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Abstract: Chronic kidney disease—mineral and bone disorder (CKD-MBD) is a systemic disorder
that increases the risk of morbidity and mortality in dialysis patients. CKD-MBD is highly prevalent
in dialysis patients, and appropriate treatment is important for improving their outcomes. Inorganic
phosphate, fibroblast growth factor 23, parathyroid hormone, and calciprotein particles are markers
for critical components and effectors of CKD-MBD, and higher circulating levels of these markers are
linked to cardiovascular diseases. In this short review, we focus on the pathogenesis and management
of CKD-MBD in CKD patients, especially those on dialysis therapy, and discuss the prospects for
improving the management in CKD patients, including those on dialysis.
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1. Introduction

Abnormalities of bone and mineral metabolism in patients with chronic kidney disease
(CKD) were previously regarded as a disorder of the bones and parathyroid glands [1].
However, these abnormalities are now recognized as a systemic disorder that affects a wide
variety of systems, including cardiovascular (CV) organs, and is referred to as CKD—min-
eral and bone disorder (MBD) [2,3]. Abnormal serum levels of phosphate (P), calcium
(Ca), and parathyroid hormone (PTH) are associated with increased risk of morbidity
and mortality in hemodialysis (HD) patients [4], and various evidence has confirmed that
hyperphosphatemia is closely related to higher risk of CV events and death [5]. A growing
body of evidence has recently shown that increased serum fibroblast growth factor (FGF)-23
levels are associated with left ventricular hypertrophy, vascular calcification (VC), infection,
anemia, and inflammation in HD patients [6]. Because serum levels of PTH and FGF-23 are
increased in response to phosphate loading, lowering serum P and reducing P loading is
crucial in the management of CKD-MBD in HD patients [7].

CKD-MBD involves biochemical abnormalities, bone disorders, and VC, all of which
can cause CV events, bone fractures, and other serious complications, ultimately leading to
death in CKD patients, including those on dialysis [2,3]. Notably, the concept of CKD-MBD
continues to develop and the scope of this disorder is expanding to encompass a wide
range of diseases, due to advances in our understanding of the pathogenesis of CKD-MBD.

2. P Imbalance and CKD-MBD

The control of serum P is recognized to be important in the treatment of CKD-MBD
because of both the role of P overload in the development of the disorder and the in-
dependent association between hyperphosphatemia and CV disease (CVD) [8]. Good
management of P metabolism likely reduces the risk of VC [9], secondary hyperparathy-
roidism (SHPT) [10], and decreased FGF-23 production [11], thus slowing the progression
of CKD-MBD and reducing CV mortality risk. However, an obstacle to effective P control
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for the treatment of CKD-MBD is the lack of P management strategies that can be used to
maintain P concentrations within the normal range of <5.5 mg/dL, in dialysis patients [3].

Phosphate binders (PBs) have recently been used as a pharmacological treatment for
hyperphosphatemia. However, PBs bind only a portion of dietary phosphate and require
patients to take many pills with meals [12,13]. In addition, proper adherence to PBs is
challenging [14]. The effectiveness of PBs and dietary P restriction are further limited by
maladaptive upregulation of P absorption [15,16].

New strategies for P management should take into account the latest understanding
of P adsorption, namely, that the paracellular P absorption pathway is the dominant route
of intestinal P absorption [17]. A novel P absorption inhibitor, tenapanor, has recently been
developed. It directly targets the intestinal sodium/hydrogen exchanger isoform 3 (NHE3),
leading to reduced sodium absorption [18]. In clinical trials, tenapanor has also been shown
to reduce serum P concentrations and to be generally well tolerated [19,20]. It may offer
a novel treatment approach for CKD-MBD.

3. CKD-MBD: As a Risk Factor for CV Mortality

CKD-MBD is a common comorbidity and a main cause of CV mortality in patients on
dialysis [2]. Along with declines in kidney function, progressive disruption in Ca and P
metabolism is associated with abnormalities in circulating hormone concentrations such as
PTH and FGF-23 and decreases in calcitriol (Figure 1) [21].
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Figure 1. Changes in biochemical markers of MBD during the progression of CKD. Reproduced with
permission from John, GB et al., Am J Kidney Dis, published by Elsevier, 2011.

Various components of CKD-MBD such as hyperphosphatemia, VC, and elevated FGF-
23 concentrations are known to be significantly associated with increased CV morbidity
and mortality [3]. CVD accounted for 45% of deaths among Japanese dialysis patients in
2021 [22]. Traditional risk factors for CV mortality, such as hypertension and diabetes, do
not explain the higher CV morbidity and mortality in dialysis patients [23], and established
treatment strategies for these risk factors have not seen significant advancements. Better
control of P may be necessary to improve clinical outcomes and quality of life in dialysis
patients and reduce mortality risk [24].

Therapeutic approaches for CKD-MBD that may decrease CV mortality include im-
proving dialysis modalities [25], decreasing inflammation [26], and better managing serum
P concentrations [27]. In particular, hyperphosphatemia is a major modifiable target [28].
An abnormal P concentration has been identified as an independent risk factor for CV
morbidity and mortality in dialysis patients [29]. A linear correlation has been found
between progression of coronary calcification and increasing serum P concentrations [30].

4. The Pathogenesis and Associations of VC with CKD-MBD

Among the three components of CKD-MBD, VC has recently been in the spotlight,
with various research seeking to clarify its pathogenesis in CKD patients [31]. VC is
a common complication in CKD patients and is associated with increased CV morbidity
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and mortality [32,33]. VC was previously regarded as a passive and degenerative process
of Ca deposition in the vessel wall, but it is now recognized as an actively regulated cellular
process [34]. Table 1 shows the risk factors for VC in dialysis patients. Over the past
decade, basic research has revealed that VC is mediated by complex cellular mechanisms
including transdifferentiation of vascular smooth muscle cells (VSMCs) into osteoblast-
like cells, apoptosis of VSMCs, degradation of the extracellular matrix, formation and
release of calcifying matrix vesicles, and formation and maturation of calciprotein particles
(CPPs) [35]. Among these factors, CPPs have attracted research interest in the fields of
nephrology and CKD-MBD and are now suggested to be a critical mediator of VC [36,37].
CPPs contain Ca, inorganic P, fetuin-A, and other proteins and increase in response to an
increasing P and Ca burden, inducing inflammatory responses in leukocytes, monocytes,
renal tubular cells, and VSMCs (Figure 2) [37,38]. When VSMCs are exposed to high CPP
conditions, CPPs enter the intracellular space through scavenger receptor A or act on the
cells through certain Toll-like receptors and induce intracellular Ca overload, resulting in
apoptosis, altered autophagy, and calcification of the extracellular matrix [39,40]. CPPs are
now considered one of the strong drivers for uremic VC.

