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Abstract

:

Chronic kidney disease is characterized by markedly increased risk for cardiovascular mortality, vascular calcification, and ventricular hypertrophy, and is associated with increased systemic oxidative stress. Hyperphosphatemia, reflecting diminished glomerular phosphate (Pi) clearance, coupled with a compensatory increase in fibroblast growth factor 23 (FGF23) secretion are thought to be key mediators of this risk. Elevated serum and dietary Pi and elevated plasma FGF23 are associated with increased cardiovascular and total mortality in people with normal baseline renal function. FGF23 may mediate some of this risk by promoting cardiac hypertrophy via activation of fibroblast growth factor receptor 4 on cardiomyocytes. Elevated serum Pi can also cause a profound increase in systemic oxidative stress, and this may reflect the ability of Pi to act directly on mitochondria to boost membrane potential and thereby increase respiratory chain superoxide production. Moreover, elevated FGF23 likewise induces oxidative stress in vascular endothelium via activation of NADPH oxidase complexes. In vitro exposure of vascular smooth muscle cells to elevated Pi provokes an osteoblastic phenotypic transition that is mediated by increased mitochondrial oxidant production; this is offset dose-dependently by increased exposure to magnesium (Mg). In vivo, dietary Mg is protective in rodent models of vascular calcification. It is proposed that increased intracellular Mg opposes Pi’s ability to increase mitochondrial membrane potential; this model could explain its utility for prevention of vascular calcification and predicts that Mg may have a more global protective impact with regard to the direct pathogenic effects of hyperphosphatemia.
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1. Introduction


Mitochondrial diseases are a group of conditions in which mitochondrial dysfunction leads to cellular failure to generate sufficient ATP to maintain cellular homeostasis, and/or mitochondrial oxidant generation adversely affects the function or survival of cells [1]. Mitochondrial function is compromised in rare monogenic and very common polygenic diseases, including metabolic, cardiovascular, neurodegenerative, neuroinflammatory, and neuromuscular disorders, as well as cancer [2,3,4]. A common dominator in these chronic conditions is oxidative stress and vascular dysfunction, as seen in cardiovascular [5] and renal diseases [6].



While dietary phosphate (Pi) is self-evidently essential for health, chronically elevated Pi levels associated with impaired glomerular function and episodic elevations reflecting diets rich in bioavailable Pi—from animal products and Pi food additives—are associated with increased cardiovascular risk characterized by vascular calcification [7,8]. Conversely, increased dietary intakes or serum levels of magnesium (Mg) have been correlated with reduced risk of cardiovascular events and vascular calcification [9,10,11]. The thesis presented here is that improved Mg status can function as a detoxicant for Pi excess by opposing the tendency of elevated Pi to promote excess oxidant production by mitochondria. Within vascular smooth muscle, this oxidative stress promotes a phenotypic transition giving rise to vascular calcification; in vascular endothelium, it can compromise the cardiovascular protection conferred by a healthy endothelium.




2. Cardiovascular Toxicity of Elevated Phosphate and Fibroblast Growth Factor 23


Chronic uremia is associated with greatly increased risk for cardiovascular events and mortality, and most notably with high risk for vascular calcification. Hyperphosphatemia, reflecting subnormal renal phosphate clearance, is a primary mediator of the cardiovascular risk associated with uremia. While the cardiotoxic effect of hyperphosphatemia has been best characterized in the context of chronic renal failure, prospective studies in healthy cohorts or in patients with coronary ischemic heart disease have found that cardiovascular mortality risk correlates positively with serum Pi; additionally, in the NHANES III cohort, calorie-corrected Pi dietary intake correlated directly with cardiovascular and total mortality [12,13,14,15]. One recent study has, however, found that individuals with the lowest plasma Pi are also at increased risk in this regard, a finding not reported by previous studies [16]. Ingestion of a high-Pi meal has been shown to acutely impair endothelium-dependent vasodilation in healthy human subjects [17].



Elevations of plasma phosphate evoke increased secretion of fibroblast growth factor 23 (FGF23) from osteoblasts, which acts on the kidneys to suppress reabsorption of Pi by proximal kidney tubules, while also inhibiting renal conversion of calcidiol (25-hydroxyvitamin D) to the active hormone calcitriol; the latter effect serves to decrease intestinal Pi absorption [18,19]. Hence, FGF23 acts homeostatically to lower plasma Pi levels when these levels rise. Unfortunately, the increased secretion of FGF23 associated with uremia also contributes to the cardiovascular risk associated with this syndrome. Elevated FGF23 predicts increased cardiovascular and total mortality in patients with chronic kidney disease [20,21]. This phenomenon has now been reported in healthy populations, independent of glomerular filtration rate; in one recent prospective study, individuals in the top quartile of FGF23, in comparison to those in the bottom quartile, were found to have double the risk for cardiovascular mortality and about a 60% greater risk for non-cardiovascular mortality, after adjustment for relevant covariates (including serum phosphate) [22,23]. Evidently, some of this risk might be mediated by increased dietary Pi intake (fasting serum Pi is not directly proportionate to dietary Pi absorption, so statistical correction for fasting Pi may not eliminate the full impact of dietary Pi), and the lower risk associated with low-normal FGF23 might also reflect the protection inherently afforded by plant-based diets, which tend to be lower in bioavailable Pi. Although plant-based diets are not low in Pi per se, much of their Pi content usually comes from phytates which cannot be degraded by human digestive enzymes, whereas the Pi found in animal products tends to have high bioavailability [24,25,26].



