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Abstract

:

(1) Damage to the endothelial glycocalyx (eGC), a protective layer lining the endothelial luminal surface, is associated with chronic kidney disease (CKD), which leads to a worsening of cardiovascular outcomes in these patients. Currently, there are no targeted therapeutic approaches. Whether the dietary supplement EndocalyxTM (ECX) protects against endothelial damage caused by uremic toxins is unknown. (2) We addressed this question by performing atomic force microscopy measurements on living endothelial cells. We examined the effect of ECX on eGC thickness at baseline and with pooled serum from hemodialysis patients. ECX was also successfully administered in vivo in mice, in which eGC was assessed using perfused boundary region measurements by intravital microscopy of cremasteric vessels. (3) Both ECX and fucoidan significantly improved baseline eGC thickness. Our data indicate that these effects are dependent on ERK/MAPK and PI3K signaling. After incubation with eGC damaging serum from dialysis patients, ECX increased eGC height. Intravital microscopy in mice revealed a relevant increase in baseline eGC dimensions after feeding with ECX. (4) We identified a dietary supplement containing glycocalyx substrates and fucoidan as potential mediators of eGC preservation in vitro and in vivo. Our findings suggest that fucoidan may be an essential component responsible for protecting the eGC in acute settings. Moreover, ECX might contribute to both protection and rebuilding of the eGC in the context of CKD.
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1. Introduction


The endothelial glycocalyx (eGC), a carbohydrate-rich gel-like mesh of large anionic polymers, lines the luminal side of the endothelium along the entire vascular tree [1,2]. It is composed of both hyaluronan and highly sulfated glycosaminoglycans (mainly heparan and chondroitin sulfate) that are attached to core proteoglycans, especially those from the syndecan family [3]. Together with both endothelium- and plasma-derived soluble proteins that are integrated into this mesh, the eGC reaches a thickness of up to 2 µm and thus can be slightly thicker than the endothelial cells themselves [1,4,5]. Its structure in the healthy endothelium is subject to a permanent dynamic equilibrium between the enzymatic or shear-stress dependent removal of or biosynthesis of new eGC components [6]. As it constitutes the interface between blood and endothelium, the intact glycocalyx acts as the primary protective barrier against triggers of vascular diseases including atherosclerosis [7]. Various important physiological properties are attributed to the eGC, such as the regulation of redox state, mediation of shear-induced nitric oxide production or physiologic anticoagulation [1,3,8].



Damage to the eGC in vivo has been observed not only in response to inflammatory agents, such as endotoxin [9], TNF-alpha [10], oxidized low-density lipoprotein [8], angiopoietin-2 [11], endothelin-1 [12] and excess atrial natriuretic peptides [13], but also during hypervolemia [14] and hyperglycemia [15]. Many of these eGC-damaging stimuli frequently occur in chronic kidney disease (CKD). Recently, we were able to demonstrate eGC breakdown after exposure to dysfunctional high-density lipoprotein (HDL) isolated from sera of hemodialysis patients [16]. The dysfunctionality of HDL observed in CKD patients is due to uremic toxins, such as symmetric dimethyl arginine (SDMA), serum amyloid A or apolipoprotein C-III, which accumulate in HDL particles and are known to exert endothelial-damaging effects [17,18,19]. These findings are in line with previous data showing both an independent association between eGC damage and renal function impairment and a correlation with endothelial dysfunction in patients with CKD [20,21,22,23].



However, despite the undebatable potential, therapeutic options targeting eGC protection and rebuilding are still lacking [24]. Experimental pharmacological approaches include, among others, the application of spironolactone [25], hydrocortisone [26], albumin [27] or endothelin receptor antagonists [28]. Furthermore, the approach of substituting eGC components is gaining increasing attention [7]. For instance, sulodexide, a synthetic composition of various glycosaminoglycans (GAGs), showed promising results in some, but not all, studies [29,30,31]. EndocalyxTM (ECX) is a dietary supplement composed essentially of antioxidants, GAGs (hyaluronan), glycocalyx substrates (glucosamine sulfate) and fucoidan. Fucoidan is a marine acid polysaccharide consisting mainly of L-fucose and sulfated groups (therefore sometimes referred to as heparan sulfate mimetic [32]) that is known to act as a heparinase inhibitor [33]. Recently, data from experiments with fucoidan showed considerable eGC restoring potential [34].



We therefore hypothesized that ECX preserves eGC structure and function, possibly by inhibiting enyzmatic degradation of the eGC and/or by supplying eGC substrates that are incorporated into the eGC. We explored this question using several experimental settings: (i) assessing eGC responses of endothelial-cell monolayers to ECX; (ii) identifying potential eGC-protective signaling pathways activated by ECX; (iii) quantifying the therapeutic effect of ECX in an in vitro CKD model; and (iv) transferring ECX administration and eGC assessment to an in vivo mouse model.




2. Results


2.1. ECX Improves the Endothelial Glycocalyx (eGC) Height


As demonstrated before [16], we used atomic force microscopy (AFM) based nanoindentation measurements to identify the effects of ECX on the nanomechanics of the eGC and thus the functional integrity of the eGC in living endothelial cells (EA.hy926). Previous studies revealed that eGC integrity in vitro largely depends on the presence of albumin, or at least 1% fetal calf serum (FCS) [16,27]. After being grown in a culture medium containing 10% FCS and then swapped to test conditions as indicated, the incubation of EA.hy926 cells for 60 min with ECX in an optimal dilution of 1:1000 preserved the eGC height even in the absence of FCS. Both ECX and FCS showed a significantly greater eGC thickness compared to pure HEPES buffer (301.5  ±  11.4 nm vs. 219  ±  9.1 nm vs. 170.9  ±  5.9 nm, p < 0.001) (Figure 1A). In dose–response experiments, the 1:1000 dilution showed the most pronounced effect, so we used it for all further in vitro experiments.



The findings were essentially reproducible on primary human umbilical vein endothelial cells (HUVEC) (Supplementary Figure S1).



To further verify these findings in an in vivo mouse model, male C65BL/6J mice were fed with either standard diet or ECX-supplemented diet for two weeks. Quantitative intravital microscopy of cremasteric vessels revealed a significant decrease of the perfused boundary region (PBR) in ECX-fed mice, indicating a significant increase of the eGC height in response to ECX (Figure 1B).