Table 1. Risk factors for vascular calcification.

Clinical • Age
• Duration of Dialysis
• Kidney Function/Uremia
• Diabetes
• Known Coronary Artery Disease
• Abnormal Bone

Biochemical • Hyperphosphatemia
• Hypercalcemia
• High Parathyroid Hormone
• Low Fetuin-A
• Increased Aldosterone
• Oxidative Stress
• Low Pyrophosphate
• Decreased MGP
• Decreased BMP-7

Medications • Calcium-Containing Phosphate Binders
• High-Dose Vitamin D
• Coumadin (Decreases Active MGP)

MGP, matrix GIa protein; BMP, bone morphogenic protein.

For VC, another important consideration is imbalance between inducers and inhibitors
of calcification. In CKD, inducers of calcification such as P and Ca loading are accumulated,
while calcification inhibitors such as fetuin-A, pyrophosphate, and magnesium (Mg) are
decreased in the circulation, thereby accelerating the VC process [41].

Unfortunately, treatment of VC remains challenging in the clinical settings. However,
basic studies have provided some ideas for preventing progression of VC in CKD patients.
In an experimental study, dietary P restriction or treatment with PBs prevented or halted the
progression of uremic VC [42]. Oxidative stress, which is high in CKD patients, including
the dialysis population, plays an important role in the pathogenesis of VC, and treatment
with antioxidants slows the progression of VC in uremic rodents [43]. Mg ions, which
were recently reassessed as a potentially attractive therapeutic option in CKD, inhibited the
formation and maturation of CPPs and prevented inflammation and VC in CKD [44]. VC is
considered a largely irreversible biochemical phenomenon, so it is very difficult to achieve
regression of VC once it has formed in the blood vessel wall, although some therapeutic
interventions have been reported to reverse VC [45]. Therefore, at present, prevention of
VC is a reasonable and feasible strategy in CKD patients, including dialysis population.
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Figure 2. Role of CPP in CKD-MBD.

5. Biomarkers of CKD-MBD Assessment

With progression of CKD, the glomerular filtration rate is reduced, leading to P
retention [46]. In earlier CKD stages, PTH and FGF-23 concentrations steadily increase,
while P concentrations are stable [22]. Abnormalities in mineral metabolism (e.g., SHPT,
decreased vitamin D) are seen in CKD patients before hyperphosphatemia develops [47].
Increased PTH [48,49], increased FGF-23 [50], hypocalcemia [51], and low vitamin D
concentrations [52] have all been found to be associated with increased risk of CVD.
Inhibition of calcitriol production due to increased FGF-23 [53] has been associated with
coronary artery calcification [54] and myocardial fibrosis [55].

In CKD stages 4 and 5, P concentrations begin to increase despite the elevations in
FGF-23 and PTH levels, indicating that compensatory mechanisms are no longer sufficient
to maintain P balance and prevent hyperphosphatemia [22]. CKD patients with poorly
managed P metabolism have almost 30% greater mortality risk than those who achieve
and continuously maintain normal P concentration [5]. In addition, hyperphosphatemia
is directly linked to hypertension, a major CVD risk factor present in up to 90% of CKD
patients [56]. Therefore, P control has the potential to be a major therapeutic target for
reducing mortality in CKD patients.

FGF-23 and PTH concentrations are key regulators of P metabolism and their concen-
trations increase in response to P retention [57,58]. Elevated FGF-23 concentrations are
the earliest mineral metabolism abnormality observed in CKD patients [22]. P retention
stimulates progressive increases in FGF-23 concentrations [53]., which directly target the
heart to promote left ventricular hypertrophy and congestive heart failure [59]. Higher
FGF-23 concentrations are independently associated with a greater risk of CV events, par-
ticularly congestive heart failure [50]. Elevated PTH concentrations are associated with
various negative effects including increased bone resorption [60], decreased cardiac index
and mean arterial pressure via impaired myocardial energy production [61], and genesis of
cardiac fibrosis [62].

6. Management of CKD-MBD

CKD-MBD is a multifactorial disease. Despite of the great efforts to improve the
management of patients with CKD-MBD, several unmet needs still remain. The manage-
ment of CKD-MBD is based on several strategies to prevent the adverse complications
associated with SHPT. The current KDIGO guideline recommends treatment of SHPT based
on repeated measures of the biochemical markers including serum P, Ca and PTH [63].
Abnormal P/Ca metabolism is a major characteristic of CKD-MBD, which is associated
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with clinically significant VC and increased mortality risk [3]. In Japan, the target range of
serum Ca concentrations was decided according to the results of an analysis of data from
the Japanese Society for Dialysis Therapy (JSDT) patient registry, which collected data on
patients treated in accordance with the 2008 JSDT guideline [64].

After the 2008 JSDT guideline was issued [64], awareness of CKD-MBD increased
in Japan, and new drugs have been considered for the treatment of CKD-MBD, such as
cinacalcet hydrochloride, lanthanum carbonate and iron-containing PBs.

Based on the analysis of data from 128,125 dialysis patients who could be monitored
from the end of 2006 to the end of 2009 [4], the target range for serum P range was set at
3.5–6.0 mg/dL. The dialysis serum P range was set at 3.5–5.5 mg/dL in the KDOQI clinical
practice guideline, while the 2009 CKD-MBD KDIGO guidelines [3] recommended that the
serum P concentration be lowered if higher than the reference level.

The target range for serum Ca concentration is 8.4–10.0 mg/dL in the JSDT guide-
line [64]. The KDOQI guideline states that serum Ca levels should be 8.4–9.5 mg/dL, while
KDIGO guidelines states that the target should be within the normal range [3].

The JSDT guideline clearly recommends that control of serum P should be given the
highest priority, followed by control of serum Ca, and then PTH. Previous studies have
shown that prognosis is improved more by appropriate control of serum P and Ca levels
compared with control of PTH alone [65–67]. In Japan, the serum levels of P and corrected
Ca should be controlled first, and then the dose of vitamin D receptor activators (VDRAs)
or cinacalcet hydrochloride should be adjusted to maintain serum PTH levels within the
target range (60–240 pm/mL).

