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Abstract

:

Calciprotein particles (CPPs) are essential circulating scavengers of excessive Ca2+ and PO43− ions, representing a vehicle that removes them from the human body and precludes extraskeletal calcification. Having been internalised by endothelial cells (ECs), CPPs induce their dysfunction, which is accompanied by a remarkable molecular reconfiguration, although little is known about this process’s extracellular signatures. Here, we applied ultra-high performance liquid chromatography-tandem mass spectrometry to perform a secretome-wide profiling of the cell culture supernatant from primary human coronary artery ECs (HCAECs) and internal thoracic artery ECs (HITAECs) treated with primary CPPs (CPP-P), secondary CPPs (CPP-S), magnesiprotein particles (MPPs), or Ca2+/Mg2+-free Dulbecco’s phosphate-buffered saline (DPBS) for 24 h. Incubation with CPP-P/CPP-S significantly altered the profiles of secreted proteins, delineating physiological and pathological endothelial secretomes. Neither pathway enrichment analysis nor the interrogation of protein–protein interactions detected extracellular matrix- and basement membrane-related molecular terms in the protein datasets from CPP-P/CPP-S-treated ECs. Both proteomic profiling and enzyme-linked immunosorbent assay identified an increased level of protectin (CD59) and reduced levels of osteonectin (SPARC), perlecan (HSPG2), and fibronectin (FN1) in the cell culture supernatant upon CPP-P/CPP-S treatment. Elevated soluble CD59 and decreased release of basement membrane components might be considered as potential signs of dysfunctional endothelium.
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1. Introduction


Quiescent endothelial cells (ECs) constitute an anti-thrombotic, anti-inflammatory, and vasoprotective layer governing vascular homeostasis [1,2]. Endothelial functioning becomes significantly impaired in metabolic disorders such as dyslipidemia (which is particularly common in overweight and obese patients), hyperglycemia (which defines the development of diabetes mellitus), uremia and hyperphosphatemia (which are inevitable consequences of chronic kidney disease and particularly end-stage renal disease), or hypercalcemia (which accompanies hyperparathyroidism) [3,4,5,6]. In these pathological conditions and disease states, ECs undergo a pro-inflammatory activation notable for augmented release of the respective cytokines, overexpression of cell adhesion molecules responsible for monocyte attachment, and increased endothelial permeability [3,4,5,6]. Taken together, these molecular consequences facilitate lipid retention and acidification of the intimal microenvironment, thereby acting as a prerequisite for the development of atherosclerosis [7,8]. Further, excessive release of endothelial-derived cytokines (e.g., interleukin (IL)-6, interleukin-8, and monocyte chemoattractant protein 1/chemokine (C-C motif) ligand 2 (MCP-1/CCL2)) contributes to chronic low-grade inflammation, which represents a molecular basis for inflammageing [9,10]. Moreover, elevated levels of pro-inflammatory cytokines emerge as an independent trigger of endothelial dysfunction, thus creating a vicious cycle in the elderly [11,12], patients with severe COVID-19 [13,14] or sepsis [15,16,17,18], and those with multiple organ dysfunction syndrome [19].



Calciprotein particles (CPPs) are assembled in the human blood from calcium, phosphate, and acidic serum proteins (primarily fetuin-A and albumin) and operate as inherent scavengers, removing excessive minerals from the circulation [20,21,22,23]. Initially having a spherical form and an amorphous structure, primary CPPs (CPP-P) undergo gradual conversion to secondary CPPs (CPP-S), which acquire a needle or spindle shape in conjunction with high crystallinity [20,21,22,23]. Although the generation of CPPs is a vital process that is essential to maintaining mineral homeostasis, their engulfment by macrovascular ECs [24,25,26,27,28,29,30,31], liver sinusoidal ECs [32,33], monocytes [31], liver or spleen macrophages [32,33,34,35], and hepatocytes [35] promotes their pathological activation and contributes to low-grade inflammation in the elderly [36], patients with disturbed mineral homeostasis [27], and those with a systemic disease and ≥1 comorbid condition [37]. Previous studies showed that the internalisation of CPP-P or CPP-S by human coronary artery endothelial cells (HCAEC) and human internal thoracic artery endothelial cells (HITAEC) induced the release of IL-6, IL-8, and MCP-1/CCL2—as well as the overexpression of vascular cell adhesion molecule 1 (VCAM1) and intercellular cell adhesion molecule 1 (ICAM1)—as a result of CPP dissolution in lysosomes, uncontrolled Ca2+ burst in the cytosol, NLRP3 inflammasome activation [32,33,38,39], and upregulation of the corresponding genes [24,25,26,27,28,29,30,31]. Further, dot blot profiling of EC culture supernatant revealed an increased release of serpin E1 (plasminogen activator inhibitor 1, PAI-1), urokinase plasminogen activator surface receptor (uPAR), chemokine (C-X-C motif) ligand 1/growth regulated protein alpha (CXCL1/GROα, and macrophage inflammatory protein-3 alpha/chemokine (C-C motif) ligand 20 (MIP-3α/CCL20)) upon CPP treatment in both HCAECs and HITAECs [40].



However, the EC secretome contains from 1550 to 2650 proteins [41,42], most of which have not been measured after CPP exposure. Besides pro-inflammatory cytokines, ECs produce a myriad of molecules with pro- and anti-thrombotic, pro- and anti-fibrotic, and vasoactive effects [40,41,42,43,44]. An intricate interplay between EC-secreted proteins modulates their paracrine and endocrine effects, which has a significant impact on the vascular environment and systemic homeostasis [40,43]. For instance, beneficial interactions between HCAECs and HITAECs justify multiple arterial graftings and total arterial revascularisations, providing an argument for the complete avoidance of using the saphenous vein as a bypass [40,43]. A proteome-wide analysis of normal and pathological EC secretomes is a compulsory prerequisite for the identification of reliable endothelial dysfunction markers, which remains an unmet need in pathophysiology and clinical practice.



The integrity of the basement membrane (BM) has been suggested as a requirement to maintain endothelial homeostasis, including the physiological profile of secreted molecules [45]. The subendothelial extracellular matrix (ECM) modulates the activation and inhibition of biochemical pathways in a composition-specific (i.e., dependent on the ratio between different components) and flow-specific (i.e., shear stress-dependent) manner [46]. The BM composition determines cell survival and significantly impacts cell metabolism under various stress conditions, e.g., in a pro-inflammatory microenvironment [47]. Current vascular tissue engineering employs a number of in vitro strategies for recapitulating the BM or retaining its function after the decellularisation in order to meet regenerative medicine research needs, although an ideal approach is yet to be developed [48]. The success of these endeavours might significantly improve endothelialisation of vascular grafts and implantation results, reducing the risk of thrombosis, neointimal hyperplasia, and neoatherosclerosis [48]. To summarise, the qualitative and quantitative composition of the BM is one of the primary factors affecting endothelial physiology.



A factor that has a major impact on the protection of host cells from the membrane attack complex formation, complement-mediated osmotic lysis, and respective autoimmune damage (e.g., demyelinating neuropathy) is the surface glycoprotein CD59, also termed protectin [49,50]. CD59 is broadly expressed in the human body, and its deficiency in red blood cells leads to their complement-dependent lysis, followed by haemolytic anemia [51] and paroxysmal nocturnal hemoglobinuria [52]. The protective mechanism of CD59 action implies competitive binding to neoepitopes on C5b-8/9, thus limiting its binding to C9 and preventing the C5b-8/9-catalysed insertion of C9 into the lipid bilayer [53,54]. In other studies, the specific binding of CD59 to C8a and C9b subunits has been both suggested [55] and detected [56]. Notably, functional CD59 can be conveyed from red blood cells to ECs through intermembrane transfer, reinforcing their autoprotective capabilities [57].



The glycation of CD59 (presumably its Lys41/His44 motif [58]) leads to its inactivation and results in its inability to perform protection against complement-dependent lysis, explaining the deposition of the membrane attack complex on blood vessels [59] and red blood cells [60] and subsequent vascular injury in target organs (such as the kidneys and nerves) [59] and haemolytic anemia [60] in patients with diabetes. Mutated CD59 has a higher susceptibility to glycation than the wild-type receptor, especially under hyperglycemic conditions [61], and inherent CD59 deficiency might lead to an early-onset haemolytic phenotype causing angiopathy and polyneuropathy [62,63]. Strikingly, CD59-deficient hyperlipidemic mice were characterised by endothelial injury, accelerated atherosclerosis, higher plaque burden, and co-localisation of the membrane attack complex with atherosclerotic lesions [64,65,66,67,68,69], whilst CD59 overexpression or complement inhibition attenuated plaque development [65]. In hyperlipidemic mice, the combination of diabetes and CD59 deficiency promoted atherosclerosis in comparison with diabetes alone [68]. The administration of C-phycocyanin, which increases CD59 expression [70], pharmacological inhibition of complement [71], or liposome-mediated gene therapy with CD59 [72] inhibited endothelial apoptosis, curbed vascular smooth muscle cell proliferation, reduced blood lipid levels, and mitigated atherosclerotic burden in ApoE-knockout mice [70,71,72].



Plasma glycated CD59, detectable via a sensitive and specific enzyme-linked immunosorbent assay [73], has been suggested as a promising diagnostic [73,74,75,76,77] and predictive [78] biomarker of type 2 diabetes [73], pregnancy-induced glucose intolerance [74], gestational diabetes [75,76,77,78], and postpartum glucose intolerance [79,80]. Moreover, plasma glycated CD59 predicted adverse pregnancy outcomes, such as large-for-gestational-age newborns [74,77,81], pregnancy-induced hypertension [81], and neonatal hypoglycemia [81,82]. Plasma glycated CD59 was directly correlated with increased blood glucose after the oral glucose tolerance test and glycated haemoglobin (HbA1c) [83]. Likewise, the lowering of plasma glycated CD59 was intimately associated with a reduction in blood glucose [83], whereas intracellular (i.e., non-secreted) CD59 is required for normal insulin secretion by pancreatic β cells and is downregulated in patients with diabetes [84]. Hence, shedding and/or glycation of CD59 from endothelial cells might represent a pathological event indicative of endothelial dysfunction and vulnerability to its triggers, such as calcium stress, uremia, or elevated amounts of pro-inflammatory cytokines in the milieu.



Here, we applied ultra-high performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS, TimsToF Pro mass spectrometer, Bruker Daltonics, Billerica, MA, USA) to perform an unbiased, high-throughput, label-free proteomic analysis of the secretome collected from CPP-P- and CPP-S-treated HCAECs and HITAECs. Exposure to CPP-P or CPP-S diminished release of the ECM—in particular, of the BM constituents into the milieu—and promoted the liberation of soluble CD59 (a complement-protecting cell surface glycoprotein receptor), whilst molecular signatures of vasospastic, pro-thrombotic, and pro-fibrotic activation have not been found. Pathway enrichment and protein–protein interaction analysis identified four groups of downregulated molecules, including those responsible for ECM synthesis, protein folding, transcription and translation, and the cytoskeleton. This pattern recapitulated the molecular reconfiguration of aging endothelium and suggested the role of calcium stress-induced endothelial dysfunction in promoting endothelial senescence. Incubation of ECs with either CPP-P or CPP-S induced similar molecular consequences, whereas magnesiprotein particles (MPPs) as expected did not induce any pathological response. The relative distance between the secretomes of CPP-P/CPP-S- and DPBS/MPP-treated ECs was considerably higher than between those of intact EC lines, suggesting a major impact of endothelial dysfunction on endothelial heterogeneity. Taken together, these findings advance our knowledge of endothelial dysfunction triggered by calcium stress and suggest increased release of soluble CD59 and impaired export of BM components as putative features of dysfunctional endothelium.




2. Results


To analyse the differences between the physiological and pathological secretomes of HCAECs and HITAECs under calcium stress, we replaced the complete cell culture medium with a serum-free medium upon reaching cell confluence. Then, we incubated HCAECs and HITAECs with CPP-P or CPP-S (25 µg/µL calcium), calcium-free MPP, or Ca2+ and Mg2+-free Dulbecco’s phosphate-buffered saline (DPBS, control solution) for 24 h, with consecutive centrifugation of cell culture supernatant at 220× g to sediment detached cells and at 2000× g to sediment the cell debris. Before conducting a proteomic analysis, we performed an extensive screening of pro-inflammatory cytokines in the cell culture supernatant to ensure that CPP-P and CPP-S indeed induced endothelial activation. Dot blotting analysis revealed excessive release of multiple pro-inflammatory cytokines into the cell culture medium by HCAECs and HITAECs upon CPP-P or CPP-S treatment (Figure 1). Among the most prominent upregulated cytokines were interleukin-6 (IL-6), chemokine (C-C motif) ligand 20 (CCL20)/macrophage inflammatory protein-3 alpha (MIP-3α), CCL5/regulated on activation, normal T cell expressed and secreted (RANTES), and soluble CD105/endoglin, a detached form of the EC receptor indicating cell death, although soluble CD31/PECAM1 was not overrepresented after the incubation with CPPs (Figure 1). This verified the development of pro-inflammatory endothelial dysfunction upon treatment with CPP-P or CPP-S, characterised by the increased production of respective cytokines and induction of apoptotic cascades in a certain proportion of ECs.



Upon protein precipitation, denaturation, and trypsinisation, peptides were desalted and evaluated via UHPLC-MS/MS, followed by a bioinformatic analysis. In total, we identified 1246 proteins that were secreted in ≥15/22 (≥70%) of samples. Principal component analysis showed a clusterisation of physiological (i.e., DPBS- and MPP-treated) and pathological (i.e., CPP-P- and CPP-S-treated) protein profiles of secreted molecules (Figure 2A). The magnitude of difference between the control and experimental groups was largely similar between HCAECs and HITAECs (Figure 2A). The number of unique differentially expressed proteins (i.e., those with logarithmic fold change ≥ 1 and false discovery rate-corrected p value ≤ 0.05) was significant across each of the experimental (CPP-P or CPP-S) to control (DPBS or MPP) group comparisons, indicating a particle-specific molecular response to CPP-P and CPP-S in both of the EC lines (Figure 2B).



Analysis of CPP-P vs. DPBS, CPP-P vs. MPP, CPP-S vs. DPBS, and CPP-S vs. MPP comparisons for each of the EC lines detected higher numbers of underexpressed proteins in comparison with overexpressed proteins upon CPP-P or CPP-S treatment (Table 1 and Figures S1–S4). Inspection of MPP vs. DPBS comparisons found 54 and 20 differentially expressed proteins in HCAECs and HITAECs, respectively (Table 1 and Figure S5). Inversely, examination of CPP-S vs. CPP-P comparisons demonstrated 8 and 89 differentially expressed proteins in HCAECs and HITAECs, respectively (Table 1 and Figure S6). However, pathway enrichment analysis of upregulated and downregulated proteins in both DPBS vs. MPP and CPP-S vs. CPP-P comparisons showed indecisive results. Hence, we pooled the DPBS/MPP and CPP-P/CPP-S groups to generalise the conclusions on physiological and pathological EC secretomes.



First, we itemised the 50 most abundant proteins in each of the pooled samples, showing 36 and 24 specific proteins between DPBS/MPP and CPP-P/CPP-S groups in HCAECs and HITAECs, respectively (Figure 3A). In total, 5 proteins (CD59, RPS27A, WDR1, TALDO1, and GPI) and 7 proteins (SPARC, HSPG2, CCN2, TPM4, IGFBP7, CALM1, and HSP90AA1) were represented exclusively amongst the top 50 in the pathological and physiological secretome, respectively (Figure 3A). Enrichment with exosomal (≈75–85%) and extracellular space (≈50–55%) proteins confirmed successful purification during the sample preparation, whilst enrichment with plasma membrane proteins (≈40–50%) suggested a considerable amount of protein shedding into the milieu (Figure 3B). Among the most abundant proteins in the physiological secretome were those responsible for the following: (1) hemostasis (≈38–40%), as well as platelet activation, signalling and aggregation (≈31–35%); (2) innate immune response (≈35–37%), cytokine signalling (≈20–22%) and interleukin signalling (≈17%); (3) focal adhesion (≈26%) and cytoskeleton (≈18–22%); (4) collagen-containing ECM (≈24–30%), ECM organisation (≈15–17%), and ECM structural constituents (≈11%); (5) angiogenesis (≈11–15%) and VEGF signalling (≈11%) (Figure 3B). In contrast, the most abundant proteins in the pathological secretome did not belong to ECM- and angiogenesis-related categories (excluding collagen-containing ECM in the HITAEC secretome, ≈17% proteins, Figure 3B). Proteins accountable for hemostasis and platelet activation, signalling, and aggregation were also less represented in the pathological secretome (≈29–35% and ≈21–27%, respectively, Figure 3B). Hence, we suggest that the pathological endothelial secretome under calcium stress is characterised by a reduced synthesis of ECM components.



