotid arteries from partial ligation procedures showed the complete lack of hyaluronan [43]. Degradation of hyaluronan [44] and heparan sulfate from proteoglycans inhibited shear-induced NO production. Chondroitin sulfate did not have such an effect [45].



The pathogenesis of heart failure of ischemic etiology in patients has been studied in relation to EGC shedding. Patients with ischemic heart disease or heart failure with preserved ejection fraction (HFpEF) had higher serum syndecan-1 [41] that correlated with the degree of inflammation and faster leukocyte recruitment [46]. Syndecan-1 in patients with HFpEF was associated with the development of acute kidney insufficiency and predicted mortality within 3 years [41]. In patients with heart failure with preserved ejection fraction (HFpEF), the plasma concentration of syndecan-1 was not significantly elevated, whereas serum hyaluronan was considerably higher, and it was an independent predictor of a poorer clinical outcome [47].




2.2. Hypertension and Aging


Published data of experimental animal models and humans indicates that the loss of EGC in various vascular compartments is associated with clinical diseases. Rats with diabetes and hypertension exhibited a diminished EGC layer in retinal and choroidal capillaries, whereas spontaneously hypertensive rats showed a thinner EGC layer at the blood–brain barrier [36]. Moreover, increased blood salt levels have been connected to decreased EGC thickness. This decreases the EGC’s capacity to sequester salt, which, in turn, contributes to hypertension and salt overload [48,49]. Blood-borne matrix metalloproteinases (MMPs) cause increased EGC cleavage in the red blood cells of hypertensive rats as opposed to normotensive rats [49]. Schierke et al. have conducted more recent studies that show that increased plasma sodium content, a sign of hypertension, stiffens the endothelium cortex and reduces the thickness of the EGC. This reduction in EGC thickness causes the endothelium to produce proinflammatory cytokines, which, in turn, increases monocyte adhesion and reduces the generation of NO [27]. Rats with monocrotaline-induced pulmonary artery hypertension have been shown to exhibit EGC shedding [50]. In untreated hypertension individuals, an impaired EGC has also been reported that is correlated with arterial stiffness and dysfunction in coronary and cardiac function [51]. Moreover, endothelial shedding has been linked to hypertension associated with preeclampsia, which can result in endothelial dysfunction, decreased microvascular perfusion, and vascular damage [52].



Studies investigating the EGC in microvessels of both young and elderly male mice, as well as in humans, have consistently reported a significant decrease in glycocalyx thickness with aging. This finding underscores the age-related alterations in the EGC, highlighting its potential implications for vascular function and physiology across species [50]. In particular, compared with young mice, the EGC thickness in the mesenteric and skeletal muscle microvessels of old mice was decreased by 51–54%, and the EGC thickness was decreased by 33% in the sublingual microcirculation of elderly people. These results highlight the existence of reduced EGC thickness in older adults together with signs of compromised microvascular perfusion [53].





3. Understanding the Effects of Heart Surgery on Vascular Health


Cardiac surgery, involving heart and thoracic aortic surgeries, is necessary to treat the increasing incidence of patients with cardiovascular diseases [54]. Every year, about a million cardiac treatments are performed worldwide [55]. In 2019, guidelines outlining the indications for cardiac surgery were developed in collaboration with the European Association for Cardio-Thoracic Surgery (EACTS), the Quality and Outcomes Committee of the European Board of Cardiovascular Perfusion (EBCP), and the European Association of Cardiothoracic Anesthesiology and Intensive Care (EACTAIC). These indications are mostly related to severe valvular regurgitation or stenosis and advanced ischemic heart disease [56].



For valvular heart disease or for valve repair or replacement, open cardiac surgery may be necessary depending on the damaged valve [57]. If invasive cardiological therapy is not effective for a patient with severe ischemic heart disease, cardiac surgery is recommended [58]. Treatment strategies may involve open or less invasive procedures [59,60].