Various PBs are available and can be used when tailored to individual patients (Table 2).
When PBs are prescribed, patient adherence must be confirmed. Moreover, it is important
to bear in mind that certain drugs are more effective when taken at specific times. For
instance, sevelamer hydrochloride, bixalomer and sucroferric oxyhydrate (SFOH) should
be taken before a meal, and CaCO3, lanthanum carbonate and ferric citrate hydrate (FCH)
should be taken immediately after a meal.

Drugs for CKD-MBD-related drugs should be considered from perspective of not
only serum P/Ca control but also prognosis. A number of observational cohort studies of
dialysis patients indicate that administration of VDRA is associated with lower all-cause
and CV mortality risk, independent of control of serum P, Ca, or PTH levels [68–72]. One the
options for SHPT treatment is to combine low-dose VDRAs with calcimimetics [73].

Cinacalcet hydrochloride is expected to prevent progression of VC and improve prog-
nosis because it can simultaneously lower serum P/Ca/PTH levels. Analysis of the com-
bined results of four safety survey studies showed that the risk for vascular disease-related
hospitalization was reduced in patients taking cinacalcet hydrochloride [74]. Moreover,
a large-scale observational study revealed that cinacalcet hydrochloride was associated
with reduced risk all-cause and cardiovascular mortality [75]. Recently, the Evaluation of
Cinacalcet HCl Therapy to Lower cardioVascular Events (EVOLVE) study, a double-blind
randomized controlled study, showed that cinacalcet hydrochloride did not significantly
reduce the risk of death or major CV events in dialysis patients with moderate-to-severe
SHPT [76].

Isakova et al. reported that the risk of mortality was lower in patients treated with
PBs than in those not treated with PBs [77]. An appropriate upper limit for CaCO3 admin-
istration is around 3 g/day, considering the importance of avoiding excessive Ca load [78].
Reduction of CaCO3 should be considered when hypercalcemia is likely to occur, there
is marked VC, adynamic bone disease is suspected, or the blood PTH level is constantly
low [78]. In addition, switching to Ca-free PBs is reasonable.
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Table 2. Comparison of phosphate binders in chronic kidney disease.

Phosphate Binder Pros Cons

Calcium-based: calcium • Increases calcium and can • Hypercalcemia and/or
acetate calcium correct hypocalcemia positive calcium balance
carbonate calcium citrate • Low cost • Cardiovascular calcification

• Moderate pill burden
Sevelamer-based: • No systemic absorption • Adverse GI effects

sevelamer • Potentially less vascular • High pill burden
carbonate sevelamer calcification (calcium-free) • High cost
hydrochloride • Lowers LDL cholesterol • Binds fat-soluble vitamins

• Improvement in metabolic • Metabolic acidosis with the
acidosis with hydrochloride variant
carbonate variant

Iron-based: sucroferric • Lower pill burden • High cost
oxyhydroxide • Minimal systemic absorption,

no iron overload
• Greater efficacy
• Increased GI motility which

might be beneficial in
constipated and PD patients

Iron-based: ferric citrate • Noninferior to sevelamer, • Systemic absorption with
well tolerated, beneficial potential for iron overload
effect on renal anemia

Lanthanum carbonate • Twice as potent as calcium • High cost
and sevelamer • Systemic absorption and

potential tissue deposition/toxicity
• GI intolerance, nausea
• Difficult to chew

GI, gastrointestinal; LDL, low-density lipoprotein; PD, peritoneal dialysis. Reproduced with permission from
Rastogi, A. et al., J Ren Nutr, published by Elsevier, 2021.

The tight links among iron deficiency, renal anemia, and CKD-MBD has opened the
door to the use of iron-containing PBs with the aim of iron supplementation and subsequent
improvement in blood hemoglobin levels, CVD, and survival [79]. Although the efficacy
and safety of ferric citrate hydrate (FCH) and sucroferric oxyhydroxide (SFOH) were found
to be similar to those of sevelamer, there have been no head-to-head studies with lanthanum
carbonate [80,81]. Clinical data for 1 year in a small patient cohort suggested improved
adherence with SFOH, and a large randomized controlled trial is now needed to confirm
these possible advantages. Cost-effectiveness in comparison with other PBs and the safety
of long-term treatment will determine the future use of both FCH and SFOH.

7. Conclusions

CKD-MBD is highly prevalent complication in CKD patients, including those on
dialysis, and contribute to increased risk of CV mortality. It is important to understand
that P retention triggers increases in CPPs and serum FGF-23 and PTH, but these increases
may be associated with CVD. Dietary restriction of P is complicated by inorganic P in food
additives, and the use of many medications makes control of P difficult for dialysis patients
with CKD-MBD. Dialysis can only remove ~900 to 1200 mg of P per day. PBs, including iron-
containing ones, constitute the major pharmacological treatment for hyperphosphatemia
and VC. When PBs are insufficient to maintain a normal P concentration, combination of
low-dose VDRAs with cinacalcet hydrochloride is useful for treating CKD-MBD in dialysis
patients with SHPT. Tenapanor is a novel P absorption inhibitor that acts on the primary
absorption pathway, providing a new approach to treating hyperphosphatemia. Further
research is necessary to determine whether tenapanor is effective in reducing the CVD risk
in dialysis patients.



Kidney Dial. 2023, 3 52

Author Contributions: K.N. wrote the draft of the manuscript and N.H., Y.K., K.A. and K.T. revised
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to express our sincere thanks to all the doctors and medical staff
to collect data in Departments of Nephrology and Blood Purification.

Conflicts of Interest: The authors have no conflict of interest to declare.

References
1. Llach, F.; Fernandez, E. Overview of renal bone disease: Causes of treatment failure, clinical observations, the changing pattern of

bone lesions, and future therapeutic approach. Kidney Int. Suppl. 2003, 87, S113–S119. [CrossRef] [PubMed]
2. Moe, S.; Drueke, T.; Cunningham, J.; Goodman, W.; Martin, K.; Olgaard, K.; Ott, S.; Sprague, S.; Lameire, N.; Eknoyan, G.; et al.

Definition, evaluation, and classification of renal osteodystrophy: A position statement from Kidney Disease: Improving Global
Outcomes (KDIGO). Kidney Int. 2006, 69, 1945–1953. [CrossRef] [PubMed]

3. Kidney Disease: Improving Global Outcomes (KDIGO) CKDMBD Work Group. KDIGO clinical practice guideline for the diagno-
sis, evaluation, prevention, and treatment of Chronic Kidney Disease-Mineral and Bone Disorder (CKD-MBD). Kidney Int. Suppl.
2009, 113, S1–S130.