2.2. The eGC Thickness Preserving Effect of ECX Is Mediated by Intracellular Signaling Pathways and Is Dependent on Vesicular Transport


The molecular mechanisms of ECX-mediated eGC-protecting effects are unknown. Through explorative literature research we identified several targets potentially responsible for eGC preserving effects [35,36]. We next examined whether or not ECX effects might be mechanistically related to those pathways (Figure 2A–C). Therefore, we used the Sphingosine 1-phosphate receptor (S1PR1) antagonist W146 (5 µM) to inhibit its downstream G protein-coupled intracellular pathways. Furthermore, we tested the Phosphoinositide 3-kinases (PI3K) inhibitor Wortmannin (3 nm) and the extracellular signal-regulated kinase (ERK-MAPK) inhibitor U0126 (10 µM). To ensure effective inhibition, the respective inhibitor was pre-incubated 12 h before the experiments. On the next day, AFM measurements were performed after incubation for 60 min in either HEPES buffer with or without ECX (positive or negative control), or HEPES buffer containing ECX and the respective inhibitor. Incubation with W146 showed no significant difference in eGC levels compared to the positive control (Figure 2A). Wortmannin (204.2  ±  6.1 nm vs. 185.6  ±  6.9 nm, p = 0.028) caused a slight difference, and U0126 (120.4  ±  4.0 nm vs. 168.4  ±  6.8 nm, p < 0.001) caused a more distinct, statistically significant reduction in eGC thickness compared to the positive control (Figure 2B,C). Of note, the eGC thickness after incubation with inhibitor (in the absence of ECX) was essentially equivalent to negative control for all three inhibitors. These data suggest an involvement of ERK-MAPK and potentially PI3K signaling pathway, but do not indicate an involvement of S1PR1.



To further narrow down possible downstream mechanisms, we performed experiments with Brefeldin A, a known inhibitor of vesicular transport through the Golgi complex and thus of exocytosis [37]. Firstly, EA.hy926 cells were incubated for 90 min with HEPES buffer with or without 5 µM Brefeldin A to block exocytosis. Then, the eGC was enzymatically removed by 1 U/mL heparinase I for 30 min, a substance known for its eGC digesting capacities [38]. After enzymatic digestion, ECX could restore eGC properties within 60 min, but only in the absence of Brefeldin A (176.6  ±  5.6 nm ECX without Brefeldin A vs. 115.5  ±  5.6 nm ECX with Brefeldin A, p < 0.001) (Figure 2D). This indicates an important role for exocytosis as a mechanism of action.



Moreover, these data argue against a prominent sealing effect of the hyaluronan contained in ECX and instead for a genuine molecular mechanism. In this respect, the sulfated polysaccharide fucoidan and glucosamine sulfate seemed particularly interesting. AFM measurements revealed that only fucoidan, but not glucosamine, exerted an acute effect on eGC thickness (Supplementary Figure S2).




2.3. ECX Prevents Enzymatic Degradation of the Endothelial Glycocalyx (eGC) and Protects the eGC from Damage by Uremic Serum


Having shown ECX’s ability to regenerate the eGC thickness after enzymatic degradation, we next investigated whether ECX is also able to prevent eGC degradation in vitro when co-administered with heparinase I. AFM experiments on EA.hy926 cells revealed a significantly greater eGC thickness in case of ECX supplementation despite the presence of heparinase I (246.1 ± 11.1 nm vs. 103.6 ± 3.0 nm, p < 0.001) (Figure 3A). Confocal microscopy confirmed the abundance of heparan sulfate (HS), a major component of the eGC, in ECX-treated cells, whereas HS was absent on the surface of heparinase-treated cells (Figure 3B,C).



Next, we exposed living endothelial cells to pooled sterile-filtered sera derived from patients on hemodialysis (5%, diluted in buffer) or healthy donors (for patient characteristics see Supplementary Table S1). After 30 min of incubation, cells were washed and incubated for 60 min with HEPES buffer with or without ECX. CKD serum led to a sustained decrease in eGC thickness compared to serum from healthy controls (105  ±  2.6 nm vs. 155.4  ±  3.2 nm, p < 0.001). This decrease was completely reversed by therapeutic incubation with ECX (188.6  ±  3.8 nm, p < 0.001) (Figure 4).





3. Discussion


In the present study, we identified a dietary supplement containing glycocalyx components and fucoidan as a potential therapeutic for eGC preservation in vitro and in vivo. Our experiments suggest that cellular pathways, including PI3K, ERK-MAPK and vesicular transport via the Golgi system, as well as the inhibition of heparanase, are involved in the protective effect, and that fucoidan may be an essential component which protects the eGC in acute settings. ECX seems to be able to mediate both protection and rebuilding of the eGC in the context of enzymatic and CKD-induced eGC damage. Our data further suggest that ECX supplementation may even increase baseline eGC height in a murine model.



To investigate eGC protective effects of ECX, we used several established eGC degradation models including plasma protein depletion (solvent without additional FCS or albumin) [16,27] and enzymatic degradation by heparinase. Methodologically, we determined eGC integrity using AFM-based nanoindentation measurements and immunofluorescence, established in our group for many years [11,21,38]. Furthermore, we performed perfused boundary region (PBR) measurements, an inverse parameter of eGC thickness [39], in an in vivo mouse model via sidestream darkfield microscopy. Originally developed for sublingual intravital microscopy in humans, we adopted the method to analyze PBR in mouse cremasteric vessels [16]. Of note, recent data obtained shortly after the injection of eGC degrading enzymes were in very good agreement with measurements on corresponding ex vivo mouse aortae analyzed with AFM [16]. Although eGC height remains difficult to assess, our findings were consistent and reproducible across methods, suggesting a reliable eGC protective potential of ECX. Several studies investigating the effect of substitution of eGC constituents yielded discrepant results [29,30,40]. However, our findings are in line with a recent trial showing the eGC restoring capacity of fucoidan in the context of COVID-19 induced damage of the eGC [34].



Consistent with this result, of the two main components we tested, only fucoidan showed significant eGC protection. Designated as HS mimetic [32], numerous properties with potential for therapeutic application (among others, antithrombotic and anti-inflammatory effects) have been attributed to this compound [41]. Many years ago, fucoidan was described as a heparinase inhibitor in a tumor model [42], and this property has since been demonstrated in several other models [33]. In our experiments ECX was able to reconstitute eGC thickness (as measured by AFM) after enzymatic degradation by heparinase I. Furthermore, it was able to preserve both eGC thickness and fluorescence intensity of HS (as measured by confocal fluorescence microscopy) upon co-incubation with heparinase I. Whether this phenomenon actually underlies a mechanism of action as a heparinase inhibitor cannot be conclusively answered by our methods; however, it seems conceivable.



