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Vascular calcification (VC) is active and regulates extraosseous ossification progress, which is an independent predictor of cardiovascular disease (CVD) morbidity and mortality. Endothelial cells (ECs) line the innermost layer of blood vessels and directly respond to changes in flow shear stress and blood composition. Together with vascular smooth muscle cells, ECs maintain vascular homeostasis. Increased evidence shows that ECs have irreplaceable roles in VC due to their high plasticity. Endothelial progenitor cells, oxidative stress, inflammation, autocrine and paracrine functions, mechanotransduction, endothelial-to-mesenchymal transition (EndMT), and other factors prompt ECs to participate in VC. EndMT is a dedifferentiation process by which ECs lose their cell lineage and acquire other cell lineages; this progress coexists in both embryonic development and CVD. EndMT is regulated by several signaling molecules and transcription factors and ultimately mediates VC via osteogenic differentiation. The specific molecular mechanism of EndMT remains unclear. Can EndMT be reversed to treat VC? To address this and other questions, this study reviews the pathogenesis and research progress of VC, expounds the role of ECs in VC, and focuses on the regulatory factors underlying EndMT, with a view to providing new concepts for VC prevention and treatment.

KEYWORDS
endothelial cell (EC), endothelial-to-mesenchymal transition (EndMT), vascular calcification (VC), atherosclerosis (AS), endothelia cell dysfunction


Introduction

Vascular calcification (VC) is an independent predictor of cardiovascular disease (CVD) morbidity and mortality. Its continuous development induces reduced blood vessel compliance, the rupture of atherosclerotic plaques, and thrombosis and poses obstacles to interventional surgery (1). Large-scale clinical epidemiological investigations have shown that VC gradually worsens with age; the incidence of VC in men > 70 years reaches 90% (2). Within the context of diabetes mellitus (DM), chronic kidney disease (CKD), and atherosclerosis (AS), VC incidences in young patients have also increased dramatically (1, 3). VC plays a key role in the progression of vascular injury and thus is an important direction for drug therapy; however, no specific therapeutic methods exist for VC. For a considerable period, research on VC has primarily focused on vascular smooth muscle cells (VSMCs), but recent studies have indicated that endothelial cells (ECs) are also involved in VC regulation and formation (4–6).

The vascular endothelium originates from the mesoderm. Physiologically, ECs maintain the integrity of the endothelium and ensure vascular homeostasis by adjusting metabolism and platelet activity (7). Due to their unique location, ECs first respond to flow shear stress (FSS) and various signaling molecules in the blood; they then transmit information to induce blood vessel cells and inflammatory cells to participate in VC (8). ECs are activated by endothelial progenitor cells (EPCs), oxidative stress, inflammation, autocrine and paracrine, mechanotransduction, hyperphosphatemia, and endothelial-to-mesenchymal transition (EndMT). These processes, which initiate or aggravate VC, are discussed in the review.

As one of the most important mechanisms for VC, EndMT has drawn significant interest. At embryonic stages, EndMT is involved in cardiovascular growth and differentiation; however, in adult stages, the same progress often induces different diseases such as pulmonary hypertension, myocardial fibrosis, AS, and VC (9). When ECs undergo EndMT, their cytoskeleton is disrupted, causing ECs to lose their well-structured appearance and turn into fibroblast-like cells. ECs acquire multidirectional differentiation potential, and their invasion and migration ability are increased (8). Notably, previous studies have reported that mesenchymal cells can be inversely transformed into ECs, thereby enhancing repair capabilities during acute cardiac injury (10). Therefore, reversing the process of EndMT is expected to become a new therapeutic strategy for VC, but the precise molecular mechanisms remain unclear. The application of lineage tracing and single-cell sequencing provides new approaches to EndMT research.

This article reviews VC pathogenesis and research progress, expounds the role of ECs in VC, and focuses on the EndMT mechanism and reversal, with a view to providing new ideas for VC prevention and treatment.



Vascular calcification


Definition and classification

Vascular calcification is an active extraosseous ossification progress regulated by multiple cell types and cytokines (11). It manifests excessive osteoblast synthesis and the mineralization of the calcified matrix (12). Abnormal mineral deposition gradually spreads throughout the blood vessels because of an imbalance between calcification inhibitors and promoters.

Vascular calcification classification provides researchers with different angles to study the mechanisms and effects of VC. Based on their volume and density, vascular calcified plaques are divided into microcalcification and macrocalcification (13). Microcalcification (<0.5 mm) and M1 macrophages are found in unstable plaques, whereas large calcified (>0.5 mm) plaques are accompanied by many M2 macrophages in stable plaques (13, 14). Microcalcification is primarily formed by degenerative inflammatory plaques, while large calcification formation is an active phenomenon similar to bone mineralization (13). In DM, the receptor for advanced glycation end (RAGE) and galectin-3 form calcified plaques of different sizes by regulating downstream signaling molecules, such as sortilin (15). Large-sized plaques with low calcium density are the most likely to induce acute cardiovascular events (16). In addition, osteocalcin is used as a biomarker of calcification stability to predict adverse events (17). As calcification is highly complex and genetic diversity in individual cells affects plaque structure, composition, and stability, the effects of calcification on plaque stability remain inconclusive.

The anatomical classification of VC is divided into intimal calcification, media calcification, valvular calcific aortic stenosis, and calciphylaxis (18, 19) (Table 1). Intimal calcification results from the combination of osteobiology and chronic inflammatory plaques (18, 20). FSS leads to intimal calcified plaque rupture because of the abnormal vascular wall resulting from fibrous atherosclerotic plaque and punctate calcifications (21). In the DM environment, macrophage galectin-3 is upregulated and promotes the migration of extracellular vesicles (EVs) derived from VSMCs to the intima, inducing vascular intimal calcification (22). Inflammation and lipid accumulation are not required for media calcification formation (18, 23). It was previously hypothesized that media calcification did not mediate thrombosis and vascular stenosis due to its special location (24). As a matter of fact, media calcification induces the loss of vascular elasticity and leads to heart failure, stagnation of blood, and thrombosis (24). Valvular calcific aortic stenosis is also an important category of the VC (25, 26). Currently, the only treatment for severe aortic valve calcification is aortic valve replacement. Calciphylaxis is a small artery calcification syndrome in end-stage kidney disease and is characterized by ischemic necrosis of the skin, subcutaneous adipose tissue, skeletal muscle, and other organs. As such, its prognosis is considerably poor; however, the exact pathogenesis remains unclear (26–29). Importantly, interdisciplinary clinical management can effectively improve the survival rate and life quality of patients with calciphylaxis (30).


TABLE 1    Classification of vascular calcification.
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Vascular calcification classification shows that VC morbidity and calcification patterns are distinct for different driving factors. The study of different VC models can identify specific mechanisms and therapeutic targets of different pathogenic factors.



Overview of calcification mechanisms

In recent years, breakthroughs in VC research have been mainly related to similarities between calcification and ossification mechanisms, and its active calcification regulation. Currently, the understanding of VC pathogenesis includes chronic inflammation, endoplasmic reticulum stress (ERS), cell senescence, autophagy, apoptosis, and genetic factors (26) (Figure 1). Different aspects of calcification mechanism interact with each other, perpetuate vascular damage, and eventually mediate VC (7, 31).
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FIGURE 1
Mechanisms of vascular calcification. Vascular calcification (VC) often occurs at the aortic arch under rapid blood flow to generate strong shear forces on arterial walls. Common VC mechanisms include chronic inflammation, endoplasmic reticulum stress, cell senescence, autophagy, apoptosis, and genetic factors.


Vascular calcification is closely associated with inflammatory conditions. The most common intimal calcification mechanism occurs in inflammatory plaques, with lipid deposition as the core (32). Activated NOD-like receptor protein 3 (NLRP3) promotes the release of pro-inflammatory cytokines such as interleukin 1β (IL-1β), which induces the receptor activator of NF-κB ligand (RANKL) secretion and causes a series of inflammatory reactions to induce osteogenic differentiation in vascular cells (33). Plasma inflammatory markers, C-reactive protein (CRP), and IL-1β have been proved to be important predictors of VC (34). In view of harmful and irreversible effect of VC, predicting and preventing VC are also important for the treatment strategy.

Endoplasmic reticulum stress leads to cell death, when protein processing exceeds endoplasmic reticulum folding, and ubiquitin/proteasomal mechanisms fail to scavenge abnormal proteins (35). Stellate ganglion block has been reported to prevent ERS activation and improve VC, potentially presenting new ideas for VC treatment (36). Fibroblast growth factor 21 (FGF21) inhibits the upregulated ERS marker GRP78 in the calcified aorta, prevents apoptosis via the activation of CHOP and caspase-12 pathways, and improves VC in rats (37). Inflammation and ERS have been considered a defense response, but when they play an excessive role for an extended time, homeostatic balance becomes disrupted, and blood vessels are remodeled (38). ERS can interact with inflammatory cytokines and trigger pathways related to VC; this is one of the pathological basis of VC (39).

Cell senescence accelerates the progression of age-related diseases such as AS and DM, promoting calcification via inflammatory cascade reactions (40). Senescent cells demonstrate impaired DNA damage repair, loss of VSMC contractile phenotypes, and increased osteogenic differentiation (41). Autophagy degrades and recycles damaged cytoplasmic molecules and misfolded proteins via lysosomes (42). Specific reactive oxygen species (ROS) concentrations enhance the autophagy of arterial wall cells and reduce the release of matrix vesicles (MVs), thus inhibiting VC (43). Apoptosis is activated in AS plaques; the apoptosome, produced by apoptotic VSMCs, is similar to MVs, the nucleation sites for the formation of calcium crystals. When apoptotic cell phagocytosis becomes dysfunctional, necrosis may occur and potentially induce inflammation. Secondary necrosis of apoptotic VSMCs releases IL-1α and IL-β molecules (44).

A particular relationship exists between VC and genetic factors. Pseudoxanthoma elastosis is an inherited disease characterized by ABCC6 gene mutations. Progressive calcification of elastic fibers is observed in the skin, eyes, and vascular system (45). Generalized arterial calcification of infancy, an autosomal recessive disease, shows severe calcification of the aorta and coronary arteries (46). Phenotypic switching is often controlled by multiple VC loci, such as chromosome 9p21.3, 6p21.3, and 10q21.3 loci (47). Therefore, gene-susceptible phenotypes are often centrally expressed in a family. Patients with a family history of coronary heart disease have an increased likelihood of developing coronary calcification (48). Healthy femoral arteries with normal histological morphology exhibit an increased chance of developing VC in the absence of risk factors, which may be linked to the enrichment of genes related to bone development (49). Epigenetics consists of DNA methylation, histone modification, chromatin remodeling, and non-coding RNA. Epigenetics also affects calcification phenotypes without altering DNA sequences (50). Previous studies have demonstrated that disordered arterial blood flow regulates the promoter of mechanically sensitive gene hypermethylation to induce VC (51). An increase in histone 3 and 4 acetylation is one of the mechanisms of aortic valve calcification. C646, a histone acetyltransferase inhibitor, effectively reduces aortic valve calcification in mice (52).

The diversity of VC mechanisms provides several perspectives for the formulation of treatment strategies; nonetheless, no surgical methods are currently available to fully alleviate VC.




Role of endothelial cells in vascular calcification


Endothelial cells


Definitions and physiological functions of endothelial cell

The endothelium is a highly specialized and metabolically active interface between the blood and the vasculature (53). It has broad functions in regulating vascular tension, vascular integrity, and homeostasis. Notably, to cope with different stimuli, ECs display considerable plasticity, including osteogenic phenotype formation and EndMT processes (1).

Endothelium-derived NO acts on NO/CG/cGMP, the most important signaling pathway of blood vessels, to regulate vasodilation (54). Endothelium-derived hyperpolarization also include hydrogen sulfide (H2S), carbon monoxide, arachidonic acid metabolites, H2O2, and prostacyclin (PGI2). EC elicits endothelin 1 (ET-1), angiotensin II (Ang-II), and thromboxane A2 (TXA2), which regulate vasoconstriction and the balance of coagulation and fibrinolysis system (7, 55).

