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ABSTRACT

Cardiovascular events make up the primary cause of death in hemodialysis patients,

and the risk for cardiovascular mortality is significantly increased by vascular calcifi-

cation, a condition observed frequently in this patient population. The mechanisms

underlying the pathogenesis of vascular calcification are complex, and many factors

facilitate or hinder the development of calcification. In this review, we first summa-

rize the main factors contributing to the pathogenesis of vascular calcification in

patients with end-stage renal disease. We then explore the role of calcification inhi-

bitors in the calcification process, as well as their effect on vascular dysfunction and

mortality in hemodialysis patients.

1 | INTRODUCTION

The prevalence of cardiovascular diseases is high among patients

with chronic kidney disease (CKD),1 which increases morbidity and

mortality in this population and represents a significant financial bur-

den for both the patients and the healthcare systems. Compared to

patients with preserved renal function, CKD patients with a glomeru-

lar filtration rate (GFR) <45 mL/min/1.73 m2 have higher risk for car-

diovascular disease.2 Indeed, the cardiovascular mortality rate among

25-year-old patients with pre-dialysis end-stage renal disease (CKD

stage 5) appears to be nearly equivalent to that of 75-85-year-old

individuals.3 Many cardiovascular risk factors are recognized in CKD

patients, including hypertension, dyslipidemia, diabetes, and obesity.

Additional cardiovascular risk factors potentially related to uremia

are also common, such as anemia, hyperparathyroidism, carnitine

deficiency, hyperhomocysteinemia, low vitamin C levels, high

lipoprotein (a) levels, and small apolipoprotein (a) isoform sizes.4

Similarly, other systems such as bone mineral metabolism are

influenced by the disease state in CKD. Decreased GFR results in

diminished renal phosphorus excretion5 which, in combination with

the reduced levels of vitamin D, eventually lead to hypocalcemia,

hyperphosphatemia, and hyperparathyroidism; detrimental effects

follow, especially on bone and the vascular system.6 The secondary

and tertiary hyperparathyroidism observed in CKD patients is

associated with an increased risk of high-turnover bone disease, ady-

namic bone disease, vascular and valvular calcification, calciphylaxis,

metastatic calcification, and mortality, depending on the nature of

the hyperparathyroidism.7,8

2 | GENERAL CONSIDERATIONS ON
VASCULAR CALCIFICATION

Vascular calcification (VC) is associated with increased morbidity and

mortality even in younger patients, and is observed frequently in dis-

eases such as diabetes, hypertension, and atherosclerosis, where

progression involves endothelial damage.9 VC risk is higher in

patients with CKD than in healthy individuals.10 Epidemiologic stud-

ies of CKD patients have reported a VC incidence of 30% and 50%

in the age groups of 15-30 and 40-50 years, respectively.11

Vascular calcification is frequently observed in dialysis patients,

where it may occur in the intima and media layers of the blood ves-

sels and in the cardiac valves.12 The prevalence of coronary artery

calcification is high among dialysis patients; specifically, some

degree of coronary artery calcification is observed in 54%-100% of

patients, well above the prevalence in the general population.13

Older age, male sex, long duration of dialysis, diabetes, hypertension,

smoking, alcohol consumption, hyperphosphatemia, hypercalcemia,
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hyperparathyroidism, use of high-dose vitamin D, inflammation, and

hypoalbuminemia represent known risk factors for VC development

in dialysis patients.14

Many noninvasive methods have been developed to detect VC

and quantitate its severity. Plain radiography, the simplest tech-

nique,15,16 does not provide sufficient sensitivity and is not used for

determining the amount of calcification. Sensitive methods for accu-

rate assessment of calcification, especially in the coronary artery,

include electron-beam computerized tomography and multislice spiral

computed tomography, the latter of which is fairly newer.17

Although not clinically applicable, the gold standard for detection,

evaluation, and quantitation of VC is the histological examination of

postmortem samples of arterial tissue.18

Vascular calcification in hemodialysis patients is associated with

vascular stiffness, which increases ventricular load and causes left

ventricular hypertrophy.19 In addition, myocardial fibrosis and

arrhythmia may develop because of tissue calcification. The presence

of VC increases mortality.20

3 | PATHOGENESIS OF VC

Vascular calcification represents a pathological process characterized

by loss of vessel elasticity and vessel wall thickening as a result of

accumulation of minerals in the media and/or intima layers of the

arterial wall.21 Intimal calcification occurs typically in the aorta, coro-

nary artery, and major arteries, and is recognized as an indicator of

atherosclerosis progression. On the other hand, arteriosclerosis

develops as a result of medial calcification.9 It is now commonly

believed that VC is not a passive and degenerative event developing

in the artery intima or media layer, but it is an active and pro-

grammed process.22 Chronic inflammation regulates the mechanisms

that cause both atherosclerosis and VC.23 Studies conducted so far

have shown the importance of angiogenesis in the development of

VC, and have revealed the role of osteoblasts and osteoclasts.24

It appears that opposing mechanisms influence and determine

VC either by increasing or inhibiting the process; inhibitors help pre-

vent VC. Many factors play a role in the pathogenesis of VC, and

these will be reviewed briefly here with an emphasis on VC

inhibitors, the main focus of this review. An overview of the patho-

genesis of VC is provided in Figure 1.

3.1 | Factors involved in the pathogenesis of VC in
end-stage renal disease

3.1.1 | Apoptosis

Apoptosis represents a complex mechanism contributing to the

onset of VC. Specifically, it is believed that apoptotic formations

(stemming from the vascular smooth muscle cells) act as a matrix sac

that promotes the formation of calcium crystals, thereby initiating

calcification.25

3.1.2 | Elastin degradation

The degradation of elastin plays an important role in the onset and

progression of VC as elastin degraded by proteases has high affinity

for calcium, facilitating the formation of hydroxyapatite along the

elastic lamella.26

3.1.3 | Inflammation

It is already known that CKD patients have increased microinflam-

mation. Some pro-inflammatory cytokines such as interleukin 1 (IL-

1), interleukin 6 (IL-6), and tumor necrosis factor a (TNF-a) bind

enzymatically to particles containing low-density lipoprotein choles-

terol in reduced form, which results in their accumulation between

the intima and media, activation of the complement system, and

attraction of monocytes to the atherosclerotic lesions. TNF-a

increases the activity of alkaline phosphatase and promotes matrix

mineralization in bovine aortic smooth muscle cells.23

3.1.4 | Oxidative stress

Although the role of oxidative stress in the pathogenesis of VC has

not been fully clarified to date, it is known that oxidative stress

decreases the levels of nitric oxide, which results in retention of ure-

mic toxins and further potentiates oxidative stress in vascular struc-

tures.27

F IGURE 1 Pathogenesis of vascular calcification
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3.1.5 | Phosphorus and calcium metabolism

Hypercalcemia and hyperphosphatemia contribute passively to the

development of VC by promoting the precipitation of calcium and

phosphorus complexes in the blood vessels, and by increasing bone-

related gene expression in vascular smooth muscle cells.28 Phospho-

rus is the best known stimulant of osteochondrogenic differentiation

and apoptosis of vascular smooth muscle cells, which is also related

to upregulation of the expression of the growth arrest-specific gene

6 product and its receptor.29

3.1.6 | Vitamin D and parathyroid hormone levels

While the role of the parathyroid hormone in VC remains unclear,

the general viewpoint is that the parathyroid hormone might help-

protect against VC, and that low parathyroid hormone levels (with

its associated adynamic bone disease) might promote VC.30 Regard-

ing the complex role of vitamin D and its derivatives, several view-

points have been expressed.31 Although vitamin D deficiency

increases the risk of cardiovascular disease in dialysis patients,32 ani-

mal studies have reported that treatments using vitamin D supple-

mentation may increase the prevalence of VC. Specifically, high-dose

calcitriol treatment leads to the conversion of the osteoblast to the

osteoclast phenotype in arterial smooth muscle cells.33 There are as

yet no clinical data assessing the therapeutic effects of native vita-

min D3, D2, or active vitamin D derivatives in pharmacological doses

on the progression of VC in dialysis patients.