Most heart treatments involve the use of cardiopulmonary bypass (CPB), which temporarily replaces heart and lung functions with an artificial circuit made up of a pump and an oxygenation barrier [54]. A quiescent heart and a bloodless surgical area are made possible by CPB, which also maintains adequate oxygenation and systemic perfusion. Roller and centrifugal pumps are common components of CPB machines, which offer non-pulsatile flow [14]. While pulsatile flow is recommended in adult open-heart surgery by the 2019 EACTS/EACTAIC/EBCP guidelines, the evidence for its superiority over non-pulsatile flow remains unclear, although pulsatile flow is a more natural option [56,58].



Postoperative organ failure following heart surgery is a result of many mechanisms, including endothelial dysfunction and the release of inflammatory mediators, particularly in heart treatments using CPB [61]. An example of inflammatory mediators generated by surgical stress and chronic cardiac inflammation are interleukins (IL-1, IL-6, IL-8, IL-12, and IL-18) [19,62]. Additionally, surgical stress and volume compensation during and after the procedure lead to the release of atrial natriuretic peptide and damage to the EGC [63]. Mitigating the consequent endothelial dysfunction is a key research focus.



The application of anesthetics, fluid overload, and ischemia–reperfusion damage, which all promote glycocalyx shedding and endothelial dysfunction, are also observed in non-cardiac surgery. However, these changes are more apparent after cardiac surgery due to factors such as endothelial insufficiency, which patients with cardiovascular diseases already have, and longer blood contact with artificial circuits during CPB.




4. Emerging Insights into the Endothelial Glycocalyx during Heart Surgery


The intricate endothelial function can be compromised and the EGC damaged during heart surgery due to many factors such as mechanical damage by surgical techniques, acute inflammation, ischemia–reperfusion injury, turbulent blood flow, and contact with foreign chemicals and surfaces [64].



Acute inflammation has a central role in EGC breakdown, as it is the first non-specific and comprehensive defense reaction that tends to limit noxious stimuli and harmful substances during heart surgery. The inflammation is mediated by soluble factors and cells [65]. Activated monocyte/macrophages, neutrophils, and mast cells produce heparanases, hyaluronidases, and matrix metalloproteinases (MMPs) after contact with endothelial matrix proteins [65,66]. Heparanase cleaves heparan sulfate and hyaluronidases cleave hyaluronan from proteoglycans, which promote EGC damage, facilitating adhesion of activated lymphocytes to the surface of endothelial cells and, consequently, leukodiapedesis [66].



The shedding of glycosaminoglycans from EGC facilitates the release of chemokines and proinflammatory cytokines embedded in the EGC into the circulation [66,67,68]. In turn, the proinflammatory cytokines further promote glycocalyx shedding [58,69,70]. Cytokines support the stimulation of lymphocytes, activate complement, and produce reactive oxygen species (ROS) and reactive nitrogen species (RNS), which additionally damage endothelial cells [5,65]. Circulating endothelial cells detached from the basal membrane express TLR4, which activate memory T cells [71]. Circulating endothelial cells possess the capability to identify and present local tissue antigens; however, they may not efficiently activate naive T cells for proliferation and differentiation. Despite this limitation, circulating endothelial cells are able to stimulate these T cells to produce cytokines. This highlights a potential role for endothelial cells in immune regulation through cytokine signaling despite their inability to fully activate T cell proliferation and differentiation [58,72,73,74].