By showing that the ERK-MAPK- and the PI3K- (but not the S1PR1-) inhibitor significantly reduced the eGC thickness upon co-incubation with ECX, we provided evidence for the involvement of these two pathways in mediating the eGC-preserving effects of ECX. It should be noted that the decrease of eGC height caused by Wortmannin was only slightly significant. This led us to suggest a certain, but not dominating, involvement of the PI3K pathway in eGC regulation. Consistent with our findings, Zeng et al. showed that the S1P induced synthesis of eGC is mediated by the PI3K pathway [35]. Similarly, Hara et al. found that activation of p38 MAPK was crucial for the induction of syndecan-4 expression in vascular endothelial cells [36]. Numerous cross-connections and common subpathways of the PI3K and ERK-MAPK pathways exist, e.g., via the Ras molecules [43,44]. The finding that fucoidan enhanced the phosphorylation of, among others, ERK and protein kinase B (AKT) in HUVECs further supports the significance of these two pathways in mediating the fucoidan effects [45]. Moreover, we observed a marked attenuation of the ECX-mediated increase in eGC height by Brefeldin A. This led us to conclude that the (at least short-term) ECX effect may be dependent on exocytosis of eGC components in preformed vesicles rather than supplying constituents that are incorporated into the eGC themselves [37].



Noteworthy is the fact that ECX was able to completely reverse eGC damage triggered by serum of hemodialysis patients. Strong evidence for the pronounced eGC injury of our dialysis patient collective in vivo comes from the fact that both PBR values and serum levels of syndecan-1 were significantly greater than in healthy individuals (Supplementary Table S1). CKD is a major independent risk factor for cardiovascular disease (CVD) [46], while a damaged eGC seems to negatively affect cardiovascular outcomes in CVD patients [47]. A close connection between eGC breakdown, probably an important pathophysiological step in accelerating atherosclerosis (the precursor to CVD [48]), and CKD has been extensively documented [16,20,21,22,23]. Considering the lack of targeted therapy or prevention options, progress in this field is of great importance. In this regard, fucoidan has become of increasing interest in recent years [41]. Our present data suggest that part of its antiatherosclerotic effects might be due to the protection of the eGC. Preserving the eGC might therefore be a relevant factor in maintaining vascular health, especially as this structure has not yet received much attention in this context. It is well known that oxidative stress is a prevalent problem in CKD patients [49] and triggers eGC deterioration [8]. One possible mechanism of eGC protection could be the strong antioxidant activity of fucoidan, which Wang and co-workers have already demonstrated both in vitro and in a CKD rat model in vivo [50,51]. Furthermore, strong upregulation of HS-degrading endothelial heparanase occurs in hemodialysis patients [52] and the heparanase-dependent eGC degradation could be counterveiled by fucoidan, which acts as a heparanase inhibitor [33]. Consistent with our results, a renoprotective effect of fucoidan was recently demonstrated in a murine CKD model [53]. While several clinical ECX trials (e.g., NCT03889236) are ongoing, to date, in vivo data are still sparse, as the bioavailability of this substance is debated. However, a quantitative method to detect fucoidan in human plasma has been described [54]. Moreover, the results of a small trial in aging mice fed with an ECX-supplemented diet for 10 weeks strongly suggested both adequate uptake and efficacy in improving eGC properties [55]. Our preliminary in vivo data consistently demonstrated that an orally administered ECX-supplemented diet in mice could reach and functionally affect systemic circulation. The fact that ECX-fed mice showed a reduced PBR compared to control mice might suggest a “supraphysiological eGC”. In line with this in vivo finding, AFM measurements of endothelial cells incubated with ECX 1:1000 showed a higher eGC thickness than with 1% FCS. However, we cannot exclude the possibility of causing some kind of surgical trauma by performing anesthesia and subsequent cremaster preparation. As our group has previously shown, damage to the eGC is already possible within the very short time span of even five minutes [11]. Although we have trained the method very frequently to limit the damage to a minimum, one might consider a certain “small damage model”, to which the eGC of ECX-fed mice might be more resilient than the eGC of control mice fed with standard diet. To further clarify this, testing ECX in a pathological damage model is certainly very interesting. Clearly, there is also great potential for further translational studies related to CKD, which is why we are currently planning an animal study for the use of ECX in a murine 5/6 nephrectomy model.



One strength of our methodology is the approach of studying the fragile glycocalyx layer on vital endothelium. We performed AFM experiments on living endothelial cells and addressed the translational aspect by conducting PBR measurements with GlycoCheckTM software in vivo. Moreover, we used pooled human serum from dialysis patients with demonstrably elevated uremic toxins, such as SDMA, with potential to damage the eGC in vitro [16]. In our experience, non-invasive sublingual PBR measurements to approximate the eGC height are highly reproducible and accurate, as shown previously [11,16,39]. However, our study has several limitations. First, for most of our experiments, we used an immortalized human hybridoma cell line (EA.hy926), derived by fusing human umbilical vein endothelial cells (HUVECs) with the permanent human lung epithelial cell line A549. Therefore, certain epithelial properties of their eGC cannot be excluded with certainty. However, in many experiments of our group on HUVECs, human pulmonary microvascular endothelial cells (HPMECs) and murine aortic endothelium, the eGC decrease in immunofluorescence and the AFM data were in very good agreement [11,38]. Moreover, we validated this approach in the present work using HUVECs, demonstrating that the ECX effects on eGC height measured by AFM were reproducible. Moreover, the absence of shear stress and/or a lower (non-physiological) amount of plasma protein in the AFM measurements could negatively affect the thickness detection in dense eGC regions that are close to the plasma membrane. An underestimation of the less dense, apical eGC regions seems possible. Additionally, with an ECX incubation time of 60 min in vitro and a mouse feeding time of 2 weeks in vivo, we examined only the short-term effects of this dietary supplement. Therefore, longer-term trials are planned. Furthermore, ECX contains more ingredients than fucoidan and glucosamine, e.g., hyaluronan, antioxidants and enzymes, which may in vivo improve endothelial health by exhibiting beneficial synergistic effects (e.g., protection of existing eGC against damage, synthesis of new eGC components, enhanced eGC repair). It is noteworthy that fucoidan is unlikely to be used as an individual agent alone in clinical practice but instead as a mixed dietary supplement [56,57]. Hence, further experiments are planned to elucidate the role of other ECX components in eGC protection.