To test this hypothesis, we carried out a pathway enrichment analysis of secreted proteins that were underexpressed in the cell culture supernatant upon the treatment of HCAECs and HITAECs with CPP-P or CPP-S. Several molecular terms related to the ECM were overrepresented in these datasets, including “extracellular matrix”, “collagen-containing extracellular matrix”, “extracellular matrix organization”, “extracellular matrix structural constituent”, “degradation of the extracellular matrix”, “collagen formation”, and “basement membrane” (Figure 4A). As BM and subendothelial ECM integrity are essential prerequisites for proper endothelial functioning, we further focused on comparing the abundance of respective proteins in DPBS/MPP and CPP-P/CPP-S clusters. Osteonectin (secreted protein acidic and rich in cysteine, SPARC), perlecan (heparan sulfate proteoglycan 2, HSPG2), fibronectin (FN1), tissue inhibitor of metalloproteinase 1 (TIMP1), a number of laminin subunits (LAMB1, LAMA4, LAMC1), lysyl oxidase-like 2 (LOXL2), nidogen 1 (NID1), fibrillin-1 (FBN1), agrin (AGRN), collagen 4 and 6 subunits (COL4A2, COL6A1), and peroxidasin (PXDN) were among the significantly downregulated BM components (Figure 4B). Notably, biglycan (BGN), osteonectin (SPARC), perlecan (heparan sulfate proteoglycan 2, HSPG2), and thrombospondin-1 (THBS1) were presented in the 10 most downregulated proteins upon CPP-P or CPP-S treatment in most of the comparisons (6 or 7 out of 8, Table 2). Similar analysis among the upregulated proteins did not reveal any ECM-related molecular terms. Strikingly, soluble protectin (CD59) was the only protein included in the 10 most upregulated proteins in all comparisons after the incubation of ECs with CPP-P or CPP-S, whereas the most abundant endothelial pro-inflammatory cytokine, macrophage migration inhibitory factor (MIF), and extracellular vesicle markers caveolin-1 (CAV1) and CD63 were inconsistently presented in this list (Table 2).



We next analysed protein–protein interactions within the proteins underrepresented in the cell culture supernatant from HCAECs and HITAECs upon CPP-P or CPP-S treatment. Screening using the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) identified four clusters of interacting proteins, which included those responsible for (1) ECM production, (2) protein folding, (3) translation and transcription, and (4) the cytoskeleton (Figure 5 and Figure 6). An additional minor cluster of interactions within the 14-3-3 signalling pathway was also revealed (Figure 5 and Figure 6). A similar analysis of protein–protein interactions among the upregulated proteins did not detect any consistent groups of interacting proteins, in accordance with previous findings (Figures S7 and S8). Examination of protein–protein interactions in relation to MPP vs. DPBS and CPP-S vs. CPP-P comparisons also did not provide any definitive results (Figures S9 and S10).



We further compared the extent of inducible (i.e., triggered by CPP-P or CPP-S) and constitutive (i.e., baseline) endothelial heterogeneity in relation to the profiles of secreted molecules. Principal component analysis of all the secretomes clearly showed three clusters: (1) DPBS/MPP-treated ECs; (2) CPP-P/CPP-S-treated HCAEC; (3) CPP-P/CPP-S-treated HITAECs (Figure 7A). Pooling of the DPBS and MPP groups together identified a certain distance between HCAEC and HITAEC secretomes (Figure 7B). The datasets of differentially expressed proteins across the intergroup comparisons (MPP vs. DPBS, CPP-S vs. CPP-P, CPP-P vs. DPBS, CPP-P vs. MPP, CPP-S vs. DPBS, and CPP-S vs. MPP) showed a minor overlap between EC lines, which indicates cell-specific molecular reconfiguration patterns in response to CPP-P or CPP-S (Figure 7C). Yet, although we documented 65 differentially expressed proteins between the secretomes of intact (DPBS/MPP-treated) HCAECs and HITAECs (43 proteins overexpressed in HCAECs and 22 proteins upregulated in HITAECs, Figure 7D and Figure S11), they demonstrated insignificant differences in protein abundance between EC types (Figure 7E). Analysis of protein–protein interactions also did not specify any molecular terms enriched in these protein datasets (Figures S12 and S13).



Finally, we performed an enzyme-linked immunosorbent assay (ELISA) against protectin (CD59, which was consistently upregulated upon CPP-P or CPP-S treatment) and the three most abundant downregulated BM components—osteonectin (SPARC), perlecan (HSPG2), and fibronectin (FN1—to verify the results of the proteomic profiling. The levels of protectin (CD59) were significantly higher, and the concentrations of osteonectin (SPARC), perlecan (HSPG2), and fibronectin (FN1) were significantly lower in the cell culture supernatant from CPP-P- and CPP-S-treated HCAECs and HITAECs, in comparison with those incubated with DPBS or MPP (Figure 8). Notably, the relative levels of soluble endoglin/CD105 and PECAM1/CD31 in the experimental groups (CPP-P/CPP-S vs. DPBS/MPP) corresponded between the dot blot and proteomics analysis, and also between each other (the level of PECAM1/CD31 was higher than the level of endoglin/CD105) (Figure 1 and Datafile S13).




3. Discussion


Calciprotein particles (CPPs), assembled as a result of molecular interactions between fetuin-A and nascent calcium phosphate clusters, are indispensable scavengers of excessive Ca2+ and PO43− ions, thus representing an elegant mechanism of regulating mineral homeostasis [20,21,22,23]. The generation of CPPs represents an evolutionary strategy to prevent blood supersaturation with Ca2+ and PO43− ions (e.g., as a result of bone resorption) and to thwart extraskeletal calcification, a pathological condition which is frequent in patients with chronic kidney disease [20,21,22,23]. It is believed that the formation of CPPs accompanied evolution from the appearance of bony fish; the existence of CPPs in more ancient animals remains uncertain. Shortly after their emergence, amorphous, spherical, and submicrometer-sized (30–100 nm) primary CPPs (CPP-P) evolve into crystalline-, spindle- or needle-shaped, micrometer-sized (100–300 nm) secondary CPPs (CPP-S) [20,21,22,23]. Upon executing their function of aggregating Ca2+ and PO43− ions, CPPs are removed from the circulation by macrovascular [24,25,26,27,28,29,30,31] or liver sinusoidal ECs [32,33], monocytes [31], liver or spleen macrophages [32,33,34,35], and hepatocytes [35]. The internalisation and digestion of CPPs by ECs induce a chain of detrimental events, including an increase in cytosolic Ca2+, mitochondrial and endoplasmic reticulum stress, nuclear factor (NF)-κB-mediated transcriptional response, and cytokine release [24,26,27,30,31,32,33,38,39], ultimately contributing to the development of pro-inflammatory endothelial activation, chronic low-grade inflammation, and inflammageing [27,29,31]. The pathological permeability of dysfunctional endothelium promotes lipid retention and leukocyte extravasation, together contributing to the development of vascular inflammation, proteolytic environment, degradation of the BM and internal elastic lamina, and contractile-to-synthetic switch of vascular smooth muscle cells [4,5,6,7,8,12]. Such an ensemble of molecular events ultimately induces intimal hyperplasia, vascular remodeling, and atherosclerotic progression [4,5,6,7,8,12]. Hence, CPPs act as a double-edged sword that rescue the human body from an acute life-threatening disease (i.e., extraskeletal calcification) at the cost of promoting long-lasting pathological conditions (i.e., endothelial dysfunction and atherosclerosis).



Among the several forms of calcium transfer (free Ca2+ ions, colloidal calciprotein monomers, and particulate CPPs), CPPs are the most efficient in delivering calcium stress to ECs because of their deposition and dissolution in lysosomes, followed by lysosomal membrane permeabilisation and an excessive Ca2+ migration into the cytosol [27,32,38,39]. The molecular pattern of CPP-induced calcium stress within the ECs is well defined and includes elevated expression of cell adhesion molecules (VCAM1, ICAM1, and E-selectin) and endothelial-to-mesenchymal transition transcription factors (SNAI1, SNAI2, TWIST1, and ZEB1) in combination with endothelial nitric oxide synthase (eNOS) uncoupling [25,26,27,30,31]. However, our knowledge of extracellular signatures of such endothelial responses remains limited to an augmented release of pro-inflammatory cytokines (IL-6, IL-8, MCP-1/CCL2, MIF, CXCL1, and MIP-3α/CCL20) and pro- or anti-thrombotic molecules (serpin E1/PAI-1 and uPAR) [24,27,31]. As EC-secreted bioactive factors (termed angiokines) control vascular tone, maintain haemostasis, and regulate the instructive signalling governing local homeostasis within most organs [1,2], the decryption and interpretation of the endothelial secretome in physiological and pathological conditions are of utmost importance. The discovery of circulating biomarkers specific for endothelial dysfunction, which can be measured by a routine enzyme-linked immunosorbent assay, might inform us on specific disease states and prompt the respective pharmacological interventions.



Here, we aimed at deciphering the secretome of ECs treated with either CPP-P or CPP-S, employing UHPLC-MS/MS for the analysis of serum-free cell culture supernatant. For the objective comparison of heterogeneous arterial ECs, we utilised human coronary artery endothelial cells (HCAECs) and human internal thoracic artery endothelial cells (HITAECs), which comprise the innermost lining in atheroprone and atheroresistant blood vessels (the coronary artery and internal thoracic artery, respectively). We found that treatment with CPP-P or CPP-S curtailed the production of ECM proteins, in particular BM components. These findings were in accordance with other studies that documented progressive thinning of the BM in vascular disease [85,86] and detected reduced release of its constituents after the exposure of ECs to environmental triggers of endothelial dysfunction, such as sidestream tobacco smoke [87], lead [88], high glucose [89,90], or IL-6 [91]. All BM components, which were underexpressed in the extracellular milieu upon treatment with CPP-P or CPP-S (i.e., osteonectin, perlecan, fibronectin, laminin subunit alpha 4, laminin subunit beta 1, laminin subunit gamma 1, collagen type IV alpha 2 chain, collagen type VI alpha 1 chain, nidogen 1, fibrillin-1, agrin, tissue inhibitor of metalloproteinase 1, and lysyl oxidase-like 2), are considered as essential for BM assembly [92,93,94,95,96,97,98,99,100,101]. Among the primary BM proteins are type IV collagen, laminin, nidogen, and perlecan [92,93,94,95,96,97,98,99,100,101]. Collagen type IV and laminin form two self-assembling supramolecular networks that are linked together by nidogen and perlecan bridges [92,93,94,95,96,97,98,99,100,101]. Each of these components also impacts endothelial physiology in vitro [92,93,94,95,96,97,98,99,100,101]. For instance, perlecan deficiency promoted endothelial dysfunction by lowering the expression of endothelial nitric oxide synthase and reducing endothelial-dependent vasorelaxation [102], whilst perlecan itself enhanced angiogenesis and wound healing [103]. Defective BMs and disordered orientation of ECs are common electron microscopy signs of dysfunctional endothelium [104] and are associated with impaired mechanotransduction [105,106,107] and vascular ageing [108]. Notably, treatment with calciprotein particles compromises mechanosensing through the downregulation of atheroprotective transcription factors KLF2 and KLF4, along with the derepression of the activity of YAP1, an atherogenic downstream effector of the Hippo signaling pathway [26].



In a recent proteomic study, we found that treatment of HCAECs and HITAECs with CPP-P or CPP-S dwindled transcriptional, post-transcriptional, and translational activity, impeded protein folding, inhibited amino acid metabolism, and reduced energy generation [30]. Here, the proteins which were underrepresented in the secretome upon CPP-P or CPP-S treatment formed distinct molecular interaction clusters in transcription/translation and protein folding domains. Hence, incubation with CPP-P or CPP-S hampered endothelial metabolism, which was in concert with the lessened synthesis of the ECM and BM components. Such a molecular pattern suggests weakened endothelial resilience (i.e., reduced molecular and phenotypical adaptation to the altered microenvironment) [109,110] as a typical consequence of calcium stress. This corresponds to the pathophysiological concepts that propose a synergistic action among endothelial dysfunction triggers [4,5,12], thus emphasizing the need to apply the respective pharmacological approaches to correct the specific risk factors.



As in our previous study [31], the extent of the molecular alterations triggered by endothelial dysfunction largely exceeded the inherent heterogeneity of ECs. The secretomes of HCAECs and HITAECs had minor differences (65 differentially expressed proteins with a maximum logarithmic fold change of 2.33 and −2.61) despite the contrasting atherosusceptibility of these ECs. This underscores the importance of ECM production and BM assembly in endothelial physiology and indicates that suppression of transcription, translation, and protein folding exceeds both the general endothelial adaptability and differential plasticity of arterial ECs. Subsequent studies might interrogate the resilience of distinct endothelial lineages to a variety of clinically relevant endothelial dysfunction triggers. These might include high glucose (to imitate hyperglycemia, which defines diabetes mellitus and glucose intolerance), urea (to simulate the uremia observable in chronic kidney disease), lipopolysaccharide (to mimic sepsis), the S1 subunit of SARS-CoV-2 spike protein or its receptor-binding domain (to resemble the respective infection of ECs), elevated levels of pro-inflammatory cytokines (to mirror ascending grades of inflammation), mutagens (to model environmental stress), increased fatty acids such as palmitic acid (to match dyslipidaemia), or endothelial nitric oxide synthase inhibitors (to reproduce arterial hypertension scenarios).



Incubation of HCAECs and HITAECs with CPP-P or CPP-S induced the release of soluble CD59, a glycosylphosphatidylinositol-anchored glycoprotein that protects host cells from complement-mediated lysis and is ubiquitously expressed in the body, including in ECs and blood cells. In agreement with our findings, an increased expression of CD59 in ECs was observed in ECs treated with the calcineurin inhibitor cyclosporine [111], whilst CD59-positive extracellular vesicles were released in response to tumor necrosis factor alpha (TNF-α) stimulation [112]. High glucose concentrations reduced intracellular CD59 expression in concert with stimulating the release of soluble CD59 into the cell culture supernatant, suggesting CD59 shedding at glucose supersaturation [113]. Glycation of CD59 under high glucose conditions inactivated this receptor and promoted complement-driven EC lysis [114]. The potential value of soluble CD59 as an endothelial dysfunction marker requires further verification in various experimental settings and EC types.



The profiles of secreted molecules largely differed across CPP-P/CPP-S- and DPBS/MPP-treated ECs, indicating a clusterisation of physiological and pathological endothelial signatures. The former included ECM proteins (SPARC, HSPG2, CCN2, and HSP90AA1), whilst the latter contained CD59. This suggests the utility of customised 22-protein dot blotting kits for the detection of BM proteins (SPARC, HSPG2, FN1, TIMP1, LAMB1, LAMA4, LAMC1, LOXL2, NID1, FBN1, AGRN, COL4A1, COL4A2), innate immune response molecules (e.g., soluble CD59, IL-6, IL-8, MCP-1/CCL2, MIF, CXCL1, and MIP-3α/CCL20), and pro- or anti-thrombotic molecules (serpin E1/PAI-1 and uPAR) in cell culture supernatant for the detection of endothelial dysfunction in vitro. Yet, such a panel might be fine-tuned by replacing several BM molecules (e.g., those with a relatively low expression in the secretome, such as LOXL2, NID1, FBN1, AGRN, COL4A1, and COL4A2) with a number of highly expressed ECM components that do not constitute the BM (THBS1, CCN2, EFEMP1, TIMP2, MMP2, and CCN1). The dysfunctional ECs might exhibit lower release of the indicated ECM/BM molecules and higher production of pro-inflammatory cytokines and chemokines. In this experimental setting, a high abundance of the enumerated proteins would ensure reliable detection and negate the relatively low sensitivity of dot blotting, whilst the high specificity of the antibody-based applications would hold an appreciable advantage over the LC-MS approach.