Nonetheless, there is good reason to suspect that FGF23 itself mediates much of the increased risk associated with elevated plasma levels of this hormone. FGF23 has a direct impact on the heart that promotes ventricular hypertrophy acting via FGF receptor 4 (FGFR4) in cardiomyocytes [27,28,29]. Whereas FGF23 can only activate other forms of the FGF receptor in conjunction with the co-receptor α-klotho (not expressed in cardiomyocytes), FGF23 can activate FGFR4 in the absence of this co-receptor, leading to autophosphorylation and activation of phospholipase C-γ. The latter induces an increase in intracellular free calcium that triggers calmodulin/calcineurin/NFAT signaling, thereby promoting cardiomyocyte hypertrophy.



Additionally, some recent studies also have shown that FGF23 hormone can act directly on vascular endothelium to impair endothelium-dependent vasodilation, particularly when expression of the FGF23 co-receptor alpha-klotho is low [30,31,32]. This effect has been traced to diminished vascular production of nitric oxide associated with elevated oxidant production by NADPH oxidase complexes [30]. Consideration should be given to the possibility that the recently reported increase in cardiovascular risk associated with low-normal plasma Pi may be mediated not by low Pi per se, but rather that low Pi may be functioning as a marker for an up-regulation of FGF23 secretion which is the true mediator of risk; this possibility could be evaluated in prospective epidemiology that measures plasma levels of Pi and FGF23. The apparent adverse impact of elevated FGF23 on non-cardiovascular risk conceivably could reflect, at least in part, the ability of FGF23 to act as a growth factor for certain cancers, including possibly prostate cancer [33,34,35,36,37].




3. Elevated Phosphate Provokes Mitochondrial Oxidative Stress and Vascular Calcification


Whereas increased production of FGF23 may account for a portion of the excess risk associated with high serum levels and dietary intakes of Pi, elevated Pi may also compromise health—and promote vascular calcification—by boosting oxidant production. Uremia is associated with increased systemic oxidative stress, and there is evidence that elevated Pi levels may act systemically to boost production of superoxide [38]. Indeed, in one recent study which employed serum levels of 8-hydoxy 2-deoxyguanosine as a marker of oxidative stress, this marker rose about six-fold when a dietary intake of Pi considered normal for rats (0.6% of diet, associated with a plasma phosphorus level of 4.23 mg/L, within the normal human range) was doubled (leading to plasma phosphorus of 7.14 mg/dL) [39]. This phenomenon may reflect increased superoxide generation by mitochondria, as well as, in at least some tissues including vascular endothelium, increased activation of NADPH oxidase complexes. Studies with isolated mitochondria show that mitochondrial superoxide production rises progressively as medium levels of Pi are increased from normal to supraphysiological intracellular levels; this phenomenon is dependent on intra-mitochondrial transport of Pi, and reflects an induced increase in the transmembrane pH gradient and hence the electric membrane potential delta-psi [40,41,42,43]. An increase in this membrane potential opposes the flux of electrons down the mitochondrial respiratory chain in coupled mitochondria, leading to increased generation of superoxide, particularly at complex III. Co-administration of agents that block mitochondrial Pi uptake or uncouple the respiratory chain inhibit the up-regulatory impact of elevated medium Pi on mitochondrial superoxide generation.



Pi-induced mitochondrial superoxide generation requires intracellular uptake of extracellular Pi via electrogenic transporters of the SLC20 family [23]. This transport entails co-transport of 2 mols Na+ for each mol of monovalent Pi, and thus entails a net positive current flux that depolarizes the smooth muscle plasma membrane, provoking Ca2+ influx via L-type voltage-sensitive calcium channels; curiously, blockade of these calcium channels prevents Pi from hyperpolarizing mitochondria [23,44]. This calcium requirement might reflect the fact that cytosolic Pi can enter mitochondria via a Pi-MgATP exchanger that requires Ca2+ for activity [45].



However, elevations of Pi can also boost superoxide production by NADPH oxidase complexes in vascular endothelium and in vascular smooth muscle [46,47]. How this occurs is uncertain; conceivably, this phenomenon is downstream from a kindling effect of increased mitochondrial oxidant production. The ability of prolonged exposure of osteoblasts to elevated Pi to provoke increased synthesis and secretion of FGF23 reflects an activation of NADPH oxidase that is slow in onset [48]. (Acute elevations of Pi do not provoke an increase in plasma FGF23 levels, but the chronic elevations associated with uremia or high-Pi diets are indeed characterized by elevated plasma FGF23. Hence, the acute adverse effect of a high-Pi meal on endothelium-dependent vasodilation cannot be attributed to FGF23. [17].