Vascular endothelium acts as a semipermeable barrier. Excessive endothelial permeability is caused by oxidative stress and inflammation (56). The loss of endothelial barrier integrity leads to vascular hyperpermeability and abnormal metabolism (57). ECs demonstrate strong repair capabilities (7). Static ECs can switch growth states, perform tissue regeneration or repair, and avoid the activation of coagulation cascades (7).

The vascular endothelium regulates the exchange of nutrients and metabolites. The major energy source for ECs is glycolysis, followed by fatty acid oxidation (FAO) (58, 59). ECs also have an active metabolism. Similarly, the raw materials, different products, and metabolic pathway regulation also affect EC proliferation and migration (7). PFKFB3 is the regulator of EC glycolysis. Pro-inflammatory cytokines decrease in mice with endothelial PFKFB3 gene knockout, slowing pulmonary hypertension progression to some extent (60).



Endothelial cell dysfunction

Endothelial cell dysfunction often contributes to disease development because of the diversity of endothelial functions. EC activation is not a binary process. When lesions accumulate, ECD occurs (53) and generates a series of phenotypes related to different pathological alterations. The processes are characterized by impaired endothelium-dependent vasodilation, increased endothelial permeability, dedifferentiation, and glycocalyx degradation (61). ECD is a critical risk factor for CVD (5).

Before VC imaging evidence and clinical symptoms appear, ECs have been dysfunctional. Thus, the timely detection of ECD is a major consideration for VC prevention (62). Moreover, ECD seems reversible after therapeutic intervention (63). For example, cholesterol-lowering and antioxidant therapies improve endothelium-dependent vasomotor functions and reduce CVD incidences (64). Currently, VC treatments focus on improving known risk factors, whereas specific endothelium-targeted therapy is rarely studied. Exploring new and stable ECD biomarkers can provide clinical guidance for the application of these endothelium-targeted drugs.



Endothelial cells subtypes

Recently, scientists reported that ECs in different organs and even in the same tissue were specific for different phenotypic and functional properties to meet different needs (65). EC subsets with significant cellular heterogeneity have been identified by single-cell sequencing of the aorta in C57/BL6 mice (66). The largest subgroup, EC1, specifically expresses VCAM-1, Cytl1, Clu, and Gkn3; EC2 expresses genes related to lipid transport (CD36, Fabp4, Lpl, and Gpihbp1) and angiogenic markers (Flt1), and EC3 expresses lymphoid identity markers (66). The endothelium on both sides of the aortic valve display different transcription profiles (1). However, it is unclear if the formation of these subtypes is the result of different EC origins or heterogeneous gene expression caused by the intravascular environment (66). Exploring different calcification mechanisms by tracking EC subsets can help reverse ECD.




Contribution of endothelial cells to vascular calcification

The triad of mesenchymal cells, monocytes, and ECs control in situ and ectopic mineral metabolism (66). This review focuses on the role of ECs in VC. Osteocalcin expression in ECs is increased in the area where the highest mechanical stretching occurs, suggesting that ECs have the potential for osteogenic differentiation (67). In calcified arteries, co-expression of endothelial and osteogenic markers is observed by immunofluorescence staining (6). The main mechanisms allowing ECs to promote VC include EPC activation, oxidative stress, inflammation, autocrine and paracrine functions, mechanotransduction, hyperphosphatemia, and EndMT (Figure 2). Different mechanisms inducing endothelial dysfunction normally occur concurrently or act as concomitant triggers. ECs secrete gas signaling molecules and vasoactive substances to regulate inflammation, while inflammation also facilitates endothelial secretory function (68). Similar crosstalk also occurs between hyperphosphatemia and inflammation, mechanotransduction, and EndMT (69, 70). This indicates an intricate interaction network among those mechanisms and eventually leads to VC.
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FIGURE 2
Contribution of endothelial cells to vascular calcification. When endothelial cells (ECs) are damaged, endothelial progenitor cells (EPCs) are released from the bone marrow into the circulation where EPCs repair the damaged blood vessel wall. This process is facilitated by physiological doses of vitamin D. TRF-2 delays EPC senescence and inhibits vascular calcification (VC). Caspase-3, advanced glycation end products (AGEs), and uremic toxins damage EPC function and transform the repair process into a calcification process. ECs secrete gas, exosome, and microvesicles, with gas directly regulating VC. Exosomes and matrix vesicles (MVs) carry molecules to regulate ECs and vascular smooth muscle cells (VSMCs) osteogenic differentiation. Hyperphosphatemia induce endothelial cell dysfunction and promotes VC; fetuin-A naturally inhibits calcification; and IS aggravates the harmful effects of hyperphosphatemia. The calcitriol–PTH–fibroblast growth factor 23 (FGF23)–klotho axis regulates the metabolism and calcification of calcium and phosphorus. HG is more conducive to reactive oxygen species (ROS) production, and antioxidants alleviate VC. Several inflammatory factors damage ECs to promote VC. Several mechanical receptors are present on the EC surface, detecting changes in blood flow shear stress and determining osteogenic differentiation in the vascular endothelium. ECs that have undergone endothelial-to-mesenchymal transition are disarranged, barrier function is diminished, migration and invasion capabilities are increased, and VC is more likely to occur.



Endothelial progenitor cells

Endothelial progenitor cells from the bone marrow comprise an important source of healthy ECs. EPCs repair damaged blood vessels and have the potential to differentiate into osteoblasts (7, 71). VC is considered an acquired stem cell disorder. Pluripotent cells are susceptible to phenotypic changes induced by osteogenesis within the context of VC (6).

Physiological vitamin D concentrations alter RNA expression profiles in EPCs (72). Vitamin D promotes EPC migration from the bone marrow to blood vessels by affecting metalloproteinase (MMP) and guanosine triphosphate (GTP) activity, as well as increasing EPC adhesion to the injured endothelium (72). In DM, advanced glycation end products (AGEs)bind to their receptors in the membrane, stimulate EPC apoptosis via the mitogen-activated protein kinase (MAPK) pathway, reduce NO release, and promote the osteogenic differentiation of EPCs (73). In CKD, due to mineral metabolic disorders and uremic toxins, EPC counts decrease, while osteogenic phenotypic EPCs increase (74). Circulating osteogenic EPC counts may be used as VC markers (75). In patients with AS, EPC caspase-3 activity is increased, suggesting apoptosis initiation. TRF-2, which is related to telomere length and function, is downregulated in AS and induces senescence and apoptosis in EPCs (76).

Several similarities exist between VC and bone formation. VC formation partly depends on bone progenitor cells (6), the source of which are ECs. Matrix Gla protein (MGP) is vital for bone progenitor cell formation. MGP overexpression in Ins2Akita/+ mice limits pluripotent EPC production and VC. Moreover, the expression of pluripotent markers—SOX2, Nanog, and Oct3/4—in the aorta, accompanied by MGP deletion, is increased by 49% (6).

Distinct from reversal and regression after calcification formation, the beneficial effects of EPCs on VC seem to act in the initial disease development stages. Thus, treatment strategies targeting EPCs are required to avoid further damage.



Autocrine and paracrine

Under physiological conditions, ECs secrete different vasoactive substances to maintain vascular homeostasis (5). When the endothelial function is damaged, disordered secretory factors promote VC. Previously, ECs in the aorta of SHR rats secreted MMP2 and MMP9 to induce calcium deposition and osteogenic transformation of VSMCs (4).

Extracellular vesicles (EVs) mainly consist of exosomes and microvesicles, which carry proteins, lipids, or nucleic acids to target sites (77). In a high-glucose (HG) environment, ECs release exosomes containing the VCAN protein to induce VSMC mitochondrial dysfunction and promote VC (78). In addition, exosomes carry Notch3 and circRNA-0077930, which induce VSMC senescence (79, 80). Aging ECs produce microvesicles, which contain high levels of annexin, bone morphogenetic protein (BMP), and calcium to promote VSMC calcification (81). ECs cultured in HG release EVs, which contain highly activated NADPH oxidase, inducing EC activation and high ROS levels. This progress has also been confirmed in AS plaques in ApoE–/– mice (82).

MicroRNAs have important roles in inflammation, metabolism, and CVD. Benefiting from microvesicle packaging, extracellular microRNA can survive in a highly active RNase environment. MicroRNAs carried by EC-derived cell-specific microvesicles are closely related to the AS inflammatory environment, particularly the let-7 microRNA family (83). EC-specific miR-126 has been shown to inhibit VCAM-1 expression, control vascular inflammation, and upregulate SPRED1 to promote endothelial repair and antagonize VC (84). EV research is highly topical; EVs become viable diagnostic VC biomarkers and important drug therapy targets. Similarly, EVs have the potential to become new drug carriers targeting different diseases.

In addition, ECs secrete gas signaling molecules (e.g., H2S, NO, and carbon monoxide (CO)) and vasoactive peptides to regulate VC development (26). Appropriate H2S concentration inhibits inflammation by reducing EC adhesion to leukocytes, scavenging free-radicals, and inhibiting NF-κB (68).

Endothelial cells synthesize and secrete some signaling molecules and various other chemicals to regulate VC formation. Therefore, investigating EC secretory functions could be significant for controlling VC.



High phosphate

Phosphate deposition is a sign of VC and is observed in all VC types. Excessive deposition of endogenous minerals phosphorus and calcium stimulates transformation to the osteogenic phenotype, damages endothelium-dependent vasodilation, and promotes AS and VC (85, 86).

Extracellular phosphorus contributes to the formation of calciprotein particles. Calciprotein particles exert strong cytotoxic effects, causing inflammation and inducing EC apoptosis. Fetuin-A resists these effects by binding to calcium phosphate (87). The uremic toxin indolyl sulfate (IS) relies on the JNK/Pit-1 pathway to enhance the effect of serum phosphorus on VC (88). Inorganic pyrophosphate is an important anti-mineralization factor in plasma. Excessive VC has been observed in a mouse model of Hutchinson–Gildford progeria syndrome, mainly due to increased TNAP activity and cell mitochondrial dysfunction, leading to pyrophosphate deficiency (89).

Phosphorus levels in humans are typically regulated by the calcitriol–parathyroid hormone (PTH)–fibroblast growth factor 23 (FGF23)–klotho axis (90). Overloaded phosphate increases the serum levels of FGF23, which regulates phosphate metabolism by influencing Npt-2 activity and inhibiting calcitriol synthesis (91). Compensatory increases in serum FGF23 and PTH in CKD occur much earlier than calcium and phosphate, which exemplifies the homeostatic protective effects of the body (91).

The direct effect of FGF23 on PTH has been found to require the dose-dependent downregulation of PTH mRNA expression (92). PTH stimulates osteocytes to secrete FGF23 by activating the protein kinase A and Wnt signaling pathways. Klotho is a highly expressed protein in the parathyroid gland and regulates FGF23 signal transduction (92, 93). Serum iron, erythropoietin, and insulin-like growth factor-1 are involved in phosphate regulation, and their regulatory mechanisms are closely related to FGH23 (90). These observations suggest that plasma FGF23 can function as an independent VC biomarker (94).

Klotho and FGF23 function together to maintain calcium and phosphate homeostasis. Klotho alleviates EC senescence by inhibiting nuclear factor-kappa B binding to nuclear DNA (95). It competitively binds FGFR1 (IIIc) to generate a high affinity between FGF23 and FGFR1 (IIIc). Klotho converts a co-receptor of FGF and FGFR1 (IIIc), into a specific receptor for FGF23 (90, 96). Heparin and glycosaminoglycan then effectively stabilize the FGF23–klotho–FGFR1 (IIIc) complex (96). Also, klotho increases urinary phosphate excretion and inhibits phosphate uptake by VSMCs (91).

The pathological deposition of minerals is an indispensable VC process. A number of diseases are closely associated with calcification, promoting the abnormal deposition of phosphate. Drug treatment for these diseases alleviates VC. Can these drugs be used to treat VC alone? This article proposes ideas for drug research and repurposing old drugs.