The reduction in ECM proteins and increased CD59 content in the EC culture supernatant upon treatment with CPP-P or CPP-S might be explained by their pro-apoptotic effects, as a reduced number of cells produce less ECM and CD59 can enter the extracellular milieu after the degradation of the plasma membrane. In order to minimise these effects, we removed the dead cells and their remnants via centrifugation of the cell culture supernatant at 220× g to sediment detached cells and at 2000× g to sediment the cell debris before acetone-mediated protein precipitation. Yet, a certain amount of CD59 could undergo detachment from endothelial cell membranes during or after apoptosis and therefore could pass into the cell culture supernatant despite the abovementioned procedures. An elevated production of numerous pro-inflammatory cytokines and an increased CD105/endoglin content in the cell culture supernatant upon CPP-P/CPP-S treatment also supported this suggestion, although soluble CD31/PECAM1 was not augmented in these samples. Nevertheless, this should be considered a limitation of our study.



Further, we performed ELISA verification for only four differentially expressed proteins (CD59, osteonectin/SPARC, perlecan/HSPG2, and fibronectin/FN1) but not for the others, and this should be mentioned as another limitation. Yet, the proteomics approach identifies thousands of proteins in the sample in total and hundreds of differentially expressed proteins between the experimental groups, as in our study. In contrast, ELISA measures the concentration of a single protein in the cell culture supernatant. As it is virtually impossible to verify all differentially expressed proteins revealed by proteomics using ELISA, we have selected four of them that showed the most stable differential expression and are of utmost pathophysiological importance with regard to the conclusions (protectin/CD59, osteonectin/SPARC, perlecan/HSPG2, and fibronectin/FN1). As the ELISA results regarding the levels of these proteins were in accordance with the results of unbiased proteomics (UHPLC-MS/MS) analysis, we assume that these data are valid (as was evidenced by two different experimental techniques). Then, we also performed a dot blotting analysis (using an antibody-based array which permits a semi-quantitative measurement of protein levels). The relative levels of soluble endothelial markers (endoglin/CD105 and PECAM1/CD31) in the experimental groups corresponded between the dot blot and proteomics analysis, as well as between each other. Therefore, we have verified the relative expression of six proteins using two approaches, and in six out of six cases, the results of an explorative “omics” technique (UHPLC-MS/MS) were in accordance with the antibody-based verification techniques (ELISA and dot blot microarray). Collectively, we assume that these experiments provide convincing evidence that the experimental data provided in the manuscript are sufficient for valid conclusions.



Another point is that the reduced production of ECM components by the ECs after CPP treatment contradicts the molecular reprogramming observed earlier in CPP-treated cells undergoing endothelial-to-mesenchymal transition [26]. This might be partially explained by the distinct methodology, as that study focused on the transcription factors (SNAI1/Snail, SNAI2/Slug, TWIST1, ZEB1) and did not measure the ECM components [26]. Here, we did not detect the mentioned transcription factors (as they, as well as most pro-inflammatory cytokines, are secreted in relatively low amounts, which are below the sensitivity of proteomic analysis) but rather identified numerous ECM constituents that are abundantly released into the extracellular milieu by the ECs and therefore can be recognised using proteomic approaches.



The purpose of this investigation was to perform a proteome-wide profiling of the molecules secreted by the ECs into the cell culture supernatant after their treatment with primary or secondary CPPs. When comparing the 50 most abundant proteins in the pathological and physiological secretomes of HCAECs and HITAECs, we found CD59 amongst the top 50 proteins in the pathological but not the physiological secretome, regardless of the EC line. Overexpression of CD59 was stable across all samples of cell culture supernatant collected from CPP-P- or CPP-S-treated HCAECs and HITAECs. Moreover, CD59 was the only protein included in the list of the 10 most upregulated proteins in all comparisons (CPP-P vs. DPBS; CPP-P vs. MPP; CPP-S vs. DPBS; CPP-S vs. MPP) after the incubation of HCAECs and HITAECs with DPBS, MPP, CPP-P, or CPP-S (four comparisons per EC line; eight comparisons in total). Hence, soluble CD59 was abundant and significantly upregulated in the pathological secretome (i.e., in the cell culture supernatant after CPP-P or CPP-S treatment) of both HCAECs and HITAECs. We consider it important to highlight soluble CD59 as a promising biomarker of endothelial dysfunction, in particular under calcium stress. Further studies in this direction might include proteomic profiling of the secretome collected from the ECs exposed to other endothelial dysfunction triggers (e.g., high glucose, urea, lipopolysaccharide, pro-inflammatory cytokines, toxic chemicals, or fatty acids) to show whether soluble CD59 is overexpressed and basement membrane proteins are downregulated in their cell culture supernatant as well. An increase in soluble CD59 and decreased release of the ECM (in particular, basement membrane) components might reflect a general endothelial stress response rather than a CPP-specific reaction. Hence, these molecular events may not be specific to CPPs, although they certainly accompany endothelial dysfunction after the CPP treatment.



Collectively, these findings underscore the hazardous consequences of CPP internalisation, extend our understanding of endothelial response to calcium stress, and emphasize secretomic signatures of endothelial dysfunction. This might have particular importance in the context of chronic low-grade inflammation, which is characterised by elevated serum levels of inducible endothelial cytokines IL-6, IL-8, and MCP-1/CCL2 [115,116,117,118,119] and which accompanies ageing, being a typical finding in the elderly [120,121,122]. Chronic low-grade inflammation is largely determined by dysfunctional ECs [123,124,125,126], which exhibit a complex of pro-inflammatory alterations in the composition of the secretome, together defined as a senescence-associated secretory phenotype [127,128]. Such a pathophysiological pattern is frequently detected in patients with cardiovascular disease [129,130,131]. Yet, soluble CD59 has not been previously considered as either a chronic low-grade inflammation or an ageing marker [132], although CD59-mediated protection from membrane attack complex formation curbed COVID-19 progression [133].



Future studies might interrogate the role of CD59 and reduced levels of circulating BM components in the development of systemic inflammatory responses, chronic low-grade inflammation, and inflammageing. For instance, the measurement of soluble CD59 in the serum of experimental animals would be beneficial for confirming the role of this protein in endothelial dysfunction and for further analysis of its diagnostic value in this regard. The correlation of soluble CD59 with other pro-inflammatory markers (e.g., interleukin-1β or interleukin-6) in the serum also deserves a detailed evaluation in future studies. The relevant animal models that involve endothelial dysfunction include rats after the intravenous administration of CPPs or a toxic chemical, mitomycin C, rats with spontaneous arterial hypertension, hyperlipidemic mice, and aged versus young rats or mice. Patients with disturbed mineral homeostasis (e.g., hypoalbuminaemia and/or hyperphosphataemia, which are common in chronic kidney disease, chronic liver disease, or hyperparathyroidism) and/or endothelial dysfunction (e.g., elderly patients with a frailty syndrome or severe COVID-19) might be of particular interest in this context. The combination of serum proteomic profiling via LC-MS and dot blotting microarrays may verify the diagnostic and prognostic value of soluble CD59 and discover other sensitive and specific biomarkers of endothelial dysfunction.




4. Materials and Methods


4.1. Cell Culture


Primary cultures of human coronary artery endothelial cells (HCAECs, 300K-05a, Cell Applications, San Diego, CA, USA) and human internal thoracic artery endothelial cells (HITAECs, 308K-05a, Cell Applications, San Diego, CA, USA) were grown in T-75 flasks (N-708003, Wuxi NEST Biotechnology Co., Ltd., Wuxi, China) according to the manufacturer’s protocols using EndoBoost Medium (EB1, AppScience Products, Moscow, Russia) until reaching confluence. Then, HCAECs and HITAECs were subcultured into 6-well plates (N-703001, Wuxi NEST Biotechnology Co., Ltd., Wuxi, China) using 0.25% Trypsin-EDTA solution (P043p, PanEco, Moscow, Russia) and 10% foetal bovine serum (1.1.6.1, BioLot, St. Petersburg, Russia) for trypsin inhibition. Upon subculturing, HCAECs and HITAECs were grown in EndoBoost Medium (EB1, AppScience Products, Moscow, Russia) until reaching confluence (≈0.5 × 106 cells per well). Immediately before the experiments, we replaced EndoBoost Medium with serum-free EndoLife Medium (EL1, AppScience Products, Moscow, Russia). During this replacement, we washed cells twice with warm (≈37 °C) Dulbecco’s phosphate-buffered saline (DPBS) without Ca2+ and Mg2+ ions (pH = 7.4, 1.2.4.7, BioLot, St. Petersburg, Russia) to remove the residual serum components that could affect further proteomic profiling or contaminate the serum-free medium with serum-derived extracellular vesicles. The rationale behind the use of these two EC lines was that coronary artery is atheroprone and the internal thoracic artery is atheroresistant. HCAECs and HITAECs were grown in parallel.




4.2. Artificial Synthesis and Quantification of Calciprotein Particles


To synthesise primary (CPP-P) and secondary (CPP-S) CPPs, stock solutions of CaCl2 (21115, Sigma-Aldrich, St. Louis, MO, USA) and Na2HPO4 (94046, Sigma-Aldrich, St. Louis, MO, USA) were diluted to equal concentrations of 3 (CPP-P) or 7.5 (CPP-S) mmol/L in Dulbecco’s modified Eagle’s medium (DMEM/F-12, 31330038, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% (CPP-P) or 1% (CPP-S) FBS (1.1.6.1, BioLot, St. Petersburg, Russia). For the synthesis of magnesiprotein particles (MPPs), stock solutions of MgCl2 (97062-848, VWR, Radnor, PA, USA) and Na2HPO4 (94046, Sigma-Aldrich, St. Louis, MO, USA) were diluted to equal concentrations of 20 mmol/L in DMEM/F-12 (31330038, Thermo Fisher Scientific, Waltham, MA, USA), supplemented with 10% FBS (1.1.6.1, BioLot, St. Petersburg, Russia). The reagents were added into DMEM/F-12 in the following order: (1) FBS; (2) CaCl2 or MgCl2; (3) Na2HPO4, with a vortexing between the added reagents. Following incubation for 24 h in cell culture conditions, the medium was centrifuged at 200,000× g for 1 h (Optima MAX-XP, Beckman Coulter, Brea, CA, USA), and the particle sediment was resuspended in DPBS without Ca2+ and Mg2+ ions (pH = 7.4, 1.2.4.7, BioLot, St. Petersburg, Russia).



Quantification of CPP-P, CPP-S, and MPPs was performed by a quantitation of OsteoSense 680EX-positive PKH67-negative events per µL of MPP/CPP suspension using a fluorescent probe-based flow cytometry assay. Briefly, 15 μL of the CPP suspension was added to 75 μL sterile-filtered Tris-buffered saline (pH 7.4); then, 67 μL of this mix was blended with 83 μL fluorescent-labelled bisphosphonate OsteoSense 680EX (1:75 dilution, NEV10020EX, PerkinElmer, Waltham, MA, USA) and incubated in the dark for 50 min at 4 °C, with the subsequent addition of 8.3 μL lipophilic dye PKH67 (1:100 dilution, MIDI67-1KT, Sigma-Aldrich, St. Louis, MO, USA), followed by further incubation in the dark for another 10 min at 4 °C before sample acquisition (CytoFLEX, Beckman Coulter, Brea, CA, USA). In this experimental setup, OsteoSense 680EX bound to CPPs while PKH67 discriminated CPPs from similar-sized extracellular vesicles; therefore, CPPs were defined as OsteoSense 680EX-positive PKH67-negative events. MPPs were almost devoid of calcium (≈0.03 μg/μL calcium and <10 OsteoSense 680EX-positive PKH67-negative events/μL).



The final concentration of CPP-P/CPP-S/MPP was ≈1.2 × 103 particles per µL suspension. As the concentration of CPPs in the human blood was ≈2.5 × 105 particles per mL, we decided to apply the dose of ≈0.6 × 105 particles per mL, attributing it to ≈15–25% increase in CPP concentration, which was reported in patients with end-stage renal disease [134]. This was equal to 25 µg/µL calcium, as measured by a respective colorimetric kit (ab102505, Abcam, Cambridge, UK) at an optical density of 575 nm.




4.3. Sample Collection


For the secretome profiling and enzyme-linked immunosorbent assay (ELISA), confluent (≈0.5 × 106 cells per well of 6-well plate) cultures of HCAECs (300K-05a, Cell Applications, San Diego, CA, USA) and HITAECs (308K-05a, Cell Applications, San Diego, CA, USA) in a serum-free EndoLife Medium (EL1, AppScience Products, Moscow, Russia) were incubated with 100 µL of MPPs, CPP-P, or CPP-S (0.6 × 105 particles per mL or 25 µg/µL calcium) or an equal volume of DPBS without Ca2+ and Mg2+ ions (pH = 7.4, 1.2.4.7, BioLot, St. Petersburg, Russia) for 24 h (n = 3 wells per group). Then, the cell culture supernatant was withdrawn, centrifuged at 220× g (5804R, Eppendorf, Hamburg, Germany) to sediment detached cells, aliquoted (n = 3 for the secretome profiling, n = 6 for the dot blotting profiling, and n = 12 for ELISA measurements), centrifuged at 2000× g (MiniSpin Plus, Eppendorf, Hamburg, Germany) to sediment the cell debris, transferred into the new tubes, and frozen at −80 °C.




4.4. Ultra-High Performance Liquid Chromatography-Tandem Mass Spectrometry


Upon protein precipitation by acetone (300 µL serum-free cell culture medium to 1200 µL acetone, 650501, Sigma-Aldrich, St. Louis, MO, USA), the protein pellet was resuspended in 8 mol/L urea (U5128, Sigma-Aldrich, St. Louis, MO, USA) diluted in 50 mmol/L ammonium bicarbonate (09830, Sigma-Aldrich, St. Louis, MO, USA). The protein concentration was measured via a Qubit 4 fluorometer (Q33238, Thermo Fisher Scientific, Waltham, MA, USA) with a QuDye Protein Quantification Kit (25102, Lumiprobe, Cockeysville, MD, USA) according to the manufacturer’s protocol. Protein samples (15 μg) were then incubated in 5 mmol/L dithiothreitol (D0632, Sigma-Aldrich, St. Louis, MO, USA) for 1 h at 37 °C with subsequent incubation in 15 mmol/L iodoacetamide for 30 min in the dark at room temperature (I1149, Sigma-Aldrich, St. Louis, MO, USA). Next, the samples were diluted with 7 volumes of 50 mmol/L ammonium bicarbonate and incubated for 16 h at 37 °C with 200 ng of trypsin (1:50 trypsin:protein ratio; VA9000, Promega, Madison, WI, USA). The peptides were then frozen at −80 °C for 1 h and desalted with stage tips (Tips-RPS-M.T2.200.96, Affinisep, Le Houlme, France), according to the manufacturer’s protocol, using methanol (1880092500, Sigma-Aldrich, St. Louis, MO, USA), acetonitrile (1000291000, Sigma-Aldrich, St. Louis, MO, USA), and 0.1% formic acid (33015, Sigma-Aldrich, St. Louis, MO, USA). Desalted peptides were dried in a centrifugal vacuum concentrator (HyperVAC-LITE, Gyrozen Co., Ltd., Gimpo, Republic of Korea) for 3 h and finally dissolved in 20 μL 0.1% formic acid for the further shotgun proteomics analysis.