4. Taniguchi, M.; Fukagawa, M.; Fujii, N.; Hamano, T.; Shoji, T.; Yokoyama, K.; Nakai, S.; Shigematsu, T.; Iseki, K.; Tsubaki-
hara, Y. Serum phosphate and calcium should be primarily and consistently controlled in prevalent hemodialysis patients.
Ther. Apher. Dial. 2013, 17, 221–228. [CrossRef] [PubMed]

5. Block, G.A.; Hulbert-Shearon, T.E.; Levin, N.W.; Port, F.K. Association of serum phosphorus and calcium × phosphate product
with mortality risk in chronic hemodialysis patients: A national study. Am. J. Kidney. Dis. 1998, 31, 607–617. [CrossRef]

6. Richter, B.; Faul, C. FGF23 actions on target tissues-with and without Klotho. Front. Endocrinol. 2018, 2, 189. [CrossRef]
7. Komaba, H.; Fukagawa, M. Phosphate-a poison for humans? Kidney Int. 2016, 90, 753–763. [CrossRef]
8. Block, G.A.; Klassen, P.S.; Lazaraus, J.M.; Ofsthun, N.; Lowrie, E.G.; Chertow, G.M. Mineral metabolism, mortality, and morbidity

in maintenance hemodialysis. J. Am. Soc. Nephrol. 2004, 15, 2208–2218. [CrossRef]
9. Raggi, P.; Boulay, A.; Chasan-Taber, S.; Amin, N.; Dillon, M.; Burke, S.K.; Chertow, G.M. Cardiac calcification in adult hemodialysis

patients. A link between end-stage renal disease and cardiovascular disease? J. Am. Coll. Cardiol. 2002, 39, 695–701. [CrossRef]
10. De Francisco, A.L.; Cobo, M.A.; Setien, M.A.; Rodrigo, E.; Fresnedo, G.F.; Unzueta, M.T.; Amado, J.A.; Ruiz, J.C.; Arias, M.;

Rodriguez, M. Effect of serum phosphate on parathyroid hormone secretion during hemodialysis. Kidney Int. 1998, 54, 2140–2145.
[CrossRef]

11. Rodelo-Haad, C.; Rodriguez, M.E.; Martin-Malo, A.; VictoriaPendon-Ruiz de Mier, M.; Aguera, M.L.; Munoz-Castaneda, J.R.;
Soriano, S.; Caravaca, F.; Alvarez-Lara, M.A.; Felsenfeld, A.; et al. Phosphate control in reducing FGF23 levels in hemodialysis
patients. PLoS ONE 2018, 13, e0201537. [CrossRef]

12. Daugirdas, J.T.; Finn, W.F.; Emmett, M.; Chertow, G.M.; Frequent Hemodialysis Network Trial Group. The phosphate binder
equivalent dose. Semin. Dial. 2011, 24, 41–49. [CrossRef]

13. Martin, P.; Wang, P.; Robinson, A.; Poole, L.; Dragone, J.; Smyth, M.; Pratt, R. Comparison of dietary phosphate absorption after
single doses of lanthanum carbonate and sevelamer carbonate in healthy volunteers: A balance study. Am. J. Kidney Dis. 2011,
57, 700–706. [CrossRef]

14. Chiu, Y.-W.; Teitelbaum, I.; Misra, M.; de Leon, E.M.; Adzize, T.; Mehrotra, R. Pill burden, adherence, hyperphosphatemia, and
quality of life in maintenance dialysis patients. Clin. J. Am. Soc. Nephrol. 2009, 4, 1089–1096. [CrossRef]

15. Giral, H.; Caldas, Y.; Sutherland, E.; Wilson, P.; Breusegem, S.; Barry, N.; Blaine, J.; Jiang, T.; Wang, X.X.; Levi, M. Regulation of
rat intestinal Na-dependent phosphate transporters by dietary phosphate. Am. J. Physiol. Ren. Physiol. 2009, 297, F1466–F1475.
[CrossRef]

16. Schiavi, S.C.; Tang, W.; Bracken, C.; O’Brien, S.P.; Song, W.; Boulanger, J.; Ryan, S.; Phillips, L.; Liu, S.; Arbeeny, C.; et al. Npt2b
deletion attenuates hyperphosphatemia associated with CKD. J. Am. Soc. Nephrol. 2012, 23, 1691–1700. [CrossRef]

17. Davis, G.R.; Zerwekh, J.E.; Parker, T.F.; Krejs, G.J.; Pak, C.Y.; Fordtran, J.S. Absorption of phosphate in the jejunum of patients
with chronic renal failure before and after correction of vitamin D deficiency. Gastroenterology 1983, 85, 908–916. [CrossRef]

18. King, A.L.; Siegel, M.; He, Y.; Nie, B.; Wang, J.; Koo-McCoy, S.; Minassian, N.A.; Jafri, Q.; Pan, D.; Kohler, J.; et al. Inhition
of sodium/hydrogen exchanger 3 in the gastrointestinal tract by tenapanor reduces paracellular phosphate permeability.
Sci. Transl. Med. 2018, 10, eaam6474.

19. Block, G.A.; Rosenbaum, D.P.; Yan, A.; Chertow, G.M. Efficacy and safety of Tenapanor in patients with hyperphosphatemia
receiving maintenance hemodialysis. A randomized phase 3 trial. J. Am. Soc. Nephrol. 2019, 30, 641–652. [CrossRef]

http://doi.org/10.1046/j.1523-1755.64.s87.17.x
http://www.ncbi.nlm.nih.gov/pubmed/14531783
http://doi.org/10.1038/sj.ki.5000414
http://www.ncbi.nlm.nih.gov/pubmed/16641930
http://doi.org/10.1111/1744-9987.12030
http://www.ncbi.nlm.nih.gov/pubmed/23551679
http://doi.org/10.1053/ajkd.1998.v31.pm9531176
http://doi.org/10.3389/fendo.2018.00189
http://doi.org/10.1016/j.kint.2016.03.039
http://doi.org/10.1097/01.ASN.0000133041.27682.A2
http://doi.org/10.1016/S0735-1097(01)01781-8
http://doi.org/10.1046/j.1523-1755.1998.00221.x
http://doi.org/10.1371/journal.pone.0201537
http://doi.org/10.1111/j.1525-139X.2011.00849.x
http://doi.org/10.1053/j.ajkd.2010.11.028
http://doi.org/10.2215/CJN.00290109
http://doi.org/10.1152/ajprenal.00279.2009
http://doi.org/10.1681/ASN.2011121213
http://doi.org/10.1016/0016-5085(83)90443-2
http://doi.org/10.1681/ASN.2018080832