Oxidative stress

Oxidative stress destroys the redox dynamic balance by increasing ROS production and reducing ROS clearance, which are major factors implicated in EC damage (97). ROS molecules mainly include superoxide anion (O2–), hydrogen peroxide (H2O2), hydroxyl radical (OH–), and ozone (O3), which are characterized by high chemical reaction activity.

Hyperglycemia increases the concentration of ROS levels in ECs (98). In DM, hyperglycemia injures ECs via three biochemical pathways. Thenoyltrifluoroacetone (TTFA) is an inhibitor of complex II and significantly reduces ROS levels in HG environments. The pathway blocker 4-hydroxycyanocinnamic acid inhibits hyperglycemia-induced ROS production by weakening the TCA cycle, an important source of ROS. These molecules normalize mitochondrial ROS levels and block the biochemical pathway that potentially damages ECs (99).

Nitric oxide synthase (eNOS) maintains vascular homeostasis and protects EC. When cardiovascular risk factors interact, NADPH oxidase activity increases, producing large amounts of O2– to manage environmental changes, while eNOS activity is upregulated. Oxidative stress uncouples eNOS, prompting its change from a NO-producing enzyme to an O2-producing positive feedback factor. Oxidative stress also destroys tetrahydrobiopterin, an eNOS co-factor. Such oxidative stress events also reduce NO bioavailability (100). Asymmetric dimethylarginine (ADMA) is an endogenous inhibitor of NO synthase and a risk factor for VC, while ROS enhances the activity of key enzymes producing ADMA (101).

Unequivocally, antioxidant stress endows VC with specific benefits. Several studies have demonstrated the protective effect of resveratrol on VC (102). Low doses exhibit antioxidant and anti-inflammatory properties, directly remove hydroxyl groups and superoxide, limit lipid peroxidation processes, upregulate eNOS activity, and confer protective properties on the endothelium (103). Other plant metabolites and vitamins, including quercetin, curcumin, and cordycepin, have similar functions (104). However, their specific clinical effects require further exploration.



Inflammation

Cardiovascular disease (CVD) mortality is significantly increased in patients with rheumatoid arthritis and may be related to a continuous increase in inflammatory factors, promoting VC (105). ECD is characterized by the upregulation of chemokines and adhesion molecules and the formation of a pro-inflammatory environment in blood vessels (106). These findings indicate that the inflammatory environment is closely related to vascular remodeling and VC.

Inflammation activates ECs and upregulates calcification-related genes (4). Inflammatory calcified plaques are significantly higher in DM, suggesting that the unbalanced environment during DM is more conducive to chronic inflammation processes. RAGE is significantly increased and mediates NF-κB activation to regulate corresponding genes (53, 107). RANKL promotes BMP release from ECs, while VSMC exposure to RANKL-treated EC-conditioned medium induces RUNX2 and ALP expression. NF-κB is an important pharmacological target (53). The IL-6 system is also positively correlated with ECD and AS, as well as accelerates the ROR2/WNT5A pathway in a STAT3-dependent manner to promote ectopic calcification (108).

Inflammatory cytokines not only directly promote EC osteogenic differentiation but also indirectly promote VSMC osteogenic differentiation via ECs. IL-8 acts as signals for EC-VSMC interaction in VC when induced by uremic toxins. ECs secrete IL-8 to downregulate OPN in VSMCs and consequently accelerate calcium deposition (88).

Any of the three major inflammatory factors—IFN-γ, IL-1β, and TNF-α—can injure the endothelium, reduce FGFR1 expression, and promote VC (109). Studies report that the dietary supplementation of omega-3 fatty acids produces resolvin E1, which mediates inflammation via ChemR23 receptors (110). Therefore, the benefits of polyunsaturated fatty acid toward VC deserve further study.

Controlling inflammation is vital, but controlling a single inflammatory factor clearly bears no practical significance for preventing and reversing VC (109). The general application of inflammatory inhibitors fails to adequately control vascular inflammation and VC because of the complexity of the latter.



Mechanotransduction

Vessel branches and corners are more likely to experience uneven and turbulent flow and are thus more prone to VC. Human blood flow is divided into unidirectional streamlined laminar flow (UF) and disturbed blood flow (DF). The former exerts antioxidant and anti-inflammatory effects, while the latter usually occurs in areas with branches and sharp turns, where it induces activation, amplifies EC responses to inflammation, and promotes calcification (111). Abnormal mechanical stress induces calcified plaque growth. Thrombi produced by plaque rupture spread to healthy tissue to form new diseased tissue, suggesting that calcified plaques are as difficult to control as cancer (14).

Arterial tissue responds to shear stress through structural changes and chemical reactions, which partly depend on mechanically sensitive cell ECs (14, 109). Different mechanical sensors exist on EC membranes, including primary cilia, glycocalyx, fossa, ion channel, integrin, PlexinD1, reticulin D1, and GPR68. The targeted regulation of these sensors improves endothelial function and reduces VC (111, 112). In ECs, piezo1 is an ion channel regulated by shear stress; its activation destroys the EC barrier, causing high vascular permeability and thus promotes VC (113).

The endothelial glycocalyx covers the entire endothelial surface and responds to the FSS. The endothelial phenotype is maintained by microstructures, including surface glycoprotein, proteoglycan core protein, sialic acid glycoprotein, and glycosaminoglycan (114). In Sprague–Dawley male rats fed a high-fat diet, the endothelial glycocalyx decreased significantly, and the endothelium was impaired, preventing vasomotor regulation via mechanotransduction and decreasing the release of endothelial protective factor NO (115). Different substances, such as heparin and MMP inhibitors, have been reported to help repair and regenerate the sugar calyx and inhibit VC progression (114).

VCAM-1 (EC1 marker) and CD36 (EC2 marker) were used to localize ECs in the mouse aorta; a clear boundary between high CD36 and high VCAM-1 was observed in the transition from the minor curvature to the large curvature of the aortic root; meanwhile, the EC morphology on both sides of the region varied and might have resulted from shear force-driven EC heterogeneity (66). With increased in-depth studies on single-cell sequencing and metabonomics, more regulatory factors are expected to be identified.





Role of endothelial-to-mesenchymal transition invascular calcification


Definition and characteristics of endothelial-to-mesenchymal transition

After a series of molecular events, ECs gradually lose EC lineage markers and acquire the characteristics of other cell lineages; this cellular reprograming is called EndMT (1, 109, 116, 117). The expression levels of newly formed endothelial markers VE-cadherin and CD31 decreased, whereas those of mesenchymal markers αSMA, N-cadherin, calmodulin, and FSP-1 increased. At the same time, the expression of several trigger factors, including Slug, Twist, and KLF4 in EndMT, can be monitored (1, 6, 118). Currently, no consensus has been reached on the definition of EndMT at the molecular level, impeding the establishment of a standardized model system and reducing the comparability and repeatability of experiments.

During embryonic development, EndMT occurs at the neural crest, heart valve, and neovascularization (119); in adults, the process is often associated with CVD characterized by vascular degeneration and fibrosis. During EndMT, EC polarity disappears; barrier functions decrease; migration and invasion increase; and proliferation and contraction are strengthened (1, 109). EndMT not only participates in normal tissue development; it also promotes disease progression and depends on timing and location (1, 119). Undoubtedly, EndMT mechanisms in the normal physiological state have particular relevance for pathological state mechanisms.

People have a clearer understanding of epithelial-to-mesenchymal transition (EMT), including reversible changes between EMT and mesenchymal-to-epithelial transition, than EndMT (116). As ECs comprise an epithelial cell subtype, applying well-known EMT mechanisms and targeted therapies to EndMT provides a good way to understand EndMT.



Contribution of endothelial-to-mesenchymal transition to vascular calcification

Endothelial-to-mesenchymal transition generates mesenchymal cells that can potentially differentiate into bone lineage and cartilage lineage cells, which provide an important cell source of VC (1, 119, 120). Evidence suggests that cadherin-11 in interstitial tissue prompts mesenchymal cells to differentiate into osteoblasts and chondrocytes, thus promoting VC (121). The level of EndMT in ECs exposed to Y-channel disorder blood flow is significantly increased, and calcium deposition is detected (122). Thus, EndMT is induced and regulated by different cytokines, transcription factors, and microenvironment changes, thus mediating the inhibition of endothelial genes, providing osteoblasts, and promoting VC (Figure 3).
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FIGURE 3
Contribution of endothelial-to-mesenchymal transition to vascular calcification. Endothelial cells (ECs) undergoing endothelial-to-mesenchymal transition (EndMT) are more likely to participate in vascular calcification (VC). TGF-β and bone morphogenetic protein (BMP) act on a tetrameric receptor complex to induce Smad-dependent signaling and regulate VC. TGF-β induces TGFBRII to activate TGFBRI. Type I receptors recruit and activate downstream Smad2/3/4 and Smad protein complexes to gather in the nucleus and act as transcriptional factors, thereby promoting VC. Inflammation stimulates decreased FGFR1 expression levels in EC. Interrupted fibroblast growth factor (FGF) signal transduction increases TGFBRI expression, loses the effective inhibition of TGF-β cascade reaction, and initiates EndMT. BMP transmits osteogenic signals by binding to activin receptor-like kinase (ALK)1/2/3/6 and phosphorylating Smad1/5/8. Smad1/5/8 and Smad4 form a quaternary complex isomer complex and translocate to the nucleus to promote osteogenic gene Runx2/Cbfa1 expression. The inflammatory factors, TNF-α and IL-1β, downregulate BMPR2 in aortic ECs, rendering ECs sensitive to osteogenic differentiation promoted by BMP9. TNF-α and IL-1β also promote EndMT by reducing JNK signal transduction. The calcification inhibitor matrix Gla protein (MGP) suppressed the effect of BMP2/4. Increased BMP4 expression also induces MGP expression; therefore, this negative feedback inhibits BMP2 and 4 osteogenesis. MGP deletion promotes EndMT. SOX2 is closely related to the osteogenic differentiation of ECs. BMP enhances SOX2 expression induced by Notch signaling, and SOX2 amplifies the osteogenic effect of the BMP4 signaling pathway.


TGF-β and BMP are important factors inducing EndMT (119). BMP2/4/6/7/promotes EndMT and induces EC calcification (119). BMP transmits osteogenic signals by binding to activin receptor-like kinase (ALK)1/2/3/6 and phosphorylating Smad1/5/8. Smad1/5/8 and Smad4 form a quaternary complex and translocate to the nucleus to regulate osteogenic gene expression (14, 123). BMPI receptor ACVR1 mutation is the main reason for FOP ectopic calcification (124). In an investigation of animal model- and patient-derived tissues, the pro-inflammatory cytokines TNF-α and IL-1β downregulated BMPR2 in aortic ECs, rendering ECs sensitive to osteogenic differentiation promoted by BMP9; furthermore, EndMT was promoted by reducing JNK signaling (123). BMPR2 integrates TGF-β/BMP and EC inflammatory signals, exerting protective effects on VC. BMPR2 deletion increases bone mass in experimental mice. Therefore, drugs enhancing BMPR2 expression should be developed to limit EndMT (123).

Inflammation decreases FGFR1 expression levels in ECs. FGF signal interruption increases TGFβR1 expression and initiates TGF-β cascade reaction and EndMT (109, 125). ECs undergoing EndMT express high levels of leukocyte adhesion molecules and become strong pro-inflammatory cells (126). Inflammation and EndMT form a positive feedback loop that destroys vascular homeostasis. The inhibition of the TGF-β signaling pathway on the endothelium induces VC regression in mice (109). With the complexity and importance of TGF-β signaling considered, this pathway is worth exploring for the treatment of VC.

Several factors are important regulators of TGF-β and BMP signaling. MGP is a calcification inhibitor that suppresses BMP2, the main regulator of Runx2/Cbfa1 expression and an effective osteogenic inducing factor (127). BMP4 stimulates EndMT by activating ALK2 (6). Increased BMP4 expression also induces MGP expression, and this negative feedback inhibits BMP2/4 osteogenesis (127). When MGP is deleted, EndMT is generated, widespread BMP signaling is promoted, and VC rapidly develops (119). In MGP transgenic mice, MGP overexpression inhibits BMP activation by reducing ALK1 and vascular endothelial growth factor (6, 128). Notably, the formation of AS lesions is decreased in MGP-deficient mice may be due to a sharp reduction in the expression of endothelial adhesion molecules, resulting in decreased inflammatory cell infiltration in the arterial wall (6).