Approximately 500 ng of peptides were used for shotgun proteomics analysis using UHPLC-MS/MS with ion mobility in a TimsToF Pro mass spectrometer (Bruker Daltonics, Billerica, MA, USA) with a nanoElute UHPLC system (Bruker, Daltonics, Germany). UHPLC was performed in a one-column separation mode with a Bruker FIFTEEN separation column (C18 stationary phase, length × ID 150 mm × 0.075 mm, bead size 1.9 μm, pore size 120 Å; Bruker Daltonics, Germany) in gradient mode, with a 400 nL/min flow rate and column temperature at 50 °C. Phase A was water/0.1% formic acid (1000291000, Sigma-Aldrich, St. Louis, MO, USA) and phase B was acetonitrile/0.1% formic acid. The gradient was from 2% to 35% phase B for 25 min, then to 90% of phase B for 10 min, with a subsequent wash with 90% phase B for 10 min. The column was equilibrated with 4 column volumes before each sample. Parameters of the ion source for electrospray ionization: 1400 V of capillary voltage, 3 L/min N2 flow, and 180 °C source temperature. The mass spectrometry acquisition was performed in DDA PASEF mode in positive polarity, with the fragmentation of ions with at least two charges in the m/z range from 100 to 1800 and ion mobility range (1/K0) from 0.85 to 1.30 Vs/cm2.



Protein identification was performed in FragPipe software (version 21.1) using MSFragger (version 4.1), IonQuant (version 1.10.27), and Philosopher (version 5.1.0) in Windows 10 OS with Java v. 11.0.9.1. and AMD64 architecture. The search was performed according to the default LFQ-MBR DDA workflow with calibration and parameter optimization. The identification was performed using a human SwissProt proteome with the default FragPipe contaminant list (uploaded 10.08.2024; 20,468 proteins). The search parameters were as follows: parent mass error tolerance and fragment mass error tolerance were used according to FragPipe parameter optimization, with protein and peptide FDR < 1% and 0.1%, respectively. Cysteine carbamidomethylation (+57.02146) was set as a fixed modification. Methionine oxidation (+15.9949) and N-terminal acetylation (+42.0106) were set as variable modifications. The mass spectrometry proteomics data were deposited in the ProteomeXchange Consortium via the PRIDE partner repository [135] with the dataset identifier PXD055909. A reproducible code for the data analysis is available at https://github.com/Zoiret/Proteomic-profiling-of-HCAEC-and-HITAEC-secretome-after-exposure-to-calciprotein-particles (accessed on 17 September 2024).




4.5. Bioinformatic Analysis


Label-free quantification by peak area under the curve and spectral counts was used for further analysis in R (version 4.3.2; R Core Team, The R Foundation for Statistical Computing, Vienna, Austria, 2019) [136]. All proteins presented in all (3/3) biological replicates were identified, with the exception of DPBS and MPP groups in HCAECs (2/2 biological replicates). Only the proteins presented in ≥15/22 (≥70%) of samples were included in the further analysis to ensure data quality. Missed values were imputed using the k-nearest neighbours approach from the “impute” package (version 1.78.0) [137]. We performed the log-transformation using base 2 and quantile normalisation, with further analysis of differential expression using the “limma” package (version 3.60.6) [138]. Then, we carried out clusterisation of the samples via principal component analysis (PCA) in the “MixOmics” package (version 6.28.0) [139]. The “ggplot2” (version 3.5.1) [140] and “EnhancedVolcano” (version 1.22.0) [141] packages were used for visualisation. Differentially expressed proteins were defined as those with logarithmic fold change ≥ 1 and false discovery rate-corrected p value ≤ 0.05. We analysed the following comparisons in each of the EC lines: CPP-P vs. DPBS; CPP-P vs. MPP; CPP-S vs. DPBS; CPP-S vs. MPP; MPP vs. DPBS; and CPP-S vs. CPP-P. To address endothelial heterogeneity, we also compared HCAECs vs. HITAECs. The total number of unique and overlapping differentially expressed proteins within intergroup comparisons were visualised using a Venn diagram, employing a webtool developed by a VIB-UGent Center for Plant Systems Biology (Ghent, Belgium, https://bioinformatics.psb.ugent.be/webtools/Venn/, date accessed: 27 August 2024).



Secretome profiles of DPBS- and MPP-treated HCAECs and HITAECs were jointly screened for the proteins unique to each of these EC lines (i.e., those detected in all samples of cell culture supernatant collected from HCAECs but in none of the samples withdrawn from HITAECs). Physiological (i.e., those profiled in the cell culture supernatant from DPBS- and MPP-treated HCAECs and HITAECs) and pathological (i.e., those profiled in the cell culture supernatant from CPP-P- and CPP-S-treated HCAECs and HITAECs) secretomes were compared and the 50 most abundant proteins in each of these datasets (DPBS and MPP, HCAECs; DPBS and MPP, HITAECs; CPP-P and CPP-S, HCAECs; CPP-P and CPP-S, HITAECs) underwent pathway enrichment analysis, similar to the differentially expressed proteins.



Pathway enrichment analysis was performed using Gene Ontology [142,143] and Reactome [144,145] databases, screened using the Database for Annotation, Visualization and Integrated Discovery (DAVID, Laboratory of Human Retrovirology and Immunoinformatics, Frederick National Laboratory for Cancer Research, Frederick, MD, USA, https://david.ncifcrf.gov/tools.jsp, date accessed: 28 August 2024) [106,107]. For the filtration of bioinformatic pathways, we selected a count threshold (i.e., minimum count) of ≥5 differentially expressed proteins and applied an Expression Analysis Systematic Explorer (EASE) score, a conservative adjustment to the Fisher exact probability, which is calculated by removing one gene within the given category from the list and calculating the resulting Fisher exact probability for that category [146,147,148]. The EASE score is a measure automatically calculated by the DAVID database for pathway enrichment purposes [147,148]. We used an EASE score of 0.05 as a statistical significance threshold for maximum enrichment with pathways having a low number of proteins, although the false discovery rate-corrected p value was also calculated for convenience, and its threshold was defined as ≤0.05. The fifty most abundant proteins in the physiological and pathological secretomes, as well as differentially expressed proteins enriched in arterial homeostasis pathways, were plotted on a heat map.



To analyse the profile of interacting differentially expressed proteins in HCAECs and HITAECs, we applied a Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) (version 12.0, https://string-db.org/?_ga=2.262501388.143005778.1725628609-1106413130.1725628609, date accessed: 26 August 2024) [149] utilising the following workflow: (1) setting the working parameters: network type (full STRING network), required score of 0.900 (highest confidence), and false discovery rate stringency of 1 percent (high); (2) filtration of differentially expressed proteins having ≥1 interaction; (3) colour mapping in order to allocate interacting differentially expressed proteins into distinct functional categories composed of closely related molecular terms; (4) pathway enrichment analysis for interacting proteins using Gene Ontology and Reactome; and (5) selection of pathways enriched with the interacting proteins and relevant for arterial homeostasis.




4.6. Dot Blotting Profiling


The levels of pro-inflammatory cytokines in the cell culture medium were measured by dot blotting using a Proteome Profiler Human XL Cytokine Array Kit (ARY022B, R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s protocol. Chemiluminescence detection of dot blotting results was performed using an Odyssey XF imaging system (LI-COR Biosciences, Lincoln, NE, USA). Densitometric quantification was performed using ImageJ software (version 1.54k, National Institutes of Health, Bethesda, MN, USA). To increase dot blotting sensitivity, the cell culture medium was enriched using a centrifugal vacuum concentrator (HyperVAC-LITE, Gyrozen Co., Ltd., Gimpo, Republic of Korea) before the measurements. All cell culture supernatant samples were enriched equally (6-fold, from 6 mL to 1 mL).




4.7. Enzyme-Linked Immunosorbent Assay (ELISA)


The levels of soluble CD59, osteonectin (secreted protein acidic and rich in cysteine, SPARC), perlecan (heparan sulfate proteoglycan 2, HSPG2), and fibronectin (FN1) in the pre-centrifuged, serum-free cell culture supernatant (2000× g) from DPBS-, MPP-, CPP-P, or CPP-S-treated HCAECs and HITAECs were measured via ELISA (n = 12 per group) using the respective kits (ab263893, ab220654, ab274393, and ab219046, Abcam, Cambridge, UK) according to the manufacturer’s protocols. Colorimetric analysis was conducted using Multiskan Sky microplate spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).




4.8. Statistical Analysis


Statistical analysis was performed using GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA). For descriptive statistics, data are presented as median, 25th and 75th percentiles, and range. Four independent groups were compared using the Kruskal–Wallis test with Dunn’s multiple comparisons test. Adjusted p values ≤ 0.05 were regarded as statistically significant.





5. Conclusions


The treatment of HCAECs and HITAECs with CPP-P or CPP-S leads to the reduced release of ECM components and specifically BM constituents, including osteonectin (SPARC), perlecan (HSPG2), and fibronectin (FN1). In addition, incubation of the ECs with CPP-P or CPP-S results in elevated levels of soluble CD59, an 18–20 kDa membrane-bound glycoprotein that protects cells from lysis by the membrane attack complex. Taken together, these results suggest that the endothelial secretome under calcium stress is characterised by an increased CD59 shedding and an underrepresentation of ECM proteins. Further studies might investigate whether the other triggers of endothelial dysfunction also promote the detachment of CD59 and/or suppress ECM production by various EC types.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms252111382/s1.





Author Contributions


Conceptualization, A.S., D.S. (Daria Shishkova) and A.K.; Data curation, A.S., E.R. and A.K.; Formal analysis, A.S., D.S. (Daria Shishkova), D.S. (Daria Smirnova), V.M., Y.M., A.F., A.L., K.O., D.P., L.B., E.R. and A.K.; Funding acquisition, D.S. (Daria Shishkova); Investigation, A.S., D.S. (Daria Shishkova), D.S. (Daria Smirnova), V.M., Y.M., A.F., A.L., K.O., D.P., L.B., E.R. and A.K.; Methodology, A.S., D.S. (Daria Shishkova), D.S. (Daria Smirnova), V.M., Y.M., A.F., A.L., K.O., D.P., L.B., E.R. and A.K.; Project administration, D.S. (Daria Shishkova) and A.K.; Resources, D.S. (Daria Shishkova) and A.K.; Software, A.S., E.R. and A.K.; Supervision, D.S. (Daria Shishkova) and A.K.; Validation, A.S., E.R. and A.K.; Visualization, A.S. and A.K.; Writing—original draft, A.K.; Writing—review and editing, A.S., D.S. (Daria Shishkova), E.R. and A.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research and the article processing charge were funded by the Russian Science Foundation, grant number 24-65-00039 “Identification of circulating endothelial dysfunction marker in context of endothelial heterogeneity” (Daria Shishkova), https://rscf.ru/project/24-65-00039/.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The mass spectrometry proteomics data are available from ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD055909. The original contributions presented in the study are included in the article/Supplementary Materials (Datafiles S1–S17), further inquiries can be directed to the corresponding author.




Acknowledgments


The UHPLC-MS/MS analysis was performed using equipment of the Resource Centre for Molecular and Cell Technologies, St. Petersburg State University Research Park.




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Cahill, P.A.; Redmond, E.M. Vascular endothelium–Gatekeeper of vessel health. Atherosclerosis 2016, 248, 97–109. [Google Scholar] [CrossRef]

	



Trimm, E.; Red-Horse, K. Vascular endothelial cell development and diversity. Nat. Rev. Cardiol. 2023, 20, 197–210. [Google Scholar] [CrossRef]

	



Alexander, Y.; Osto, E.; Schmidt-Trucksäss, A.; Shechter, M.; Trifunovic, D.; Duncker, D.J.; Aboyans, V.; Bäck, M.; Badimon, L.; Cosentino, F.; et al. Endothelial function in cardiovascular medicine: A consensus paper of the European Society of Cardiology Working Groups on Atherosclerosis and Vascular Biology, Aorta and Peripheral Vascular Diseases, Coronary Pathophysiology and Microcirculation, and Thrombosis. Cardiovasc. Res. 2021, 117, 29–42. [Google Scholar] [CrossRef]

	



Segers, V.F.M.; Bringmans, T.; De Keulenaer, G.W. Endothelial dysfunction at the cellular level in three dimensions: Severity, acuteness, and distribution. Am. J. Physiol. Heart Circ. Physiol. 2023, 325, H398–H413. [Google Scholar] [CrossRef]

	



Baaten, C.C.F.M.J.; Vondenhoff, S.; Noels, H. Endothelial cell dysfunction and increased cardiovascular risk in patients with chronic kidney disease. Circ. Res. 2023, 132, 970–992. [Google Scholar] [CrossRef]

	



Kutikhin, A.G.; Shishkova, D.K.; Velikanova, E.A.; Sinitsky, M.Y.; Sinitskaya, A.V.; Markova, V.E. Endothelial dysfunction in the context of blood-brain barrier modeling. J. Evol. Biochem. Physiol. 2022, 58, 781–806. [Google Scholar] [CrossRef]

	



Öörni, K.; Rajamäki, K.; Nguyen, S.D.; Lähdesmäki, K.; Plihtari, R.; Lee-Rueckert, M.; Kovanen, P.T. Acidification of the intimal fluid: The perfect storm for atherogenesis. J. Lipid Res. 2015, 56, 203–214. [Google Scholar] [CrossRef]

	



Libby, P.; Buring, J.E.; Badimon, L.; Hansson, G.K.; Deanfield, J.; Bittencourt, M.S.; Tokgözoğlu, L.; Lewis, E.F. Atherosclerosis. Nat. Rev. Dis. Primers 2019, 5, 56. [Google Scholar] [CrossRef]

	



Ferrucci, L.; Fabbri, E. Inflammaging: Chronic inflammation in ageing, cardiovascular disease, and frailty. Nat. Rev. Cardiol. 2018, 15, 505–522. [Google Scholar] [CrossRef]

	



Franceschi, C.; Garagnani, P.; Parini, P.; Giuliani, C.; Santoro, A. Inflammaging: A new immune-metabolic viewpoint for age-related diseases. Nat. Rev. Endocrinol. 2018, 14, 576–590. [Google Scholar] [CrossRef]

	



Walker, K.A.; Basisty, N.; Wilson, D.M., III; Ferrucci, L. Connecting aging biology and inflammation in the omics era. J. Clin. Investig. 2022, 132, e158448. [Google Scholar] [CrossRef]

	



Pacinella, G.; Ciaccio, A.M.; Tuttolomondo, A. Endothelial dysfunction and chronic inflammation: The cornerstones of vascular alterations in age-related diseases. Int. J. Mol. Sci. 2022, 23, 15722. [Google Scholar] [CrossRef]

	



Evans, P.C.; Rainger, G.E.; Mason, J.C.; Guzik, T.J.; Osto, E.; Stamataki, Z.; Neil, D.; Hoefer, I.E.; Fragiadaki, M.; Waltenberger, J.; et al. Endothelial dysfunction in COVID-19: A position paper of the ESC Working Group for Atherosclerosis and Vascular Biology, and the ESC Council of Basic Cardiovascular Science. Cardiovasc. Res. 2020, 116, 2177–2184. [Google Scholar] [CrossRef]

	



Chidambaram, V.; Kumar, A.; Sadaf, M.I.; Lu, E.; Al’Aref, S.J.; Tarun, T.; Galiatsatos, P.; Gulati, M.; Blumenthal, R.S.; Leucker, T.M.; et al. COVID-19 in the initiation and progression of atherosclerosis: Pathophysiology during and beyond the acute phase. JACC Adv. 2024, 3, 101107. [Google Scholar] [CrossRef]

	



Joffre, J.; Hellman, J. Oxidative stress and endothelial dysfunction in sepsis and acute inflammation. Antioxid. Redox Signal. 2021, 35, 1291–1307. [Google Scholar] [CrossRef]

	



McMullan, R.R.; McAuley, D.F.; O’Kane, C.M.; Silversides, J.A. Vascular leak in sepsis: Physiological basis and potential therapeutic advances. Crit. Care 2024, 28, 97. [Google Scholar] [CrossRef]

	



Maneta, E.; Aivalioti, E.; Tual-Chalot, S.; Emini Veseli, B.; Gatsiou, A.; Stamatelopoulos, K.; Stellos, K. Endothelial dysfunction and immunothrombosis in sepsis. Front. Immunol. 2023, 14, 1144229. [Google Scholar] [CrossRef]

	



De Backer, D.; Ricottilli, F.; Ospina-Tascón, G.A. Septic shock: A microcirculation disease. Curr. Opin. Anaesthesiol. 2021, 34, 85–91. [Google Scholar] [CrossRef]

	