Kidney Dial. 2023, 3 53

20. Pergola, P.E.; Rosenbaum, D.P.; Yang, Y.; Chertow, G.M. A randomized trial of Tenapanor and phosphate binders as a dual-
mechanism treatment for hyperphosphatemia in patients on maintenance dialysis (AMPLIFY). J. Am. Soc. Nephrol. 2012,
32, 1465–1473. [CrossRef]

21. Isakova, T.; Wahl, P.; Vargas, G.S.; Gutierrez, O.M.; Scialla, J.; Xie, H.; Appleby, D.; Nessel, L.; Bellovich, K.; Chen, J.; et al.
Fibroblast growth factor 23 is elevated before parathyroid hormone and phosphate in chronic kidney disease. Kidney Int. 2011,
79, 1370–1378. [CrossRef] [PubMed]

22. Nitta, K.; Nakai, S.; Masakane, I.; Hanafusa, N.; Goto, S.; Taniguchi, M.; Hasegawa, T.; Wada, A.; Hamano, T.; Hoshino, J.; et al.
Annual dialysis data report of the 2018 JSDT Renal Registry: Dementia, performance status, and exercise habits. Ren. Replace. Ther.
2021, 7, 41. [CrossRef]

23. Cheung, A.K.; Sarnak, M.J.; Yan, G.; Dwyer, J.T.; Heyka, R.J.; Rocco, M.V.; Teehan, B.P.; Levey, A.S. Atherosclerotic cardiovascular
disease risks in chronic hemodialysis patients. Kidney Int. 2000, 58, 353–362. [CrossRef]

24. Kestenbaum, B.; Sampson, J.N.; Rudser, K.D.; Patterson, D.J.; Seliger, S.L.; Young, B.; Sherrard, D.J.; Andress, D.L. Serum
phosphate levels and mortality risk among people with chronic kidney disease. J. Am. Soc. Nephrol. 2005, 16, 520–528. [CrossRef]
[PubMed]

25. Maduell, F.; Moreso, F.; Pons, M.; Ramos, R.; Mora-Macia, J.; Carreras, J.; Soler, J.; Torres, F.; Campistol, J.M.; Matinez-Castelao, A.; et al.
High- efficacy postdilution online hemodiafiltration reduces all-cause mortality in hemodialysis patients. J. Am. Soc. Nephrol.
2013, 24, 487–497. [CrossRef]

26. Panichi, V.; Rizza, G.M.; Paoletti, S.; Bigazzi, R.; Aloisi, M.; Barsotti, G.; Rindi, P.; Donati, G.; Antonelli, A.; Panicucci, E.; et al.
Chronic inflammation and mortality in haemodialysis: Effect of different renal replacement therapies. Results from the RISCAVID
study. Nephrol. Dial. Transplant. 2008, 23, 2337–2343. [CrossRef]

27. Lopes, M.B.; Karaboyas, A.; Bieber, B.; Pisoni, R.L.; Walpen, S.; Fukagawa, M.; Christensson, A.; Evenepoel, P.; Pegoraro, M.;
Robinson, B.M.; et al. Impact of longer term phosphorus control on cardiovascular mortality in hemodialysis patients using an
area under the curve approach: Results from the DOPPS. Nephrol. Dial. Transplant. 2020, 35, 1794–1801. [CrossRef]

28. Major, R.W.; Cheng, M.R.I.; Grant, R.A.; Shantikumar, S.; Xu, G.; Oozeerally, I.; Brunskill, N.J.; Gray, L.J. Cardiovascular disease
risk factors in chronic kidney disease: A systematic review and meta-analysis. PLoS ONE 2018, 13, e0192895. [CrossRef]

29. McGovern, A.P.; de Lusignan, S.; van Vlymen, J.; Liyanage, H.; Tomson, C.R.; Gallagher, H.; Rafig, M.; Jones, S. Serum phosphate
as a risk factor for cardiovascular events in people with and without chronic kidney disease: A large community based cohort
study. PLoS ONE 2013, 8, e74996. [CrossRef]

30. Shang, D.; Xie, Q.; Ge, X.; Yan, H.; Tian, J.; Kuang, D.; Hao, C.-M.; Zhu, T. Hyperphosphatemia as an independent risk factor for
coronary artery calcification progression in peritoneal dialysis patients. BMC Nephrol. 2015, 16, 107. [CrossRef]

31. Edmonston, D.; Wolf, M. FGF23 at the crossroads of phosphate, iron economy and erythropoiesis. Nat. Rev. Nephrol. 2020,
16, 7–19. [CrossRef]

32. Yamada, S.; Giachelli, C.M. Vascular calcification in CKD-MBD: Roles for phosphate, FGF23, and Klotho. Bone 2017, 100, 87–93.
[CrossRef]

33. Blacher, J.; Guerin, A.P.; Pannier, B.; Marchais, S.J.; London, G.M. Arterial calcifications, arterial stiffness, and cardiovascular risk
in end-stage renal disease. Hypertension 2001, 38, 938–942. [CrossRef]

34. Raggi, P.; Bellasi, A.; Gamboa, C.; Ferramosca, E.; Ratti, C.; Block, G.A.; Muntner, P. All-cause mortality in hemodialysis patients
with heart valve calcification. Clin. J. Am. Soc. Nephrol. 2011, 6, 1990–1995. [CrossRef]

35. Voelkl, J.; Lang, F.; Eckardt, K.U.; Amann, K.; Kuro-O, M.; Pasch, A.; Pieske, B.; Alesutan, I. Signaling pathways involved
in vascular smooth muscle cell calcification during hyperphosphatemia. Cell. Mol. Life. Sci. 2019, 76, 2077–2091. [CrossRef]
[PubMed]

36. Durham, A.L.; Speer, M.Y.; Scatena, M.; Giachelli, C.M.; Shanahan, C.M. Role of smooth muscle cells in vascular calcification:
Implications in atherosclerosis and arterial stiffness. Cardiovasc. Res. 2018, 114, 590–600. [CrossRef] [PubMed]

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

38. Akiyama, K.; Kimura, T.; Shiizaki, K. Biological and Clinical Effects of Calciprotein Particles on Chronic Kidney Disease-Mineral
and Bone Disorder. Int. J. Endocrinol. 2018, 27, 5282389. [CrossRef] [PubMed]