3.1.7 | Fibroblast growth factor 23 and Klotho

Fibroblast growth factor 23 (FGF-23) is produced by osteocytes and

osteoblasts and acts physiologically in the kidney to induce phospha-

turia and inhibit the synthesis of 1,25-dihydroxyvitamin D3.34 Klotho

increases the sensitivity of FGF-23 to its receptor, acting as a co-

factor for FGF-23-receptor binding. Therefore, FGF-23 and Klotho

play important roles in the regulation of phosphorus and vitamin D

levels.35 In dialysis patients, serum FGF-23 levels are increased,

while Klotho levels are decreased.35 VC is enhanced in rats that do

not have the klotho gene,36 while overexpression of Klotho inhibits

VC. Currently, available data on FGF-23 are insufficient to clarify its

specific role in VC development.

3.1.8 | Osteochondrogenic differentiation

A recent study by Tang et al. claimed that multipotent vascular

smooth muscle cells respond to vascular damage by being converted

into osteochondrogenic cells, which represents the onset of VC.37

Examination of calcified vessels from human subjects revealed the

absence of chondrogenic factors. Arterial smooth muscle cells are

converted into osteochondrogenic cells, which synthesize bone-

related proteins and promote calcification because the presence of

collagen fibrils on the cell surface and accumulation of apatite in the

matrix supports crystal formation and storage.37

3.1.9 | Osteoprotegerin-RANK-RANKL pathway

The discovery of osteoprotegerin (OPG), the receptor activator of

nuclear factor kappa B (RANK), and the RANK ligand (RANKL), fol-

lowed by determination of their roles in osteoclastogenesis, con-

tributed greatly to the understanding of VC.38 RANKL binding to

RANK stimulates preosteoclast differentiation into osteoclasts.38 On

the other hand, OPG recruits RANKL, thereby inhibiting bone

resorption. OPG synthesis occurs in the media of major arteries and

in various blood vessel cell types including coronary artery smooth

muscle and endothelial cells, suggesting that OPG plays a role in the

function or structure of the vascular bed.39 Rats that lack OPG

develop osteoporosis as well as calcification of the major arteries

with intimal and medial proliferation, which shows that OPG pro-

tects major arteries against medial calcification.40

4 | CALCIFICATION INHIBITORS

Vascular calcification is not uniform, and some patients seem to be

spared. One study found that 17% of dialysis patients showed no

calcification at baseline and fewer findings indicative of new calcifi-

cation during follow-up.41 Calcification inhibitors, compounds that

inhibit VC, were discovered as a result of efforts to explain why

some patients are spared. It was found that certain proteins (e.g.,

fetuin-A, osteopontin, osteoprotegerin) inhibit calcification in dialysis

patients. We further provide an overview of known calcification inhi-

bitors, describe the regulatory mechanisms involved, and discuss the

implications of their influence on VC development in hemodialysis

patients.

4.1 | Fetuin-A

In 1944, Pedersen first purified fetuin-A from fetal bovine serum.

The homologue of this protein in humans was discovered in 1961 by

Heremans, Schmid, and Burgi. Fetuin-A, also known as a-2 Here-

mans Schmid Glycoprotein, is a 59-kD protein with a serum concen-

tration of 0.5-1 g/L. In adults, fetuin-A is secreted mainly in the

liver,42 but is also expressed in the kidneys and choroid plexus.

Fetuin-A is the major component of the bone matrix during fetal

life.42

Fetuin-A acts as a negative acute phase reactant, and serum

levels of fetuin-A are decreased in patients with inflammation,

trauma, acute and chronic hepatitis, primary biliary cirrhosis, and

hepatocellular carcinoma.43,44 It has been determined that, in dialysis

patients, there is a decrease both in the activity level and in

the serum level of fetuin-A.45 In addition, fetuin-A is a systemic

calcification inhibitor, well-known to inhibit vascular and valvular

calcification.

The levels of fetuin-A are higher in the serum than in tissues,

and it is considered that fetuin-A is responsible for 50% of the calci-

fication inhibition capacity available in human plasma.46 The trans-

forming growth factor-beta (TGF-beta) plays a critical role in bone
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remodeling by stimulating matrix protein synthesis, with dramatic

effects on the bone cells responsible for bone formation and resorp-

tion. Feutin-A contributes to the growth and reshaping of the bones

by antagonizing the effect of TGF-beta.47

Fetuin-A inhibits calcium and phosphate precipitation. Incubation

of fetuin-A with calcium and phosphorus at physiologic pH prevents

crystallization for over 9 days, whereas, in the absence of fetuin-A,

crystalization occurs within hours. Fetuin-A also binds hydroxyap-

atite crystals forming calciprotein particles, which can be cleared

from the circulation.48 Fetuin-A inhibits both the calcification of

matrix vesicles inside vascular smooth muscle cells and the effects of

TGF-beta and bone morphogenetic protein-2 (BMP-2), which facili-

tate valvular calcification. Fetuin-A may also suppress the excretion

of TNF-a, which is a potent regulator of both valvular calcification

and VC.49,50

The serum levels of fetuin A are lower in hemodialysis patients

than in healthy individuals, and significant effort has been spent to

gauge the significance of this finding with the prevalence of VC,

valvular calcification, atherosclerosis, arterial stiffness, and mortal-

ity.51,52 In a plain radiography study involving 50 hemodialysis

patients, diabetes and low fetuin-A levels were independent risk fac-

tors for VC development.53 A comparative study involving 70

hemodialysis patients and 20 healthy controls reported an associa-

tion between serum fetuin-A levels and the incidence of VC, valvular

calcification, and inflammation.54 Similarly, an electron-beam comput-

erized tomography study involving 68 hemodialysis patients found a

negative relation between fetuin-A levels and coronary artery cal-

cium scores.55 The conclusion of many studies conducted so far

(Table 1) is that, in hemodialysis patients, decreased fetuin-A levels

are associated with increased incidence of VC and valvular calcifica-

tion.