Blood flow causes shear stress of the EGC, which extends into the vessel lumen, especially in constrictions or bifurcations, where flow velocities are higher. Under pressure and shear stress, the endothelium glycocalyx goes through a dynamic process of ongoing breakdown and repair [75]. Magoon et al. highlight the role of a healthy glycocalyx in mechanotransduction, the process by which cells convert mechanical stimuli into biochemical signals [14]. Changes in the glycocalyx that disrupt these interactions can exacerbate disease, emphasizing the importance of the glycocalyx in vascular health [19,20,71]. Glycocalyx shape and thickness differ throughout vascular beds and are highly dependent on shear stress [56,57]. Decreased thickness is associated with vascular dysfunction in different pathophysiological settings [28]. An increase in the concentration of EGC components in the circulation is a sign of its damage and endothelial dysfunction [46]. The destruction of endothelial cells and EGC shedding are major processes involving the metalloproteinase family, in particular MMPs [76,77,78,79]. MMPs 3 and 9 have been linked to cardiovascular diseases, and individuals with ischemic heart disease and atherosclerotic plaques have higher MMP 3 and 9 levels [79,80,81]. Furthermore, MMPs have the ability to cleave hyaluronan and syndecan-1 receptors, which exacerbates glycocalyx damage [5,82,83]. Shed glycocalyx components exacerbate the EGC damage by feeding a vicious cycle of ROS and RNS production [84,85].



EGC shedding following heart surgery is also facilitated by ischemia–reperfusion damage, which releases heparan sulfate and syndecan-1 into the circulation [86,87,88]. Even after off-pump CABG surgery, CPB causes an inflammatory response that increases the shedding of heparan sulfate and syndecan-1 [89].



Research on animals suggests that the endothelium glycocalyx takes five to seven days to restore after shedding [90]. However, clinical investigations have shown that this process occurs much faster [58,91].




5. Estimation of Endothelial Glycocalyx Damage in Heart Surgical Settings


In clinical and scientific arenas, conventional laboratory methodologies and biochemical analyses are frequently deployed to assess factors linked to the release of soluble glycocalyx post cardiac surgery [79,92]. It is imperative to comprehend the nuances in circulating molecule levels associated with endothelial shedding. Employing commercially available enzyme-linked immunosorbent assays or enzyme immunoassay kits facilitate the identification and quantification of numerous bioactive molecules, metabolites, cytokines, and other pertinent parameters released or produced by the endothelium. Notable among the frequently studied biomarkers of EGC are angiopoietin-1 and 2, ICAM-1, VECAM-1, P and E-selectin, chondroitin sulfate, hyaluronan, heparan sulfate, and syndecan-1 [62,87,88,92,93,94,95,96,97,98,99]. Target peptides or proteins can have their protein expression levels measured using the Western blot method.



An all-encompassing approach has been devised in the effort to find novel factors linked with microvascular dysfunction. This technique uses sidestream dark-field imaging, which includes imaging with the GycocheckTM program (Microvascular Health Solutions Inc., Salt Lake City, UT, USA), to perform sublingual video microscopy [100]. Microvascular perfusion and endothelial surface-layer characteristics may be analyzed using this technique, in addition to a number of other variables. They include capillary recruitment, dynamic capillary blood volume, absolute and stationary capillary blood volume, erythrocyte concentration and velocity, blood flow within sublingual microvessels, vascular density, the perfused boundary region (which reflects EGC thickness), and other variables. In addition to all the biological parameters that can be measured, sublingual video microscopy can also provide significant spatial resolution, which refers to the level of detail or the smallest detectable aspects that can be observed in the captured images [100,101,102,103,104,105,106]. The spatial resolution achievable with sublingual video microscopy can differ depending on the specific equipment and settings used [101,106]. In general, sublingual video microscopes can provide spatial resolution in the order of micrometers (µm), allowing the visualization of individual capillaries and blood flow dynamics within them. However, spatial resolution in sublingual video microscopy is influenced by several factors; for example, the magnification power, where higher magnification enables the visualization of smaller blood vessels and finer details. Likewise, the optical quality significantly affects spatial resolution, as does the pixel density, which allows finer details to be captured within the field of view, resulting in higher spatial resolution [100,101,106]. Moreover, the size of the area being imaged affects the spatial resolution, as do advanced image-processing techniques that can further enhance spatial resolution by reducing noise, improving contrast, and sharpening edges in the captured images [100,106].