39. Koppert, S.; Buscher, A.; Babler, A.; Ghallab, A.; Buhl, E.M.; Latz, E.; Hengstler, J.G.; Smith, E.R.; Jahnen-Dechent, W. Cellular
clearance and biological activity of calciprotein particles depend on their maturation state and crystallinity. Front. Immunol. 2018,
4, 1991. [CrossRef]

40. Viegas, C.S.B.; Santos, L.; Macedo, A.L.; Matos, A.A.; Silva, A.P.; Neves, P.L.; Staes, A.; Gevaert, K.; Morais, R.; Vermeer, C.; et al.
Chronic kidney disease circulating calciprotein particles and extracellular vesicles promote vascular calcification: A role for GRP
(Gla-Rich Protein). Arterioscler. Thromb. Vasc. Biol. 2018, 38, 575–587. [CrossRef]

41. Gungor, O.; Kocyigit, I.; Yilmaz, M.I.; Sezer, S. Role of vascular calcification inhibitors in preventing vascular dysfunction and
mortality in hemodialysis patients. Semin. Dial. 2018, 31, 72–81. [CrossRef]

42. Yamada, S.; Tatsumoto, N.; Tokumoto, M.; Noguchi, H.; Ooboshi, H.; Kitazono, T.; Tsuruya, K. Phosphate binders prevent
phosphate-induced cellular senescence of vascular smooth muscle cells and vascular calcification in a modified, adenine-based
uremic rat model. Calcif. Tissue Int. 2015, 96, 347–358. [CrossRef]

http://doi.org/10.1681/ASN.2020101398
http://doi.org/10.1038/ki.2011.47
http://www.ncbi.nlm.nih.gov/pubmed/21389978
http://doi.org/10.1186/s41100-021-00357-5
http://doi.org/10.1046/j.1523-1755.2000.00173.x
http://doi.org/10.1681/ASN.2004070602
http://www.ncbi.nlm.nih.gov/pubmed/15615819
http://doi.org/10.1681/ASN.2012080875
http://doi.org/10.1093/ndt/gfm951
http://doi.org/10.1093/ndt/gfaa054
http://doi.org/10.1371/journal.pone.0192895
http://doi.org/10.1371/journal.pone.0074996
http://doi.org/10.1186/s12882-015-0103-8
http://doi.org/10.1038/s41581-019-0189-5
http://doi.org/10.1016/j.bone.2016.11.012
http://doi.org/10.1161/hy1001.096358
http://doi.org/10.2215/CJN.01140211
http://doi.org/10.1007/s00018-019-03054-z
http://www.ncbi.nlm.nih.gov/pubmed/30887097
http://doi.org/10.1093/cvr/cvy010
http://www.ncbi.nlm.nih.gov/pubmed/29514202
http://doi.org/10.1161/ATVBAHA.120.315697
http://www.ncbi.nlm.nih.gov/pubmed/33691479
http://doi.org/10.1155/2018/5282389
http://www.ncbi.nlm.nih.gov/pubmed/29780418
http://doi.org/10.3389/fimmu.2018.01991
http://doi.org/10.1161/ATVBAHA.117.310578
http://doi.org/10.1111/sdi.12616
http://doi.org/10.1007/s00223-014-9929-5


Kidney Dial. 2023, 3 54

43. 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 pathogen-
esis of vascular calcification in chronic kidney disease. J. Bone Miner. Res. 2012, 27, 474–485. [CrossRef]

44. Ter Braake, A.D.; Smit, A.E.; Bos, C.; van Herwaarden, A.E.; Alkema, W.; van Essen, H.W.; Bravenboer, N.; Vervloet, M.G.;
Hoenderop, J.G.J.; de Baaij, J.H.F. Magnesium prevents vascular calcification in Klotho deficiency. Kidney Int. 2020, 97, 487–501.
[CrossRef]

45. Nitta, K.; Akiba, T.; Suzuki, K.; Uchida, K.; Watanabe, R.; Majima, K.; Aoki, T.; Nihei, H. Effects of cyclic intermittent etidronate
therapy on coronary artery calcification in patients receiving long-term hemodialysis. Am. J. Kidney Dis. 2004, 44, 680–688.
[CrossRef]

46. Slatopolsky, E.; Robson, A.M.; Elkan, I.; Bricker, N.S. Control of phosphate excretion in uremic man. J. Clin. Investig. 1968,
47, 1865–1874. [CrossRef]

47. Levin, A.; Bakris, G.L.; Molitch, M.; Smulders, M.; Tian, J.; Williams, L.A.; Andress, D.L. Prevalence of abnormal serum vitamin D,
PTH, calcium, and phosphorus in patients with chronic kidney disease: Results of the study to evaluate early kidney disease.
Kidney Int. 2007, 71, 31–38. [CrossRef]

48. De Boer, I.H.; Gorodetskaya, I.; Young, B.; Hsu, C.-Y.; Chertow, G.M. The severity of secondary hyperparathyroidism in chronic
renal insufficiency is GFR-dependent, race-dependent, and associated with cardiovascular disease. J. Am. Soc. Nephrol. 2002,
13, 2762–2769. [CrossRef]

49. Hagstrom, E.; Hellman, P.; Larsson, T.E.; Ingelsson, E.; Berglund, L.; Sundstrom, J.; Melhus, H.; Held, C.; Lind, L.;
Michaelsson, K.; et al. Plasma parathyroid hormone and the risk of cardiovascular mortality in the community. Circulation 2009,
119, 2765–2771. [CrossRef]

50. Scialla, J.J.; Xie, H.; Rashman, M.; Anderson, A.H.; Isakova, T.; Ojo, A.; Zhang, X.; Nessel, L.; Hamano, T.; Grunwald, J.E.; et al.
Fibroblast growth factor-23 and cardiovascular events in CKD. J. Am. Soc. Nephrol. 2014, 25, 349–360. [CrossRef]

51. Yamaguchi, S.; Hamano, T.; Doi, Y.; Oka, T.; Kajimoto, S.; Kubota, K.; Yasuda, S.; Shimada, K.; Matsumoto, A.; Hashimoto, N.; et al.
Hidden hypocalcemia as a risk factor for cardiovascular events and all-cause mortality among patients undergoing incident
hemodialysis. Sci. Rep. 2020, 10, 4418. [CrossRef] [PubMed]

52. Kendrick, J.; Targher, G.; Smits, G.; Chonchol, M. 25-hydroxyvitamin D deficiency is independently associated with cardiovascular
disease in the Third National Health and Nutrition Examination Survey. Atherosclerosis 2009, 205, 255–260. [CrossRef] [PubMed]