Medial calcification (arteriosclerosis) leads to loss of aortic wall

elasticity via an active cellular process regulated by inducers and

inhibitors of calcification. The relation between fetuin-A levels and

arterial stiffness was first investigated by Hermans et al., wherein

131 patients (98 undergoing hemodialysis, 33 undergoing peritoneal

dialysis) were examined; decreased fetuin-A levels were

nonindependent predictors of arterial stiffness indices.56 Another

study involving 81 chronic hemodialysis patients found that fetuin-A

levels independently predicted carotid-femoral pulse wave velocity,

and that low fetuin-A levels were associated with increased carotid

intima-media thickness, although this relation was not indepen-

dent.57

Once it became clear that fetuin-A played a role in the mecha-

nisms underlying calcification, atherosclerosis, and arterial stiffness,

further investigations aimed to determine whether fetuin-A levels

are related to mortality in dialysis patients (Table 2). In a study

involving 312 hemodialysis patients followed up for nearly

32 months, low fetuin-A levels were, indeed, associated with cardio-

vascular and all-cause mortality.58 Similarly, another study involving

222 hemodialysis patients followed up for an average of 42 months

found that low fetuin-A and increased inflammation were additive

predictors of increased mortality.59

After fetuin-A was confirmed as a VC inhibitor, its therapeutic

role in the prevention of calcificaiton was assessed. Using simulated

body fluid, fetuin-A was shown to surround nanoparticles of CaCO3,

changing their shape from cubic to spherical, which prevents further

calcification.60 In another report, increased fetuin-A levels inhibited

atherosclerosis by preventing aggregation of mineral compounds.61

Based on the experimental data, the therapeutic strategy should

be to increase fetuin-A levels in hemodialysis patients. Long-term

(48 weeks) use of phosphate binders (sevelamer or CaCO3)

decreased of fetuin-A levels.62 A study involving 10 hemodialysis

patients found a progressive increase in the levels of fetuin-A after

1, 4, and 8 weeks of treatment with paricalcitiol,63 prompting the

authors to advocate that vitamin D supplementation increases

fetuin-A levels through activation of the hepatocyte receptor of vita-

min D.63 Other studies found that fetuin-A levels decrease during

cinacalcet treatment, but the observed changes in osteoprotegerin

and fetuin-A levels may have be attributable to the variations in the

therapeutic approach rather than to cinacalcet itself.64

In summary, fetuin-A has been studied intensely and the highest-

quality clinical evidence is available to support its role as a calcifica-

tion inhibitor. The serum levels and activity of fetuin-A are

TABLE 1 Association between Feutin A levels with atherosclerosis and calcification

Author Year
Patients
no Aim Results

Odamaki 2005 141 Feutin A-atherosclerosis-calcification Low fetuin-A level was associated with aortic calcification and atherosclerosis

Hermans 2006 131 Feutin A-arterial stiffness Fetuin-A levels were inversely related to with arterial stiffness

Cozzolino 2006 115 Feutin A-vasculary calcification Low fetuin-A level was associated with cardiovascular calcification

Pertosa 2009 174 Feutin A-atherosclerosis Low levels of serum fetuin-A associated with progression of atherosclerosis

Porazko 2009 77 Feutin A-arterial stiffness Fetuin-A levels were inversely related to with arterial stiffness

Kirkpantur 2009 72 Feutin A-vasculary calcification Low fetuin-A level was associated with coronary calcification

El Shahaby 2010 70 Feutin A-vasculary calcification Low fetuin-A level was associated with coronary and valvular calcification

Turkmen 2011 78 Feutin A-vasculary calcification Low fetuin-A level was associated with coronary calcification

Mann 2016 40 Feutin A-vasculary calcification Fetuin-A level was not associated with coronary calcification

Chen 2016 685 Feutin A-vasculary calcification Low fetuin-A level was associated with coronary calcification
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decreased in dialysis patients, which is likely related to the increased

VC, valvular calcification, atherosclerosis, arterial stiffness, and mor-

tality in this population.

4.2 | Matrix gamma-carboxyglutamic acid protein

Matrix gamma-carboxyglutamic acid protein (MGP) is an important

extracellular matrix protein with a wide tissue distribution. It has a

molecular weight of 10 kDa and consists of 84 amino acid resi-

dues.65 MGP was first isolated from bovine bone extract in 1983,

and was described in humans in 1988.65 It is believed that the basic

function of MGP is inhibition of medial calcification of arteries.66

MPG binds tightly to the crystal nucleus, preventing further growth

of the crystal and inhibiting the conversion of vascular smooth mus-

cle cells into chondrocyte- and osteoblast-like cells.67

Serum MPG levels of hemodialysis patients are lower than those

in healthy individuals.68 A study involving 49 dialysis patients and 51

transplant patients did not find any relation between serum MGP

levels and coronary artery calcium scores.69 On the other hand, a

study involving 40 dialysis patients found that undercarboxylation of

MGP is a predictor of coronary artery calcification.70 Other studies

reported that systemic MGP levels do not have any correlation with

the presence of arterial calcification, suggesting that the calcifica-

tion-inhibiting effect of MGP is not systemic, but local; indeed, no

relation between MGP levels and vascular stiffness was found.68,71

With respect to vascular stiffness, a study involving 120 dialysis

patients found a negative relationship between MGP and the aug-

mentation index, but did not detect any relationship with pulse wave

velocity.68 The studies on this topic are summarized in Table 3.

MPG gene polymorphism is associated with increased cardiovas-

cular mortality risk in hemodialysis patients.72 A report on 188

hemodialysis patients showed that a low level of dephospho-

carboxylated MGP predicted cardiovascular and all-cause mortal-

ity.73Another study, in 387 hemodialysis patients, found that

calcimimetic and calcium-based phosphorus-binding agents increased

MGP levels, while vitamin D analogs had no effect.74 The observed

effect of calcimimetics on MGP levels is consistent with in vitro

studies in bovine and rat smooth muscle cells.75

In summary, MGP seems to act as a local inhibitor of VC, but

further studies are needed to clarify its effects on VC, vascular stiff-

ness, and mortality in dialysis patients.