Tang, F.; Zhao, X.L.; Xu, L.Y.; Zhang, J.N.; Ao, H.; Peng, C. Endothelial dysfunction: Pathophysiology and therapeutic targets for sepsis-induced multiple organ dysfunction syndrome. Biomed. Pharmacother. 2024, 178, 117180. [Google Scholar] [CrossRef]

	



Jahnen-Dechent, W.; Büscher, A.; Köppert, S.; Heiss, A.; Kuro-O, M.; Smith, E.R. Mud in the blood: The role of protein-mineral complexes and extracellular vesicles in biomineralisation and calcification. J. Struct. Biol. 2020, 212, 107577. [Google Scholar] [CrossRef]

	



Smith, E.R.; Hewitson, T.D.; Jahnen-Dechent, W. Calciprotein particles: Mineral behaving badly? Curr. Opin. Nephrol. Hypertens. 2020, 29, 378–386. [Google Scholar] [CrossRef]

	



Kutikhin, A.G.; Feenstra, L.; Kostyunin, A.E.; Yuzhalin, A.E.; Hillebrands, J.L.; Krenning, G. Calciprotein particles: Balancing mineral homeostasis and vascular pathology. Arterioscler. Thromb. Vasc. Biol. 2021, 41, 1607–1624. [Google Scholar] [CrossRef]

	



Jahnen-Dechent, W.; Pasch, A. Solving the insoluble: Calciprotein particles mediate bulk mineral transport. Kidney Int. 2023, 103, 663–665. [Google Scholar] [CrossRef]

	



Kutikhin, A.G.; Velikanova, E.A.; Mukhamadiyarov, R.A.; Glushkova, T.V.; Borisov, V.V.; Matveeva, V.G.; Antonova, L.V.; Filip’ev, D.E.; Golovkin, A.S.; Shishkova, D.K.; et al. Apoptosis-mediated endothelial toxicity but not direct calcification or functional changes in anti-calcification proteins defines pathogenic effects of calcium phosphate bions. Sci. Rep. 2016, 6, 27255. [Google Scholar] [CrossRef]

	



Shishkova, D.; Velikanova, E.; Sinitsky, M.; Tsepokina, A.; Gruzdeva, O.; Bogdanov, L.; Kutikhin, A. Calcium phosphate bions cause intimal hyperplasia in intact aortas of normolipidemic rats through endothelial injury. Int. J. Mol. Sci. 2019, 20, 5728. [Google Scholar] [CrossRef]

	



Shishkova, D.; Markova, V.; Sinitsky, M.; Tsepokina, A.; Velikanova, E.; Bogdanov, L.; Glushkova, T.; Kutikhin, A. Calciprotein particles cause endothelial dysfunction under flow. Int. J. Mol. Sci. 2020, 21, 8802. [Google Scholar] [CrossRef]

	



Shishkova, D.K.; Velikanova, E.A.; Bogdanov, L.A.; Sinitsky, M.Y.; Kostyunin, A.E.; Tsepokina, A.V.; Gruzdeva, O.V.; Mironov, A.V.; Mukhamadiyarov, R.A.; Glushkova, T.V.; et al. Calciprotein particles link disturbed mineral homeostasis with cardiovascular disease by causing endothelial dysfunction and vascular inflammation. Int. J. Mol. Sci. 2021, 22, 12458. [Google Scholar] [CrossRef]

	



Bogdanov, L.; Shishkova, D.; Mukhamadiyarov, R.; Velikanova, E.; Tsepokina, A.; Terekhov, A.; Koshelev, V.; Kanonykina, A.; Shabaev, A.; Frolov, A.; et al. Excessive adventitial and perivascular vascularisation correlates with vascular inflammation and intimal hyperplasia. Int. J. Mol. Sci. 2022, 23, 12156. [Google Scholar] [CrossRef]

	



Feenstra, L.; Kutikhin, A.G.; Shishkova, D.K.; Buikema, H.; Zeper, L.W.; Bourgonje, A.R.; Krenning, G.; Hillebrands, J.L. Calciprotein particles induce endothelial dysfunction by impairing endothelial nitric oxide metabolism. Arterioscler. Thromb. Vasc. Biol. 2023, 43, 443–455. [Google Scholar] [CrossRef]

	



Shishkova, D.; Lobov, A.; Repkin, E.; Markova, V.; Markova, Y.; Sinitskaya, A.; Sinitsky, M.; Kondratiev, E.; Torgunakova, E.; Kutikhin, A. Calciprotein particles induce cellular compartment-specific proteome alterations in human arterial endothelial cells. J. Cardiovasc. Dev. Dis. 2023, 11, 5. [Google Scholar] [CrossRef]

	



Shishkova, D.; Lobov, A.; Zainullina, B.; Matveeva, V.; Markova, V.; Sinitskaya, A.; Velikanova, E.; Sinitsky, M.; Kanonykina, A.; Dyleva, Y.; et al. Calciprotein particles cause physiologically significant pro-inflammatory response in endothelial cells and systemic circulation. Int. J. Mol. Sci. 2022, 23, 14941. [Google Scholar] [CrossRef]

	



Köppert, S.; Büscher, A.; Babler, A.; Ghallab, A.; Buhl, E.M.; Latz, E.; Hengstler, J.G.; Smith, E.R.; Jahnen-Dechent, W. Cellular clearance and biological activity of calciprotein particles depend on their maturation state and crystallinity. Front. Immunol. 2018, 9, 1991. [Google Scholar] [CrossRef]

	



Koeppert, S.; Ghallab, A.; Peglow, S.; Winkler, C.F.; Graeber, S.; Büscher, A.; Hengstler, J.G.; Jahnen-Dechent, W. Live imaging of calciprotein particle clearance and receptor mediated uptake: Role of calciprotein monomers. Front. Cell Dev. Biol. 2021, 9, 633925. [Google Scholar] [CrossRef]

	



Herrmann, M.; Schäfer, C.; Heiss, A.; Gräber, S.; Kinkeldey, A.; Büscher, A.; Schmitt, M.M.; Bornemann, J.; Nimmerjahn, F.; Herrmann, M.; et al. Clearance of fetuin-A–containing calciprotein particles is mediated by scavenger receptor-A. Circ. Res. 2012, 111, 575–584. [Google Scholar] [CrossRef]

	



Zeper, L.W.; Bos, C.; Leermakers, P.A.; Franssen, G.M.; Raavé, R.; Hoenderop, J.G.J.; de Baaij, J.H.F. Liver and spleen predominantly mediate calciprotein particle clearance in a rat model of chronic kidney disease. Am. J. Physiol. Renal Physiol. 2024, 326, F622–F634. [Google Scholar] [CrossRef]

	



Kuro-O, M. Klotho and calciprotein particles as therapeutic targets against accelerated ageing. Clin. Sci. 2021, 135, 1915–1927. [Google Scholar] [CrossRef]

	



van der Vaart, A.; Eelderink, C.; van Goor, H.; Hillebrands, J.L.; Te Velde-Keyzer, C.A.; Bakker, S.J.L.; Pasch, A.; van Dijk, P.R.; Laverman, G.D.; de Borst, M.H. Serum T(50) predicts cardiovascular mortality in individuals with type 2 diabetes: A prospective cohort study. J. Intern. Med. 2024, 295, 748–758. [Google Scholar] [CrossRef]

	



Jäger, E.; Murthy, S.; Schmidt, C.; Hahn, M.; Strobel, S.; Peters, A.; Stäubert, C.; Sungur, P.; Venus, T.; Geisler, M.; et al. Calcium-sensing receptor-mediated NLRP3 inflammasome response to calciprotein particles drives inflammation in rheumatoid arthritis. Nat. Commun. 2020, 11, 4243. [Google Scholar] [CrossRef]

	



Anzai, F.; Karasawa, T.; Komada, T.; Yamada, N.; Miura, Y.; Sampilvanjil, A.; Baatarjav, C.; Fujimura, K.; Matsumura, T.; Tago, K.; et al. Calciprotein particles induce IL-1β/α-mediated inflammation through NLRP3 inflammasome-dependent and -independent mechanisms. Immunohorizons 2021, 5, 602–614. [Google Scholar] [CrossRef]

	



Frolov, A.; Lobov, A.; Kabilov, M.; Zainullina, B.; Tupikin, A.; Shishkova, D.; Markova, V.; Sinitskaya, A.; Grigoriev, E.; Markova, Y.; et al. Multi-omics profiling of human endothelial cells from the coronary artery and internal thoracic artery reveals molecular but not functional heterogeneity. Int. J. Mol. Sci. 2023, 24, 15032. [Google Scholar] [CrossRef]

	



Wei, H.; Sundararaman, A.; Dickson, E.; Rennie-Campbell, L.; Cross, E.; Heesom, K.J.; Mellor, H. Characterization of the polarized endothelial secretome. FASEB J. 2019, 33, 12277–12287. [Google Scholar] [CrossRef]

	



Zhao, Y.; Fang, R.; Zhang, J.; Zhang, Y.; Bechelli, J.; Smalley, C.; Valbuena, G.; Walker, D.H.; Oteo, J.A.; Brasier, A.R. Quantitative proteomics of the endothelial secretome identifies RC0497 as diagnostic of acute rickettsial spotted fever infections. Am. J. Pathol. 2020, 190, 306–322. [Google Scholar] [CrossRef]

	



Shishkova, D.; Markova, V.; Sinitsky, M.; Tsepokina, A.; Frolov, A.; Zagorodnikov, N.; Bogdanov, L.; Kutikhin, A. Co-culture of primary human coronary artery and internal thoracic artery endothelial cells results in mutually beneficial paracrine interactions. Int. J. Mol. Sci. 2020, 21, 8032. [Google Scholar] [CrossRef]

	



Markova, V.; Bogdanov, L.; Velikanova, E.; Kanonykina, A.; Frolov, A.; Shishkova, D.; Lazebnaya, A.; Kutikhin, A. Endothelial cell markers are inferior to vascular smooth muscle cells markers in staining vasa vasorum and are non-specific for distinct endothelial cell lineages in clinical samples. Int. J. Mol. Sci. 2023, 24, 1959. [Google Scholar] [CrossRef]

	



Davis, G.E.; Senger, D.R. Endothelial extracellular matrix: Biosynthesis, remodeling, and functions during vascular morphogenesis and neovessel stabilization. Circ. Res. 2005, 97, 1093–1107. [Google Scholar] [CrossRef]

	



Hahn, C.; Orr, A.W.; Sanders, J.M.; Jhaveri, K.A.; Schwartz, M.A. The subendothelial extracellular matrix modulates JNK activation by flow. Circ. Res. 2009, 104, 995–1003. [Google Scholar] [CrossRef]

	



Saemisch, M.; Balcells, M.; Riesinger, L.; Nickmann, M.; Bhaloo, S.I.; Edelman, E.R.; Methe, H. Subendothelial matrix components influence endothelial cell apoptosis in vitro. Am. J. Physiol. Cell Physiol. 2019, 316, C210–C222. [Google Scholar] [CrossRef]

	



Lau, S.; Gossen, M.; Lendlein, A. Designing Cardiovascular Implants Taking in View the Endothelial Basement Membrane. Int. J. Mol. Sci. 2021, 22, 13120. [Google Scholar] [CrossRef]

	



Kim, D.D.; Song, W.C. Membrane complement regulatory proteins. Clin. Immunol. 2006, 118, 127–136. [Google Scholar] [CrossRef]

	



Chighizola, C.B.; Lonati, P.A.; Trespidi, L.; Meroni, P.L.; Tedesco, F. The Complement System in the Pathophysiology of Pregnancy and in Systemic Autoimmune Rheumatic Diseases During Pregnancy. Front. Immunol. 2020, 11, 2084. [Google Scholar] [CrossRef]

	



Blom, A.M. The role of complement inhibitors beyond controlling inflammation. J. Intern. Med. 2017, 282, 116–128. [Google Scholar] [CrossRef]

	



Davies, A.; Simmons, D.L.; Hale, G.; Harrison, R.A.; Tighe, H.; Lachmann, P.J.; Waldmann, H. CD59, an LY-6-like protein expressed in human lymphoid cells, regulates the action of the complement membrane attack complex on homologous cells. J. Exp. Med. 1989, 170, 637–654. [Google Scholar] [CrossRef]

	



Meri, S.; Morgan, B.P.; Davies, A.; Daniels, R.H.; Olavesen, M.G.; Waldmann, H.; Lachmann, P.J. Human protectin (CD59), an 18,000-20,000 MW complement lysis restricting factor, inhibits C5b-8 catalysed insertion of C9 into lipid bilayers. Immunology 1990, 71, 1–9. [Google Scholar]

	



Rollins, S.A.; Sims, P.J. The complement-inhibitory activity of CD59 resides in its capacity to block incorporation of C9 into membrane C5b-9. J. Immunol. 1990, 144, 3478–3483. [Google Scholar] [CrossRef]

	



Rushmere, N.K.; Harrison, R.A.; van den Berg, C.W.; Morgan, B.P. Molecular cloning of the rat analogue of human CD59: Structural comparison with human CD59 and identification of a putative active site. Biochem. J. 1994, 304, 595–601. [Google Scholar] [CrossRef]

	



Ninomiya, H.; Sims, P.J. The human complement regulatory protein CD59 binds to the alpha-chain of C8 and to the “b”domain of C9. J. Biol. Chem. 1992, 267, 13675–13680. [Google Scholar] [CrossRef]

	



Kooyman, D.L.; Byrne, G.W.; McClellan, S.; Nielsen, D.; Tone, M.; Waldmann, H.; Coffman, T.M.; McCurry, K.R.; Platt, J.L.; Logan, J.S. In vivo transfer of GPI-linked complement restriction factors from erythrocytes to the endothelium. Science 1995, 269, 89–92. [Google Scholar] [CrossRef]

	



Sahoo, R.; Ghosh, P.; Chorev, M.; Halperin, J.A. A distinctive histidine residue is essential for in vivo glycation-inactivation of human CD59 transgenically expressed in mice erythrocytes: Implications for human diabetes complications. Am. J. Hematol. 2017, 92, 1198–1203. [Google Scholar] [CrossRef]

	



Qin, X.; Goldfine, A.; Krumrei, N.; Grubissich, L.; Acosta, J.; Chorev, M.; Hays, A.P.; Halperin, J.A. Glycation inactivation of the complement regulatory protein CD59: A possible role in the pathogenesis of the vascular complications of human diabetes. Diabetes 2004, 53, 2653–2661. [Google Scholar] [CrossRef]

	



Davies, C.S.; Harris, C.L.; Morgan, B.P. Glycation of CD59 impairs complement regulation on erythrocytes from diabetic subjects. Immunology 2005, 114, 280–286. [Google Scholar] [CrossRef]

	



Cheng, Y.; Gao, M. The effect of glycation of CD59 on complement-mediated cytolysis. Cell Mol. Immunol. 2005, 2, 313–317. [Google Scholar]

	



Ghosh, P.; Sahoo, R.; Vaidya, A.; Chorev, M.; Halperin, J.A. Role of complement and complement regulatory proteins in the complications of diabetes. Endocr. Rev. 2015, 36, 272–288. [Google Scholar] [CrossRef]

	



Nevo, Y.; Ben-Zeev, B.; Tabib, A.; Straussberg, R.; Anikster, Y.; Shorer, Z.; Fattal-Valevski, A.; Ta-Shma, A.; Aharoni, S.; Rabie, M.; et al. CD59 deficiency is associated with chronic hemolysis and childhood relapsing immune-mediated polyneuropathy. Blood 2013, 121, 129–135. [Google Scholar] [CrossRef]

	



Yun, S.; Leung, V.W.; Botto, M.; Boyle, J.J.; Haskard, D.O. Brief report: Accelerated atherosclerosis in low-density lipoprotein receptor-deficient mice lacking the membrane-bound complement regulator CD59. Arter. Thromb. Vasc. Biol. 2008, 28, 1714–1716. [Google Scholar] [CrossRef]

	



Wu, G.; Hu, W.; Shahsafaei, A.; Song, W.; Dobarro, M.; Sukhova, G.K.; Bronson, R.R.; Shi, G.P.; Rother, R.P.; Halperin, J.A.; et al. Complement regulator CD59 protects against atherosclerosis by restricting the formation of complement membrane attack complex. Circ. Res. 2009, 104, 550–558. [Google Scholar] [CrossRef]