4. Materials and Methods


4.1. Study Population


Sera of haemodialysis patients were derived from a prospective, observational study. The study was carried out in August 2017 in the Kuratorium für Heimdialyse (KFH), a dialysis outpatient clinic cooperating with the University Hospital Münster. The study was performed in accordance with the Declaration of Helsinki and was approved by the local Ethics Committee (Reference: 2016-545-f-S). A total of 30 stable patients on chronic haemodialysis were enrolled in a non-consecutive fashion after obtaining written informed consent. Blood samples were taken from the AV-fistula or dialysis catheter prior to the beginning of the haemodialysis session and before the administration of heparin. Patients were excluded if any of the following factors were present: an active malignancy; acute infection with CRP > 476 nmol/L; age < 18 years and pregnancy. Here, we pooled sera from randomly selected patients.




4.2. Atomic Force Microscopy


For determination of the eGC thickness, the AFM nanoindentation technique was used as described previously [11,25,38]. Briefly, cells were analyzed in HEPES-buffer (140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 5 mM glucose, 10 mM HEPES) supplemented with or without 1% FCS, respectively, or albumin 45 µg/mL at 37 °C in a fluid chamber with a Nanoscope V Multimode AFM (Veeco, Mannheim, Germany). The addition of slight amounts of plasma protein to the buffer is necessary for eGC preservation in vitro, as the work of our group [16] and others [27] has repeatedly demonstrated. Based on a significant amount of preliminary laboratory work with FCS and albumin, we could conclude that those are comparable in this respect. Incubation time of all AFM experiments was 60 min or as otherwise stated in the figure legend. A triangular cantilever (Novascan Technologies, Boone, NC, USA) with a mounted spherical tip (diameter 10 µm) and a spring constant of 10 pN/nm was used to periodically indent the cells. A laser beam was used to quantify the cantilever deflection. Knowing the force acting on the cantilever, the piezo displacement, and the deflection sensitivity, the thickness of the eGC could be calculated.




4.3. Animals and Sidestream Darkfield Microscopy (GlycoCheckTM System)


Male C57BL/6J mice, 8–12 weeks old, were ordered at Charles River Laboratories, Germany, and fed for two weeks with either pelleted standard diet or EndocalyxTM-supplemented diet (74 mg/kg EndocalyxTM-supplement, Altromin, Germany). For intravital microscopy, mice received 0.9% NaCl (approx. 100 µL) intravenously one hour prior to the measurement, which served as a maintenance fluid to prevent vasoplegia whilst under deep anesthesia. They were anaesthetized with ketamine/xylazine and euthanised immediately after the measurement. All procedures were performed after approval of the local authorities (District Government and District Veterinary Office Münster, Münster, Germany) and conducted in concordance with the guidelines from Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes.



Intravital microscopy was essentially performed as previously described [16]. Cremasteric microvessels (diameter 5–25 µm) were analyzed with GlycoCheck™ software (Microvascular Health Solutions Inc., Salt Lake City, UT, USA) using the sidestream darkfield (SDF) camera (CapiScope HVCS, KK Technology, Honiton, UK). Briefly, the perfused boundary region (PBR, in µm) serves as an inverse parameter of eGC constitution and is derived from the dedicated software, simplified by analyzing the dynamic lateral movement of erythrocytes (RBC) into the eGC. As a degraded eGC allows more RBCs to indent deeper towards the endothelial cell surface—resulting in increased lateral RBC movement—impaired eGC goes along with increased PBR (Supplementary Figure S3). Further technical information and validation was provided previously [16,39].




4.4. Antibodies and Reagents


Mouse monoclonal anti-heparan sulfate (HS) antibody (10E4 epitope, AMS Biotechnology, Abingdon, UK) was used as a primary antibody, and polyclonal goat anti-mouse antibody Alexa Fluor 488 (Thermo Fisher Scientific, Waltham, MA, USA) as a secondary antibody for immunofluorescence staining. Heparinase 1, fucoidan, glucosamine sulfate, Brefeldin A and Wortmannin were ordered from Sigma-Aldrich (Munich, Germany). U0126 was purchased from Cell Signalling Technology Inc., Danver, MA, USA. W146 was purchased from Cayman Chemical, Ann Arbor, MI, USA. ECX was kindly provided by Microvascular Health Solutions, Salt Lake City, UT, USA, and was composed as follows (per capsule, in total 750.75 mg): Fucoidan (85%) 106.25 mg, antioxidants (SOD, catalase, polyphenols) 120 mg, glucosamine sulfate 375 mg, hyaluronic acid (1800–3000 kDa) 17.5 mg, microcrystalline cellulose 130 mg, silicon dioxide 2 mg. ECX was dissolved in DMSO, centrifuged, and the supernatant was sterile filtered and diluted with HEPES buffer as indicated in the results and figure legends.



Concentrations and incubation times of heparinase I, albumin, W146 (we used 5 µM, half the dose specified in the literature, since the cells became detached from the bottom of the dish in a 10 µM solution), Wortmannin, U0126 and Brefeldin A were adopted from previous studies [27,35,38,58,59,60].




4.5. Confocal Fluorescence Immunocytochemistry


Briefly, cells were fixed for 30 min at room temperature (RT) with 2% paraformaldehyde (PFA) and 0.1% glutaraldehyde. After washing and blocking with 10% normal goat serum for 30 min at RT, samples were incubated overnight with the primary antibody (1:100) at 4 °C. After washing, cells were incubated with secondary antibody (1:300) and DAPI (1:50,000) for 1 h at RT. The mounting medium hardened overnight at 4 °C and the cells were imaged with a Leica DMI 6000B-CS/TCS SP8 laser confocal microscope (objective: HC PL APO CS2 63x/1.40 oil, Leica, Wetzlar, Germany). Image stacks with a size of 0.3 µm were analyzed with ImageJ software (version 1.51p 22, National Institute of Health), as previously described [11].




4.6. Cell Culture


The human umbilical vein endothelial cell line EA.hy926 (kindly provided by Cora-Jean Edgell, University of North Carolina, Chapel Hill, USA, who established this cell line) was grown in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Karlsruhe, Germany) supplemented with 1% Pen/Strep and 10% FCS, as previously described [38]. The EA.hy926 cell line is a hybrid cell line derived by the fusion of human umbilical vein endothelial cell line and the human lung carcinoma epithelial cell line A549. Human umbilical vein endothelial cells were grown in Gibco® Medium-199 (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 1% Pen/Strep, 10% heat-inactivated FCS (30 min at 56 °C), 1% Gibco® LVES (50x) and 1% heparin.