In vitro studies report that the expression of SOX2 and endothelial markers in embryonic stem cells is time-consistent. By contrast, when small interfering RNA (siRNA) molecules are used to deplete SOX2 transcripts in ECs, EC differentiation decreases, suggesting that SOX2 is closely related to this process and participates in EndMT (119, 129). BMP induces SOX2 expression by enhancing Notch signaling, and RBPJκ deletion inhibits SOX2 induction (129). SOX2 amplifies the osteogenic effect of the BMP4 signaling pathway (129). β-Blockers are suggested to eliminate SOX2 induction in the arterial endothelium and inhibit EndMT to further limit VC; this process is related to a significant decrease in RBPJκ expression and its subsequent binding to the SOX2 promoter (129).

The key role of the activation of specific serine proteases mediated by SOX2 in EndMT initiation has been proposed (130). Serine proteases degrade the internal elastic plate, which exposes VSMCs to harmful stimulation and increases the expression of two osteogenic EC markers, namely, Cbfa1 and osterix (130). Serine protease may regulate the conversion between endothelial and mesenchymal cells by regulating SOX2 (130, 131). Thus, the considered regulation of serine proteases can help prevent VC. Twist1 and SOX2 regulate each other and together promote EndMT. NOTCH signaling, hypoxia, and FGF also regulate the EndMT process in the TGF signaling pathway (132).

The WNT pathway also participates in mesenchymal transition, with the involvement of ligands Fz, LRP, GSK-3, and β-catenin in pathway activation. Once activated, twist transcription factors promote EndMT (14). These ligands can thus be targeted to inhibit the WNT pathway.



Reversal of endothelial-to-mesenchymal transition

Gene expression patterns in EndMT cells differ from those in EC and mesenchymal cells, suggesting that EndMT is not a complete cellular transformation. Therefore, the existence of the intermediate state renders VC regression possible by reversing EndMT (94). Based on lineage-tracing studies, ECs express mesenchymal genes during embryonic development, which cannot be transformed into myofibroblasts; however, during adult cardiac fibrosis, mesenchymal genes are not even expressed (106). Therefore, the specific role of EndMT and the relationship between EC and mesenchymal cells require further investigation.

In a mouse model of heart failure, QishenYiqi inhibits inflammatory reactions, activates the NO-cGMP-PKG pathway, significantly reduces elevated EC adhesion molecules and EndMT markers, and critically reverses EndMT (133). BRD4 is the “reader” of lysine acetylation; the BRD4 inhibitor JQ1 downregulates EndMT-related transcription factors, attenuates EndMT, and induces EC migration by TGF-β (134). The DNA hydroxymethylase TET2 reversed EndMT-induced shear stress to a certain extent. Lentivirus transfection studies have shown that TET2 overexpression upregulates the EC markers, VE-cadherin, and CD31; downregulates the interstitial cell markers, vimentin, and α-SMA; and reduces atherosclerotic plaque synchronously (135). Icariin reverses ox-LDL-induced EndMT by regulating the expression of the H19/miR-148b-3p/ELF5 axis (136). Although EndMT research remains limited to the laboratory, the development of material science strategies (see below) transforms this research at the molecular and genetic levels.




Role of endothelial cells in the treatment of vascular calcification


Statins

Statins prevent CVD and reduce the incidence of coronary events in patients with DM; these therapeutic effects arise from improved endothelial function. Statins inhibit the synthesis of isoprene-like intermediates blocking the downstream Rho signaling pathway (137). The Rho family affects specific functions related to the shape, movement, secretion, and proliferation of ECs; thus, statins exert multiple effects on blood vessels (137).

Statins improve endothelium-dependent vasodilation functions that primarily depend on the upregulation of EC-based KLF2 levels to enhance eNOS activity (138), increase NOS, reduce oxidative stress, and inhibit the effect of endothelin (ET-1) (64, 137). Simvastatin significantly increases eNOS expression and activity and restores NO production (139).

Statins also inhibit the release of inflammatory cytokines and reduce inflammation stimulation toward ECs. However, frequent statin use in DM patients accelerates coronary artery calcification (137, 140). Low statin concentrations inhibit calcification, whereas harmful doses of simvastatin and lovastatin increase BMP2 expression and increase ectopic mineral deposition (141).

Briefly, statins exert certain protective effects on ECs; their overall benefits cannot be discounted. Therefore, considered doses should be selected as indicated, with a view to optimizing endothelium-targeting effects and improving VC outcomes.



Hypoglycemic drugs

Diabetes is a risk factor for CVD. HG and insulin resistance environments generate persistent inflammation, oxidative stress, ECD, and mineral metabolism disorder; they also increase bone progenitor cell release into the circulation (98). Within this context, antidiabetic drugs could benefit ECD and VC.

Insulin is a widely used hypoglycemic drug. It stimulates the eNOS cofactor tetrahydrobiopterin, increases PI3K pathway activity, increases endothelium-derived NO, and improves endothelial function (142). However, insulin glargine has been reported to downregulate osteoprotegerin and promote VC in vitro (143). This finding is contrary to reports suggesting that hypoglycemic drug alleviates VC. Therefore, further research is needed.

Metformin promotes endothelial function as it improves hyperglycemia. The drug reduces osteogenic factor expression and inhibits VC induced by hyperphosphatemia via AMPK-RANKL signal transduction (102). Additionally, metformin increases eNOS activity and prevents VC via the AMPK-eNOS-NO pathway (144). It alleviates VSMC calcification induced by β-glycerophosphate, which may be related to autophagy via the AMPK/mTOR signaling pathway (145). Endothelial protection and VC alleviation, mediated by metformin, include several AMPK-mediated interactions. Therefore, AMPK can be a potentially viable therapeutic target.

In addition, several hypoglycemic drugs such as glucagon-like peptide 1 receptor agonists, sodium–glucose cotransporter 2 inhibitors, and dipeptidyl peptidase-4 inhibitors exhibit different endothelial and cardiovascular protective mechanisms (145). For instance, evogliptin significantly reduces calcium deposition and inhibits inflammatory cytokine in eNOS–/– mice (146). Weight loss and diet regulation are also important hypoglycemic therapies as they reduce blood pressure damage, EC mechanical stress, and the spread of VC (14).



Anti-inflammatory and antioxidant stresses

Inflammatory factors exert a damaging effect on ECs. With this finding considered, the development of major inflammatory factor (IL-6) inhibitors can alleviate VC (108). DMARDs reduce AS by inhibiting systemic inflammatory responses (108). Clinical trials have reported that Canakinumab significantly reduces IL-6 and CRP levels and inhibits inflammatory cells and EC adhesion; however, it increases the risk of infection and septicemia to a certain extent (147).

Aspirin, a non-steroidal anti-inflammatory drug (NSAID), improves improve endothelial function in AS and DM (148). However, in an AS multi-ethnic study of 6814 patients, baseline NSAID use exerts no significant protective effect on VC (149). Cyclooxygenase 2 (COX2) is an important target of anti-inflammatory drugs, but research suggests that the COX inhibitor celecoxib promotes aortic valve calcification (150). Contrary results also indicate that COX2 expression is increased in valvular calcification areas in klotho-deficient mice; in addition, feeding celecoxib to mice reduces calcification and blocks osteogenic gene expression (151).

Colchicine therapy inhibits endothelial inflammation via theNLRP3/CRP pathway. Studies have confirmed the beneficial effect of colchicine in AS (152). Soybean isoflavones generate antioxidant and anti-inflammatory effects and induce NO production, which contributes to the recovery of damaged endothelial function (153). Human umbilical vein ECs treated with genistein tend to accelerate autophagy and delay aging, which processes are related to the SIRT1/LKB1/AMPK pathway (154). Natural antioxidants exhibit considerable therapeutic effects, but the effectiveness of new antioxidants has yet to be evaluated in further clinical trials.



Regulation of mineral metabolism

Some drugs can be used to regulate mineral metabolism. Calcium-based phosphate binders effectively control hyperphosphatemia, but their side effects induce hypercalcemia and promote VC, which should not be ignored (155).

The calcium-free phosphate binder Sveram significantly reduces different inflammation-related biomarkers (IL-6, IL-8, IL-10, CRP, TNF-α, and IFN-γ) and the mineral metabolism marker FGF-23; in addition, it reduces total cholesterol and increases HDL cholesterol. However, Sveram increases the endothelial markers implicated in cardiovascular events, including ICAM-1, VCAM-1, E-selectin, and L-selectin, leading to ECD (156, 157). Sveram has also been reported to increase flow-mediated vasodilation—that is, it enhances endothelial function (158). Some countries have approved the use of Sveram to delay VC progression in patients with CKD; however, Sveram does not significantly reduce mortality rates in dialysis patients (91).

Other phosphate binders such as lanthanum carbonate, nicotinamide, iron compounds, and bisphosphonates may clinically improve VC; however, their effectiveness and safety have yet to be confirmed (115).



RNA interference technology

In personalized and accurate medical care, genome-based discoveries must be translated into clinical practice. ECs have powerful and diverse functions and complex pathogenic signals; thus, a desirable therapeutic outcome via the control of a single gene is difficult to achieve.

In mice, 7C1 nanoparticles efficiently transported RNAi molecules into ECs to simultaneously silence five endothelial genes (Tie1, Tie2, VEcad, VEGFR-2, and ICAM2). The procedure demonstrated high tolerance, selectivity, and efficiency (159). siRNAs were encapsulated into 7C1 nanoparticles and intravenously injected into HCHF-fed ApoE–/–mice. ECs absorbed the nanoparticles, which selectively inhibited TGF-β receptors. Finally, plaques and macrophages in diseased blood vessels were significantly decreased (160). Therefore, 7C1 nanoparticles can be used to study endothelial function and VC remission.




Conclusion

In the modern era, VC incidence rates are expected to rise because of increased life expectancy. As a complex circulatory disease, calcification in varying volumes and densities affects atherosclerotic plaque stability, and its four anatomical types are closely related to different diseases. Early identification and treatment of individuals at risk for VC offers the potential to significantly reduce the mortality. The mechanisms of VC are complex and varied. Inflammation, ERS, cell senescence, autophagy, apoptosis, and genetic factors promote vascular remodeling and calcification. Although VC is a widely researched subject, the lack of strategies for its treatment suggests the need to further investigate its mechanism. The emergence of new technologies and the establishment of new in vivo and in vitro calcification models have laid the foundations for increased VC research.

In recent years, relationships between ECs and VC have gained extended research traction. The main mechanisms of EC promoting VC include EPC activation, oxidative stress, inflammation, autocrine–paracrine functions, mechanotransduction, hyperphosphatemia, and EndMT. Excessive imbalance of the internal environment leads to ECD and is involved in VC. The most effective approach to treating a disease is to stop its progression before it damages the body. Therefore, the exploration of VC-associated endothelial markers and the development of new targeted therapies for colorectal cancer are key research directions for overcoming VC.

The endothelium also exhibits plasticity. In EndMT, the protective and regulatory functions of ECs are substantially reduced, and ECs tend to perform osteogenic differentiation, an important pathological process of VC. EndMT is the focus of current studies; thus, its reversal is an attractive proposition for VC treatment.

Key to future VC treatment strategies is the comprehensive understanding of environmental factors and transcriptional and signaling mechanisms that drive phenotypic changes. The combined application of medicine and materials science is expected to bring hope for VC treatment.



Author contributions

HJ conceived the topic and wrote the manuscript. LL and LZ provided help and advice on the manuscript, tables, and pictures. All authors contributed to editorial changes in the manuscript, read and approved the final manuscript.



Funding

This work was supported by the National Natural Science Foundation of China (82070455), the related Foundation of Jiangsu Province (BK20201225 and M2020016), and Medical Innovation Team Project of Jiangsu Province (CXTDA2017010).