As noted, increased vascular calcification is the most characteristic feature of chronic hyperphosphatemia. In vitro, exposure of vascular smooth muscle cells to elevated levels of Pi comparable to those seen in uremia induces a phenotypic change in which these cells take on the properties of osteoblasts; expression of key osteoblast transcription factors—notably cbfa1 (Runx2) and Msx2—is elevated, whereas certain proteins characteristic of vascular smooth muscle, such as smooth muscle actin, are down-regulated [43]. Induction of Runx2 plays an obligatory role in this regard [49]. This phenotypic transition is driven by increased oxidant production, as agents which block mitochondrial oxidant generation prevent it [43]. In one vascular smooth muscle cell line, but not another, inhibition of NADPH oxidase with DPI likewise blocks this phenotypic transition; the varying results might reflect differences in the inherent abilities of the cell lines to express NADPH oxidase [47]. In vivo, administration of the antioxidant agent tempol was found to inhibit vascular calcification in uremic rats [50]. Downstream activation of both ERK1/2 and NF-kappaB appears to play a key role in mediating this effect of oxidative stress [43,47]. The signaling pathway that evokes these activations has not yet been defined. One credible possibility is that oxidant-mediated activation of protein kinase D, expressed in vascular smooth muscle and capable of stimulating the Ras-Raf-MEK-ERK pathway and activating NF-kappaB via IKKbeta, plays a role in this regard [51,52,53,54,55,56].




4. Does Magnesium Oppose the Pro-Oxidative Impact of Phosphate on Mitochondria?


Epidemiologically, the association between elevated Pi and increased risk for cardiovascular mortality and progression to end-stage kidney disease in patients with renal dysfunction is blunted or negated in patients whose plasma magnesium (Mg) is in the high–normal range [57,58,59]. Moreover, in vitro, increased medium levels of Mg counteract the ability of elevated Pi to provoke an osteoblastic transition in vascular smooth muscle cells [60,61,62,63,64,65,66]. This phenomenon is dependent on intracellular uptake of Mg. In rodent models of uremic vascular calcification, increased dietary Mg is protective in this regard [67]. Epidemiologically, low serum Mg has been correlated with increased risk for vascular calcification [68,69,70]. These findings have given rise to the concept that good Mg status may act as an antidote to Pi-evoked vascular calcification. A clinical trial assessing the impact of supplemental Mg on progression of vascular calcification in patients with chronic renal diseases is underway [71]. We propose that Mg’s ability to counteract the adverse effect of elevated Pi on vascular smooth muscle reflects an ability of increased intracellular Mg to oppose the impact of elevated intracellular Pi on mitochondrial membrane potential and superoxide generation. To the best of our knowledge, this possibility has not yet been evaluated in the published literature; it could be readily tested in vitro, in intact cells, and in isolated mitochondria. This hypothesis seems credible in light of the fact that normal variations in intracellular Mg are not known to have a major impact on the activity of likely downstream mediators of osteoblastic transition, such as Runx2, ERK1/2, NF-kappaB, and protein kinase D. Moreover, severe Mg deficiency in rodents is known to be associated with oxidative stress [72,73]. It is not clear how Mg might counteract the impact of increased mitochondrial Pi uptake on mitochondrial membrane potential. One testable possibility is that elevated Mg blunts this uptake. As noted, the inner mitochondrial membrane contains a Ca2+-dependent transporter which exchanges Pi for a Mg-ATP complex; the immediate impact of an increase in cytoplasmic Mg would presumably be increased mitochondrial export of Pi coupled with increased import of Mg-ATP, counteracting the tendency of hyperphosphatemia to provoke excessive mitochondrial Pi uptake [74]. Clearly, the impact of increased cytosolic Mg on Pi-induced mitochondrial oxidant production warrants study.



Regardless of the mechanism whereby Mg combats the adverse health impact of Pi excess, consuming a primarily plant-based diet, avoiding Pi food additives (as in dietary colas), supplementing with balanced intakes of calcium (which can precipitate Pi in the GI tract, impeding its absorption) and magnesium, and of course avoiding renal damage, could be expected to minimize risk for Pi overload and its negative health effects [24].







Author Contributions


M.F.M. designed and screened the literature for this study. M.F.M., J.J.D., and S.B.I.-A. carried out this study. M.F.M., S.B.I.-A., J.J.D., and A.L. wrote the draft. M.F.M. and A.L. revised the manuscript. All authors contributed to the article and approved the submitted version. All authors have read and agreed to the published version of the manuscript.




Funding


This work was not supported by outside funding, nor institutional support.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Reviewed studies were retrieved thru PubMed.