4.7. Statistical Analysis


Data are presented as absolute values with means and standard error of the mean (SEM) or median with interquartile range (IQR). Differences between two groups were tested with Mann–Whitney U test. Differences between ≥ 3 groups were analyzed using the one-way analysis of variance (ANOVA), with Tukey correction for multiple comparisons. To test for differences in the glycocalyx thickness between groups, a nested ANOVA was performed to account for both the number of observations from a single experiment and the number of experiments. Tukey correction was used to control the family wise error rate in the situation of multiple comparisons. All tests were two-sided and significance was accepted at p < 0.05. GraphPad Prism Version 9 (GraphPad Prism Software Inc, San Diego, CA, USA) and SPSS 20 (IBM, Armonk, NY, USA) were used for data analysis and figure preparation.





5. Conclusions


In conclusion, we identified a dietary supplement containing fucoidan, among others, capable of mediating eGC preservation and rebuilding in the context of enzymatic degradation and CKD. Furthermore, we provide a solid basis for the translation of these findings into a murine model.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms232415520/s1.





Author Contributions


Conceptualization, M.R. (Manuel Regier), C.C.D. and A.-H.L.; methodology, M.R. (Matthias Rauen) and C.C.D.; writing—original draft preparation, M.R. (Manuel Regier) and C.C.D.; writing—review and editing, A.-H.L., A.R., W.A.L., J.-R.N., H.V., R.M.L. and P.K.; visualization, M.R. (Matthias Rauen), M.R. (Manuel Regier) and C.C.D.; supervision, H.P. and W.A.L. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the German Research Foundation (rotational position of KFO 342-ZA428/18-1 to CD and AR; KU 2873/3-1 to PK), the fund Innovative Medical Research of the University of Münster Medical School (I-RO221907 to AR) and Else Kröner-Fresenius-Stiftung (2018_A134 to AHL).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Institutional Ethics Committee of the University of Münster, Germany.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Conflicts of Interest


M.R. (Manuel Regier), C.D., M.R. (Matthias Rauen), H.P., P.K., A.R., A.H.L., J.R.N. and W.A.L. declare that they have no competing interests. HV is Chief Science Officer and R.M.L. is CEO of GlycoCheck BV, The Netherlands, and Microvascular Health SolutionsTM, Alpine, UT, USA.




References


	



Nieuwdorp, M.; Meuwese, M.C.; Vink, H.; Hoekstra, J.B.; Kastelein, J.J.; Stroes, E.S. The endothelial glycocalyx: A potential barrier between health and vascular disease. Curr. Opin. Lipidol. 2005, 16, 507–511. [Google Scholar] [CrossRef]

	



Reitsma, S.; Egbrink, M.G.O.; Vink, H.; Berg, B.M.V.D.; Passos, V.L.; Engels, W.; Slaaf, D.W.; van Zandvoort, M.A. Endothelial glycocalyx structure in the intact carotid artery: A two-photon laser scanning microscopy study. J. Vasc. Res. 2011, 48, 297–306. [Google Scholar] [CrossRef]

	



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

	



Chappell, D.; Jacob, M.; Paul, O.; Rehm, M.; Welsch, U.; Stoeckelhuber, M.; Conzen, P.; Becker, B.F. The glycocalyx of the human umbilical vein endothelial cell: An impressive structure ex vivo but not in culture. Circ. Res. 2009, 104, 1313–1317. [Google Scholar] [CrossRef]

	



Yen, W.-Y.; Cai, B.; Zeng, M.; Tarbell, J.M.; Fu, B.M. Quantification of the endothelial surface glycocalyx on rat and mouse blood vessels. Microvasc. Res. 2012, 83, 337–346. [Google Scholar] [CrossRef]

	



Lipowsky, H.H. Microvascular Rheology and Hemodynamics. Microcirculation 2005, 12, 5–15. [Google Scholar] [CrossRef]

	



Mitra, R.; O’Neil, G.L.; Harding, I.C.; Cheng, M.J.; Mensah, S.A.; Ebong, E.E. Glycocalyx in Atherosclerosis-Relevant Endothelium Function and as a Therapeutic Target. Curr. Atheroscler. Rep. 2017, 19, 63. [Google Scholar] [CrossRef]

	



Vink, H.; Constantinescu, A.A.; Spaan, J.A. Oxidized lipoproteins degrade the endothelial surface layer: Implications for platelet-endothelial cell adhesion. Circulation 2000, 101, 1500–1502. [Google Scholar] [CrossRef]

	



Nieuwdorp, M.; Meuwese, M.; Mooij, H.; van Lieshout, M.; Hayden, A.; Levi, M.; Meijers, J.; Ince, C.; Kastelein, J.; Vink, H.; et al. Tumor necrosis factor-α inhibition protects against endotoxin-induced endothelial glycocalyx perturbation. Atherosclerosis 2009, 202, 296–303. [Google Scholar] [CrossRef]

	



Chappell, D.; Hofmann-Kiefer, K.; Jacob, M.; Rehm, M.; Briegel, J.; Welsch, U.; Conzen, P.; Becker, B.F. TNF-α induced shedding of the endothelial glycocalyx is prevented by hydrocortisone and antithrombin. Basic Res. Cardiol. 2008, 104, 78–89. [Google Scholar] [CrossRef]

	



Lukasz, A.; Hillgruber, C.; Oberleithner, H.; Kusche-Vihrog, K.; Pavenstädt, H.; Rovas, A.; Hesse, B.; Goerge, T.; Kümpers, P. Endothelial glycocalyx breakdown is mediated by angiopoietin-2. Cardiovasc. Res. 2017, 113, 671–680. [Google Scholar] [CrossRef]

	



Garsen, M.; Lenoir, O.; Rops, A.L.; Dijkman, H.B.; Willemsen, B.; Van Kuppevelt, T.H.; Rabelink, T.; Berden, J.H.; 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]

	



Jacob, M.; Saller, T.; Chappell, D.; Rehm, M.; Welsch, U.; Becker, B.F. Physiological levels of A-, B- and C-type natriuretic peptide shed the endothelial glycocalyx and enhance vascular permeability. Basic Res. Cardiol. 2013, 108, 347. [Google Scholar] [CrossRef]

	



Rehm, M.; Haller, M.; Orth, V.; Kreimeier, U.; Jacob, M.; Dressel, H.; Mayer, S.; Brechtelsbauer, H.; Finsterer, U. Changes in blood volume and hematocrit during acute preoperative volume loading with 5% albumin or 6% hetastarch solutions in patients before radical hysterectomy. Anesthesiology 2001, 95, 849–856. [Google Scholar] [CrossRef]

	