Acknowledgments

We thank all the peer reviewers for their opinions and suggestions.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Abbreviations

AGE, advanced glycation end products; ALK, activin receptor-like kinase; AS, atherosclerotic; BMP, bone morphogenetic protein; CKD, chronic kidney disease; CVD, cardiovascular disease; DM, diabetes mellitus; EC, endothelial cell; ECD, endothelial cell dysfunction; EndMT, endothelial-to-mesenchymal transition; eNOS, nitric oxide synthase; EPC, endothelial progenitor cells; ERS, endoplasmic reticulum stress; ET-1, endothelin-1; EV, extracellular vesicles; FGF23, fibroblast growth factor 23; FSS, flow shear stress; H2S, hydrogen sulfide; MGP, matrix Gla protein; NLPR3, nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain-containing 3; NO, nitric oxide; PGI2, prostacyclin; RAGE, receptor for advanced glycation end; RANKL, receptor activator of NF-κB ligand; ROS, reactive oxygen species; VC, vascular calcification; VSMC, vascular smooth muscle cell.


References

1. Zhang L, Yao J, Yao Y, Boström KI. Contributions of the endothelium to vascular calcification. Front Cell Dev Biol. (2021) 9:620882. doi: 10.3389/fcell.2021.620882

2. Liu W, Zhang Y, Yu CM, Ji QW, Cai M, Zhao YX, et al. Current understanding of coronary artery calcification. J Geriatr Cardiol. (2015) 12:668–75. doi: 10.11909/j.issn.1671-5411.2015.06.012

3. Boström KI. Where do we stand on vascular calcification? Vasc Pharmacol. (2016) 84:8–14. doi: 10.1016/j.vph.2016.05.014

4. Meng F, Zhao Y, Wang B, Li B, Sheng Y, Liu M, et al. Endothelial cells promote calcification in aortic smooth muscle cells from spontaneously hypertensive rats. Cell Physiol Biochem. (2018) 49:2371–81. doi: 10.1159/000493837

5. Gimbrone MA Jr., García-Cardeña G. Endothelial cell dysfunction and the pathobiology of atherosclerosis. Circ Res. (2016) 118:620–36. doi: 10.1161/circresaha.115.306301

6. Yao Y, Jumabay M, Ly A, Radparvar M, Cubberly MR, Boström KIA. Role for the endothelium in vascular calcification. Circ Res. (2013) 113:495–504. doi: 10.1161/circresaha.113.301792

7. Xu S, Ilyas I, Little PJ, Li H, Kamato D, Zheng X, et al. Endothelial dysfunction in atherosclerotic cardiovascular diseases and beyond: from mechanism to pharmacotherapies. Pharmacol Rev. (2021) 73:924–67. doi: 10.1124/pharmrev.120.000096

8. Yuan C, Ni L, Zhang C, Hu X, Wu X. Vascular calcification: new insights into endothelial cells. Microvasc Res. (2021) 134:104105. doi: 10.1016/j.mvr.2020.104105

9. Dejana E, Lampugnani MG. Endothelial cell transitions. Science. (2018) 362:746–7. doi: 10.1126/science.aas9432

10. Ubil E, Duan J, Pillai IC, Rosa-Garrido M, Wu Y, Bargiacchi F, et al. Mesenchymal-endothelial transition contributes to cardiac neovascularization. Nature. (2014) 514:585–90. doi: 10.1038/nature13839

11. Sage AP, Tintut Y, Demer LL. Regulatory mechanisms in vascular calcification. Nat Rev Cardiol. (2010) 7:528–36. doi: 10.1038/nrcardio.2010.115

12. Libby P, Ridker PM, Hansson GK. Progress and challenges in translating the biology of atherosclerosis. Nature. (2011) 473:317–25. doi: 10.1038/nature10146

13. Montanaro M, Scimeca M, Anemona L, Servadei F, Giacobbi E, Bonfiglio R, et al. The paradox effect of calcification in carotid atherosclerosis: microcalcification is correlated with plaque instability. Int J Mol Sci. (2021) 22:395. doi: 10.3390/ijms22010395

14. Tyson J, Bundy K, Roach C, Douglas H, Ventura V, Segars MF, et al. Mechanisms of the osteogenic switch of smooth muscle cells in vascular calcification: WNT signaling, BMPs, mechanotransduction, and EndMT. Bioengineering. (2020) 7:88. doi: 10.3390/bioengineering7030088

15. Sun Z, Wang Z, Li L, Yan J, Shao C, Bao Z, et al. Rage/galectin-3 yields intraplaque calcification transformation via sortilin. Acta Diabetol. (2019) 56:457–72. doi: 10.1007/s00592-018-1273-1

16. Criqui MH, Knox JB, Denenberg JO, Forbang NI, McClelland RL, Novotny TE, et al. Coronary artery calcium volume and density: potential interactions and overall predictive value: the multi-ethnic study of atherosclerosis. JACC Cardiovasc Imaging. (2017) 10:845–54. doi: 10.1016/j.jcmg.2017.04.018

17. Polonskaya YV, Kashtanova EV, Murashov IS, Kurguzov AV, Sadovski EV, Maslatsov NA, et al. The influence of calcification factors and endothelial-dysfunction factors on the development of unstable atherosclerotic plaques. Diagnostics. (2020) 10:1074. doi: 10.3390/diagnostics10121074

18. Demer LL, Tintut Y. Vascular calcification: pathobiology of a multifaceted disease. Circulation. (2008) 117:2938–48. doi: 10.1161/circulationaha.107.743161

19. Johnson RC, Leopold JA, Loscalzo J. Vascular calcification: pathobiological mechanisms and clinical implications. Circ Res. (2006) 99:1044–59. doi: 10.1161/01.Res.0000249379.55535.21

20. Sangiorgi G, Rumberger JA, Severson A, Edwards WD, Gregoire J, Fitzpatrick LA, et al. Arterial calcification and not lumen stenosis is highly correlated with atherosclerotic plaque burden in humans: a histologic study of 723 coronary artery segments using nondecalcifying methodology. J Am Coll Cardiol. (1998) 31:126–33. doi: 10.1016/s0735-1097(97)00443-9

21. Hutcheson JD, Goettsch C, Bertazzo S, Maldonado N, Ruiz JL, Goh W, et al. Genesis and growth of extracellular-vesicle-derived microcalcification in atherosclerotic plaques. Nat Mater. (2016) 15:335–43. doi: 10.1038/nmat4519

22. Sun Z, Li L, Zhang L, Yan J, Shao C, Bao Z, et al. Macrophage galectin-3 enhances intimal translocation of vascular calcification in diabetes mellitus. Am J Physiol Heart Circ Physiol. (2020) 318:H1068–79. doi: 10.1152/ajpheart.00690.2019

23. Durham AL, Speer MY, Scatena M, Giachelli CM, Shanahan CM. Role of smooth muscle cells in vascular calcification: implications in atherosclerosis and arterial stiffness. Cardiovasc Res. (2018) 114:590–600. doi: 10.1093/cvr/cvy010

24. Lanzer P, Boehm M, Sorribas V, Thiriet M, Janzen J, Zeller T, et al. Medial vascular calcification revisited: review and perspectives. Eur Heart J. (2014) 35:1515–25. doi: 10.1093/eurheartj/ehu163

25. Peeters F, Meex SJR, Dweck MR, Aikawa E, Crijns H, Schurgers LJ, et al. Calcific aortic valve stenosis: hard disease in the heart: a biomolecular approach towards diagnosis and treatment. Eur Heart J. (2018) 39:2618–24. doi: 10.1093/eurheartj/ehx653

26. Lee SJ, Lee IK, Jeon JH. Vascular calcification-new insights into its mechanism. Int J Mol Sci. (2020) 21:2685. doi: 10.3390/ijms21082685

27. Nigwekar SU, Sprague SM. We do too many parathyroidectomies for calciphylaxis. Semin Dial. (2016) 29:312–4. doi: 10.1111/sdi.12502

28. Kodumudi V, Jeha GM, Mydlo N, Kaye AD. Management of cutaneous calciphylaxis. Adv Ther. (2020) 37:4797–807. doi: 10.1007/s12325-020-01504-w

29. Westphal SG, Plumb T. Calciphylaxis. Treasure Island, FL: StatPearls Publishing (2022).

30. Nigwekar SU, Thadhani R, Brandenburg VM. Calciphylaxis. N Engl J Med. (2018) 378:1704–14. doi: 10.1056/NEJMra1505292

31. Wu D, Huang RT, Hamanaka RB, Krause M, Oh MJ, Kuo CH, et al. HIF-1α is required for disturbed flow-induced metabolic reprogramming in human and porcine vascular endothelium. Elife. (2017) 6:e25217. doi: 10.7554/eLife.25217

32. Li JJ, Zhu CG, Yu B, Liu YX, Yu MY. The role of inflammation in coronary artery calcification. Ageing Res Rev. (2007) 6:263–70. doi: 10.1016/j.arr.2007.09.001

33. Wen C, Yang X, Yan Z, Zhao M, Yue X, Cheng X, et al. NALP3 inflammasome is activated and required for vascular smooth muscle cell calcification. Int J Cardiol. (2013) 168:2242–7. doi: 10.1016/j.ijcard.2013.01.211

34. Mody P, Joshi PH, Khera A, Ayers CR, Rohatgi A. Beyond coronary calcification, family history, and C-reactive protein: cholesterol efflux capacity and cardiovascular risk prediction. J Am Coll Cardiol. (2016) 67:2480–7. doi: 10.1016/j.jacc.2016.03.538

35. Walter P, Ron D. The unfolded protein response: from stress pathway to homeostatic regulation. Science. (2011) 334:1081–6. doi: 10.1126/science.1209038

36. Hao W, Yang R, Yang Y, Jin S, Li Y, Yuan F, et al. Stellate ganglion block ameliorates vascular calcification by inhibiting endoplasmic reticulum stress. Life Sci. (2018) 193:1–8. doi: 10.1016/j.lfs.2017.12.002

37. Shi Y, Wang S, Peng H, Lv Y, Li W, Cheng S, et al. Fibroblast growth factor 21 attenuates vascular calcification by alleviating endoplasmic reticulum stress mediated apoptosis in rats. Int J Biol Sci. (2019) 15:138–47. doi: 10.7150/ijbs.28873

38. Chovatiya R, Medzhitov R. Stress, inflammation, and defense of homeostasis. Mol Cell. (2014) 54:281–8. doi: 10.1016/j.molcel.2014.03.030

39. Li W, Cao T, Luo C, Cai J, Zhou X, Xiao X, et al. Crosstalk between ER stress, NLRP3 inflammasome, and inflammation. Appl Microbiol Biotechnol. (2020) 104:6129–40. doi: 10.1007/s00253-020-10614-y

40. Arefin S, Buchanan S, Hobson S, Steinmetz J, Alsalhi S, Shiels PG, et al. NRF2 in early vascular ageing: calcification, senescence and therapy. Clin Chim Acta. (2020) 505:108–18. doi: 10.1016/j.cca.2020.02.026

41. Shanahan CM. Mechanisms of vascular calcification in ckd-evidence for premature ageing? Nat Rev Nephrol. (2013) 9:661–70. doi: 10.1038/nrneph.2013.176

42. Phadwal K, Feng D, Zhu D, MacRae VE. Autophagy as a novel therapeutic target in vascular calcification. Pharmacol Ther. (2020) 206:107430. doi: 10.1016/j.pharmthera.2019.107430

43. Dai XY, Zhao MM, Cai Y, Guan QC, Zhao Y, Guan Y, et al. Phosphate-induced autophagy counteracts vascular calcification by reducing matrix vesicle release. Kidney Int. (2013) 83:1042–51. doi: 10.1038/ki.2012.482

44. Clarke MC, Talib S, Figg NL, Bennett MR. Vascular smooth muscle cell apoptosis induces interleukin-1-directed inflammation: effects of hyperlipidemia-mediated inhibition of phagocytosis. Circ Res. (2010) 106:363–72. doi: 10.1161/circresaha.109.208389

45. Christiano AM, Lebwohl MG, Boyd CD, Uitto J. Workshop on Pseudoxanthoma elasticum: molecular biology and pathology of the elastic fibers. jefferson medical college, philadelphia, Pennsylvania, June 10, 1992. J Invest Dermatol. (1992) 99:660–3. doi: 10.1111/1523-1747.ep12668156