4.3 | Osteoprotegerin

Osteoprotegerin (OPG) is a member of the TNF receptor super fam-

ily and consists of 380 aminoacids. It is synthesized in osteoblasts,

hematopoietic, and immune cells, as well as in many tissues including

the cardiovascular system, kidneys, liver, spleen, brain, lungs, and

bone marrow.76,77 While TGF-a, TGF-b, IL-1a, IL-18, BMPs, and

17b-estradiol promote OPG synthesis, other factors such as cyclos-

porine A, parathyroid hormone, prostaglandin E2, and FGF-2 inhibit

its synthesis.38 OPG consists of seven structural domains; the 1st

and 4th domains inhibit osteoclastogenesis, while the 4th, 5th, and

6th domains are involved in the transmission of apoptotic signals,

potentially inhibiting cell death.38 It inhibits bone destruction per-

formed by osteoclasts, exerting hypocalcemic and antiresorptive

effects. OPG binds to RANKL, preventing the binding of RANK,

which results in inhibition of osteoclast differentiation and activation,

and prevention of RANKL-mediated bone resorption.78

Osteoprotegerin synthesis occurs in different blood vessel types

including the media of the major arteries and in the coronary artery

smooth muscle and endothelial cells, suggesting a role in the func-

tion or structure of the vascular bed.79 It has been reported that

OPG acts as an autocrine liveliness factor in endothelial cells.79 Rats

lacking OPG develop osteoporosis as a result of increased osteoclast

activation.80 Meanwhile, calcification in major arteries, proliferation

in the intima and media, and aortic dissection were observed in the

absence of OPG, suggesting that OPG protects major arteries against

medial calcification.81

Surprisingly, high OPG levels were associated with coronary and

aortic calcification in cross-sectional and follow-up studies con-

ducted in humans.82,83 High serum OPG levels predicted the pro-

gression of aortic calcification in hemodialysis patients. The

discrepancy between experimental and human observational data

may be related to the fact that high OPG levels might represent an

incomplete defense mechanism against atherosclerosis-promoting

TABLE 2 Association between Feutin A levels and mortality

Author Year
Patients
number Aim Results

Ketleler 2003 312 Feutin A levels-mortality Low levels of serum fetuin-A are associated with mortality

Stenvinkel 2005 258 Feutin A levels-mortality Low levels of serum fetuin-A are associated with mortality

Honda 2006 176 Feutin A levels-mortality Low levels of serum fetuin-A are associated with mortality

Hermans 2006 664 Feutin A levels-mortality Low levels of serum fetuin-A are associated with mortality

Metry 2008 222 Feutin A levels-mortality Low levels of serum fetuin-A are associated with mortality

Pertosa 2009 174 Feutin A-mortality Low levels of serum fetuin-A associated with mortality

Blaha et 2009 67 Feutin A levels-mortality Low levels of serum fetuin-A are associated with early mortality

Pecovnik 2010 106 Feutin A levels-mortality Low levels of serum fetuin-A are associated with mortality

Scialla 2014 602 Feutin A levels-mortality Lower fetuin-A levels were associated with higher mortality

Chen 2014 131 Feutin A levels-mortality Low fetuin-A levels were not associated with mortality
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factors and arterial calcification or other ongoing attempts of arterial

smooth muscle cells to remodel and calcify.

In a study involving 102 hemodialysis patients, a positive rela-

tionship was noted between serum OPG levels and aortic calcifica-

tion; OPG levels were independent predictors of aortic

calcification.82 A prospective study involving 78 patients found that

high OPG levels at baseline predicted progression of coronary artery

calcification.83 Two independent studies on hemodialysis

patients84,85 reported that increased OPG levels were independent

predictors of pulse wave velocity. Another study involving 185

hemodialysis patients reported that increased OPG levels at baseline

were predictors of mortality.86 Finally, another study involving 99

hemodialysis patients reported that increased OPG levels predicted

cardiovascular death.87 The studies conducted on OPG are listed in

Table 4.

Phosphorus binding agents, vitamin D, and cinacalcet may have

different effects on OPG levels. In the CALMAG study, subjects tak-

ing sevalamer showed increased levels of OPG.88 Administration or

paricalcitol was effective in increasing OPG levels in 10 healthy sub-

jects.89 Cinacalcet treatment also increases OPG levels.64 Neverthe-

less, further studies are warranted to fully clarify the effect of such

compounds on OPG levels.

In summary, although OPG is an important calcification inhibitor,

clinical studies have surprisingly found that OPG levels are positively

TABLE 3 Association between matrix GLA protein with calcification and mortality

Author Year
Patients
no Aim Results

Brancaccio 2005 99 Matrix GLA protein gene polymorphisms-mortality Altered MGP gene polymorphism a negative prognostic

factor for cardiovascular events

Hermans 2007 120 Undercarboxylated matrix GLA protein (uc MGP)-

arterial stiffness

ucMGP levels were inversely associated with the aortic

augmentation index

Cranenburg 2008 52 Uc-MGP-vascular calcification ucMGP as a biomarker for cardiovascular calcification

Cranenburg 2009 40 Uc-MGP-coronary artery calcification ucMGP is associated with coronary artery calcification

Schlieper 2011 188 Matrix gla-mortality Nonphosphorylated carboxylated matrix gla protein

predicts survival

Yoshikawa 2013 134 Matrix GLA protein gene polymorphisms- vascular

calcification

Polymorphism in the human matrix Gla protein gene is

associated with the progression of vascular calcification

TABLE 4 Association between osteoprotegerin with atherosclerosis, calcification, and mortality

Author Year
Patients
no Aim Results

Nitta 2003 26 Osteoprotegerin (OPG)-vascular

calcification

Serum OPG levels were independently associated with vascular

calcification

Nitta 2004 102 OPG-vascular calcification OPG levels are associated with the extent of vascular calcification

Barreto 2005 101 OPG-vascular calcification Higher OPG is independently associated with coronary artery

calcification

Morena 2006 185 OPG-mortality OPG levels strong predictors of mortality

Schlieper 2007 97 OPG-arterial stifness OPG not correlated with arterial stifness

Speer 2008 98 OPG-arterial stifness and mortality OPG is strongly related to arterial stifness and cardiovascular mortality

Shroff 2008 61 OPG-arterial stifness and

calcification

OPG is associated with increased vascular stiffness and calcification

Nishiura 2009 99 OPG-mortality Elevated levels of serum OPG may predict subsequent cardiovascular

events

Cianciolo 2010 253 OPG-coronary calcification OPG levels are associated with coronary calcification

Nakashima 2011 151 OPG-arterial stifness and mortality OPG is strongly related to arterial stifness and mortality

Kurnatowska 2011 47 OPG-atherosclerosis and

calcification

OPG could serve as a surrogate marker of atherosclerosis and

calcification

Ozkok 2012 78 OPG-coronary calcification OPG levels were significantly associated with progression of coronary

calcification

Lee 2013 81 OPG-vascular and valvular

calcification

OPG levels are associated with vascular calcification

Winther 2013 206 OPG-mortality High level of OPG was an independent risk marker of all-cause

mortality
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correlated with VC, vascular stiffness, and mortality in dialysis

patients. Further study is warranted before a sound hypothesis for

this seeming contradiction can be estabished.

4.4 | Osteopontin

Osteopontin (OPN), first described by Young et al. (1990), is an

acidic, negatively charged, and hydrophilic molecule consisting of

314 amino acid residues. OPN is also known as bone sialoprotein I,

early T-lymphocyte activation 1, or urinary stone protein.90 OPN,

which is mainly found in bones, is synthesized by osteoblasts and

osteoclasts but is also secreted by macrophages, endothelial cells,

smooth muscle cells, active T lymphocytes, natural killer cells, epithe-

lial cells, and tumor cells.91 Cytokines such as IL-1, IL-2, and TNF-a

regulate the expression of protein kinase C and promote OPN tran-

scription. Since it is secreted by many cell types, OPN plays an

active role in many physiologic and pathologic processes including

cell adhesion, angiogenesis, apoptosis, inflammatory response, ecto-

pic calcification, and tumor metastasis.92,93 OPN is an important

anti-apoptotic factor in smooth muscle, endothelial, epithelial, and

pro-B cells. OPN may act as a pro- or anti-inflammatory factor, being

expressed in macrophages, T cells, B cells, neutrophils, dendritic cells,

natural killer cells, and fibroblasts; OPN expression is upregulated in

all organs in response to inflammation.94

In bone, OPN interacts with integrin, CD44, and hyaluronic acid

receptors, facilitating the binding of osteoclasts to the bone matrix.