	



An, G.; Miwa, T.; Song, W.L.; Lawson, J.A.; Rader, D.J.; Zhang, Y.; Song, W.C. CD59 but not DAF deficiency accelerates atherosclerosis in female ApoE knockout mice. Mol. Immunol. 2009, 46, 1702–1709. [Google Scholar] [CrossRef]

	



Lewis, R.D.; Jackson, C.L.; Morgan, B.P.; Hughes, T.R. The membrane attack complex of complement drives the progression of atherosclerosis in apolipoprotein E knockout mice. Mol. Immunol. 2010, 47, 1098–1105. [Google Scholar] [CrossRef]

	



Liu, F.; Sahoo, R.; Ge, X.; Wu, L.; Ghosh, P.; Qin, X.; Halperin, J.A. Deficiency of the complement regulatory protein CD59 accelerates the development of diabetes-induced atherosclerosis in mice. J. Diabetes Complicat. 2017, 31, 311–317. [Google Scholar] [CrossRef]

	



Haskard, D.O.; Boyle, J.J.; Mason, J.C. The role of complement in atherosclerosis. Curr. Opin. Lipidol. 2008, 19, 478–482. [Google Scholar] [CrossRef]

	



Li, B.; Chu, X.M.; Xu, Y.J.; Yang, F.; Lv, C.Y.; Nie, S.M. CD59 underlines the antiatherosclerotic effects of C-phycocyanin on mice. Biomed. Res. Int. 2013, 2013, 729413. [Google Scholar] [CrossRef]

	



Liu, F.; Wu, L.; Wu, G.; Wang, C.; Zhang, L.; Tomlinson, S.; Qin, X. Targeted mouse complement inhibitor CR2-Crry protects against the development of atherosclerosis in mice. Atherosclerosis 2014, 234, 237–243. [Google Scholar] [CrossRef]

	



Li, B.; Xu, Y.J.; Chu, X.M.; Gao, M.H.; Wang, X.H.; Nie, S.M.; Yang, F.; Lv, C.Y. Molecular mechanism of inhibitory effects of CD59 gene on atherosclerosis in ApoE (-/-) mice. Immunol. Lett. 2013, 156, 68–81. [Google Scholar] [CrossRef]

	



Ghosh, P.; Sahoo, R.; Vaidya, A.; Cantel, S.; Kavishwar, A.; Goldfine, A.; Herring, N.; Bry, L.; Chorev, M.; Halperin, J.A. A specific and sensitive assay for blood levels of glycated CD59: A novel biomarker for diabetes. Am. J. Hematol. 2013, 88, 670–676. [Google Scholar] [CrossRef]

	



Ghosh, P.; Luque-Fernandez, M.A.; Vaidya, A.; Ma, D.; Sahoo, R.; Chorev, M.; Zera, C.; McElrath, T.F.; Williams, M.A.; Seely, E.W.; et al. Plasma Glycated CD59, a Novel Biomarker for Detection of Pregnancy-Induced Glucose Intolerance. Diabetes Care 2017, 40, 981–984. [Google Scholar] [CrossRef]

	



Bogdanet, D.; Toth Castillo, M.; Doheny, H.; Dervan, L.; Luque-Fernandez, M.A.; Halperin, J.A.; O’Shea, P.M.; Dunne, F.P. The Diagnostic Accuracy of Second Trimester Plasma Glycated CD59 (pGCD59) to Identify Women with Gestational Diabetes Mellitus Based on the 75 g OGTT Using the WHO Criteria: A Prospective Study of Non-Diabetic Pregnant Women in Ireland. J. Clin. Med. 2022, 11, 3895. [Google Scholar] [CrossRef]

	



Wang, W.; Xu, C.; Lu, X.; Cao, W.; Zuo, T.; Zhang, Y.; Zou, H.; Sun, Y. Glycated CD59 is a potential biomarker for gestational diabetes mellitus. Front. Endocrinol. 2024, 15, 1374253. [Google Scholar] [CrossRef]

	



Ma, D.; Luque-Fernandez, M.A.; Bogdanet, D.; Desoye, G.; Dunne, F.; Halperin, J.A. DALI Core Investigator Group. Plasma Glycated CD59 Predicts Early Gestational Diabetes and Large for Gestational Age Newborns. J. Clin. Endocrinol. Metab. 2020, 105, e1033–e1040. [Google Scholar] [CrossRef]

	



Bogdanet, D.; Toth Castillo, M.; Doheny, H.; Dervan, L.; Angel Luque-Fernandez, M.; Halperin, J.; O’Shea, P.M.; Dunne, F.P. The utility of first trimester plasma glycated CD59 (pGCD59) in predicting gestational diabetes mellitus: A prospective study of non-diabetic pregnant women in Ireland. Diabetes Res. Clin. Pract. 2022, 190, 110023. [Google Scholar] [CrossRef]

	



Benhalima, K.; Ma, D.D.; Laenen, A.; Mathieu, C.; Halperin, J.A. Plasma glycated CD59 predicts postpartum glucose intolerance after gestational diabetes. Eur. J. Endocrinol. 2021, 185, 755–763. [Google Scholar] [CrossRef]

	



Bogdanet, D.; Castillo, M.T.; Doheny, H.; Dervan, L.; Luque-Fernandez, M.A.; Halperin, J.; O’Shea, P.M.; Dunne, F.P. The utility of plasma glycated CD59 in predicting postpartum glucose intolerance: A prospective study of women diagnosed with GDM during a period of universal GDM screening. Diabet. Med. 2023, 40, e15121. [Google Scholar] [CrossRef]

	



Bogdanet, D.; Castillo, M.T.; Doheny, H.; Dervan, L.; Luque-Fernandez, M.A.; Halperin, J.A.; O’Shea, P.M.; Dunne, F.P. The ability of pGCD59 to predict adverse pregnancy outcomes: A prospective study of non-diabetic pregnant women in Ireland. Acta Diabetol. 2023, 60, 211–223. [Google Scholar] [CrossRef] [PubMed]

	



Bogdanet, D.; Luque-Fernandez, M.A.; Toth-Castillo, M.; Desoye, G.; O’Shea, P.M.; Dunne, F.P.; Halperin, J.A. The Role of Early Pregnancy Maternal pGCD59 Levels in Predicting Neonatal Hypoglycemia-Subanalysis of the DALI Study. J. Clin. Endocrinol. Metab. 2022, 107, e4311–e4319. [Google Scholar] [CrossRef] [PubMed]

	



Ghosh, P.; Vaidya, A.; Sahoo, R.; Goldfine, A.; Herring, N.; Bry, L.; Chorev, M.; Halperin, J.A. Glycation of the complement regulatory protein CD59 is a novel biomarker for glucose handling in humans. J. Clin. Endocrinol. Metab. 2014, 99, E999–E1006. [Google Scholar] [CrossRef] [PubMed]

	



Golec, E.; Ekström, A.; Noga, M.; Omar-Hmeadi, M.; Lund, P.E.; Villoutreix, B.O.; Krus, U.; Wozniak, K.; Korsgren, O.; Renström, E.; et al. Alternative splicing encodes functional intracellular CD59 isoforms that mediate insulin secretion and are down-regulated in diabetic islets. Proc. Natl. Acad. Sci. USA 2022, 119, e2120083119. [Google Scholar] [CrossRef] [PubMed]

	



Claesson-Welsh, L.; Dejana, E.; McDonald, D.M. Permeability of the endothelial barrier: Identifying and reconciling controversies. Trends Mol. Med. 2021, 27, 314–331. [Google Scholar] [CrossRef]

	



Lin, P.K.; Davis, G.E. Extracellular matrix remodeling in vascular disease: Defining its regulators and pathological influence. Arterioscler. Thromb. Vasc. Biol. 2023, 43, 1599–1616. [Google Scholar] [CrossRef]

	



Yang, X.; Scott, H.A.; Ardekani, S.; Williams, M.; Talbot, P.; Ghosh, K. Aberrant cell and basement membrane architecture contribute to sidestream smoke-induced choroidal endothelial dysfunction. Investig. Ophthalmol. Vis. Sci. 2014, 55, 3140–3147. [Google Scholar] [CrossRef]

	



Hara, T.; Kumagai, R.; Tanaka, T.; Nakano, T.; Fujie, T.; Fujiwara, Y.; Yamamoto, C.; Kaji, T. Lead suppresses perlecan expression via EGFR-ERK1/2-COX-2-PGI(2) pathway in cultured bovine vascular endothelial cells. J. Toxicol. Sci. 2023, 48, 655–663. [Google Scholar] [CrossRef]

	



Han, J.; Zhang, F.; Xie, J.; Linhardt, R.J.; Hiebert, L.M. Changes in cultured endothelial cell glycosaminoglycans under hyperglycemic conditions and the effect of insulin and heparin. Cardiovasc. Diabetol. 2009, 8, 46. [Google Scholar] [CrossRef]

	



Wu, Y.; Feng, B.; Chen, S.; Chakrabarti, S. ERK5 regulates glucose-induced increased fibronectin production in the endothelial cells and in the retina in diabetes. Investig. Ophthalmol. Vis. Sci. 2012, 53, 8405–8413. [Google Scholar] [CrossRef]

	



Zegeye, M.M.; Matic, L.; Lengquist, M.; Hayderi, A.; Grenegård, M.; Hedin, U.; Sirsjö, A.; Ljungberg, L.U.; Kumawat, A.K. Interleukin-6 trans-signaling induced laminin switch contributes to reduced trans-endothelial migration of granulocytic cells. Atherosclerosis 2023, 371, 41–53. [Google Scholar] [CrossRef] [PubMed]

	



Glentis, A.; Gurchenkov, V.; Matic Vignjevic, D. Assembly, heterogeneity, and breaching of the basement membranes. Cell Adh. Migr. 2014, 8, 236–245. [Google Scholar] [CrossRef] [PubMed]

	



Pozzi, A.; Yurchenco, P.D.; Iozzo, R.V. The nature and biology of basement membranes. Matrix Biol. 2017, 57–58, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Mak, K.M.; Mei, R. Basement membrane type IV collagen and laminin: An overview of their biology and value as fibrosis biomarkers of liver disease. Anat. Rec. 2017, 300, 1371–1390. [Google Scholar] [CrossRef] [PubMed]

	



Thomsen, M.S.; Routhe, L.J.; Moos, T. The vascular basement membrane in the healthy and pathological brain. J. Cereb. Blood Flow. Metab. 2017, 37, 3300–3317. [Google Scholar] [CrossRef]

	



Randles, M.J.; Humphries, M.J.; Lennon, R. Proteomic definitions of basement membrane composition in health and disease. Matrix Biol. 2017, 57–58, 12–28. [Google Scholar] [CrossRef]

	



Di Russo, J.; Hannocks, M.J.; Luik, A.L.; Song, J.; Zhang, X.; Yousif, L.; Aspite, G.; Hallmann, R.; Sorokin, L. Vascular laminins in physiology and pathology. Matrix Biol. 2017, 57–58, 140–148. [Google Scholar] [CrossRef]

	



Gubbiotti, M.A.; Neill, T.; Iozzo, R.V. A current view of perlecan in physiology and pathology: A mosaic of functions. Matrix Biol. 2017, 57–58, 285–298. [Google Scholar] [CrossRef]

	



Xu, L.; Nirwane, A.; Yao, Y. Basement membrane and blood-brain barrier. Stroke Vasc. Neurol. 2018, 4, 78–82. [Google Scholar] [CrossRef]

	



Hallmann, R.; Hannocks, M.J.; Song, J.; Zhang, X.; Di Russo, J.; Luik, A.L.; Burmeister, M.; Gerwien, H.; Sorokin, L. The role of basement membrane laminins in vascular function. Int. J. Biochem. Cell Biol. 2020, 127, 105823. [Google Scholar] [CrossRef]

	



Mongiat, M.; Pascal, G.; Poletto, E.; Williams, D.M.; Iozzo, R.V. Proteoglycans of basement membranes: Crucial controllers of angiogenesis, neurogenesis, and autophagy. Proteoglycan Res. 2024, 2, e22. [Google Scholar] [CrossRef] [PubMed]

	



Nonaka, R.; Iesaki, T.; de Vega, S.; Daida, H.; Okada, T.; Sasaki, T.; Arikawa-Hirasawa, E. Perlecan deficiency causes endothelial dysfunction by reducing the expression of endothelial nitric oxide synthase. Physiol. Rep. 2015, 3, e12272. [Google Scholar] [CrossRef] [PubMed]

	



Lord, M.S.; Ellis, A.L.; Farrugia, B.L.; Whitelock, J.M.; Grenett, H.; Li, C.; O’Grady, R.L.; DeCarlo, A.A. Perlecan and vascular endothelial growth factor-encoding DNA-loaded chitosan scaffolds promote angiogenesis and wound healing. J. Control Release 2017, 250, 48–61. [Google Scholar] [CrossRef] [PubMed]

	



Mukhamadiyarov, R.A.; Frolov, A.V.; Kutikhin, A.G. Age-dependent remodeling of the internal thoracic artery extracellular matrix in patients with a combination of two or more cardiovascular risk factors. Compl. Iss. Cardiovasc. Dis. 2022, 10, 33–45. [Google Scholar] [CrossRef]

	



Aitken, C.; Mehta, V.; Schwartz, M.A.; Tzima, E. Mechanisms of endothelial flow sensing. Nat. Cardiovasc. Res. 2023, 2, 517–529. [Google Scholar] [CrossRef]

	



Wang, X.; Shen, Y.; Shang, M.; Liu, X.; Munn, L.L. Endothelial mechanobiology in atherosclerosis. Cardiovasc. Res. 2023, 119, 1656–1675. [Google Scholar] [CrossRef]

	



Souilhol, C.; Serbanovic-Canic, J.; Fragiadaki, M.; Chico, T.J.; Ridger, V.; Roddie, H.; Evans, P.C. Endothelial responses to shear stress in atherosclerosis: A novel role for developmental genes. Nat. Rev. Cardiol. 2020, 17, 52–63. [Google Scholar] [CrossRef]

	



Mutgan, A.C.; Jandl, K.; Kwapiszewska, G. Endothelial basement membrane components and their products, matrikines: Active drivers of pulmonary hypertension? Cells 2020, 9, 2029. [Google Scholar] [CrossRef]

	



Gao, Y.; Galis, Z.S. Exploring the role of endothelial cell resilience in cardiovascular health and disease. Arterioscler. Thromb. Vasc. Biol. 2021, 41, 179–185. [Google Scholar] [CrossRef]

	



Tombor, L.S.; Dimmeler, S. Why is endothelial resilience key to maintain cardiac health? Basic. Res. Cardiol. 2022, 117, 35. [Google Scholar] [CrossRef]

	



Accardo-Palumbo, A.; Triolo, G.; Colonna-Romano, G.; Potestio, M.; Carbone, M.; Ferrante, A.; Giardina, E.; Caimi, G.; Triolo, G. Glucose-induced loss of glycosyl-phosphatidylinositol-anchored membrane regulators of complement activation (CD59, CD55) by in vitro cultured human umbilical vein endothelial cells. Diabetologia 2000, 43, 1039–1047. [Google Scholar] [CrossRef] [PubMed]

	



Wood, S.C.; Tang, X.; Tesfamariam, B. Paclitaxel potentiates inflammatory cytokine-induced prothrombotic molecules in endothelial cells. J. Cardiovasc. Pharmacol. 2010, 55, 276–285. [Google Scholar] [CrossRef] [PubMed]

	



Teoh, C.W.; Riedl Khursigara, M.; Ortiz-Sandoval, C.G.; Park, J.W.; Li, J.; Bohorquez-Hernandez, A.; Bruno, V.; Bowen, E.E.; Freeman, S.A.; Robinson, L.A.; et al. The loss of glycocalyx integrity impairs complement factor H binding and contributes to cyclosporine-induced endothelial cell injury. Front. Med. 2023, 10, 891513. [Google Scholar] [CrossRef] [PubMed]

	