46. Rutsch F, Böyer P, Nitschke Y, Ruf N, Lorenz-Depierieux B, Wittkampf T, et al. Hypophosphatemia, hyperphosphaturia, and bisphosphonate treatment are associated with survival beyond infancy in generalized arterial calcification of infancy. Circ Cardiovasc Genet. (2008) 1:133–40. doi: 10.1161/circgenetics.108.797704

47. Rutsch F, Nitschke Y, Terkeltaub R. Genetics in arterial calcification: pieces of a puzzle and cogs in a wheel. Circ Res. (2011) 109:578–92. doi: 10.1161/circresaha.111.247965

48. Nasir K, Budoff MJ, Wong ND, Scheuner M, Herrington D, Arnett DK, et al. family history of premature coronary heart disease and coronary artery calcification: multi-ethnic study of atherosclerosis (MESA). Circulation. (2007) 116:619–26. doi: 10.1161/circulationaha.107.688739

49. Vasuri F, Valente S, Motta I, Degiovanni A, Ciavarella C, Pasquinelli G. ETS-related gene expression in healthy femoral arteries with focal calcifications. Front Cell Dev Biol. (2021) 9:623782. doi: 10.3389/fcell.2021.623782

50. Esteller M. Cancer epigenetics for the 21st century: what’s next? Genes Cancer. (2011) 2:604–6. doi: 10.1177/1947601911423096

51. Dunn J, Qiu H, Kim S, Jjingo D, Hoffman R, Kim CW, et al. Flow-dependent epigenetic DNA methylation regulates endothelial gene expression and atherosclerosis. J Clin Invest. (2014) 124:3187–99. doi: 10.1172/jci74792

52. Gu J, Lu Y, Deng M, Qiu M, Tian Y, Ji Y, et al. Inhibition of acetylation of histones 3 and 4 attenuates aortic valve calcification. Exp Mol Med. (2019) 51:79. doi: 10.1038/s12276-019-0272-9

53. Hunt BJ, Jurd KM. Endothelial cell activation. A central pathophysiological process. BMJ. (1998) 316:1328–9. doi: 10.1136/bmj.316.7141.1328

54. Garthwaite J. Glutamate, nitric oxide and cell-cell signalling in the nervous system. Trends Neurosci. (1991) 14:60–7. doi: 10.1016/0166-2236(91)90022-m

55. Miller SB. Prostaglandins in health and disease: an overview. Semin Arthritis Rheum. (2006) 36:37–49. doi: 10.1016/j.semarthrit.2006.03.005

56. Abdelsalam SS, Korashy HM, Zeidan A, Agouni A. The role of protein tyrosine phosphatase (PTP)-1B in cardiovascular disease and its interplay with insulin resistance. Biomolecules. (2019) 9:286. doi: 10.3390/biom9070286

57. Lum H, Malik AB. Mechanisms of increased endothelial permeability. Can J Physiol Pharmacol. (1996) 74:787–800. doi: 10.1139/y96-081

58. De Bock K, Georgiadou M, Schoors S, Kuchnio A, Wong BW, Cantelmo AR, et al. Role of PFKFB3-driven glycolysis in vessel sprouting. Cell. (2013) 154:651–63. doi: 10.1016/j.cell.2013.06.037

59. Dagher Z, Ruderman N, Tornheim K, Ido Y. Acute regulation of fatty acid oxidation and amp-activated protein kinase in human umbilical vein endothelial cells. Circ Res. (2001) 88:1276–82. doi: 10.1161/hh1201.092998

60. Cao Y, Zhang X, Wang L, Yang Q, Ma Q, Xu J, et al. PFKFB3-Mediated Endothelial Glycolysis Promotes Pulmonary Hypertension. Proc Natl Acad Sci USA. (2019) 116:13394–403. doi: 10.1073/pnas.1821401116

61. Bar A, Targosz-Korecka M, Suraj J, Proniewski B, Jasztal A, Marczyk B, et al. Degradation of glycocalyx and multiple manifestations of endothelial dysfunction coincide in the early phase of endothelial dysfunction before atherosclerotic plaque development in apolipoprotein E/low-density lipoprotein receptor-deficient mice. J Am Heart Assoc. (2019) 8:e011171. doi: 10.1161/jaha.118.011171

62. Versari D, Daghini E, Virdis A, Ghiadoni L, Taddei S. Endothelial dysfunction as a target for prevention of cardiovascular disease. Diabetes Care. (2009) 32:S314–21. doi: 10.2337/dc09-S330

63. Kitta Y, Obata JE, Nakamura T, Hirano M, Kodama Y, Fujioka D, et al. Persistent impairment of endothelial vasomotor function has a negative impact on outcome in patients with coronary artery disease. J Am Coll Cardiol. (2009) 53:323–30. doi: 10.1016/j.jacc.2008.08.074

64. Anderson TJ, Meredith IT, Yeung AC, Frei B, Selwyn AP, Ganz P. The effect of cholesterol-lowering and antioxidant therapy on endothelium-dependent coronary vasomotion. N Engl J Med. (1995) 332:488–93. doi: 10.1056/nejm199502233320802

65. Nolan DJ, Ginsberg M, Israely E, Palikuqi B, Poulos MG, James D, et al. Molecular signatures of tissue-specific microvascular endothelial cell heterogeneity in organ maintenance and regeneration. Dev Cell. (2013) 26:204–19. doi: 10.1016/j.devcel.2013.06.017

66. Kalluri AS, Vellarikkal SK, Edelman ER, Nguyen L, Subramanian A, Ellinor PT, et al. Single-cell analysis of the normal mouse aorta reveals functionally distinct endothelial cell populations. Circulation. (2019) 140:147–63. doi: 10.1161/circulationaha.118.038362

67. Wylie-Sears J, Aikawa E, Levine RA, Yang JH, Bischoff J. Mitral valve endothelial cells with osteogenic differentiation potential. Arterioscler Thromb Vasc Biol. (2011) 31:598–607. doi: 10.1161/atvbaha.110.216184

68. Wen YD, Wang H, Zhu YZ. The drug developments of hydrogen sulfide on cardiovascular disease. Oxid Med Cell Longev. (2018) 2018:4010395. doi: 10.1155/2018/4010395

69. Munoz Mendoza J, Isakova T, Cai X, Bayes LY, Faul C, Scialla JJ, et al. Inflammation and elevated levels of fibroblast growth factor 23 are independent risk factors for death in chronic kidney disease. Kidney Int. (2017) 91:711–9. doi: 10.1016/j.kint.2016.10.021

70. Mehta V, Pang KL, Givens CS, Chen Z, Huang J, Sweet DT, et al. Mechanical forces regulate endothelial-to-mesenchymal transition and atherosclerosis via an Alk5-shc mechanotransduction pathway. Sci Adv. (2021) 7:eabg5060. doi: 10.1126/sciadv.abg5060

71. Sun R, Huang J, Sun B. Mobilization of endothelial progenitor cells in sepsis. Inflamm Res. (2020) 69:1–9. doi: 10.1007/s00011-019-01299-9

72. Hou YC, Lu CL, Zheng CM, Liu WC, Yen TH, Chen RM, et al. The role of vitamin D in modulating mesenchymal stem cells and endothelial progenitor cells for vascular calcification. Int J Mol Sci. (2020) 21:2466. doi: 10.3390/ijms21072466

73. Wang Y, Jiang C, Shang Z, Qiu G, Yuan G, Xu K, et al. AGEs/RAGE promote osteogenic differentiation in rat bone marrow-derived endothelial progenitor cells via MAPK signaling. J Diabetes Res. (2022) 2022:4067812. doi: 10.1155/2022/4067812

74. Cianciolo G, Capelli I, Cappuccilli M, Scrivo A, Donadei C, Marchetti A, et al. Is chronic kidney disease-mineral and bone disorder associated with the presence of endothelial progenitor cells with a calcifying phenotype? Clin Kidney J. (2017) 10:389–96. doi: 10.1093/ckj/sfw145

75. Yang SW, Hennessy RR, Khosla S, Lennon R, Loeffler D, Sun T, et al. Circulating osteogenic endothelial progenitor cell counts: new biomarker for the severity of coronary artery disease. Int J Cardiol. (2017) 227:833–9. doi: 10.1016/j.ijcard.2016.10.036

76. Matsumoto Y, Adams V, Walther C, Kleinecke C, Brugger P, Linke A, et al. Reduced number and function of endothelial progenitor cells in patients with aortic valve stenosis: a novel concept for valvular endothelial cell repair. Eur Heart J. (2009) 30:346–55. doi: 10.1093/eurheartj/ehn501

77. van Niel G, D’Angelo G, Raposo G. Shedding light on the cell biology of extracellular vesicles. Nat Rev Mol Cell Biol. (2018) 19:213–28. doi: 10.1038/nrm.2017.125

78. Li S, Zhan JK, Wang YJ, Lin X, Zhong JY, Wang Y, et al. Exosomes from hyperglycemia-stimulated vascular endothelial cells contain versican that regulate calcification/senescence in vascular smooth muscle cells. Cell Biosci. (2019) 9:1. doi: 10.1186/s13578-018-0263-x

79. Wang S, Zhan J, Lin X, Wang Y, Wang Y, Liu Y. Circrna-0077930 from hyperglycaemia-stimulated vascular endothelial cell exosomes regulates senescence in vascular smooth muscle cells. Cell Biochem Funct (2020) 38:1056–68. doi: 10.1002/cbf.3543

80. Lin X, Li S, Wang YJ, Wang Y, Zhong JY, He JY, et al. Exosomal Notch3 from high glucose-stimulated endothelial cells regulates vascular smooth muscle cells calcification/aging. Life Sci. (2019) 232:116582. doi: 10.1016/j.lfs.2019.116582

81. Alique M, Ruíz-Torres MP, Bodega G, Noci MV, Troyano N, Bohórquez L, et al. Microvesicles from the plasma of elderly subjects and from senescent endothelial cells promote vascular calcification. Aging. (2017) 9:778–89. doi: 10.18632/aging.101191

82. Jansen F, Yang X, Franklin BS, Hoelscher M, Schmitz T, Bedorf J, et al. High glucose condition increases NADPH oxidase activity in endothelial microparticles that promote vascular inflammation. Cardiovasc Res. (2013) 98:94–106. doi: 10.1093/cvr/cvt013

83. Hulsmans M, Holvoet P. Microrna-containing microvesicles regulating inflammation in association with atherosclerotic disease. Cardiovasc Res. (2013) 100:7–18. doi: 10.1093/cvr/cvt161

84. Harris TA, Yamakuchi M, Ferlito M, Mendell JT, Lowenstein CJ. Microrna-126 regulates endothelial expression of vascular cell adhesion molecule 1. Proc Natl Acad Sci USA. (2008) 105:1516–21. doi: 10.1073/pnas.0707493105

85. Stevens KK, Patel RK, Mark PB, Delles C, Jardine AG. Phosphate as a cardiovascular risk factor: effects on vascular and endothelial function. Lancet. (2015) 385:S10. doi: 10.1016/s0140-6736(15)60325-7

86. Villa-Bellosta R. Vascular calcification: key roles of phosphate and pyrophosphate. Int J Mol Sci. (2021) 22:13536. doi: 10.3390/ijms222413536

87. Kwon DH, Ryu J, Kim YK, Kook H. Roles of histone acetylation modifiers and other epigenetic regulators in vascular calcification. Int J Mol Sci. (2020) 21:3246. doi: 10.3390/ijms21093246

88. Bouabdallah J, Zibara K, Issa H, Lenglet G, Kchour G, Caus T, et al. Endothelial cells exposed to phosphate and indoxyl sulphate promote vascular calcification through interleukin-8 secretion. Nephrol Dial Transplant. (2019) 34:1125–34. doi: 10.1093/ndt/gfy325