OPN regulates the size and growth of apatite crystals by binding to

the crystal surface.94 In addition, OPN has a regulatory effect on

osteoclast differentiation and bone resorption as it can inhibit the

growth of calcium-phosphorus crystals and regulate mineralization

by inducing osteoclast function.94

Osteopontin is expressed in smooth muscle cells, angiogenic

endothelial cells in atherosclerotic lesions, and in macrophages,

thereby modulating the proliferation, migration, and accumulation of

such cells during the repair and remodeling of the vasculature.95

OPN may represent an important regulator of arterial mineral depo-

sition during injury and disease. Indeed, its expression in atheroscle-

rotic plaques correlates with the severity of atherosclerosis and

calcification.96 OPN-mediated inhibition of calcification in artery

smooth muscle cells requires phosphorylation of OPN, which varies

with tissue type; specifically, high levels of phosphorylated OPN are

noted in bones and milk, while tumor cells have been found to exhi-

bit significantly reduced OPN phosphorylation levels.97

Unfortunately, few studies have investigated the relationship

between OPN and VC-related mortality in hemodialysis patients. A

study involving 30 patients found that radial artery calcification was

associated with OPN up-regulation and diminished expression of

alpha-smooth muscle actin.98 In another study, involving 36

hemodialysis patients, OPN concentration was positively correlated

with the aortic calcification index.99

While no in vivo studies have been reported, OPN was found to

inhibit ectopic calcification, when implanted in OPN-deficient mice.

In addition, phosphorus binding agents including CaCO3 increased

OPN levels in atherosclerotic lesions in rats.100 Similarly, 1,25-dihy-

droxyvitamin D3 increased OPN production in rat kidneys101; no

such study has evaluated calcimimetics.

To summarize, OPN inhibits calcification, but there are insuffi-

cient data regarding its levels hemodialysis patients. Available evi-

dence from two studies indicates that the increase, and not the

decrease, in OPN levels is associated with increased calcification, in

a manner similar to the effect of OPG. Further studies are warranted

to clarify this unexpected effect.

4.5 | Bone morphogenic protein-7

So far, nearly 15 types of BMP have been defined. Except for BMP-

1, which is a metalloproteinase, all known BMPs are members of the

TGF-beta super family.102 In adults, BMPs are synthesized by osteo-

blasts and osteocytes, and accumulate primarily in bone tissue and

dentine. They are mostly expressed during embryonic development

and play important roles in the development of bones, cartilage,

eyes, kidneys, and the cardiovascular system. Several BMPs (2, 3, 4,

6, and 7) and osteogenic protein-1 have osteoinductive activity,

while other BMPs (5, 8, and 9 through 15) do not.103 In vitro studies

conducted on cell cultures showed that BMPs have important

effects on osteoblastic growth and differentiation. Specifically, BMP-

2, BMP-4, and BMP-6 stimulate osteoblast differentiation in rats and

mouse cells while BMP-2 and BMP-7 stimulate the differentiation of

human bone marrow osteoprogenitors and bone-derived osteo-

blasts.104,105

Of note, BMP-7 also stimulates osteoblastic differentiation as

well as alkaline phosphatase activity, collagen and osteocalcin syn-

thesis, as well as mineralization in rat calvarial cells and in mouse

and human bone marrow stromal cells.105 Recent evidence indicates

that recombinant BMP-7 prevents VC and renal osteodystrophy in

CKD.106 In addition, BMP-7 effectively prevented VC in a uremic

mouse model of atherosclerosis and VC involving low-density

lipoprotein receptor double-knockout animals.107 These animals had

adynamic bone disorder and hyperphosphatemia; BMP-7 stimulated

bone formation, corrected hyperphosphatemia, and prevented VC.107

The protective effect of BMP-7 was partly based on its ability to

correct hyperphosphatemia and act directly on the vascular smooth

muscle cells.108 Unfortunately, the relation between BMP-7 and VC

has not been investigated in hemodialysis patients. There is a strong

need for human studies with such a focus. There is currently little

knowledge regarding the effect of phosphorus binders agents, Vita-

min D or calcimimetics drugs on BMP-7 levels.

5 | CONCLUSION

Vascular calcification is clearly a process with complex pathogenesis.

Calcification inhibitors can influence this process via different mech-

anisms, and may help reduce the progression of vascular damage.

Although some studies have been conducted on this topic in dialysis

patients, further investigation is warranted to clarify the therapeutic
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mechanisms underlying the effect of calcification inihibitors on the

progression of VC and to develop optimal therapeutic strategies to

increase this effect.

FUNDING

None.

CONFLICT OF INTEREST

The authors declare they have no conflict of interests.

REFERENCES

1. Bhatti NK, Karimi Galougahi K, Paz Y, et al. Diagnosis and manage-

ment of cardiovascular disease in advanced and end-stage renal dis-

ease. J Am Heart Assoc 2016;5. pii: e003648. https://doi.org/10.

1161/jaha.116.00364

2. Shiba N, Shimokawa H. Chronic kidney disease and heart failure –

bidirectional close link and common therapeutic goal. J Cardiol.

2011;57:8–17.

3. Sarnak MJ, Levey AS. Epidemiology of cardiac disease in dialysis

patients. Semin Nephrol. 1999;12:69–76.

4. Wright J, Hutchison A. Cardiovascular disease in patients with

chronic kidney disease. Vasc Health Risk Manag. 2009;5:713–722.

5. Hruska KA, Seifert M, Sugatani T. Pathophysiology of the chronic

kidney disease-mineral bone disorder. Curr Opin Nephrol Hypertens.

2015;24:303–309.

6. Lewis R. Mineral and bone disorders in chronic kidney disease: new

insights into mechanism and management. Ann Clin Biochem.

2012;49:432–440.

7. Ott SM. Bone disease in CKD. Curr Opin Nephrol Hypertens.

2012;21:376–381.

8. Lundquist AL, Nigwekar SU. Optimal management of bone mineral

disorders in chronic kidney disease and end stage renal disease.

Curr Opin Nephrol Hypertens. 2016;25:120–126.

9. Chen NX, Moe SM. Pathophysiology of vascular calcification. Curr

Osteoporos Rep. 2015;13:372–380.

10. Nitta K, Ogawa T. Vascular calcification in end-stage renal disease

patients. Contrib Nephrol. 2015;185:156–166.

11. Floege J, Ketteler M. Vascular calcification in patients with end-

stage renal disease. Nephrol Dial Transplant. 2004;19:59–66.

12. Disthabanchong S. Vascular calcification in chronic kidney disease:

pathogenesis and clinical implication. World J Nephrol. 2012;1:

43–53.