Conflicts 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.




References


	



Kummer, E.; Ban, N. Mechanisms and regulation of protein synthesis in mitochondria. Nat. Rev. Mol. Cell. Biol. 2021, 22, 307–325. [Google Scholar] [CrossRef]

	



Sorrentino, V.; Menzies, K.J.; Auwerx, J. Repairing Mitochondrial Dysfunction in Disease. Annu. Rev. Pharmacol. Toxicol. 2018, 58, 353–389. [Google Scholar] [CrossRef]

	



Ikawa, M.; Okazawa, H.; Yoneda, M. Molecular imaging for mitochondrial metabolism and oxidative stress in mitochondrial diseases and neurodegenerative disorders. Biochim. Biophys. Acta Gen. Subj. 2021, 1865, 129832. [Google Scholar] [CrossRef] [PubMed]

	



Geto, Z.; Molla, M.D.; Challa, F.; Belay, Y.; Getahun, T. Mitochondrial Dynamic Dysfunction as a Main Triggering Factor for Inflammation Associated Chronic Non-Communicable Diseases. J. Inflamm. Res. 2020, 13, 97–107. [Google Scholar] [CrossRef] [PubMed]

	



Dubois-Deruy, E.; Peugnet, V.; Turkieh, A.; Pinet, F. Oxidative Stress in Cardiovascular Diseases. Antioxidants (Basel) 2020, 9, 864. [Google Scholar] [CrossRef] [PubMed]

	



Bhatia, D.; Capili, A.; Choi, M.E. Mitochondrial dysfunction in kidney injury, inflammation, and disease: Potential therapeutic approaches. Kidney Res. Clin. Pract. 2020, 39, 244–258. [Google Scholar] [CrossRef] [PubMed]

	



Ellam, T.J.; Chico, T.J. Phosphate: The new cholesterol? The role of the phosphate axis in non-uremic vascular disease. Atherosclerosis 2012, 220, 310–318. [Google Scholar] [CrossRef] [PubMed]

	



Park, K.S.; Park, J.; Choi, S.H.; Ann, S.H.; Singh, G.B.; Shin, E.-S.; Lee, J.S.; Chung, H.C. Serum Phosphorus Concentration and Coronary Artery Calcification in Subjects without Renal Dysfunction. PLoS ONE 2016, 11, e0151007. [Google Scholar] [CrossRef]

	



Zhao, L.; Hu, M.; Yang, L. Quantitative association between serum/dietary magnesium and cardiovascular disease/coronary heart disease risk: A dose-response meta-analysis of prospective cohort studies. J. Cardiovasc. Pharmacol. 2019, 74, 516–527. [Google Scholar] [CrossRef]

	



Hruby, A. Magnesium intake is inversely associated with coronary artery calcification: The Framingham Heart Study. JACC Cardiovasc. Imag. 2014, 7, 59–69. [Google Scholar] [CrossRef]

	



Posadas-Sánchez, R.; Posadas-Romero, C.; Cardoso-Saldaña, G.; Vargas-Alarcón, G.; Villarreal-Molina, M.T.; Pérez-Hernández, N.; Rodríguez-Pérez, J.M.; Medina-Urrutia, A.; Jorge-Galarza, E.; Juárez-Rojas, J.G.; et al. Serum magnesium is inversely associated with coronary artery calcification in the Genetics of Atherosclerotic Disease (GEA) study. Nutr. J. 2015, 15, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Tonelli, M.; Sacks, F.; Pfeffer, M.; Gao, Z.; Curhan, G. Relation between serum phosphate level and cardiovascular event rate in people with coronary disease. Circulation 2005, 112, 2627–2633. [Google Scholar] [CrossRef]

	



Dhingra, R.; Sullivan, L.M.; Fox, C.S. Relations of serum phosphorus and calcium levels to the incidence of cardiovascular disease in the community. Arch. Intern. Med. 2007, 167, 879–885. [Google Scholar] [CrossRef] [PubMed]

	



Bai, W.; Li, J.; Liu, J. Serum phosphorus, cardiovascular and all-cause mortality in the general popu-lation: A meta-analysis. Clin. Chim. Acta 2016, 461, 76–82. [Google Scholar] [CrossRef]

	



Chang, A.R.; Lazo, M.; Appel, L.J.; Gutierrez, O.M.; Grams, M.E. High dietary phosphorus intake is associated with all-cause mortality: Results from NHANES III. Am. J. Clin. Nutr. 2014, 99, 320–327. [Google Scholar] [CrossRef]

	



Hayward, N.; McGovern, A.; de Lusignan, S.; Cole, N.; Hinton, W.; Jones, S. U-shaped relationship between serum phosphate and cardiovascular risk: A retrospective cohort study. PLoS ONE 2017, 12, e0184774. [Google Scholar] [CrossRef]

	