Nieuwdorp, M.; van Haeften, T.W.; Gouverneur, M.C.; Mooij, H.L.; van Lieshout, M.H.; Levi, M.; Meijers, J.C.; Holleman, F.; Hoekstra, J.B.; Vink, H.; et al. Loss of endothelial glycocalyx during acute hyperglycemia coincides with endothelial dysfunction and coagulation activation in vivo. Diabetes 2006, 55, 480–486. [Google Scholar] [CrossRef]

	



Hesse, B.; Rovas, A.; Buscher, K.; Kusche-Vihrog, K.; Brand, M.; Di Marco, G.S.; Kielstein, J.T.; Pavenstädt, H.; Linke, W.A.; Nofer, J.-R.; et al. Symmetric dimethylarginine in dysfunctional high-density lipoprotein mediates endothelial glycocalyx breakdown in chronic kidney disease. Kidney Int. 2019, 97, 502–515. [Google Scholar] [CrossRef]

	



Samuelsson, O.; Attman, P.O.; Gause-Nilsson, I.; Svensson, M.K.; Alaupovic, P. Dual PPAR alpha/gamma Agonism Normalizes Lipoprotein Profile of Renal Dyslipidemia. PPAR Res. 2013, 2013, 391628. [Google Scholar] [CrossRef]

	



Weichhart, T.; Kopecky, C.; Kubicek, M.; Haidinger, M.; Döller, D.; Katholnig, K.; Suarna, C.; Eller, P.; Tölle, M.; Gerner, C.; et al. Serum amyloid A in uremic HDL promotes inflammation. J. Am. Soc. Nephrol. 2012, 23, 934–947. [Google Scholar] [CrossRef]

	



Speer, T.; Rohrer, L.; Blyszczuk, P.; Shroff, R.; Kuschnerus, K.; Kränkel, N.; Kania, G.; Zewinger, S.; Akhmedov, A.; Shi, Y.; et al. Abnormal high-density lipoprotein induces endothelial dysfunction via activation of Toll-like receptor-2. Immunity 2013, 38, 754–768. [Google Scholar] [CrossRef]

	



Dane, M.J.; Khairoun, M.; Lee, D.H.; Berg, B.M.V.D.; Eskens, B.J.; Boels, M.G.; van Teeffelen, J.W.; Rops, A.L.; van der Vlag, J.; van Zonneveld, A.J.; et al. Association of kidney function with changes in the endothelial surface layer. Clin. J. Am. Soc. Nephrol. 2014, 9, 698–704. [Google Scholar] [CrossRef]

	



Padberg, J.-S.; Wiesinger, A.; di Marco, G.S.; Reuter, S.; Grabner, A.; Kentrup, D.; Lukasz, A.; Oberleithner, H.; Pavenstädt, H.; Brand, M.; et al. Damage of the endothelial glycocalyx in chronic kidney disease. Atherosclerosis 2014, 234, 335–343. [Google Scholar] [CrossRef]

	



Vlahu, C.A.; Lemkes, B.A.; Struijk, D.G.; Koopman, M.G.; Krediet, R.T.; Vink, H. Damage of the endothelial glycocalyx in dialysis patients. J. Am. Soc. Nephrol. 2012, 23, 1900–1908. [Google Scholar] [CrossRef]

	



Liew, H.; Roberts, M.A.; Pope, A.; McMahon, L.P. Endothelial glycocalyx damage in kidney disease correlates with uraemic toxins and endothelial dysfunction. BMC Nephrol. 2021, 22, 21. [Google Scholar] [CrossRef]

	



Liew, H.; Roberts, M.A.; MacGinley, R.; McMahon, L.P. Endothelial glycocalyx in health and kidney disease: Rising star or false Dawn? Nephrology 2017, 22, 940–946. [Google Scholar] [CrossRef]

	



Oberleithner, H.; Peters, W.; Kusche-Vihrog, K.; Korte, S.; Schillers, H.; Kliche, K.; Oberleithner, K. Salt overload damages the glycocalyx sodium barrier of vascular endothelium. Pflugers Arch. 2011, 462, 519–528. [Google Scholar] [CrossRef]

	



Chappell, D.; Jacob, M.; Hofmann-Kiefer, K.; Bruegger, D.; Rehm, M.; Conzen, P.; Welsch, U.; Becker, B.F. Hydrocortisone preserves the vascular barrier by protecting the endothelial glycocalyx. Anesthesiology 2007, 107, 776–784. [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]

	



Boels, M.G.; Avramut, M.C.; Koudijs, A.; Dane, M.J.; Lee, D.H.; van der Vlag, J.; Koster, A.J.; van Zonneveld, A.J.; van Faassen, E.; Gröne, H.-J.; et al. Atrasentan Reduces Albuminuria by Restoring the Glomerular Endothelial Glycocalyx Barrier in Diabetic Nephropathy. Diabetes 2016, 65, 2429–2439. [Google Scholar] [CrossRef]

	



Gambaro, G.; Kinalska, I.; Oksa, A.; Pont’Uch, P.; Hertlová, M.; Olsovsky, J.; Manitius, J.; Fedele, D.; Czekalski, S.; Perusicová, J.; et al. Oral sulodexide reduces albuminuria in microalbuminuric and macroalbuminuric type 1 and type 2 diabetic patients: The Di.N.A.S. randomized trial. J. Am. Soc. Nephrol. 2002, 13, 1615–1625. [Google Scholar] [CrossRef]

	



Broekhuizen, L.N.; Lemkes, B.A.; Mooij, H.L.; Meuwese, M.C.; Verberne, H.; Holleman, F.; Schlingemann, R.O.; Nieuwdorp, M.; Stroes, E.S.G.; Vink, H. Effect of sulodexide on endothelial glycocalyx and vascular permeability in patients with type 2 diabetes mellitus. Diabetologia 2010, 53, 2646–2655. [Google Scholar] [CrossRef]

	



Lewis, E.J.; Lewis, J.B.; Greene, T.; Hunsicker, L.G.; Berl, T.; Pohl, M.A.; de Zeeuw, D.; Heerspink, H.L.; Rohde, R.D.; Atkins, R.C.; et al. Sulodexide for kidney protection in type 2 diabetes patients with microalbuminuria: A randomized controlled trial. Am. J. Kidney Dis. 2011, 58, 729–736. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Zhang, Q.; Zhang, Z.; Zhang, H.; Niu, X. Structural studies on a novel fucogalactan sulfate extracted from the brown seaweed Laminaria japonica. Int. J. Biol. Macromol. 2010, 47, 126–131. [Google Scholar] [CrossRef]

	