89. Villa-Bellosta R, Rivera-Torres J, Osorio FG, Acín-Pérez R, Enriquez JA, López-Otín C, et al. Defective extracellular pyrophosphate metabolism promotes vascular calcification in a mouse model of hutchinson-gilford progeria syndrome that is ameliorated on pyrophosphate treatment. Circulation. (2013) 127:2442–51. doi: 10.1161/circulationaha.112.000571

90. Zhou C, Shi Z, Ouyang N, Ruan X. Hyperphosphatemia and cardiovascular disease. Front Cell Dev Biol. (2021) 9:644363. doi: 10.3389/fcell.2021.644363

91. Sharaf El Din UA, Salem MM, Abdulazim DO. Vascular calcification: when should we interfere in chronic kidney disease patients and how? World J Nephrol. (2016) 5:398–417. doi: 10.5527/wjn.v5.i5.398

92. Krajisnik T, Björklund P, Marsell R, Ljunggren O, Akerström G, Jonsson KB, et al. Fibroblast growth factor-23 regulates parathyroid hormone and 1alpha-hydroxylase expression in cultured bovine parathyroid cells. J Endocrinol. (2007) 195:125–31. doi: 10.1677/joe-07-0267

93. Chande S, Bergwitz C. Role of phosphate sensing in bone and mineral metabolism. Nat Rev Endocrinol. (2018) 14:637–55. doi: 10.1038/s41574-018-0076-3

94. Desjardins L, Liabeuf S, Renard C, Lenglet A, Lemke HD, Choukroun G, et al. FGF23 is independently associated with vascular calcification but not bone mineral density in patients at various CKD stages. Osteoporos Int. (2012) 23:2017–25. doi: 10.1007/s00198-011-1838-0

95. Buendía P, Carracedo J, Soriano S, Madueño JA, Ortiz A, Martín-Malo A, et al. Klotho prevents NFκB translocation and protects endothelial cell from senescence induced by uremia. J Gerontol A Biol Sci Med Sci. (2015) 70:1198–209. doi: 10.1093/gerona/glu170

96. Urakawa I, Yamazaki Y, Shimada T, Iijima K, Hasegawa H, Okawa K, et al. Klotho converts canonical FGF receptor into a specific receptor for FGF23. Nature. (2006) 444:770–4. doi: 10.1038/nature05315

97. Xiao X, Yang C, Qu SL, Shao YD, Zhou CY, Chao R, et al. S100 proteins in atherosclerosis. Clin Chim Acta. (2020) 502:293–304. doi: 10.1016/j.cca.2019.11.019

98. Yahagi K, Kolodgie FD, Lutter C, Mori H, Romero ME, Finn AV, et al. Pathology of human coronary and carotid artery atherosclerosis and vascular calcification in diabetes mellitus. Arterioscler Thromb Vasc Biol. (2017) 37:191–204. doi: 10.1161/atvbaha.116.306256

99. Nishikawa T, Edelstein D, Du XL, Yamagishi S, Matsumura T, Kaneda Y, et al. Normalizing mitochondrial superoxide production blocks three pathways of hyperglycaemic damage. Nature. (2000) 404:787–90. doi: 10.1038/35008121

100. Donato AJ, Morgan RG, Walker AE, Lesniewski LA. Cellular and molecular biology of aging endothelial cells. J Mol Cell Cardiol. (2015) 89:122–35. doi: 10.1016/j.yjmcc.2015.01.021

101. Dovinová I, Hrabárová E, Jansen E, Kvandová M, Majzúnová M, Berenyiová A, et al. ADMA, homocysteine and redox status improvement affected by 7-nitroindazole in spontaneously hypertensive rats. Biomed Pharmacother. (2018) 106:1478–83. doi: 10.1016/j.biopha.2018.07.096

102. Lee J, Hong SW, Kim MJ, Kwon H, Park SE, Rhee EJ, et al. Metformin, resveratrol, and exendin-4 inhibit high phosphate-induced vascular calcification Via AMPK-RANKl signaling. Biochem Biophys Res Commun. (2020) 530:374–80. doi: 10.1016/j.bbrc.2020.07.136

103. Bonnefont-Rousselot D. Resveratrol and cardiovascular diseases. Nutrients. (2016) 8:250. doi: 10.3390/nu8050250

104. Rapa SF, Di Iorio BR, Campiglia P, Heidland A, Marzocco S. Inflammation and oxidative stress in chronic kidney disease-potential therapeutic role of minerals. Vitamins and Plant-Derived Metabolites. Int J Mol Sci. (2019) 21:263. doi: 10.3390/ijms21010263

105. López-Mejías R, González-Gay MA. Il-6: linking chronic inflammation and vascular calcification. Nat Rev Rheumatol. (2019) 15:457–9. doi: 10.1038/s41584-019-0259-x

106. Sun HJ, Wu ZY, Nie XW, Bian JS. Role of endothelial dysfunction in cardiovascular diseases: the link between inflammation and hydrogen sulfide. Front Pharmacol. (2019) 10:1568. doi: 10.3389/fphar.2019.01568

107. Mori H, Torii S, Kutyna M, Sakamoto A, Finn AV, Virmani R. Coronary artery calcification and its progression: what does it really mean? JACC Cardiovasc Imaging. (2018) 11:127–42. doi: 10.1016/j.jcmg.2017.10.012

108. Fukuyo S, Yamaoka K, Sonomoto K, Oshita K, Okada Y, Saito K, et al. Il-6-accelerated calcification by induction of ROR2 in human adipose tissue-derived mesenchymal stem cells is STAT3 dependent. Rheumatology. (2014) 53:1282–90. doi: 10.1093/rheumatology/ket496

109. Chen PY, Schwartz MA, Simons M. Endothelial-to-mesenchymal transition, vascular inflammation, and atherosclerosis. Front Cardiovasc Med. (2020) 7:53. doi: 10.3389/fcvm.2020.00053

110. Carracedo M, Artiach G, Arnardottir H, Bäck M. The resolution of inflammation through omega-3 fatty acids in atherosclerosis, intimal hyperplasia, and vascular calcification. Semin Immunopathol. (2019) 41:757–66. doi: 10.1007/s00281-019-00767-y

111. Tovar-Lopez F, Thurgood P, Gilliam C, Nguyen N, Pirogova E, Khoshmanesh K, et al. A microfluidic system for studying the effects of disturbed flow on endothelial cells. Front Bioeng Biotechnol. (2019) 7:81. doi: 10.3389/fbioe.2019.00081

112. Xu J, Mathur J, Vessières E, Hammack S, Nonomura K, Favre J, et al. GPR68 senses flow and is essential for vascular physiology. Cell. (2018) 173:762–75.e16. doi: 10.1016/j.cell.2018.03.076

113. Friedrich EE, Hong Z, Xiong S, Zhong M, Di A, Rehman J, et al. Endothelial cell Piezo1 mediates pressure-induced lung vascular hyperpermeability via disruption of adherens junctions. Proc Natl Acad Sci USA. (2019) 116:12980–5. doi: 10.1073/pnas.1902165116

114. Harding IC, Mitra R, Mensah SA, Nersesyan A, Bal NN, Ebong EE. Endothelial Barrier Reinforcement Relies on Flow-Regulated Glycocalyx, a Potential Therapeutic Target. Biorheology. (2019) 56:131–49. doi: 10.3233/bir-180205

115. Kang H, Sun A, Wu Q, Yang J, Zhang W, Qu Y, et al. Atherogenic diet-diminished endothelial glycocalyx contributes to impaired vasomotor properties in rat. Am J Physiol Heart Circ Physiol. (2020) 319:H814–23. doi: 10.1152/ajpheart.00039.2020

116. Kovacic JC, Dimmeler S, Harvey RP, Finkel T, Aikawa E, Krenning G, et al. Endothelial to mesenchymal transition in cardiovascular disease: JACC state-of-the-art review. J Am Coll Cardiol. (2019) 73:190–209. doi: 10.1016/j.jacc.2018.09.089

117. Juutilainen A, Lehto S, Suhonen M, Rönnemaa T, Laakso M. Thoracoabdominal calcifications predict cardiovascular disease mortality in type 2 diabetic and nondiabetic subjects: 18-year follow-up study. Diabetes Care. (2010) 33:583–5. doi: 10.2337/dc09-1813

118. Souilhol C, Harmsen MC, Evans PC, Krenning G. Endothelial-mesenchymal transition in atherosclerosis. Cardiovasc Res. (2018) 114:565–77. doi: 10.1093/cvr/cvx253

119. Yao Y, Yao J, Boström KI. Sox transcription factors in endothelial differentiation and endothelial-mesenchymal transitions. Front Cardiovasc Med. (2019) 6:30. doi: 10.3389/fcvm.2019.00030

120. Medici D, Shore EM, Lounev VY, Kaplan FS, Kalluri R, Olsen BR. Conversion of vascular endothelial cells into multipotent stem-like cells. Nat Med. (2010) 16:1400–6. doi: 10.1038/nm.2252

121. Kii I, Amizuka N, Shimomura J, Saga Y, Kudo A. Cell-cell interaction mediated by cadherin-11 directly regulates the differentiation of mesenchymal cells into the cells of the osteo-lineage and the chondro-lineage. J Bone Miner Res. (2004) 19:1840–9. doi: 10.1359/jbmr.040812

122. Moonen JR, Lee ES, Schmidt M, Maleszewska M, Koerts JA, Brouwer LA, et al. Endothelial-to-mesenchymal transition contributes to fibro-proliferative vascular disease and is modulated by fluid shear stress. Cardiovasc Res. (2015) 108:377–86. doi: 10.1093/cvr/cvv175

123. Sánchez-Duffhues G, García de Vinuesa A, van de Pol V, Geerts ME, de Vries MR, Janson SG. Inflammation induces endothelial-to-mesenchymal transition and promotes vascular calcification through downregulation of BMPR2. J Pathol. (2019) 247:333–46. doi: 10.1002/path.5193

124. Kaplan FS, Xu M, Seemann P, Connor JM, Glaser DL, Carroll L, et al. Classic and atypical fibrodysplasia ossificans progressiva (FOP) phenotypes are caused by mutations in the bone morphogenetic protein (BMP) type i receptor ACVR1. Hum Mutat. (2009) 30:379–90. doi: 10.1002/humu.20868

125. Chen PY, Qin L, Baeyens N, Li G, Afolabi T, Budatha M, et al. Endothelial-to-mesenchymal transition drives atherosclerosis progression. J Clin Invest. (2015) 125:4514–28. doi: 10.1172/jci82719

126. Schwartz MA, Vestweber D, Simons MA. Unifying concept in vascular health and disease. Science. (2018) 360:270–1. doi: 10.1126/science.aat3470

127. Yao Y, Shahbazian A, Boström KI. Proline and gamma-carboxylated glutamate residues in matrix gla protein are critical for binding of bone morphogenetic protein-4. Circ Res. (2008) 102:1065–74. doi: 10.1161/circresaha.107.166124

128. Yao Y, Bennett BJ, Wang X, Rosenfeld ME, Giachelli C, Lusis AJ, et al. Inhibition of bone morphogenetic proteins protects against atherosclerosis and vascular calcification. Circ Res. (2010) 107:485–94. doi: 10.1161/circresaha.110.219071

129. Zhang D, Qiao X, Yao J, Zhang L, Wu X, Ma J, et al. Pronethalol reduces Sox2 (SRY [Sex-Determining Region Y]-Box 2) to Ameliorate vascular calcification. Arterioscler Thromb Vasc Biol. (2021) 41:931–3. doi: 10.1161/atvbaha.120.315571

130. Yao J, Guihard PJ, Blazquez-Medela AM, Guo Y, Moon JH, Jumabay M, et al. Serine protease activation essential for endothelial-mesenchymal transition in vascular calcification. Circ Res. (2015) 117:758–69. doi: 10.1161/circresaha.115.306751

131. Guihard PJ, Yao J, Blazquez-Medela AM, Iruela-Arispe L, Boström KI, Yao Y. Endothelial-mesenchymal transition in vascular calcification of Ins2Akita/+ Mice. PLoS One. (2016) 11:e0167936. doi: 10.1371/journal.pone.0167936