53. Gutierrez, O.; Isakova, T.; Rhee, E.; Shah, A.; Holmes, J.; Collerone, G.; Juppner, H.; Wolf, M. Fibroblast growth factor-23 mitigates
hyperphosphatemia but accentuates calcitriol deficiency in chronic kidney disease. J. Am. Soc. Nephrol. 2005, 16, 2205–2215.
[CrossRef] [PubMed]

54. Watson, K.E.; Abrolat, M.L.; Malone, L.L.; Hoeg, J.M.; Doherty, T.; Detrano, R.; Demer, L.L. Active serum vitamin D levels are
inversely correlated with coronary calcification. Circulation 1997, 96, 1755–1760. [CrossRef] [PubMed]

55. Artaza, J.N.; Norris, K.C. Vitamin D reduces the expression of collagen and key profibrotic factors by inducing an antifibrotic
phenotype in mesenchymal multipotent cells. J. Endocrinol. 2009, 200, 207–221. [CrossRef]

56. Cozzolino, M.; Mangano, M.; Stucchi, A.; Ciceri, P.; Conte, F.; Galassi, A. Cardiovascular disease in dialysis patients.
Nephrol. Dial. Transplant. 2018, 33, iii28–iii34. [CrossRef]

57. Hasegawa, H.; Nagano, N.; Urakata, I.; Yamazaki, Y.; Iijima, K.; Fujita, T.; Yamashita, T.; Fukumoto, S.; Shimada, T. Direct evidence
for a causative role of FGF23 in the abnormal renal phosphate handling and vitamin D metabolism in rats with early-stage chronic
kidney disease. Kidney Int. 2010, 78, 975–980. [CrossRef]

58. Centeno, P.; Herberger, A.; Mun, H.-C.; Tu, C.; Nemeth, E.F.; Chang, W.; Conigrave, A.D.; Ward, D.T. Phosphate acts directly on
the calcium-sensing receptor to stimulate parathyroid hormone secretion. Nat. Commun. 2019, 10, 4693. [CrossRef]

59. 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. Cin. Investig. 2011, 121, 4393–4408. [CrossRef]

60. Grey, A.; Mitnick, M.A.; Masiukiewicz, U.; Sun, B.H.; Rudikoff, S.; Jilka, R.L.; Manolagas, S.C.; Insogna, K. A role for interleukin-6
in parathyroid hormone-induced bone resorption in vivo. Endocrinology 1999, 140, 4683–4690. [CrossRef]

61. Baczynski, R.; Massry, S.G.; Kohan, R.; Magott, M.; Saglikes, Y.; Brautbar, N. Effect of parathyroid hormone on myocardial energy
metabolism in the rat. Kidney Int. 1985, 27, 718–725. [CrossRef]

62. Amann, K.; Ritz, E.; Wiest, G.; Klaus, G.; Mall, G. A role of parathyroid hormone for the activation of cardiac fibroblasts in uremia.
J. Am. Soc. Nephrol. 1994, 4, 1814–1819. [CrossRef]

63. Wang, A.Y.; Akizawa, T.; Bavanandan, S.; Hamano, T.; Liew, A.; Lu, K.C.; Lumlertgul, D.; Oh, K.H.; Zhao, M.H.;
Ka-Shun Fung, S.; et al. 2017 Kidney Disease: Improving Global Outcomes (KDIGO) Chronic Kidney Disease-Mineral
and Bone Disorder (CKD-MBD) Guideline Update Implementation: Asia Summit Conference Report. Kidney Int. Rep. 2019,
4, 1523–1537. [CrossRef]

64. Fukagawa, M.; Yokoyama, K.; Koiwa, F.; Taniguchi, M.; Shoji, T.; Kazama, J.J.; Komaba, H.; Ando, R.; Kakuta, T.; Fujii, H.; et al.
Clinical practice guideline for the management of chronic kidney disease-mineral and bone disorder. Ther. Apher. Dial. 2013,
17, 247–288. [CrossRef]

65. Slinin, Y.; Foley, R.N.; Collins, A.J. Calcium, phosphorus, parathyroid hormone, and cardiovascular disease in hemodialysis
patients: The USRDS waves 1, 3, 4 study. J. Am. Soc. Nephrol. 2005, 16, 1788–1793. [CrossRef]

http://doi.org/10.1002/jbmr.539
http://doi.org/10.1016/j.kint.2019.09.034
http://doi.org/10.1016/S0272-6386(04)00937-0
http://doi.org/10.1172/JCI105877
http://doi.org/10.1038/sj.ki.5002009
http://doi.org/10.1097/01.ASN.0000034202.91413.EB
http://doi.org/10.1161/CIRCULATIONAHA.108.808733
http://doi.org/10.1681/ASN.2013050465
http://doi.org/10.1038/s41598-020-61459-4
http://www.ncbi.nlm.nih.gov/pubmed/32157180
http://doi.org/10.1016/j.atherosclerosis.2008.10.033
http://www.ncbi.nlm.nih.gov/pubmed/19091317
http://doi.org/10.1681/ASN.2005010052
http://www.ncbi.nlm.nih.gov/pubmed/15917335
http://doi.org/10.1161/01.CIR.96.6.1755
http://www.ncbi.nlm.nih.gov/pubmed/9323058
http://doi.org/10.1677/JOE-08-0241
http://doi.org/10.1093/ndt/gfy174
http://doi.org/10.1038/ki.2010.313
http://doi.org/10.1038/s41467-019-12399-9
http://doi.org/10.1172/JCI46122
http://doi.org/10.1210/endo.140.10.7036
http://doi.org/10.1038/ki.1985.71
http://doi.org/10.1681/ASN.V4101814
http://doi.org/10.1016/j.ekir.2019.09.007
http://doi.org/10.1111/1744-9987.12058
http://doi.org/10.1681/ASN.2004040275


Kidney Dial. 2023, 3 55

66. Kimata, N.; Albert, J.M.; Akiba, T.; Yamazaki, S.; Kawaguchi, T.; Fukuhara, S.; Akizawa, T.; Saito, A.; Asano, Y.; Kurokawa, K.; et al.
Association of mineral metabolism factors with all-cause and cardiovascular mortality in hemodialysis patients: The Japan
dialysis outcomes and practice patterns study. Hemodial. Int. 2007, 11, 340–348. [CrossRef]