13. Stomp�or T. Coronary artery calcification in chronic kidney disease:

an update. World J Cardiol. 2014;6:115–129.

14. McCullough PA, Agarwal M, Agrawal V. Review article: risks of

coronary artery calcification in chronic kidney disease: do the same

rules apply? Nephrology. 2009;14:428–436.

15. Ketteler M, Elder GJ, Evenepoel P, et al. Revisiting KDIGO clinical

practice guideline on chronic kidney disease-mineral and bone dis-

order: a commentary from a kidney disease: ımproving global out-

comes controversies conference. Kidney Int. 2015;87:502–528.

16. Hong D, Ruan Y, Pu L, et al. Both pelvic radiography and lateral

abdominal radiography correlate well with coronary artery calcifica-

tion measured by computed tomography in hemodialysis patients: a

cross-sectional study. Hemodial Int. 2016;20:399–406.

17. Bellasi A, Ferramosca E, Muntner P, et al. Correlation of simple

imaging tests and coronary artery calcium measured by computed

tomography in hemodialysis patients. Kidney Int. 2006;70:1623–

1628.

18. Morgan B, Biggs MJ, Barber J, et al. Accuracy of targeted post-

mortem computed tomography coronary angiography compared to

assessment of serial histological sections. Int J Legal Med.

2013;127:809–817.

19. Rennenberg RJ, Kessels AG, Schurgers LJ, van Engelshoven JM, de

Leeuw PW, Kroon AA. Vascular calcifications as a marker of

increased cardiovascular risk: a meta-analysis. Vasc Health Risk

Manag. 2009;5:185–197.

20. Jean G, Mayor B, Deleaval P, et al. Vascular calcification progres-

sion ıs an ındependent predictor of mortality in patients on

haemodialysis. Nephron. 2015;130:169–174.

21. Jeong HS, Dominguez AR. Calciphylaxis: controversies in pathogen-

esis, diagnosis and treatment. Am J Med Sci. 2016;351:217–227.

22. H�enaut L, Mentaverri R, Liabeuf S, et al.; Groupe de Travail Biomar-

queurs des Calcifications Vasculaires de la SFBC et de la Soci�et�e de

N�ephrologie. Pathophysiological mechanisms of vascular calcifica-

tion. Ann Biol Clin (Paris). 2015;73:271–287

23. Bessueille L, Magne D. Inflammation: a culprit for vascular calcifica-

tion in atherosclerosis and diabetes. Cell Mol Life Sci.

2015;72:2475–2489.

24. Collett GDM, Canfield AE. Angiogenesis and pericytes in the ınitia-
tion of ectopic calcification. Circ Res. 2005;96:930–938.

25. Proudfoot D, Skepper JN, Hegyi L, Farzaneh-Far A, Shanahan CM,

Weissberg PL. The role of apoptosis in the initiation of vascular cal-

cification. Z Kardiol. 2001;90(Suppl. 3):43–46.

26. Pai A, Leaf EM, El-Abbadi M, Giachelli CM. Elastin degradation and

vascular smooth muscle cell phenotype change precede cell loss

and arterial medial calcification in a uremic mouse model of chronic

kidney disease. Am J Pathol. 2011;178:764–773.

27. Byon CH, Javed A, Dai Q, et al. Oxidative stress induces vascular

calcification through modulation of the osteogenic transcription

factor Runx2 by AKT signaling. J Biol Chem. 2008;283:15319–

15327.

28. Wang TK, Bolland MJ, van Pelt NC, et al. Relationships between

vascular calcification, calcium metabolism, bone density, and frac-

tures. J Bone Miner Res. 2010;25:2777–2785.

29. Giachelli CM. The emerging role of phosphate in vascular calcifica-

tion. Kidney Int. 2009;75:890–897.

30. Neves KR, Graciolli FG, dos Reis LM, et al. Vascular calcification:

contribution of parathyroid hormone in renal failure. Kidney Int.

2007;71:1262–1270.

31. Razzaque MS. The dualistic role of vitamin D in vascular calcifica-

tions. Kidney Int. 2011;79:708–714.

32. Drechsler C, Pilz S, Obermayer-Pietsch B, et al. Vitamin D defi-

ciency is associated with sudden cardiac death, combined cardio-

vascular events, and mortality in haemodialysis patients. Eur Heart

J. 2010;31:2253–2256.

33. Kassi E, Adamopoulos C, Basdra EK, Papavassiliou AG. Role of vita-

min D in atherosclerosis. Circulation. 2013;128:2517–2531.

34. Erben RG, Andrukhova O. FGF23-Klotho signaling axis in the kid-

ney. Bone. 2016;90. pii: S8756-3282(16)30256-3.

35. Olauson H, Vervloet MG, Cozzolino M, Massy ZA, Ure~na Torres P,

Larsson TE. New insights into the FGF23-Klotho axis. Semin

Nephrol. 2014;34:586–589.

36. Hu MC, Shi M, Zhang J, et al. Klotho deficiency causes vascular cal-

cification in chronic kidney disease. J Am Soc Nephrol. 2011;22:

124–136.

37. Tang Z, Wang A, Yuan F, et al. Differentiation of multipotent vas-

cular stem cells contributes to vascular diseases. Nat Com-

mun.2012;3:875

38. Liu W, Zhang X. Receptor activator of nuclear factor-jB ligand

(RANKL)/RANK/osteoprotegerin system in bone and other tissues

(review). Mol Med Rep. 2015;11:3212–3218.

39. Martin TJ, Sims NA; RANKL/OPG. Critical role in bone physiology.

Rev Endocr Metab Disord. 2015;16:131–139.

GUNGOR ET AL. | 79

https://doi.org/10.1161/jaha.116.00364
https://doi.org/10.1161/jaha.116.00364


40. Morony S, Tintut Y, Zhang Z, et al. Osteoprotegerin inhibits vascu-

lar calcification without affecting atherosclerosis in ldlr(-/-) mice.

Circulation. 2008;117:411–420.

41. Hujairi NM, Afzali B, Goldsmith DJ. Cardiac calcification in renal

patients: what we do and don’t know. Am J Kidney Dis.

2004;43:234–243.

42. Brylka L, Jahnen-Dechent W. The role of fetuin-A in physiological

and pathological mineralization. Calcif Tissue Int. 2013;93:355–364.

43. Herrmann M, Kinkeldey A, Jahnen-Dechent W. Fetuin-A function

in systemic mineral metabolism. Trends Cardiovasc Med.

2012;22:197–201.

44. Mori K, Emoto M, Inaba M. Fetuin-A: a multifunctional protein.

Recent Pat Endocr Metab Immune Drug Discov. 2011;5:124–146

45. Suliman ME, Garc�ıa-L�opez E, Anderstam B, Lindholm B, Stenvinkel

P. Vascular calcification inhibitors in relation to cardiovascular dis-

ease with special emphasis on fetuin-A in chronic kidney disease.

Adv Clin Chem. 2008;46:217–262.

46. Ketteler M. Fetuin-A and extraosseous calcification in uremia. Curr

Opin Nephrol Hypertens. 2005;14:337–342.