Shuto, E.; Taketani, Y.; Tanaka, R.; Harada, N.; Isshiki, M.; Sato, M.; Nashiki, K.; Amo, K.; Yamamoto, H.; Higashi, Y.; et al. Dietary Phosphorus Acutely Impairs Endothelial Function. J. Am. Soc. Nephrol. 2009, 20, 1504–1512. [Google Scholar] [CrossRef] [PubMed]

	



Erben, R.G.; Andrukhova, O. FGF23 regulation of renal tubular solute transport. Curr. Opin. Nephrol. Hypertens. 2015, 24, 450–456. [Google Scholar] [CrossRef]

	



Wolf, M. Forging forward with 10 burning questions on FGF23 in kidney disease. J. Am. Soc. Nephrol. 2010, 21, 1427–1435. [Google Scholar] [CrossRef] [PubMed]

	



Xue, C.; Yang, B.; Zhou, C.; Dai, B.; Liu, Y.; Mao, Z.; Yu, S.; Mei, C. Fibroblast Growth Factor 23 Predicts All-Cause Mortality in a Dose-Response Fashion in Pre-Dialysis Patients with Chronic Kidney Disease. Am. J. Nephrol. 2017, 45, 149–159. [Google Scholar] [CrossRef] [PubMed]

	



Qin, Z.; Liu, X.; Song, M.; Zhou, Q.; Yu, J.; Zhou, B.; Wu, Y.; He, Y.; Huang, L. Fibroblast growth factor 23 as a predictor of cardiovascular and all-cause mortality in prospective studies. Atherosclerosis 2017, 261, 1–11. [Google Scholar] [CrossRef]

	



Souma, N.; Isakova, T.; Lipiszko, D.; Sacco, R.L.; Elkind, M.S.V.; DeRosa, J.T.; Silverberg, S.J.; Mendez, A.J.; Dong, C.; Wright, C.B.; et al. Fibroblast Growth Factor 23 and Cause-Specific Mortality in the General Population: The Northern Manhattan Study. J. Clin. Endocrinol. Metab. 2016, 101, 3779–3786. [Google Scholar] [CrossRef]

	



Di Giuseppe, R.; Kuhn, T.; Hirche, F.; Buijsse, B.; Dierkes, J.; Fritsche, A.; Kaaks, R.; Boeing, H.; Stangl, G.I.; Weikert, C. Plasma fibroblast growth factor 23 and risk of cardiovascular disease: Results from the EPIC-Germany case-cohort study. Eur. J. Epidemiol. 2014, 30, 131–141. [Google Scholar] [CrossRef]

	



McCarty, M.F.; DiNicolantonio, J.J. Bioavailable dietary phosphate, a mediator of cardiovascular disease, may be decreased with plant-based diets, phosphate binders, niacin, and avoidance of phos-phate additives. Nutrition 2014, 30, 739–747. [Google Scholar] [CrossRef]

	



Kalantar-Zadeh, K.; Gutekunst, L.; Mehrotra, R.; Kovesdy, C.P.; Bross, R.; Shinaberger, C.S.; Noori, N.; Hirschberg, R.; Benner, D.; Nissenson, A.R.; et al. Understanding sources of dietary phosphorus in the treatment of patients with chronic kidney disease. Clin. J. Am. Soc. Nephrol. 2010, 5, 519–530. [Google Scholar] [CrossRef]

	



Moe, S.M.; Zidehsarai, M.P.; Chambers, M.A. Vegetarian compared with meat dietary protein source and phosphorus homeostasis in chronic kidney disease. Clin. J. Am. Soc. Nephrol. 2011, 6, 257–264. [Google Scholar] [CrossRef] [PubMed]

	



Grabner, A.; Amaral, A.P.; Schramm, K.; Singh, S.; Sloan, A.; Yanucil, C.; Li, J.; Shehadeh, L.A.; Hare, J.M.; David, V.; et al. Activation of Cardiac Fibroblast Growth Factor Receptor 4 Causes Left Ventricular Hypertrophy. Cell Metab. 2015, 22, 1020–1032. [Google Scholar] [CrossRef] [PubMed]

	



Faul, C.; Amaral, A.P.; Oskouei, B.; Hu, M.-C.; Sloan, A.; Isakova, T.; Gutierrez, O.M.; Aguillon-Prada, R.; Lincoln, J.; Hare, J.M.; et al. FGF23 induces left ventricular hypertrophy. J. Clin. Investig. 2011, 121, 4393–4408. [Google Scholar] [CrossRef] [PubMed]

	



Haffner, D.; Leifheit-Nestler, M. Extrarenal effects of FGF23. Pediatr. Nephrol. 2017, 32, 753–765. [Google Scholar] [CrossRef]

	



Richter, B.; Haller, J.; Haffner, D.; Leifheit-Nestler, M. Klotho modulates FGF23-mediated NO synthesis and oxidative stress in human coronary artery endothelial cells. Pflugers Arch. 2016, 468, 1621–1635. [Google Scholar] [CrossRef]