67. Danese, M.D.; Belozeroff, V.; Smirnakis, K.; Rothman, K.J. Consistent control of mineral and bone disorder in incident hemodialysis
patients. Clin. J. Am. Soc. Nephrol. 2008, 3, 1423–1429. [CrossRef]

68. Teng, M.; Wolf, M.; Ofsthun, M.N.; Lazarus, J.M.; Hernan, M.A.; Camargo, C.A., Jr.; Thadhani, R. Active injectable vitamin D and
hemodialysis survival: A historical cohort study. J. Am. Soc. Nephrol. 2005, 16, 1115–1125. [CrossRef]

69. Melamed, M.L.; Eustace, J.A.; Plantinga, L.; Jaar, B.G.; Fink, N.E.; Coresh, J.; Klag, M.J.; Powe, N.R. Changes in serum calcium,
phosphate, and PTH and the risk of death in incident dialysis patients: A longitudinal study. Kidney Int. 2006, 70, 351–357.
[CrossRef]

70. Tentori, F.; Hunt, W.C.; Stidley, C.A.; Rohrscheib, M.R.; Bedrick, E.J.; Meyer, K.B.; Johnson, H.K.; Zager, P.G. Mortality risk among
hemodialysis patients receiving different vitamin D analogs. Kidney Int. 2006, 70, 1858–1865. [CrossRef]

71. Kovesdy, C.P.; Ahmadzadeh, S.; Anderson, J.E.; Kalantar-Zadef, K. Association of activated vitamin D treatment and mortality in
chronic kidney disease. Arch. Intern. Med. 2008, 168, 397–403. [CrossRef] [PubMed]

72. Naves-Diaz, M.; Alvarez-Hernandez, D.; Passlick-Deetjen, J.; Guinsburg, A.; Marelli, C.; Rodriguez-Puyol, D.; Cannata-Andia, J.B.
Oral active vitamin D is associated with improved survival in hemodialysis patients. Kidney Int. 2008, 74, 1070–1078. [CrossRef]
[PubMed]

73. Nakai, K.; Komaba, H.; Fuakagawa, M. Management of mineral and bone disorder in chronic kidney disease: Quo vadis?
Ther. Apher. Dial. 2009, 13, S2–S6. [CrossRef] [PubMed]

74. Cunningham, J.; Danese, M.; Olson, K.; Klassen, P.; Chertow, G.M. Effects of the calcimimetic cinacalcet HCl on cardiovascular
disease, fracture, and health-related quality of life in secondary hyperparathyroidism. Kidney Int. 2005, 68, 1793–1800. [CrossRef]
[PubMed]

75. Chertow, G.M.; Pupim, L.B.; Block, G.A.; Correa-Rotter, R.; Drueke, T.B.; Floege, J.; Goodman, W.G.; London, G.M.;
Mahaffery, K.W.; Moe, S.M.; et al. Evaluation of Cinacalcet Therapy to Lower Cardiovascular Events (EVOLVE): Rationale and
design overview. Clin. J. Am. Soc. Nephrol. 2007, 2, 898–905. [CrossRef]

76. Block, G.A.; Zaun, D.; Smits, G.; Persky, M.; Brillhart, S.; Nieman, K.; Liu, J.; Peter, W.L.S. Cinacalcet hydrochrolide treatment
significantly improves all-cause and cardiovascular survival in a large cohort of hemodialysis patients. Kidney Int. 2010,
78, 578–589. [CrossRef]

77. Isakova, T.; Gutierrez, O.M.; Chang, Y.; Shah, A.; Tamez, H.; Smith, K.; Thadhani, R.; Wolf, M. Phosphate binders and survival on
hemodialysis. J. Am. Soc. Nephrol. 2009, 20, 388–396. [CrossRef]

78. Goodman, W.G.; Goldin, J.; Kuizon, B.D.; Yoon, C.; Gales, B.; Sider, D.; Wang, Y.; Chung, J.; Emerick, A.; Greaser, L.; et al.
Coronary-artery calcification in young adults with end-stage renal disease who are undergoing dialysis. N. Engl. J. Med. 2000,
342, 1478–1483. [CrossRef]

79. Ketteler, M.; Liangos, O.; Biggar, P.H. Treating hyperphosphatemia–Current and advancing drugs. Expert Opin. Pharmacother.
2016, 17, 1873–1879. [CrossRef]

80. Yokoyama, K.; Akiba, T.; Fukagawa, M.; Nakayama, M.; Sawada, K.; Kumagai, Y.; Chertow, G.M.; Hirakata, H. Long-term
safety and efficacy of a novel iron-containing phosphate binder, JTT-751, in patients receiving hemodialysis. J. Ren. Nutr. 2014,
24, 261–267. [CrossRef]

81. Koiwa, F.; Yokoyama, K.; Fukagawa, M.; Akizawa, T. Long-term assessment of the safety and efficacy of PA21 Sucroferric oxyhy-
droxide) in Japanese hemodialysis patients with hyperphosphatemia: An open-label, multicenter, Phase III study. J. Ren. Nutr.
2017, 27, 346–354. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1111/j.1542-4758.2007.00190.x
http://doi.org/10.2215/CJN.01060308
http://doi.org/10.1681/ASN.2004070573
http://doi.org/10.1038/sj.ki.5001542
http://doi.org/10.1038/sj.ki.5001868
http://doi.org/10.1001/archinternmed.2007.110
http://www.ncbi.nlm.nih.gov/pubmed/18299495
http://doi.org/10.1038/ki.2008.343
http://www.ncbi.nlm.nih.gov/pubmed/18633342
http://doi.org/10.1111/j.1744-9987.2009.00767.x
http://www.ncbi.nlm.nih.gov/pubmed/19765254
http://doi.org/10.1111/j.1523-1755.2005.00596.x
http://www.ncbi.nlm.nih.gov/pubmed/16164656
http://doi.org/10.2215/CJN.04381206
http://doi.org/10.1038/ki.2010.167
http://doi.org/10.1681/ASN.2008060609
http://doi.org/10.1056/NEJM200005183422003
http://doi.org/10.1080/14656566.2016.1220538
http://doi.org/10.1053/j.jrn.2014.03.006
http://doi.org/10.1053/j.jrn.2017.02.007

	Introduction 
	P Imbalance and CKD-MBD 
	CKD-MBD: As a Risk Factor for CV Mortality 
	The Pathogenesis and Associations of VC with CKD-MBD 
	Biomarkers of CKD-MBD Assessment 
	Management of CKD-MBD 
	Conclusions 
	References