Ikonomidis et al. investigated the relationship between the incidence of cardiovascular events and the disruption of EGC integrity [54,102]. Using the perfused boundary region (PBR5-25) as a proxy for EGC thickness in sublingual microvessels, they discovered that over a 6-year follow-up, cardiovascular events (defined as death, major adverse cardiovascular events, myocardial infarction, and stroke) were significantly predicted by increased PBR5-25, indicating a thinner EGC. Despite the study’s valuable insights, questions were raised regarding the estimate’s stability because there were only 57 events compared with the total number of factors that the research took into account. The criticism argues that more event data and tougher criteria are required for strong prediction capability [103]. Furthermore, the discussion emphasizes the necessity of taking into account the interaction between various serum biomarkers and incorporating validated biomarkers for cardiovascular disease when estimating the mortality risk in patients with heart failure, suggesting that a larger dataset is necessary for precise analysis [104,105].




6. Multifaceted Approaches for Preserving Endothelial Glycocalyx Integrity in Heart Surgery


6.1. Management of Fluid Dynamics and Protein-Based Therapeutic Approaches


Fluid management is essential for maintaining EGC integrity. Fluid infusion is often necessary to optimize hemodynamic parameters and tissue perfusion, but it is essential to recognize that excessive fluid administration can exacerbate glycocalyx shedding and endothelial damage, potentially worsening vascular permeability and organ dysfunction. Fluid infusion is frequently used in cardiosurgical procedures, but it may increase the concentration of biomarkers associated with EGC shedding [106,107]. Research has demonstrated a steady increase in heparan sulfate concentrations with every liter of intravenous fluid given, suggesting the possibility of iatrogenic endothelial injury [107]. Similar to this, after heart surgery, acute hypervolemic hemodilution can cause EGC damage and mechanical stress, which can result in fluid leakage into the interstitial space. Increased morbidity is correlated with liberal perioperative fluid administration, which produces a positive fluid balance. The evidence that preoperative fluid administration may worsen glycocalyx shedding has cast doubt on this once-common technique. In order to prevent iatrogenic endothelium damage during surgery, rational fluid management that satisfies patients’ clinical demands is advised. As opposed to liberal regimens, implementing restrictive fluid regimens can lower surgical complications and the length of hospital stays [58].



It has been suggested that fresh frozen plasma and human albumin can help regenerate EGC damage. Fresh frozen plasma has protective and regenerative properties and is rich in the plasma proteins required for glycocalyx repair [108,109]. Following a hemorrhage, treatment with fresh frozen plasma has been demonstrated to improve syndecan-1 levels and glycocalyx thickness. It is thought that human albumin, which is commonly used to treat low blood volume, strengthens the glycocalyx structure and reduces shedding [58]. Although research on animals has demonstrated the advantages of albumin, results from clinical trials contrasting it with fresh frozen plasma are still equivocal [110]. However, adding human albumin to solutions decreased EGC shedding and enhanced results in heart transplant models. Furthermore, lactated Ringer’s solution was not as effective as plasma replacement in maintaining glycocalyx parameters in hemorrhagic shock [58].




6.2. Sustaining Normal Blood-Glucose Levels


Because both acute and chronic hyperglycemia can harm the EGC and cause cardiovascular problems, maintaining normoglycemia is essential [110,111]. Promising agents for maintaining EGC integrity include metformin and empagliflozin [112,113]. An SGLT2 inhibitor called empagliflozin® improves glycocalyx production and repairs endothelial cell responsiveness in EGC injury [112]. Metformin is a commonly used antidiabetic medication that decreases inflammatory indicators and increases glycocalyx thickness and density in addition to lowering glucose levels [114,115,116].




6.3. Stabilizers of Atherosclerotic Plaques


For glycocalyx regeneration, atherosclerotic plaque stabilizers such as statins and sulodexide have been proposed [117,118]. The heparan-sulfate source sulodexide has been shown to improve microvascular function and EGC thickness in diabetic patients. Statins, in particular rosuvastatin, have demonstrated encouraging effects in reducing permeability while also increasing EGC thickness [58,117].