	



Silswal, N.; Touchberry, C.D.; Daniel, D.R.; McCarthy, D.L.; Zhang, S.; Andresen, J.; Stubbs, J.R.; Wacker, M.J. FGF23 directly impairs endothelium-dependent vasorelaxation by increasing superoxide levels and reducing nitric oxide bioavailability. Am. J. Physiol. Metab. 2014, 307, E426–E436. [Google Scholar] [CrossRef]

	



Six, I.; Okazaki, H.; Gross, P. Direct, acute effects of Klotho and FGF23 on vascular smooth muscle and endo-thelium. PLoS ONE 2014, 9, e93423. [Google Scholar] [CrossRef]

	



Lee, E.K.; Martinez, M.C.; Blakely, K. FGF23: Mediator of poor prognosis in a sizeable subgroup of patients with castration-resistant prostate cancer presenting with severe hypophosphatemia? Med. Hypotheses 2014, 83, 482–487. [Google Scholar] [CrossRef] [PubMed]

	



Feng, S.; Wang, J.; Zhang, Y.; Creighton, C.J.; Ittmann, M. FGF23 promotes prostate cancer pro-gression. Oncotarget 2015, 6, 17291–17301. [Google Scholar] [CrossRef] [PubMed]

	



McCarty, M.F. Plant-based diets relatively low in bioavailable phosphate and calcium may aid pre-vention and control of prostate cancer by lessening production of fibroblast growth factor 23. Med. Hypotheses 2017, 99, 68–72. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.J.; Kim, K.-H.; Lee, J.; Oh, J.J.; Cheong, H.S.; Wong, E.L.; Yang, B.-S.; Byun, S.S.; Myung, S.C. Single nucleotide polymorphisms in fibroblast growth factor 23 gene, FGF23, are associated with prostate cancer risk. BJU Int. 2013, 114, 303–310. [Google Scholar] [CrossRef]

	



Wilson, K.M.; Shui, I.M.; Mucci, L.A.; Giovannucci, E. Calcium and phosphorus intake and prostate cancer risk: A 24-y follow-up study. Am. J. Clin. Nutr. 2015, 101, 173–183. [Google Scholar] [CrossRef]

	



Liakopoulos, V.; Roumeliotis, S.; Gorny, X.; Dounousi, E.; Mertens, P.R. Oxidative Stress in Hemo-dialysis Patients: A Review of the Literature. Oxid. Med. Cell Longev. 2017, 2017, 3081856. [Google Scholar]

	



Watari, E.; Taketani, Y.; Kitamura, T.; Tanaka, T.; Ohminami, H.; Abuduli, M.; Harada, N.; Yamanaka-Okumura, H.; Yamamoto, H.; Takeda, E. Fluctuating plasma phosphorus level by changes in dietary phosphorus intake induces endothelial dysfunction. J. Clin. Biochem. Nutr. 2015, 56, 35–42. [Google Scholar] [CrossRef]

	



Oliveira, G.A.; Kowaltowski, A.J. Phosphate increases mitochondrial reactive oxygen species release. Free Radic. Res. 2004, 38, 1113–1118. [Google Scholar] [CrossRef]

	



Nguyen, T.T.; Quan, X.; Xu, S.; Das, R.; Cha, S.; Kong, I.D.; Shong, M.; Wollheim, C.B.; Park, K. Intracellular alkalinization by phosphate uptake via type III sodium–phosphate cotransporter participates in high-phosphate-induced mitochondrial oxidative stress and defective insulin secretion. FASEB J. 2016, 30, 3979–3988. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, T.T.; Quan, X.; Hwang, K.-H.; Xu, S.; Das, R.; Choi, S.-K.; Wiederkehr, A.; Wollheim, C.B.; Cha, S.-K.; Park, K.-S. Mitochondrial oxidative stress mediates high-phosphate-induced secretory defects and apoptosis in insulin-secreting cells. Am. J. Physiol. Metab. 2015, 308, E933–E941. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, M.M.; Xu, M.J.; Cai, Y.; Zhao, G.; Guan, Y.; Kong, W.; Tang, C.; Wanget, X. Mitochondrial reactive oxygen species promote p65 nuclear translocation mediating high-phosphate-induced vascular calcification in vitro and in vivo. Kidney Int. 2011, 79, 1071–1079. [Google Scholar] [CrossRef] [PubMed]

	



Forster, I.C.; Hernando, N.; Biber, J.; Murer, H. Phosphate transporters of the SLC20 and SLC34 families. Mol. Asp. Med. 2013, 34, 386–395. [Google Scholar] [CrossRef] [PubMed]

	



Aprille, J.R. Mechanism and regulation of the mitochondrial ATP-Mg/P(i) carrier. J. Bioenerg. Biomembr. 1993, 25, 473–481. [Google Scholar] [CrossRef] [PubMed]

	