47. Westenfeld R, Jahnen-Dechent W, Ketteler M. Vascular calcifica-

tion and fetuin-A deficiency in chronic kidney disease. Trends Car-

diovasc Med. 2007;17:124–128.

48. Jahnen-Dechent W, Sch€afer C, Ketteler M, McKee MD. Mineral

chaperones: a role for fetuin-A and osteopontin in the inhibition

and regression of pathologic calcification. J Mol Med (Berl).

2008;86:379–389.

49. Holt SG, Smith ER. Fetuin-A-containing calciprotein particles in

mineral trafficking and vascular disease. Nephrol Dial Transplant.

2016;31:1583–1587.

50. Pawade TA, Newby DE, Dweck MR. Calcification in aortic stenosis:

the skeleton key. J Am Coll Cardiol. 2015;66:561–577.

51. Smith ER, Cai MM, McMahon LP, et al. Serum fetuin-A concentra-

tion and fetuin-A-containing calciprotein particles in patients with

chronic inflammatory disease and renal failure. Nephrology.

2013;18:215–221.

52. Pecovnik Balon B, Knehtl M, Bevc S, Jakopin E, Gorenjak M.

Fetuin-A as a risk factor for mortality in hemodialysis patients. Wien

Klin Wochenschr. 2010;122 (Suppl. 2):63–67

53. Wang M, Wang M, Gan LY, Li SJ, Hong N, Zhang M. Vascular calci-

fication in maintenance hemodialysis patients. Blood Purif.

2009;28:15–20.

54. El-Shehaby AM, Zakaria A, El-Khatib M, Mostafa N. Association of

fetuin-A and cardiac calcification and inflammation levels in

hemodialysis patients. Scand J Clin Lab Invest. 2010;70:575–582.

55. Turkmen K, Gorgulu N, Uysal M, et al. Fetuin-A, inflammation, and

coronary artery calcification in hemodialysis patients. Indian J

Nephrol. 2011;21:90–94.

56. Hermans MM, Brandenburg V, Ketteler M, et al. Study on the rela-

tionship of serum fetuin-A concentration with aortic stiffness in

patients on dialysis. Nephrol Dial Transplant. 2006;21:1293–1299.

57. Pateinakis P, Papagianni A, Douma S, Efstratiadis G, Memmos D.

Associations of fetuin-A and osteoprotegerin with arterial stiffness

and early atherosclerosis in chronic hemodialysis patients. BMC

Nephrol. 2013;14:122.

58. Ketteler M, Bongartz P, Westenfeld R, et al. Association of low

fetuin-A (AHSG) concentrations in serum with cardiovascular mor-

tality in patients on dialysis: a cross-sectional study. Lancet.

2003;361:827–833.

59. Metry G, Stenvinkel P, Qureshi AR, et al. Low serum fetuin-A con-

centration predicts poor outcome only in the presence of inflamma-

tion in prevalent haemodialysis patients. Eur J Clin Invest.

2008;38:804–811.

60. Vasqez ES, Cunningham JC, McMahan JB, Simpson CL, Walters KB.

Fetuin-A adsorption and stabilization of calcium carbonate

nanoparticles in a simulated body fluid. J Mater Chem B.

2015;3:6411–6419.

61. Cunningham JC, Vasqez ES, Walters KB, Simpson LS. Human

Fetuin-A treatment for demineralization of arteriosclerosis. Society

for Biomaterials (SFB), Annual meeting, 2015, abstract 115.

62. Lin HH, Liou HH, Wu MS, Huang CC. Factors associated with

serum fetuin-A concentrations after long-term use of different

phosphate binders in hemodialysis patients. BMC Nephrol.

2016;17:33.

63. Manenti L, Vaglio A, Pasquali S. Increased fetuin-A levels following

treatment with a vitamin D analog. Kidney Int. 2010;78:1187.

64. Messa P, Alberti L, Como G, et al. Calcimimetic increases osteopro-

tegerin and decreases fetuin-A levels in dialysis patients. Nephrol

Dial Transplant. 2007;22:2724–2725.

65. Harbuzova VIu, Ataman OV. Matrix Gla-protein and its role in vas-

cular wall calcification]. Fiziol Zh 2011;57:96–112

66. Schurgers LJ, Cranenburg EC, Vermeer C. Matrix Gla-protein: the

calcification inhibitor in need of vitamin K. Thromb Haemost.

2008;100:593–603.

67. Proudfoot D, Shanahan CM. Molecular mechanisms mediating vas-

cular calcification: role of matrix Gla protein. Nephrology.

2006;11:455–456.

68. Hermans MM, Vermeer C, Kooman JP, et al. Undercarboxylated

matrix GLA protein levels are decreased in dialysis patients and

related to parameters of calcium-phosphate metabolism and aortic

augmentation index. Blood Purif. 2007;25:395–401.

69. Mazzaferro S, Pasquali M, Pugliese F, et al. Serum levels of calcifi-

cation inhibition proteins and coronary artery calcium score: com-

parison between transplantation and dialysis. Am J Nephrol.

2007;27:75–83.

70. Cranenburg EC, Schurgers LJ, Uiterwijk HH, et al. Vitamin K intake

and status are low in hemodialysis patients. Kidney Int.

2012;82:605–610.

71. Shroff RC, Shah V, Hiorns MP, et al. The circulating calcification

inhibitors, fetuin-A and osteoprotegerin, but not matrix Gla protein,

are associated with vascular stiffness and calcification in children

on dialysis. Nephrol Dial Transplant. 2008;23:3263–3271.

72. Brancaccio D, Biondi ML, Gallieni M, et al. Matrix GLA protein gene

polymorphisms: clinical correlates and cardiovascular mortality in

chronic kidney disease patients. Am J Nephrol. 2005;25:548–552.

73. Schlieper G, Westenfeld R, Kr€uger T, et al. Circulating nonphospho-

rylated carboxylated matrix gla protein predicts survival in ESRD. J

Am Soc Nephrol. 2011;22:387–395.

74. Fusaro M, Giannini S, Gallieni M, et al. Calcimimetic and vitamin D

analog use in hemodialyzed patients is associated with increased

levels of vitamin K dependent proteins. Endocrine. 2016;51:333–

341.

75. Mendoza FJ, Martinez-Moreno J, Almaden Y, et al. Effect of cal-

cium and the calcimimetic AMG 641 on matrix-Gla protein in vas-

cular smooth muscle cells. Calcif Tissue Int. 2011;88:169–178.

76. Makarovi�c S, Makarovi�c Z, Steiner R, Mihaljevi�c I, Milas-Ahi�c J.

Osteoprotegerin and vascular calcification: clinical and prognostic

relevance. Coll Antropol. 2015;39:461–468.

77. Morena M, Jaussent I, Dupuy AM, et al. Osteoprotegerin and scle-

rostin in chronic kidney disease prior to dialysis: potential partners

in vascular calcifications. Nephrol Dial Transplant. 2015;30:1345–

1356.

78. D’Amelio P, Isaia G, Isaia GC. The osteoprotegerin/RANK/RANKL

system: a bone key to vascular disease. J Endocrinol Invest. 2009;32

(4 Suppl.):6–9.