Li, X.; Li, X.; Zhang, Q.; Zhao, T. Low molecular weight fucoidan and its fractions inhibit renal epithelial mesenchymal transition induced by TGF-beta1 or FGF-2. Int. J. Biol. Macromol. 2017, 105 Pt 2, 1482–1490. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, L.; Cheng, S.; Sol, W.M.; van der Velden, A.I.; Vink, H.; Rabelink, T.J.; Berg, B.M.V.D. Heparan sulfate mimetic fucoidan restores the endothelial glycocalyx and protects against dysfunction induced by serum of COVID-19 patients in the intensive care unit. ERJ Open Res. 2022, 8, 00652-2021. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Hara, T.; Tatsuishi, H.; Banno, T.; Fujie, T.; Yamamoto, C.; Naka, H.; Kaji, T. Copper(II) Bis(diethyldithiocarbamate) Induces the Expression of Syndecan-4, a Transmembrane Heparan Sulfate Proteoglycan, via p38 MAPK Activation in Vascular Endothelial Cells. Int. J. Mol. Sci. 2018, 19, 3302. [Google Scholar] [CrossRef] [PubMed]

	



Klausner, R.D.; Donaldson, J.G.; Lippincott-Schwartz, J. Brefeldin A: Insights into the control of membrane traffic and organelle structure. J. Cell Biol. 1992, 116, 1071–1080. [Google Scholar] [CrossRef]

	



Wiesinger, A.; Peters, W.; Chappell, D.; Kentrup, D.; Reuter, S.; Pavenstädt, H.; Oberleithner, H.; Kümpers, P. Nanomechanics of the endothelial glycocalyx in experimental sepsis. PLoS ONE 2013, 8, e80905. [Google Scholar] [CrossRef]

	



Rovas, A.; Lukasz, A.-H.; Vink, H.; Urban, M.; Sackarnd, J.; Pavenstädt, H.; Kümpers, P. Bedside analysis of the sublingual microvascular glycocalyx in the emergency room and intensive care unit—The GlycoNurse study. Scand. J. Trauma Resusc. Emerg. Med. 2018, 26, 16. [Google Scholar] [CrossRef]

	



Packham, D.K.; Wolfe, R.; Reutens, A.T.; Berl, T.; Heerspink, H.L.; Rohde, R.; Ivory, S.; Lewis, J.; Raz, I.; Wiegmann, T.B.; et al. Sulodexide fails to demonstrate renoprotection in overt type 2 diabetic nephropathy. J. Am. Soc. Nephrol. 2011, 23, 123–130. [Google Scholar] [CrossRef]

	



Wang, K.; Xu, X.; Wei, Q.; Yang, Q.; Zhao, J.; Wang, Y.; Li, X.; Ji, K.; Song, S. Application of fucoidan as treatment for cardiovascular and cerebrovascular diseases. Ther. Adv. Chronic Dis. 2022, 13, 20406223221076891. [Google Scholar] [CrossRef] [PubMed]

	



Parish, C.R.; Coombe, D.R.; Jakobsen, K.B.; Bennett, F.A.; Underwood, P.A. Evidence that sulphated polysaccharides inhibit tumour metastasis by blocking tumour-cell-derived heparanases. Int. J. Cancer 1987, 40, 511–518. [Google Scholar] [CrossRef]

	



Karar, J.; Maity, A. PI3K/AKT/mTOR Pathway in Angiogenesis. Front. Mol. Neurosci. 2011, 4, 51. [Google Scholar] [CrossRef] [PubMed]

	



Braicu, C.; Buse, M.; Busuioc, C.; Drula, R.; Gulei, D.; Raduly, L.; Rusu, A.; Irimie, A.; Atanasov, A.G.; Slaby, O.; et al. A Comprehensive Review on MAPK: A Promising Therapeutic Target in Cancer. Cancers 2019, 11, 1618. [Google Scholar] [CrossRef]

	



Kim, B.S.; Park, J.-Y.; Kang, H.-J.; Kim, H.-J.; Lee, J. Fucoidan/FGF-2 induces angiogenesis through JNK- and p38-mediated activation of AKT/MMP-2 signalling. Biochem. Biophys. Res. Commun. 2014, 450, 1333–1338. [Google Scholar] [CrossRef]

	



Schiffrin, E.L.; Lipman, M.L.; Mann, J.F. Chronic kidney disease: Effects on the cardiovascular system. Circulation 2007, 116, 85–97. [Google Scholar] [CrossRef]

	



Kim, Y.-H.; Nijst, P.; Kiefer, K.; Tang, W.H.W. Endothelial Glycocalyx as Biomarker for Cardiovascular Diseases: Mechanistic and Clinical Implications. Curr. Heart Fail. Rep. 2017, 14, 117–126. [Google Scholar] [CrossRef] [PubMed]

	



Ross, R. Atherosclerosis is an inflammatory disease. N. Engl. J. Med. 1999, 340, 115–126. [Google Scholar] [CrossRef]

	



Daenen, K.; Andries, A.; Mekahli, D.; Van Schepdael, A.; Jouret, F.; Bammens, B. Oxidative stress in chronic kidney disease. Pediatr. Nephrol. 2019, 34, 975–991. [Google Scholar] [CrossRef]

	



Wang, J.; Zhang, Q.; Zhang, Z.; Zhang, J.; Li, P. Synthesized phosphorylated and aminated derivatives of fucoidan and their potential antioxidant activity in vitro. Int. J. Biol. Macromol. 2009, 44, 170–174. [Google Scholar] [CrossRef]

	



Wang, J.; Wang, F.; Yun, H.; Zhang, H.; Zhang, Q. Effect and mechanism of fucoidan derivatives from Laminaria japonica in experimental adenine-induced chronic kidney disease. J. Ethnopharmacol. 2012, 139, 807–813. [Google Scholar] [CrossRef]

	



Zaza, G.; Masola, V.; Granata, S.; Pontrelli, P.; Sallustio, F.; Gesualdo, L.; Gambaro, G.; Grandaliano, G.; Lupo, A. Dialysis-related transcriptomic profiling: The pivotal role of heparanase. Exp. Biol. Med. 2013, 239, 52–64. [Google Scholar] [CrossRef]

	



Chen, Y.-C.; Cheng, C.-Y.; Liu, C.-T.; Sue, Y.-M.; Chen, T.-H.; Hsu, Y.-H.; Huang, N.-J.; Chen, C.-H. Combined protective effects of oligo-fucoidan, fucoxanthin, and L-carnitine on the kidneys of chronic kidney disease mice. Eur. J. Pharmacol. 2020, 892, 173708. [Google Scholar] [CrossRef] [PubMed]

	



Irhimeh, M.R.; Fitton, J.H.; Lowenthal, R.M.; Kongtawelert, P. A quantitative method to detect fucoidan in human plasma using a novel antibody. Methods Find. Exp. Clin. Pharmacol. 2005, 27, 705–710. [Google Scholar] [CrossRef] [PubMed]

	



Machin Daniel, R.N.D.; Bramwell RColton Lesniewski Lisa, A.; Donato Anthony, J. Dietary Glycocalyx Precursor Supplementation Ameliorates Age-Related Vascular Dysfunction 2019. Available online: https://faseb.onlinelibrary.wiley.com/doi/10.1096/fasebj.2019.33.1_supplement.828.1 (accessed on 29 September 2022).