Olmos, G.; Martínez-Miguel, P.; Alcalde-Estevez, E.; Medrano, D.; Sosa, P.; Rodríguez-Mañas, L.; Naves-Diaz, M.; Rodríguez-Puyol, D.; Ruiz-Torres, M.P.; López-Ongil, S. Hyperphosphatemia induces senescence in human endothelial cells by increasing endothelin-1 production. Aging Cell 2017, 16, 1300–1312. [Google Scholar] [CrossRef]

	



Sutra, T.; Morena, M.; Bargnoux, A.S.; Caporiccio, B.; Canaud, B.; Cristol, J.P. Superoxide produc-tion: A procalcifying cell signalling event in osteoblastic differentiation of vascular smooth muscle cells exposed to calcification media. Free Radic. Res. 2008, 42, 789–797. [Google Scholar] [CrossRef]

	



Hori, M.; Kinoshita, Y.; Taguchi, M.; Fukumoto, S. Phosphate enhances Fgf23 expression through reactive oxygen species in UMR-106 cells. J. Bone Miner. Metab. 2016, 34, 132–139. [Google Scholar] [CrossRef]

	



Lin, M.E.; Chen, T.; Leaf, E.M.; Speer, M.Y.; Giachelli, C.M. Runx2 Expression in Smooth Muscle Cells Is Required for Arterial Medial Calcification in Mice. Am. J. Pathol. 2015, 185, 1958–1969. [Google Scholar] [CrossRef]

	



Yamada, S.; Taniguchi, M.; Tokumoto, M.; Toyonaga, J.; Fujisaki, K.; Suehiro, T.; Noguchi, H.; Iida, M.; Tsuruya, K.; Kitazono, T. The antioxidant tempol ameliorates arterial medial calcification in uremic rats: Important role of oxidative stress in the pathogenesis of vascular calcification in chronic kidney disease. J. Bone Miner. Res. 2012, 27, 474–485. [Google Scholar] [CrossRef]

	



Abedi, H.; Rozengurt, E.; Zachary, I. Rapid activation of the novel serine/threonine protein kinase, protein kinase D by phorbol esters, angiotensin II and PDGF-BB in vascular smooth muscle cells. FEBS Lett. 1998, 427, 209–212. [Google Scholar] [CrossRef]

	



Tan, M.; Xu, X.; Ohba, M.; Cui, M.Z. Angiotensin II-induced protein kinase D activation is regulated by protein kinase Cdelta and mediated via the angiotensin II type 1 receptor in vascular smooth muscle cells. Arterioscler. Thromb. Vasc. Biol. 2004, 24, 2271–2276. [Google Scholar] [CrossRef] [PubMed]

	



Storz, P.; Toker, A. Protein kinase D mediates a stress-induced NF-kappaB activation and survival pathway. EMBO J. 2003, 22, 109–120. [Google Scholar] [CrossRef]

	



Storz, P.; Doppler, H.; Toker, A. Protein kinase Cdelta selectively regulates protein kinase D-dependent activation of NF-kappaB in oxidative stress signaling. Mol. Cell. Biol. 2004, 24, 2614–2626. [Google Scholar] [CrossRef] [PubMed]

	



Storz, P.; Doppler, H.; Toker, A. Protein kinase D mediates mitochondrion-to-nucleus signaling and detoxification from mitochondrial reactive oxygen species. Mol. Cell. Biol. 2005, 25, 8520–8530. [Google Scholar] [CrossRef] [PubMed]

	



Rozengurt, E.; Rey, O.; Waldron, R.T. Protein kinase D signaling. J. Biol. Chem. 2005, 280, 13205–13208. [Google Scholar] [CrossRef] [PubMed]

	



Sakaguchi, Y.; Fujii, N.; Shoji, T. Magnesium modifies the cardiovascular mortality risk associated with hyper-phosphatemia in patients undergoing hemodialysis: A cohort study. PLoS ONE 2014, 9, e116273. [Google Scholar] [CrossRef] [PubMed]

	



Sakaguchi, Y.; Iwatani, H.; Hamano, T.; Tomida, K.; Kawabata, H.; Kusunoki, Y.; Shimomura, A.; Matsui, I.; Hayashi, T.; Tsubakihara, Y.; et al. Magnesium modifies the association between serum phosphate and the risk of progression to end-stage kidney disease in patients with non-diabetic chronic kidney disease. Kidney Int. 2015, 88, 833–842. [Google Scholar] [CrossRef]

	



Sakaguchi, Y.; Hamano, T.; Isaka, Y. Effects of Magnesium on the Phosphate Toxicity in Chronic Kidney Disease: Time for Intervention Studies. Nutrients 2017, 9, 112. [Google Scholar] [CrossRef] [PubMed]

	



Bai, Y.; Zhang, J.; Xu, J. Magnesium prevents beta-glycerophosphate-induced calcification in rat aortic vascular smooth muscle cells. Biomed. Rep. 2015, 3, 593–597. [Google Scholar] [CrossRef] [PubMed]