Acosta, J.; Hettinga, J.; Flückiger, R.; Krumrei, N.; Goldfine, A.; Angarita, L.; Halperin, J. Molecular basis for a link between complement and the vascular complications of diabetes. Proc. Natl. Acad. Sci. USA 2000, 97, 5450–5455. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Liu, S.; Leng, S.X. Chronic low-grade inflammatory phenotype (CLIP) and senescent immune dysregulation. Clin. Ther. 2019, 41, 400–409. [Google Scholar] [CrossRef]

	



Shintouo, C.M.; Mets, T.; Beckwee, D.; Bautmans, I.; Ghogomu, S.M.; Souopgui, J.; Leemans, L.; Meriki, H.D.; Njemini, R. Is inflammageing influenced by the microbiota in the aged gut? A systematic review. Exp. Gerontol. 2020, 141, 111079. [Google Scholar] [CrossRef]

	



Pan, L.; Xie, W.; Fu, X.; Lu, W.; Jin, H.; Lai, J.; Zhang, A.; Yu, Y.; Li, Y.; Xiao, W. Inflammation and sarcopenia: A focus on circulating inflammatory cytokines. Exp. Gerontol. 2021, 154, 111544. [Google Scholar] [CrossRef]

	



Tylutka, A.; Walas, Ł.; Zembron-Lacny, A. Level of IL-6, TNF, and IL-1beta and age-related diseases: A systematic review and meta-analysis. Front. Immunol. 2024, 15, 1330386. [Google Scholar] [CrossRef]

	



Dyer, A.H.; McNulty, H.; Caffrey, A.; Gordon, S.; Laird, E.; Hoey, L.; Hughes, C.F.; Ward, M.; Strain, J.J.; O’Kane, M.; et al. Low-grade systemic inflammation is associated with domain-specific cognitive performance and cognitive decline in older adults: Data from the TUDA study. Neurobiol. Aging 2024, 134, 94–105. [Google Scholar] [CrossRef]

	



Noh, S.G.; Kim, H.W.; Kim, S.; Chung, K.W.; Jung, Y.S.; Yoon, J.H.; Yu, B.P.; Lee, J.; Chung, H.Y. Senoinflammation as the underlying mechanism of aging and its modulation by calorie restriction. Ageing Res. Rev. 2024, 101, 102503. [Google Scholar] [CrossRef]

	



Di Micco, R.; Krizhanovsky, V.; Baker, D.; d’Adda di Fagagna, F. Cellular senescence in ageing: From mechanisms to therapeutic opportunities. Nat. Rev. Mol. Cell Biol. 2021, 22, 75–95. [Google Scholar] [CrossRef] [PubMed]

	



Khosla, S.; Farr, J.N.; Tchkonia, T.; Kirkland, J.L. The role of cellular senescence in ageing and endocrine disease. Nat. Rev. Endocrinol. 2020, 16, 263–275. [Google Scholar] [CrossRef] [PubMed]

	



Sabbatinelli, J.; Prattichizzo, F.; Olivieri, F.; Procopio, A.D.; Rippo, M.R.; Giuliani, A. Where metabolism meets senescence: Focus on endothelial cells. Front. Physiol. 2019, 10, 1523. [Google Scholar] [CrossRef] [PubMed]

	



Giuliani, A.; Giudetti, A.M.; Vergara, D.; Del Coco, L.; Ramini, D.; Caccese, S.; Sbriscia, M.; Graciotti, L.; Fulgenzi, G.; Tiano, L.; et al. Senescent endothelial cells sustain their senescence-associated secretory phenotype (SASP) through enhanced fatty acid oxidation. Antioxidants 2023, 12, 1956. [Google Scholar] [CrossRef] [PubMed]

	



Clayton, Z.S.; Rossman, M.J.; Mahoney, S.A.; Venkatasubramanian, R.; Maurer, G.S.; Hutton, D.A.; VanDongen, N.S.; Greenberg, N.T.; Longtine, A.G.; Ludwig, K.R.; et al. Cellular senescence contributes to large elastic artery stiffening and endothelial dysfunction with aging: Amelioration with senolytic treatment. Hypertension 2023, 80, 2072–2087. [Google Scholar] [CrossRef]

	



Rossman, M.J.; Kaplon, R.E.; Hill, S.D.; McNamara, M.N.; Santos-Parker, J.R.; Pierce, G.L.; Seals, D.R.; Donato, A.J. Endothelial cell senescence with aging in healthy humans: Prevention by habitual exercise and relation to vascular endothelial function. Am. J. Physiol. Heart Circ. Physiol. 2017, 313, H890–H895. [Google Scholar] [CrossRef]

	



Schafer, M.J.; Zhang, X.; Kumar, A.; Atkinson, E.J.; Zhu, Y.; Jachim, S.; Mazula, D.L.; Brown, A.K.; Berning, M.; Aversa, Z.; et al. The senescence-associated secretome as an indicator of age and medical risk. JCI Insight 2020, 5, e133668. [Google Scholar] [CrossRef]

	



Wang, B.; Han, J.; Elisseeff, J.H.; Demaria, M. The senescence-associated secretory phenotype and its physiological and pathological implications. Nat. Rev. Mol. Cell Biol. 2024. [Google Scholar] [CrossRef]

	



Hall, S.A.; Lesniewski, L.A. Targeting vascular senescence in cardiovascular disease with aging. J. Cardiovasc. Aging 2024, 4, 16. [Google Scholar] [CrossRef]

	



Suda, M.; Paul, K.H.; Minamino, T.; Miller, J.D.; Lerman, A.; Ellison-Hughes, G.M.; Tchkonia, T.; Kirkland, J.L. Senescent cells: A therapeutic target in cardiovascular diseases. Cells 2023, 12, 1296. [Google Scholar] [CrossRef]

	



Mehdizadeh, M.; Aguilar, M.; Thorin, E.; Ferbeyre, G.; Nattel, S. The role of cellular senescence in cardiac disease: Basic biology and clinical relevance. Nat. Rev. Cardiol. 2022, 19, 250–264. [Google Scholar] [CrossRef] [PubMed]

	



King, B.C.; Blom, A.M. Complement in metabolic disease: Metaflammation and a two-edged sword. Semin. Immunopathol. 2021, 43, 829–841. [Google Scholar] [CrossRef] [PubMed]

	



Ellsworth, C.R.; Chen, Z.; Xiao, M.T.; Qian, C.; Wang, C.; Khatun, M.S.; Liu, S.; Islamuddin, M.; Maness, N.J.; Halperin, J.A.; et al. Enhanced complement activation and MAC formation accelerates severe COVID-19. Cell. Mol. Life Sci. 2024, 81, 405. [Google Scholar] [CrossRef] [PubMed]

	



Smith, E.R.; Hewitson, T.D.; Cai, M.M.X.; Aghagolzadeh, P.; Bachtler, M.; Pasch, A.; Holt, S.G. A novel fluorescent probe-based flow cytometric assay for mineral-containing nanoparticles in serum. Sci. Rep. 2017, 7, 5686. [Google Scholar] [CrossRef]

	



Perez-Riverol, Y.; Bai, J.; Bandla, C.; García-Seisdedos, D.; Hewapathirana, S.; Kamatchinathan, S.; Kundu, D.J.; Prakash, A.; Frericks-Zipper, A.; Eisenacher, M.; et al. The PRIDE database resources in 2022: A hub for mass spectrometry-based proteomics evidences. Nucleic Acids Res. 2022, 50, D543–D552. [Google Scholar] [CrossRef]

	



Chen, H.; Boutros, P.C. VennDiagram: A package for the generation of highly-customizable Venn and Euler diagrams in R. BMC Bioinform. 2011, 12, 35. [Google Scholar] [CrossRef]

	



Hastie, T.; Tibshirani, R.; Narasimhan, B.; Chu, G. Impute: Imputation for Microarray Data; R Package Version 1.70.0; R Foundation for Statistical Computing: Vienna, Austria, 2022. [Google Scholar]

	



Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. [Google Scholar] [CrossRef]

	



Rohart, F.; Gautier, B.; Singh, A.; Lê Cao, K.A. mixOmics: An R package for ‘omics feature selection and multiple data integration. PLoS Comput. Biol. 2017, 13, e1005752. [Google Scholar] [CrossRef]

	



Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016. [Google Scholar]

	



Blighe, K.; Rana, S.; Lewis, M. EnhancedVolcano: Publication-Ready Volcano Plots with Enhanced Colouring and Labeling, R package version 1.14.0; R Foundation for Statistical Computing: Vienna, Austria, 2022. [Google Scholar]

	



Ashburner, M.; Ball, C.A.; Blake, J.A.; Botstein, D.; Butler, H.; Cherry, J.M.; Davis, A.P.; Dolinski, K.; Dwight, S.S.; Eppig, J.T.; et al. Gene ontology: Tool for the unification of biology. The Gene Ontology Consortium. Nat. Genet. 2000, 25, 25–29. [Google Scholar] [CrossRef]

	



Gene Ontology Consortium. The Gene Ontology resource: Enriching a GOld mine. Nucleic Acids Res. 2021, 49, D325–D334. [Google Scholar] [CrossRef]

	



Gillespie, M.; Jassal, B.; Stephan, R.; Milacic, M.; Rothfels, K.; Senff-Ribeiro, A.; Griss, J.; Sevilla, C.; Matthews, L.; Gong, C.; et al. The reactome pathway knowledgebase 2022. Nucleic Acids Res. 2022, 50, D687–D692. [Google Scholar] [CrossRef] [PubMed]

	



Griss, J.; Viteri, G.; Sidiropoulos, K.; Nguyen, V.; Fabregat, A.; Hermjakob, H. ReactomeGSA—Efficient Multi-Omics Comparative Pathway Analysis. Mol. Cell. Proteom. 2020, 19, 2115–2125. [Google Scholar] [CrossRef] [PubMed]

	



Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics resources. Nat. Protoc. 2009, 4, 44–57. [Google Scholar] [CrossRef] [PubMed]

	



Huang, D.W.; Sherman, B.T.; Tan, Q.; Collins, J.R.; Alvord, W.G.; Roayaei, J.; Stephens, R.; Baseler, M.W.; Lane, H.C.; Lempicki, R.A. The DAVID Gene Functional Classification Tool: A novel biological module-centric algorithm to functionally analyze large gene lists. Genome Biol. 2007, 8, R183. [Google Scholar] [CrossRef]

	



Hosack, D.A.; Dennis, G., Jr.; Sherman, B.T.; Lane, H.C.; Lempicki, R.A. Identifying biological themes within lists of genes with EASE. Genome Biol. 2003, 4, R70. [Google Scholar] [CrossRef]

	



Szklarczyk, D.; Kirsch, R.; Koutrouli, M.; Nastou, K.; Mehryary, F.; Hachilif, R.; Gable, A.L.; Fang, T.; Doncheva, N.T.; Pyysalo, S.; et al. The STRING database in 2023: Protein-protein association networks and functional enrichment analyses for any sequenced genome of interest. Nucleic Acids Res. 2023, 51, D638–D646. [Google Scholar] [CrossRef]








[image: Ijms 25 11382 g001] 





Figure 1. Cytokine profiling of the enriched (6-fold), serum-free cell culture medium withdrawn from HCAECs (top) and HITAECs (bottom) treated with control DPBS, magnesiprotein particles (MPP), primary calciprotein particles (CPP-P), or secondary calciprotein particles (CPP-S) for 24 h. Specific dot blotting kits for the measurement of cytokines. Below are the following colours that demarcate the signal from the respective antibodies which indicate overexpressed cytokines in the respective experimental groups: dark green: serpin E1/plasminogen activator inhibitor 1 (PAI-1); blue: chemokine (C-X-C motif) ligand 1/growth regulated protein alpha (CXCL1/GROα); gray: CD105/endoglin; red: interleukin-6 (IL-6); apple green: soluble interleukin 1 receptor-like 1/suppression of tumorigenicity 2 (ST2); brown: platelet-derived growth factor AB/BB (PDGF-AB/BB); gold: pentraxin-3; light blue: vascular cell adhesion molecule 1 (VCAM-1)/cluster of differentiation 106 (CD106); aquamarine: chemokine (C-C motif) ligand 5 (CCL5)/regulated on activation, normal T cell expressed and secreted (RANTES); violet: thrombospondin-1; dark pink: urokinase plasminogen activator surface receptor (uPAR); dark violet: macrophage inflammatory protein-3 alpha/CCL20; lime green: epidermal growth factor (EGF); light brown: CD147/extracellular matrix metalloproteinase inducer (EMMPRIN)/basigin; light green: CXCL5/epithelial neutrophil-activating protein 78 (ENA-78); lavender blue: hepatocyte growth factor (HGF); light violet: monocyte chemoattractant protein 1/chemokine (C-C motif) ligand 2 (MCP-1/CCL2); peach: angiogenin; orange: MCP-3/CCL7; salad green: transferrin receptor protein 1 (TfR1)/CD71; lavender: angiopoietin-2; bright green: macrophage colony-stimulating factor (M-CSF/CSF-1); forest green: macrophage migration inhibitory factor (MIF); pink: fibroblast growth factor 19 (FGF-19); baby blue: cystatin C; purple: interferon gamma-induced protein 10 (IP-10)/CXCL10; turquoise: MIP-3β; light pink: granulocyte-macrophage colony-stimulating factor (GM-CSF/CSF-2); deep pink: matrix metalloproteinase 9 (MMP-9). HCAEC: short, medium, and long arrows indicate fold change from 1.20 to 1.34, from 1.35 to 1.49, and ≥1.50, respectively, as compared with the DPBS group. HITAEC: short, medium, and long arrows indicate fold change from 1.25 to 1.34, from 1.35 to 1.49, and ≥1.50, respectively, as compared with the DPBS group. 
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Figure 2. Secretome-wide comparison of protein profiles in cell culture supernatants collected from primary human coronary artery endothelial cells (HCAEC, top) and primary human internal thoracic artery endothelial cells (HITAEC, bottom) treated with Dulbecco’s phosphate-buffered saline (DPBS), magnesiprotein particles (MPP), primary calciprotein particles (CPP-P), or secondary calciprotein particles (CPP-S) for 24 h. (A) Principal component analysis showing the relative distance between the groups; (B) Venn diagrams demonstrating the numbers of differentially expressed proteins between the comparisons. 
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Figure 3. Expression and pathway enrichment analysis of protein abundance in cell culture supernatants collected from primary human coronary artery endothelial cells (HCAEC) and (B) primary human internal thoracic artery endothelial cells (HITAEC) treated with Dulbecco’s phosphate-buffered saline (DPBS), magnesiprotein particles (MPP), primary calciprotein particles (CPP-P), or secondary calciprotein particles (CPP-S) for 24 h. (A) Heat map showing the protein abundance of the 50 most abundant proteins identified in the physiological secretome (i.e., among those profiled in the cell culture supernatant from DPBS- and MPP-treated HCAECs and HITAECs, left side) and the pathological secretome (i.e., among those profiled in the cell culture supernatant from CPP-P- and CPP-S-treated HCAECs and HITAECs, right side). Protein abundance is represented as log2-transformed, imputed, and normalised data (see Section 4.4. in Materials and Methods “Proteomic profiling”). Orange dots highlight the proteins which are exclusively presented among the 50 most abundant in the physiological secretome in HCAECs; red dots highlight the proteins which are exclusively presented among the 50 most abundant in the physiological secretome in HITAECs; yellow dots highlight the proteins which are exclusively presented among the 50 most abundant in the pathological secretome in HCAECs; green dots highlight the proteins which are exclusively presented among the 50 most abundant in the pathological secretome in HITAECs; violet dots highlight the proteins which are exclusively presented among the 50 most abundant in the physiological secretome in both HCAECs and HITAECs; blue dots highlight the proteins which are exclusively presented among the 50 most abundant in the pathological secretome in both HCAECs and HITAECs; (B) Differentially expressed molecular terms were identified among these proteins during the screening of Gene Ontology and Reactome resources through the Database for Annotation, Visualization, and Integrated Discovery (DAVID). 
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Figure 4. Pathway enrichment analysis of secretomes from primary human coronary artery endothelial cells (HCAEC) and primary human internal thoracic artery endothelial cells (HITAEC) treated with Dulbecco’s phosphate-buffered saline (DPBS), magnesiprotein particles (MPP), primary calciprotein particles (CPP-P), or secondary calciprotein particles (CPP-S) for 24 h. (A) Differentially expressed molecular terms identified among the proteins which are downregulated upon the incubation with CPP-P or CPP-S during the screening of Gene Ontology and Reactome resources through the Database for Annotation, Visualization, and Integrated Discovery (DAVID); (B) Heat map showing the downregulated expression of the ECM components (in particular basement membrane proteins) and notable and stable upregulation of soluble CD59 in HCAECs and HITAECs exposed to CPP-P or CPP-S. Protein abundance is represented as log2-transformed, imputed, and normalised data (see Section 4.4. in Materials and Methods “Proteomic profiling”). 
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Figure 5. Analysis of protein–protein interactions among the downregulated proteins in secretomes from primary human coronary artery endothelial cells (HCAEC) treated with Dulbecco’s phosphate-buffered saline (DPBS), magnesiprotein particles (MPP), primary calciprotein particles (CPP-P), or secondary calciprotein particles (CPP-S) for 24 h. (A) CPP-P vs. DPBS; (B) CPP-P vs. MPP; (C) CPP-S vs. DPBS; (D) CPP-S vs. MPP. Analysis was performed using the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING). 
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Figure 6. Analysis of protein–protein interactions among the downregulated proteins in secretomes from primary human internal thoracic artery endothelial cells (HITAEC) treated with Dulbecco’s phosphate-buffered saline (DPBS), magnesiprotein particles (MPP), primary calciprotein particles (CPP-P), or secondary calciprotein particles (CPP-S) for 24 h. (A) CPP-P vs. DPBS; (B) CPP-P vs. MPP; (C) CPP-S vs. DPBS; (D) CPP-S vs. MPP. Analysis was performed using the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING). 
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Figure 7. Heterogeneity of protein profiles in cell culture supernatants collected from primary human coronary artery endothelial cells (HCAEC) and primary human internal thoracic artery endothelial cells (HITAEC) treated with Dulbecco’s phosphate-buffered saline (DPBS), magnesiprotein particles (MPP), primary calciprotein particles (CPP-P), or secondary calciprotein particles (CPP-S) for 24 h. (A) Principal component analysis performed across all experimental groups; (B) Principal component analysis of pooled DPBS- and MPP-treated HCAECs and HITAECs; (C) Venn diagrams showing the number of overlapping and unique differentially expressed proteins between HCAECs vs. HITAECs according to the various intergroup comparisons; (D) Volcano plot showing upregulated and downregulated proteins between pooled DPBS- and MPP-treated HCAECs and HITAECs; the dashed lines indicate logarithmic fold change and p value thresholds; selected proteins are presented below on the heat map; (E) Heat map demonstrating protein abundance across the 10 most upregulated and the 10 most downregulated proteins between pooled DPBS- and MPP-treated HCAECs and HITAECs. Protein abundance is represented as log2-transformed, imputed, and normalised data (see Section 4.4. in Materials and Methods “Proteomic profiling”). 
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Figure 8. Enzyme-linked immunosorbent assay (ELISA) measurements of the levels of protectin (CD59), osteonectin (secreted protein acidic and rich in cysteine, SPARC), perlecan (heparan sulfate proteoglycan 2, HSPG2), and fibronectin (FN1) in the pre-centrifuged, serum-free cell culture supernatant (2000× g) from primary human coronary artery endothelial cells (HCAEC, top) and primary human internal thoracic artery endothelial cells (HITAEC, bottom) treated with Dulbecco’s phosphate-buffered saline (DPBS), magnesiprotein particles (MPP), primary calciprotein particles (CPP-P), or secondary calciprotein particles (CPP-S) for 24 h. Blue, violet, pink and red dots are for the DPBS, MPP, CPP-P, and CPP-S-treated cells, respectively. Each dot on the plots represents one measurement (n = 12 measurements per group). Whiskers indicate the range, box bounds indicate the 25th–75th percentiles, and centre lines indicate the median. p values are provided above boxes, Kruskal–Wallis test with Dunn’s multiple comparisons test. 
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Table 1. Number of overexpressed and underexpressed proteins in the secretomes of primary human coronary artery endothelial cells (HCAEC, top) and primary human internal thoracic artery endothelial cells (HITAEC, bottom) treated with Dulbecco’s phosphate-buffered saline (DPBS), magnesiprotein particles (MPP), primary calciprotein particles (CPP-P), and secondary calciprotein particles (CPP-S) for 24 h. Differentially expressed proteins were defined as those with logarithmic fold change ≥ 1 and false discovery rate-corrected p value ≤ 0.05. All comparisons (CPP-P vs. DPBS, CPP-P vs. MPP, CPP-S vs. DPBS, CPP-S vs. MPP, MPP vs. DPBS, and CPP-S vs. CPP-P) for each cell line were analysed.
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Comparison