132. Xiao L, Dudley AC. Fine-tuning vascular fate during endothelial-mesenchymal transition. J Pathol. (2017) 241:25–35. doi: 10.1002/path.4814

133. Huang Y, Zhang K, Liu M, Su J, Qin X, Wang X, et al. An herbal preparation ameliorates heart failure with preserved ejection fraction by alleviating microvascular endothelial inflammation and activating NO-cGMP-PKG pathway. Phytomedicine. (2021) 91:153633. doi: 10.1016/j.phymed.2021.153633

134. Song S, Liu L, Yu Y, Zhang R, Li Y, Cao W, et al. Inhibition of Brd4 Attenuates Transverse Aortic Constriction- and Tgf-B -Induced Endothelial-Mesenchymal Transition and Cardiac Fibrosis. J Mol Cell Cardiol. (2019) 127:83–96. doi: 10.1016/j.yjmcc.2018.12.002

135. Li A, Tan L, Zhang S, Tao J, Wang Z, Wei D. Low shear stress-induced endothelial mesenchymal transformation via the down-regulation of TET2. Biochem Biophys Res Commun. (2021) 545:20–6. doi: 10.1016/j.bbrc.2021.01.062

136. Liu S, Xu DS, Li M, Zhang Y, Li Q, Li TT, et al. Icariin attenuates endothelial-mesenchymal transition via H19/miR-148b-3p/ELF5 in ox-LDL-stimulated HUVECs. Mol Ther Nucleic Acids. (2021) 23:464–75. doi: 10.1016/j.omtn.2020.11.021

137. Takemoto M, Liao JK. Pleiotropic effects of 3-hydroxy-3-methylglutaryl coenzyme a reductase inhibitors. Arterioscler Thromb Vasc Biol. (2001) 21:1712–9. doi: 10.1161/hq1101.098486

138. Sen-Banerjee S, Mir S, Lin Z, Hamik A, Atkins GB, Das H, et al. Kruppel-like factor 2 as a novel mediator of statin effects in endothelial cells. Circulation. (2005) 112:720–6. doi: 10.1161/circulationaha.104.525774

139. Fraccarollo D, Widder JD, Galuppo P, Thum T, Tsikas D, Hoffmann M, et al. Improvement in left ventricular remodeling by the endothelial nitric oxide synthase enhancer AVE9488 after experimental myocardial infarction. Circulation. (2008) 118:818–27. doi: 10.1161/circulationaha.107.717702

140. Saremi A, Bahn G, Reaven PD. Progression of vascular calcification is increased with statin use in the veterans affairs diabetes trial (VADT). Diabetes Care. (2012) 35:2390–2. doi: 10.2337/dc12-0464

141. Kupcsik L, Meurya T, Flury M, Stoddart M, Alini M. Statin-induced calcification in human mesenchymal stem cells is cell death related. J Cell Mol Med. (2009) 13:4465–73. doi: 10.1111/j.1582-4934.2008.00545.x

142. Vehkavaara S, Yki-Järvinen H. 3.5 Years of insulin therapy with insulin glargine improves in vivo endothelial function in type 2 diabetes. Arterioscler Thromb Vasc Biol. (2004) 24:325–30. doi: 10.1161/01.ATV.0000113817.48983.c5

143. Davenport C, Mahmood WA, Forde H, Ashley DT, Agha A, McDermott J, et al. The effects of insulin and liraglutide on osteoprotegerin and vascular calcification in vitro and in patients with type 2 diabetes. Eur J Endocrinol. (2015) 173:53–61. doi: 10.1530/eje-14-1137

144. Cao X, Li H, Tao H, Wu N, Yu L, Zhang D, et al. Metformin inhibits vascular calcification in female rat aortic smooth muscle cells via the AMPK-ENOS-no pathway. Endocrinology. (2013) 154:3680–9. doi: 10.1210/en.2013-1002

145. Qiu X, Xu Q, Xu T, Wan P, Sheng Z, Han Y, et al. Metformin alleviates B -glycerophosphate-induced calcification of vascular smooth muscle cells via AMPK/MTOR-activated autophagy. Exp Ther Med. (2021) 21:58. doi: 10.3892/etm.2020.9490

146. Choi B, Kim EY, Kim JE, Oh S, Park SO, Kim SM, et al. Evogliptin suppresses calcific aortic valve disease by attenuating inflammation, fibrosis, and calcification. Cells. (2021) 10:57. doi: 10.3390/cells10010057

147. Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne C, et al. Antiinflammatory therapy with canakinumab for atherosclerotic disease. N Engl J Med. (2017) 377:1119–31. doi: 10.1056/NEJMoa1707914

148. Lorusso R, De Cicco G, Beghi C, Gherli T, Poli E, Corradi D, et al. Functional effects of nitric oxide-releasing aspirin on vein conduits of diabetic patients undergoing CABG. Int J Cardiol. (2007) 118:164–9. doi: 10.1016/j.ijcard.2006.07.014

149. Delaney JA, Lehmann N, Jöckel KH, Elmariah S, Psaty BM, Mahabadi AA, et al. Associations between aspirin and other non-steroidal anti-inflammatory drugs and aortic valve or coronary artery calcification: the multi-ethnic study of atherosclerosis and the heinz nixdorf recall study. Atherosclerosis. (2013) 229:310–6. doi: 10.1016/j.atherosclerosis.2013.05.002

150. Vieceli Dalla Sega F, Fortini F, Cimaglia P, Marracino L, Tonet E, Antonucci A, et al. Cox-2 is downregulated in human stenotic aortic valves and its inhibition promotes dystrophic calcification. Int J Mol Sci. (2020) 21:8917. doi: 10.3390/ijms21238917

151. Wirrig EE, Gomez MV, Hinton RB, Yutzey KE. Cox2 inhibition reduces aortic valve calcification in vivo. Arterioscler Thromb Vasc Biol. (2015) 35:938–47. doi: 10.1161/atvbaha.114.305159

152. Liang Y, Zhou HF, Tong M, Chen L, Ren K, Zhao GJ. Colchicine inhibits endothelial inflammation via NLRP3/CRP Pathway. Int J Cardiol. (2019) 294:55. doi: 10.1016/j.ijcard.2019.06.070

153. Yamagata K. Soy isoflavones inhibit endothelial cell dysfunction and prevent cardiovascular disease. J Cardiovasc Pharmacol. (2019) 74:201–9. doi: 10.1097/fjc.0000000000000708

154. Zhang H, Yang X, Pang X, Zhao Z, Yu H, Zhou H. Genistein protects against ox-LDL-Induced senescence through enhancing SIRT1/LKB1/AMPK-mediated autophagy flux in HUVECs. Mol Cell Biochem. (2019) 455:127–34. doi: 10.1007/s11010-018-3476-8

155. Locatelli F, Del Vecchio L, Violo L, Pontoriero G. Phosphate binders for the treatment of hyperphosphatemia in chronic kidney disease patients on dialysis: a comparison of safety profiles. Expert Opin Drug Saf. (2014) 13:551–61. doi: 10.1517/14740338.2014.907791

156. Mason DL, Godugu K, Nnani D, Mousa SA. Effects of sevelamer carbonate versus calcium acetate on vascular calcification, inflammation, and endothelial dysfunction in chronic kidney disease. Clin Transl Sci. (2022) 15:353–60. doi: 10.1111/cts.13151

157. Chertow GM, Burke SK, Raggi P. Sevelamer attenuates the progression of coronary and aortic calcification in hemodialysis patients. Kidney Int. (2002) 62:245–52. doi: 10.1046/j.1523-1755.2002.00434.x

158. Rastogi A. Sevelamer revisited: pleiotropic effects on endothelial and cardiovascular risk factors in chronic kidney disease and end-stage renal disease. Ther Adv Cardiovasc Dis. (2013) 7:322–42. doi: 10.1177/1753944713513061

159. Dahlman JE, Barnes C, Khan O, Thiriot A, Jhunjunwala S, Shaw TE, et al. In vivo endothelial sirna delivery using polymeric nanoparticles with low molecular weight. Nat Nanotechnol. (2014) 9:648–55. doi: 10.1038/nnano.2014.84

160. Chen PY, Qin L, Li G, Wang Z, Dahlman JE, Malagon-Lopez J, et al. Endothelial Tgf-B signalling drives vascular inflammation and atherosclerosis. Nat Metab. (2019) 1:912–26. doi: 10.1038/s42255-019-0102-3



OPS/images/fcvm-09-895005-g003.jpg
TNF-q1L-1P

EC TNF-0  TGF @

IL- 1|3)

-----------------------------

COCOC O X N X OO X O X X X X X

e === Inhibit

e Promote

V( Cm— o, dMT

I..> - "'7'1...> . ‘-'r‘ "'. EndMT =e—— VC





OPS/images/fcvm-09-895005-g002.jpg
® {'. "oy
@ 9 * Dy *®

“« I'||‘l|ll||

-~ v
@ e

CO

Mechanical sensors

| Phosphates |
% . J Gas, Exosome,
N4 Microvesicle
tRr2 Lo— =TT |
|____I » [ s | VItE,VitC, | g
| Fetuin-A :—— - : Resveratrol :
R R, (NN O
AGEs
Uremia toxin |——p» EI—} Calcitriol,
Caspase-3 FGF23-klotho ,
PTH

—

— Promote

P ox (@O =1 /Y @

EC SMC EPC Osteoblast cells Osteoblast cells Mesenchymal stem cells Mechanical sensors Inhibit





OPS/images/fcvm-09-895005-g001.jpg
Endoplasmic reticulum stress

Inflammatory molecules

/ Cell senescence

Apoptosis body  NMacrophages

e

% Nucleosome T A

Autophagosomes

Epigenetics

Apoptosis

Lysosom:é

~~

Autophagy





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Role of endothelial cells in vascular calcification



		Introduction



		VASCULAR CALCIFICATION



		Definition and classification



		Overview of calcification mechanisms







		ROLE OF ENDOTHELIAL CELLS IN VASCULAR CALCIFICATION



		Endothelial cells



		Definitions and physiological functions of endothelial cell



		Endothelial cell dysfunction



		Endothelial cells subtypes







		Contribution of endothelial cells to vascular calcification



		Endothelial progenitor cells



		Autocrine and paracrine



		High phosphate



		Oxidative stress



		Inflammation



		Mechanotransduction











		ROLE OF ENDOTHELIAL-TO-MESENCHYMAL TRANSITION INVASCULAR CALCIFICATION



		Definition and characteristics of endothelial-to-mesenchymal transition



		Contribution of endothelial-to-mesenchymal transition to vascular calcification



		Reversal of endothelial-to-mesenchymal transition







		ROLE OF ENDOTHELIAL CELLS IN THE TREATMENT OF VASCULAR CALCIFICATION



		Statins



		Hypoglycemic drugs



		Anti-inflammatory and antioxidant stresses



		Regulation of mineral metabolism



		RNA interference technology







		Conclusion



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Abbreviations



		References

















OPS/images/fcvm-09-895005-t001.jpg
Classification

Intimal calcification

Media calcification

Calcification of aortic valve

Calciphylaxis

Location

Arterial intima

Arterial media

Aortic valve

Arterioles

Risk factors

Cell senescence
Oxidative stress
Hyperlipidemic

Apoptosis Inflammation

Cell senescence
Oxidative stress
Mechanical stress
Elastase degradation

Cell senescence
Hyperlipidemic
Mechanical stress
Inflammation

Hyperphosphatemia
Hypercalcemia
Hypercoagulosis
Hemodialysis

Related diseases

AS
Metabolic syndrome
T2DM

T2DM

CKD

Osteoporosis

Marfan syndrome
Pseudoxanthoma elasticum

Hypertension
Rheumatic heart
Congenital bicuspid aortic valve

Renal failure
Hyperparathyroidism
Hypoparathyroidism
VitaminKDeficiency
Autoimmune disease
Metastatic cancer

References

18-22

18,22-24

18, 25,26

18,26-29





OPS/images/cover.jpg
& frontiers | Frontiers in Cardiovascular Medicine

Role of endothelial cells
in vascular calcification












OPS/images/logo.jpg
’ frontiers | Frontiers in Cardiovascular Medicine