79. Olesen P, Nguyen K, Wogensen L, Ledet T, Rasmussen LM. Calcifi-

cation of human vascular smooth muscle cells: associations with

osteoprotegerin expression and acceleration by high-dose insulin.

Am J Physiol Heart Circ Physiol. 2007;292:H1058–H1064.

80 | GUNGOR ET AL.



80. Bucay N, Sarosi I, Dunstan CR, et al. osteoprotegerin-deficient mice

develop early onset osteoporosis and arterial calcification. Genes

Dev. 1998;12:1260–1268.

81. Collin-Osdoby P. Regulation of vascular calcification by osteoclast

regulatory factors RANKL and osteoprotegerin. Circ Res.

2004;95:1046–1057.

82. Nitta K, Akiba T, Uchida K, et al. Serum osteoprotegerin levels and

the extent of vascular calcification in haemodialysis patients.

Nephrol Dial Transplant. 2004;19:1886–1889.

83. Ozkok A, Caliskan Y, Sakaci T, et al. Osteoprotegerin/RANKL axis

and progression of coronary artery calcification in hemodialysis

patients. Clin J Am Soc Nephrol. 2012;7:965–973.

84. Nakashima A, Carrero JJ, Qureshi AR, et al. Plasma osteoprotegerin,

arterial stiffness, and mortality in normoalbuminemic Japanese

hemodialysis patients. Osteoporos Int. 2011;22:1695–1701.

85. Lee JE, Kim HJ, Moon SJ, et al. Serum osteoprotegerin is associated

with vascular stiffness and the onset of new cardiovascular events

in hemodialysis patients. Korean J Intern Med. 2013;28:668–677.

86. Morena M, Terrier N, Jaussent I, et al. Plasma osteoprotegerin is

associated with mortality in hemodialysis patients. J Am Soc

Nephrol. 2006;17:262–270.

87. Nishiura R, Fujimoto S, Sato Y, et al. Elevated osteoprotegerin

levels predict cardiovascular events in new hemodialysis patients.

Am J Nephrol. 2009;29:257–263.

88. Covic A, Passlick-Deetjen J, Kroczak M, et al. A comparison of cal-

cium acetate/magnesium carbonate and sevelamer-hydrochloride

effects on fibroblast growth factor-23 and bone markers: post hoc

evaluation from a controlled, randomized study. Nephrol Dial Trans-

plant. 2013;28:2383–2392.

89. Eleftheriadis T, Antoniadi G, Liakopoulos V, Galaktidou G. The

effect of paricalcitol on osteoprotegerin production by human

peripheral blood mononuclear cells. J Rheumatol. 2009;36:856–857.

90. Ramchandani D, Weber GF. Interactions between osteopontin and

vascular endothelial growth factor: ımplications for skeletal disor-

ders. Bone. 2015;81:7–15.

91. Wolak T. Osteopontin – a multi-modal marker and mediator in

atherosclerotic vascular disease. Atherosclerosis. 2014;236:327–337.

92. Shevde LA, Das S, Clark DW, Samant RS. Osteopontin: an effector

and an effect of tumor metastasis. Curr Mol Med. 2010;10:71–81.

93. Cho HJ, Cho HJ, Kim HS. Osteopontin: a multifunctional protein at

the crossroads of inflammation, atherosclerosis, and vascular calcifi-

cation. Curr Atheroscler Rep. 2009;11:206–213.

94. Scatena M, Liaw L, Giachelli CM. Osteopontin: a multifunctional

molecule regulating chronic inflammation and vascular disease. Arte-

rioscler Thromb Vasc Biol. 2007;27:2302–2309.

95. Okamoto H. Osteopontin and cardiovascular system. Mol Cell Bio-

chem. 2007;300:1–7.

96. Singh M, Ananthula S, Milhorn DM, Krishnaswamy G, Singh K.

Osteopontin: a novel inflammatory mediator of cardiovascular

disease. Front Biosci 2007;12:214–221

97. Kazanecki CC, Uzwiak DJ, Denhardt DT. Control of osteopontin

signaling and function by post-translational phosphorylation and

protein folding. J Cell Biochem. 2007;102:912–924.

98. Wang N, Yang J, Yu X, et al. Radial artery calcification in end-stage

renal disease patients is associated with deposition of osteopontin

and diminished expression of alpha-smooth muscle actin. Nephrol-

ogy. 2008;13:367–375.

99. Nitta K, Ishizuka T, Horita S, et al. Soluble osteopontin and vascular

calcification in hemodialysis patients. Nephron. 2001;89:455–458.

100. Phan O, Ivanovski O, Nikolov IG, et al. Effect of oral calcium car-

bonate on aortic calcification in apolipoprotein E-deficient (apoE-/-)

mice with chronic renal failure. Nephrol Dial Transplant.

2008;23:82–90.

101. Lau WL, Leaf EM, Hu MC, et al. Vitamin D receptor agonists

increase klotho and osteopontin while decreasing aortic calcifica-

tion in mice with chronic kidney disease fed a high phosphate diet.

Kidney Int. 2012;82:1261–1270.

102. Zeisberg M, M€uller GA, Kalluri R. Are there endogenous mole-

cules that protect kidneys from injury? The case for bone mor-

phogenic protein-7 (BMP-7). Nephrol Dial Transplant. 2004;19:

759–761.

103. Bechtel W, Zeisberg M. Bone Morphogenic Protein-7 (BMP7) and

the kidneys: insights into the future management of chronic kidney

diseases. Dtsch Med Wochenschr. 2009;134:1688–1691.

104. Carreira AC, Lojudice FH, Halcsik E, Navarro RD, Sogayar MC,

Granjeiro JM. Bone morphogenetic proteins: facts, challenges, and

future perspectives. J Dent Res. 2014;93:335–345.

105. Groeneveld EH, Burger EH. Bone morphogenetic proteins in human

bone regeneration. Eur J Endocrinol. 2000;142:9–21.

106. Lund RJ, Davies MR, Brown AJ, Hruska KA. Successful treatment

of an adynamic bone disorder with bone morphogenetic pro-

tein-7 in a renal ablation model. J Am Soc Nephrol. 2004;15:359–

369.

107. Davies MR, Lund RJ, Hruska KA. BMP-7 is an efficacious treatment

of vascular calcification in a murine model of atherosclerosis and

chronic renal failure. J Am Soc Nephrol. 2003;14:1559–1567.

108. Mathew S, Davies M, Lund R, Saab G, Hruska KA. Function and

effect of bone morphogenetic protein-7 in kidney bone and the

bone-vascular links in chronic kidney disease. Eur J Clin Invest.

2006;36(Suppl. 2):43–50.

How to cite this article: Gungor O, Kocyigit I, Yilmaz MI,

Sezer S. Role of vascular calcification inhibitors in preventing

vascular dysfunction and mortality in hemodialysis patients.

Semin Dial. 2018;31:72–81. https://doi.org/10.1111/

sdi.12616

GUNGOR ET AL. | 81

https://doi.org/10.1111/sdi.12616
https://doi.org/10.1111/sdi.12616