	
Number of Upregulated

Proteins

	
Number of Downregulated

Proteins






	
Primary human coronary artery endothelial cells (HCAEC)




	
CPP-P vs. DPBS

	
61

	
104




	
CPP-P vs. MPP

	
67

	
87




	
CPP-S vs. DPBS

	
76

	
101




	
CPP-S vs. MPP

	
74

	
96




	
MPP vs. DPBS

	
23

	
31




	
CPP-S vs. CPP-P

	
3

	
5




	
Primary human internal thoracic artery endothelial cells (HITAEC)




	
CPP-P vs. DPBS

	
73

	
121




	
CPP-P vs. MPP

	
87

	
132




	
CPP-S vs. DPBS

	
82

	
109




	
CPP-S vs. MPP

	
109

	
138




	
MPP vs. DPBS

	
17

	
3




	
CPP-S vs. CPP-P

	
55

	
34











 





Table 2. The 10 most downregulated and 10 most upregulated proteins in secretomes from primary human coronary artery endothelial cells (HCAEC) and primary human internal thoracic artery endothelial cells (HITAEC) treated with primary calciprotein particles (CPP-P) or secondary calciprotein particles (CPP-S) in comparison with those incubated with Dulbecco’s phosphate-buffered saline (DPBS) or magnesiprotein particles (MPP), for 24 h. N/A means non-inclusion in the top 10 most downregulated or upregulated proteins, but not the absence of differential expression. Differentially expressed proteins were defined as those with logarithmic fold change ≥ 1 and false discovery rate-corrected p value ≤ 0.05. Log2fold change means logarithmic fold change.
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Protein

	
UniProt ID

	
HCAEC (Log2fold Change)

	
HCAEC (Log2fold Change)

	
Hits in the Top 10




	
CPP-P vs. DPBS

	
CPP-P vs. MPP

	
CPP-S vs. DPBS

	
CPP-S vs. MPP

	
CPP-P vs. DPBS

	
CPP-P vs. MPP

	
CPP-S vs. DPBS

	
CPP-S vs. MPP






	
10 most downregulated proteins for each comparison




	
PTX3

	
P26022

	
−3.28

	
−3.24

	
−3.28

	
−3.24

	
−3.48

	
−4.35

	
N/A

	
−2.52

	
7/8




	
BGN

	
P21810

	
−2.68

	
−2.34

	
−3.05

	
−2.71

	
−4.35

	
−5.10

	
N/A

	
−2.41

	
7/8




	
SPARC

	
P09486

	
−3.52

	
−3.42

	
−3.36

	
−3.26

	
−2.93

	
−3.26

	
N/A

	
N/A

	
6/8




	
HSPG2

	
P98160

	
−3.18

	
−2.96

	
−3.08

	
−2.87

	
−2.72

	
−3.35

	
N/A

	
N/A

	
6/8




	
THBS1

	
P07996

	
−2.53

	
−3.37

	
−2.49

	
−3.33

	
−2.61

	
−3.33

	
N/A

	
N/A

	
6/8




	
DKK3

	
Q9UBP4

	
−2.83

	
−3.16

	
−2.54

	
−2.87

	
N/A

	
N/A

	
N/A

	
N/A

	
4/8




	
MDK

	
P21741

	
N/A

	
N/A

	
N/A

	
N/A

	
−2.92

	
−3.47

	
−2.92

	
−3.47

	
4/8




	
FN1

	
P02751

	
−2.24

	
−3.37

	
N/A

	
−3.03

	
N/A

	
N/A

	
N/A

	
N/A

	
3/8




	
ACTA1

	
P68133

	
−2.57

	
N/A

	
−2.88

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
2/8




	
SET

	
Q01105

	
−2.40

	
N/A

	
−2.68

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
2/8




	
CCN2

	
P29279

	
N/A

	
−2.46

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
−2.46

	
2/8




	
SRGN

	
P10124

	
N/A

	
N/A

	
N/A

	
N/A

	
−3.28

	
−4.25

	
N/A

	
N/A

	
2/8




	
CLU

	
P10909

	
N/A

	
N/A

	
N/A

	
N/A

	
−3.13

	
N/A

	
−2.00

	
N/A

	
2/8




	
LOXL2

	
Q9Y4K0

	
N/A

	
N/A

	
N/A

	
N/A

	
−3.04

	
−3.29

	
N/A

	
N/A

	
2/8




	
MFAP2

	
P55001

	
N/A

	
N/A

	
N/A

	
N/A

	
−2.98

	
N/A

	
−1.81

	
N/A

	
2/8




	
APOB

	
P04114

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
−3.37

	
N/A

	
−3.52

	
2/8




	
EIF1AX

	
P47813

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
−2.67

	
−3.15

	
2/8




	
SDF4

	
Q9BRK5

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
−2.01

	
−2.26

	
2/8




	
APP

	
P05067

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
−1.81

	
−2.67

	
2/8




	
TPP1

	
O14773

	
−2.34

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
1/8




	
FSTL1

	
Q12841

	
N/A

	
−2.62

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
1/8




	
CLSTN1

	
O94985

	
N/A

	
−2.43

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
1/8




	
CALR

	
P27797

	
N/A

	
N/A

	
−2.74

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
1/8




	
RPL10A

	
P62906

	
N/A

	
N/A

	
−2.68

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
1/8




	
LTBP2

	
Q14767

	
N/A

	
N/A

	
N/A

	
−2.35

	
N/A

	
N/A

	
N/A

	
N/A

	
1/8




	
EHD2

	
Q9NZN4

	
N/A

	
N/A

	
N/A

	
−2.29

	
N/A

	
N/A

	
N/A

	
N/A

	
1/8




	
ANP32A

	
P39687

	
N/A

	
N/A

	
N/A

	
−2.14

	
N/A

	
N/A

	
−1.93

	
N/A

	
1/8




	
ESM1

	
Q9NQ30

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
−2.98

	
N/A

	
N/A

	
1/8




	
HMGB2

	
P26583

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
−2.02

	
N/A

	
1/8




	
RBM8A

	
Q9Y5S9

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
−1.78

	
N/A

	
1/8




	
MATR3

	
P43243

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
−1.74

	
N/A

	
1/8




	
ST13

	
P50502

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
−2.33

	
1/8




	
SPOCK1

	
Q08629

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
−2.26

	
1/8




	
10 most upregulated proteins for each comparison




	
CD59

	
P13987

	
2.29

	
2.41

	
2.74

	
2.85

	
2.44

	
2.23

	
2.56

	
2.35

	
8/8




	
MT1E

	
P04732

	
N/A

	
N/A

	
N/A

	
N/A

	
2.18

	
2.26

	
2.64

	
2.72

	
4/8




	
TMSB10

	
P63313

	
1.87

	
N/A

	
1.91

	
1.89

	
N/A

	
N/A

	
N/A

	
N/A

	
3/8




	
IGKC

	
P01834

	
N/A

	
2.42

	
N/A

	
2.59

	
N/A

	
2.64

	
N/A

	
N/A

	
3/8




	
IGHG1

	
P01857

	
N/A

	
2.31

	
N/A

	
2.14

	
N/A

	
1.83

	
N/A

	
N/A

	
3/8




	
ACTB

	
P60709

	
2.64

	
N/A

	
2.69

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
2/8




	
PSAT1

	
Q9Y617

	
1.99

	
N/A

	
2.43

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
2/8




	
ALCAM

	
Q13740

	
1.75

	
N/A

	
1.63

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
2/8




	
CAV1

	
Q03135

	
1.65

	
2.35

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
2/8




	
IGLL5

	
B9A064

	
N/A

	
2.09

	
N/A

	
N/A

	
N/A

	
1.70

	
N/A

	
N/A

	
2/8




	
SHPK

	
Q9UHJ6

	
N/A

	
2.07

	
N/A

	
2.01

	
N/A

	
N/A

	
N/A

	
N/A

	
2/8




	
TFRC

	
P02786

	
N/A

	
N/A

	
2.02

	
2.42

	
N/A

	
N/A

	
N/A

	
N/A

	
2/8




	
AFP

	
P02771

	
N/A

	
N/A

	
1.67

	
2.30

	
N/A

	
N/A

	
N/A

	
N/A

	
2/8




	
HNRNPH2

	
P55795

	
N/A

	
N/A

	
N/A

	
N/A

	
1.90

	
1.90

	
N/A

	
N/A

	
2/8




	
FLOT1

	
O75955

	
N/A

	
N/A

	
N/A

	
N/A

	
1.82

	
1.72

	
N/A

	
N/A

	
2/8




	
DYNLL2

	
Q96FJ2

	
N/A

	
N/A

	
N/A

	
N/A

	
1.73

	
1.99

	
N/A

	
N/A

	
2/8




	
FTL

	
P02792

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
2.82

	
2.96

	
2/8




	
STC1

	
P52823

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
2.52

	
2.45

	
2/8




	
REEP5

	
Q00765

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
2.33

	
2.35

	
2/8




	
METAP1

	
P53582

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
2.20

	
2.38

	
2/8




	
FTH1

	
P02794

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
2.19

	
2.17

	
2/8




	
BAX

	
Q07812

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
2.83

	
2.76

	
2/8




	
MIF

	
P14174

	
1.75

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
1/8




	
DYNC1I2

	
Q13409

	
1.69

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
1/8




	
DNASE2

	
O00115

	
1.58

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
1/8




	
CHORDC1

	
Q9UHD1

	
1.55

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
1/8




	
H1-2

	
P16403

	
N/A

	
2.14

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
1/8




	
KRT14

	
P02533

	
N/A

	
2.05

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
1/8




	
KRT5

	
P13647

	
N/A

	
1.95

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
1/8




	
KPRP

	
Q5T749

	
N/A

	
1.93

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
1/8




	
RPS28

	
P62857

	
N/A

	
N/A

	
1.89

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
1/8




	
SH3BGRL

	
O75368

	
N/A

	
N/A

	
1.71

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
1/8




	
TXNDC17

	
Q9BRA2

	
N/A

	
N/A

	
1.63

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
1/8




	
IGLL5

	
B9A064

	
N/A

	
N/A

	
N/A

	
2.39

	
N/A

	
N/A

	
N/A

	
N/A

	
1/8




	
DDT

	
P30046

	
N/A

	
N/A

	
N/A

	
1.76

	
N/A

	
1.77

	
N/A

	
2.21

	
1/8




	
MEMO1

	
Q9Y316

	
N/A

	
N/A

	
N/A

	
1.75

	
N/A

	
N/A

	
N/A

	
N/A

	
1/8




	
GORASP2

	
Q9H8Y8

	
N/A

	
N/A

	
N/A

	
N/A

	
2.45

	
N/A

	
N/A

	
N/A

	
1/8




	
CD55

	
P08174

	
N/A

	
N/A

	
N/A

	
N/A

	
1.99

	
N/A

	
N/A

	
N/A

	
1/8




	
P01834

	
P01834

	
N/A

	
N/A

	
N/A

	
N/A

	
1.90

	
N/A

	
N/A

	
N/A

	
1/8




	
CD63

	
P08962

	
N/A

	
N/A

	
N/A

	
N/A

	
1.90

	
N/A

	
N/A

	
N/A

	
1/8




	
LGALS9

	
O00182

	
N/A

	
N/A

	
N/A

	
N/A

	
1.68

	
N/A

	
N/A

	
N/A

	
1/8




	
EMD

	
P50402

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
1.79

	
N/A

	
N/A

	
1/8




	
NCSTN

	
Q92542

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
2.18

	
N/A

	
1/8




	
TRIAP1

	
O43715

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
1.99

	
N/A

	
1/8




	
S100A10

	
P60903

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
2.42

	
1/8
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