6.4. Anti-Inflammatory Treatment


Treatments that reduce inflammation may be able to slow the breakdown of the EGC [119,120]. Promising agents for preventing inflammation-induced shedding and preserving the integrity of the EGC include etanercept and hydrocortisone [121]. EGC thickness has also shown positive responses to poloxamer-188, a medication used to treat sickle-cell disease. Analogously, more recent anti-inflammatory medications such as imatinib and tocilizumab have the ability to maintain the integrity of the EGC [122,123].




6.5. Anticoagulants


The use of anticoagulant medication, which frequently includes additional antithrombin, is essential in the treatment of disseminated intravascular coagulation brought on by sepsis [124]. Its potential benefits have been extensively researched and include a possible reduction in in-hospital mortality rates as well as the ability to mitigate EGC damage, inhibit the shedding of important components like heparan sulfate and syndecan-1, and prevent vascular leakage in experimental models caused by inflammatory processes like TNF-α infusion or ischemia [125,126]. Furthermore, studies on the antithrombin and enoxaparin combination treatment’s therapeutic effects show encouraging results in lowering leukocyte adhesion and transmigration across the blood–brain barrier after traumatic brain injury, suggesting a possible role in glycocalyx barrier function restoration [127]. There is conflicting evidence when it comes to heparin therapy. On the one hand, unfractionated heparin supplementation in conjunction with crystalloids and antibiotics seems to normalize the EGC and may even have a protective or anti-inflammatory effect [128]. On the other hand, there are worries that it may compete with the heparan sulfate component of the EGC, resulting in structural degradation and compromised barrier function [129]. In addition, low-molecular-weight heparin administered intravenously has been shown to exhibit increased enzymatic activity that releases embedded proteins from the EGC [130,131]. This raises concerns about the EGC aiding the drug’s long-term effects, especially in individuals with diabetes. Anticoagulant medicines therefore hold potential for maintaining the integrity of the EGC. Nevertheless, due to the complex interactions that these therapies have with EGC functions, further research is required to determine their overall therapeutic impact [131].




6.6. Anesthetics and Anesthesia Methods


Certain anesthetics, particularly intravenous agents like propofol and volatile inhalational agents such as sevoflurane and isoflurane, have been shown to directly affect EGC integrity. Studies have demonstrated that these agents can lead to glycocalyx shedding and endothelial dysfunction, possibly through mechanisms involving oxidative stress, inflammation, and alterations in intracellular signaling pathways [132,133,134]. Some other studies, particularly in ischemia–reperfusion injuries, have provided evidence that volatile anesthetics such as sevoflurane demonstrate protective effects on the EGC. Clinical evidence supporting their advantage over other anesthetic drugs, however, is still equivocal, and further studies are needed to clarify their benefits or potential harmful effects [132,133,134,135].





7. Conclusions


The healthy EGC performs many functions, such as the regulation of mechanotransduction, vascular integrity, vascular tone modulation, NO production, and anti-inflammatory and anti-coagulant activities. Endothelial dysfunction with a damaged glycocalyx represents a generalized vasculopathy with a predominance of vasoconstrictive, procoagulant, and inflammatory properties of the endothelium over its vasodilating, anticoagulant, fibrinolytic, and anti-inflammatory potential.



Vascular diseases are leading causes of mortality and morbidity worldwide. Therefore, any factor preserving EGC structure and function should be thoroughly investigated. Some of those factors are mechanical damage, inflammation, and the formation of blood clots. Any condition, including the procedures during the heart surgery, which causes the shear stress and damage to the EGC leads to pathological changes in the vascular wall, resulting in atherosclerosis, chronic venous disease, hypertension, and aging. Consequently, it leads to coronary heart disease, cerebrovascular disease, and peripheral artery disease, which greatly affect the quality of life, represent a socioeconomic burden, and often have a lethal outcome. Therefore, understanding the physiology and pathophysiology of EGC in health, disease, and surgical procedures is crucial to preventing its damage and maintaining vascular homeostasis.
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