	



Montezano, A.C.; Zimmerman, D.; Yusuf, H. Vascular smooth muscle cell differentiation to an osteogenic phenotype involves TRPM7 modulation by magnesium. Hypertension 2010, 56, 453–462. [Google Scholar] [CrossRef]

	



Kircelli, F.; Peter, M.E.; Ok, E.S.; Celenk, F.G.; Yilmaz, M.; Steppan, S.; Asci, G.; Passlick-Deetjen, J. Magnesium reduces calcification in bovine vascular smooth muscle cells in a dose-dependent manner. Nephrol. Dial. Transplant. 2011, 27, 514–521. [Google Scholar] [CrossRef] [PubMed]

	



Louvet, L.; Buchel, J.; Steppan, S.; Passlick-Deetjen, J.; Massy, Z.A. Magnesium prevents phos-phate-induced calcification in human aortic vascular smooth muscle cells. Nephrol. Dial. Transplant. 2013, 28, 869–878. [Google Scholar] [CrossRef] [PubMed]

	



Louvet, L.; Metzinger, L.; Buchel, J.; Steppan, S.; Massy, Z.A. Magnesium Attenuates Phos-phate-Induced Deregulation of a MicroRNA Signature and Prevents Modulation of Smad1 and Os-terix during the Course of Vascular Calcification. Biomed. Res. Int. 2016, 2016, 7419524. [Google Scholar] [CrossRef]

	



De Montes, O.A.; Guerrero, F.; Martinez-Moreno, J.M. Magnesium inhibits Wnt/beta-catenin activity and reverses the osteogenic transformation of vascular smooth muscle cells. PLoS ONE 2014, 9, e89525. [Google Scholar]

	



Ter Braake, A.D.; Shanahan, C.M.; de Baaij, J.H.F. Magnesium Counteracts Vascular Calcification: Passive Interference or Active Modulation? Arterioscler. Thromb. Vasc. Biol. 2017, 37, 1431–1445. [Google Scholar] [CrossRef] [PubMed]

	



Diaz-Tocados, J.M.; Peralta-Ramirez, A.; Rodríguez-Ortiz, M.E.; Raya, A.I.; Lopez, I.; Pineda, C.; Herencia, C.; de Oca, A.M.; Vergara, N.; Steppan, S.; et al. Dietary magnesium supplementation prevents and reverses vascular and soft tissue calcifications in uremic rats. Kidney Int. 2017, 92, 1084–1099. [Google Scholar] [CrossRef]

	



Matias, P.J.; Azevedo, A.; Laranjinha, I.; Navarro, D.; Mendes, M.; Ferreira, C.; Amaral, T.; Jorge, C.; Aires, I.; Gil, C.; et al. Lower Serum Magnesium Is Associated with Cardiovascular Risk Factors and Mortality in Haemodialysis Patients. Blood Purif. 2014, 38, 244–252. [Google Scholar] [CrossRef]

	



Massy, Z.A.; Drueke, T.B. Magnesium and outcomes in patients with chronic kidney disease: Focus on vascular calcification, atherosclerosis and survival. Clin. Kidney J. 2012, 5 (Suppl. 1), i52–i61. [Google Scholar] [CrossRef]

	



Lee, S.Y.; Hyun, Y.Y.; Lee, K.B.; Kim, H. Low serum magnesium is associated with coronary artery calcification in a Korean population at low risk for cardiovascular disease. Nutr. Metab. Cardiovasc. Dis. 2015, 25, 1056–1061. [Google Scholar] [CrossRef]

	



Bressendorff, I.; Hansen, D.; Schou, M.; Kragelund, C.; Brandi, L. The effect of magnesium sup-plementation on vascular calcification in chronic kidney disease-a randomised clinical trial (MAGi-CAL-CKD): Essential study design and rationale. BMJ Open 2017, 7, e016795. [Google Scholar] [CrossRef]

	



Barbagallo, M.; Dominguez, L.J. Magnesium and aging. Curr. Pharm. Des. 2010, 16, 832–839. [Google Scholar] [CrossRef] [PubMed]

	



Zheltova, A.A.; Kharitonova, M.V.; Iezhitsa, I.N.; Spasov, A.A. Magnesium deficiency and oxidative stress: An update. Biomedicine (Taipei) 2016, 6, 20. [Google Scholar] [CrossRef] [PubMed]

	



Hagen, T.; Lagace, C.J.; Modica-Napolitano, J.S.; Aprille, J.R. Permeability transition in rat liver mi-tochondria is modulated by the ATP-Mg/Pi carrier. Am. J. Physiol. Gastrointest. Liver Physiol. 2003, 285, G274–G281. [Google Scholar] [CrossRef] [PubMed]












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











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






nav.xhtml


  cells-10-01744


  
    		
      cells-10-01744
    


  




  





media/file0.png