	



Kiselevskiy, M.V.; Anisimova, N.Y.; Ustyuzhanina, N.E.; Vinnitskiy, D.Z.; Tokatly, A.I.; Reshetnikova, V.V.; Chikileva, I.O.; Shubina, I.Z.; Kirgizov, K.I.; Nifantiev, N.E. Perspectives for the Use of Fucoidans in Clinical Oncology. Int. J. Mol. Sci. 2022, 23, 11821. [Google Scholar] [CrossRef]

	



Hsu, H.-Y.; Hwang, P.-A. Clinical applications of fucoidan in translational medicine for adjuvant cancer therapy. Clin. Transl. Med. 2019, 8, 15. [Google Scholar] [CrossRef]

	



Li, M.; Ye, J.; Zhao, G.; Hong, G.; Hu, X.; Cao, K.; Wu, Y.; Lu, Z. Gas6 attenuates lipopolysaccharideinduced TNFalpha expression and apoptosis in H9C2 cells through NFkappaB and MAPK inhibition via the Axl/PI3K/Akt pathway. Int. J. Mol. Med. 2019, 44, 982–994. [Google Scholar] [PubMed]

	



Gunduz, D.; Troidl, C.; Tanislav, C.; Rohrbach, S.; Hamm, C.; Aslam, M. Role of PI3K/Akt and MEK/ERK Signalling in cAMP/Epac-Mediated Endothelial Barrier Stabilisation. Front. Physiol. 2019, 10, 1387. [Google Scholar] [CrossRef]

	



Boneberg, E.-M.; Illges, H.; Legler, D.F.; Fürstenberger, G. Soluble CD146 is generated by ectodomain shedding of membrane CD146 in a calcium-induced, matrix metalloprotease-dependent process. Microvasc. Res. 2009, 78, 325–331. [Google Scholar] [CrossRef]








[image: Ijms 23 15520 g001 550] 





Figure 1. ECX improves endothelial glycocalyx (eGC) thickness in vitro and in vivo. (A) Differences in eGC thickness in living endothelial cells (EA.hy926) measured via atomic force microscopy following the addition of 1% fetal calve serum (FCS) or ECX at a dilution of 1:1000 to solvent (HEPES buffer). Each dot represents the mean of 4 to 8 force-distance curves per cell and a minimum of 11 cells, data are presented as mean ± SEM, n = 3 independent experiments (Exp.). In all experiments, the incubation time was 60 min. (B) Perfused boundary region (PBR)—an inverse parameter of the eGC in vivo—in mice’s cremasteric vessels was obtained with the GlycoCheckTM intravital microscopy system. Mice were fed with either standard diet or ECX-supplemented diet (74 mg/kg) for two weeks before the experiment. Data are presented as median ± IQR, n = 4. 
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Figure 2. The eGC thickness-preserving effect of ECX is influenced by ERK-MAPK- and PI3K-, but not by S1PR1-signaling, whereas the ECX-mediated increase of the eGC thickness is attenuated by inhibition of vesicular transport. (A–C) Differences in eGC thickness in living endothelial cells (EA.hy926) measured via atomic force microscopy following the incubation with ECX 1:1000 in solvent (HEPES buffer) or the additional incubation with 5 µM of the S1PR1 inhibitor W146, 3 nM of the PI3K inhibitor Wortmannin (Wor.) or 10 µM of the ERK-MAPK inhibitor U0126. The incubation time immediately prior to the experiment (Exp.) was 60 min. Pre-incubation with the inhibitors was performed in cell culture medium overnight. (D) Here, living endothelial cells were firstly incubated for 90 min with HEPES buffer with or without 5 µM Brefeldin A (Bref.), followed by a 30 min incubation with 1 U/mL heparinase I (Hepar. I) and another 60 min incubation with or without ECX 1:1000 (in solvent still containing Brefeldin A, but not heparinase I), before atomic force measurements were performed. Each dot represents the mean of 4 to 8 force-distance curves per cell and a minimum of 15 cells, data are presented as mean ± SEM, n = 3, respectively, 4 independent experiments (Exp.). 
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Figure 3. ECX prevents heparinase I induced damage to the endothelial glycocalyx (eGC). (A) Differences in eGC thickness in living endothelial cells (EA.hy926) measured via atomic force microscopy following the addition of 45 µg/mL albumin (Alb.), 1 U/mL heparinase I (Hepar. I) and/or ECX 1:1000 to solvent (HEPES buffer). Each dot represents the mean of 4 to 8 force-distance curves per cell and a minimum of 15 cells, data are presented as mean ± SEM, n = 3 independent experiments (Exp.). (B,C) Representative immunofluorescence images and fluorescence intensity analyses of heparan sulfate staining after incubation with albumin (45 µg/mL), heparinase I (1 U/mL) and/or ECX 1:1000), n = 3. Data are presented as mean ± SEM percentage compared to control (C left picture). (Top) Z-projection and (bottom) cross-sectional images of stack along the dashed lines. Bar = 10 µm. blue = DAPI (4′,6-diamidino-2-phenylindole), green = heparan sulfate. In all experiments (Exp.), the incubation time was 60 min. 
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Figure 4. Endothelial Glycocalyx (eGC) damage induced by serum from hemodialysis patients is abolished by ECX in vitro. Differences in eGC thickness in living endothelial cells (EA.hy926) measured via atomic force microscopy following an incubation sequence. Firstly, cells were incubated for 30 min with either 5% serum pooled from patients on hemodialysis (CKD-S.) or 5% serum from healthy controls (Ctrl-S.). Secondly, cells were washed and incubated for 60 min with solvent (HEPES buffer), with or without ECX 1:1000. Each dot represents the mean of 4 to 8 force-distance curves per cell and a minimum of 15 cells, data are presented as mean ± SEM, n = 3 independent experiments (Exp.). 
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