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Abstract

Vascular calcification is highly prevalent in end-stage renal disease (ESRD) and independently
predictive of future cardiovascular events and mortality. Calcification can occur in both the
intimal and medial layers of vasculature, but medial calcification is the major form in ESRD.
Medial calcification increases large elastic artery stiffness and pulse-pressure, promotes left
ventricular hypertrophy, reduces perfusion of the coronary arteries, and ultimately promotes
increased cardiovascular mortality via increased risk of myocardial infarction and heart failure. It
results not from a passive deposition of calcium and phosphate due to increased circulating levels,
but rather is an active cell-mediated process involving vascular smooth muscle cells (VSMC)
apoptosis and vesicle release, a shift in the balance of inhibitors and promoters of vascular
calcification, and VSMC differentiation from a contractile to osteochondrogenic phenotype. This
phenotypic shift requires phosphate, as well as the uptake of phosphate by the sodium-dependent
phosphate cotransporter PiT-1, which is up-regulated by pro-inflammatory cytokines and the
uremic milieu. Further research is needed to determine if targeting these processes can ultimately
reduce vascular calcification in this high cardiovascular risk population.
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Introduction

Vascular calcification is highly prevalent in end-stage renal disease (ESRD) and
independently predictive of future cardiovascular events and mortality. Once thought to
simply be a passive process of ectopic calcium deposition resulting from an increased
calcium phosphate product (Ca2* x P27), calcification is now recognized as a complex
active process involving key regulatory proteins typically involved in bone formation and
structure that become expressed in arterial tissue and lead to ossification of the vasculature.
In this review, we briefly discuss the significance of and mechanisms mediating vascular
calcification in ESRD.

Discussion

Vascular Calcification and Cardiovascular Disease in ESRD

Cardiovascular mortality risk is elevated 5-10 fold in ESRD compared to the general
population (1). An important risk factor for cardiovascular mortality in ESRD patients is
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vascular calcification, which is an abnormal deposition of calcium salts in vascular tissue,
including valves, blood vessels and the heart (2,3). Vascular calcification is highly prevalent
in ESRD patients, occurs decades earlier than in the general population (4), and its
progression accelerates dramatically once a patient initiates chronic dialysis (5). This is of
great clinical significance, as the presence and degree of calcification independently predicts
future cardiovascular events, as well as mortality (6,7).

Calcification can occur in both the intimal and medial layers of vasculature, but medial
calcification is considered the more common and major form of calcification in ESRD (2).
Intimal calcification is focal, associated with inflammation, and is reflective of the degree of
atherosclerosis in the aorta, coronary arteries and large vessels (8,9). Medial calcification,
also known as Monckeberg’s sclerosis, occurs with aging, diabetes and chronic kidney
disease (2), is characterized by diffuse mineral deposition throughout the vascular tree and is
common in the muscular conduit arteries such as the femoral artery (10). It can occur
independent of both atherosclerosis and an increased calcium and phosphorus serum
concentration, and results from vascular smooth muscle cell (VSMC) phenotypic changes
promoting a upregulation of osteogenic programs (11).

Medial calcification is associated with increased large-elastic artery stiffness, as reflected by
increased aortic pulse-wave velocity (Figure 1) (2). This reduction in arterial distensiblity
increases systolic blood pressure (SBP) and reduces (DBP), increases cardiac afterload, and
compromises perfusion of the coronary arteries during diastole. These consequences are
augmented further if coronary plaque is also present (12). Subsequent left ventricular
remodeling and hypertrophy increases risk of myocardial infarction and heart failure, and
ultimately favors increased cardiovascular mortality (13).

Medial calcification occurs in young to middle-aged patients on chronic dialysis even in
absence of traditional cardiovascular risk factors (14). In fact, the extent of coronary artery
calcification in dialysis patients is 2-5 fold greater in age-matched patients who have
angiographically proven coronary artery disease (15). Thus, non-traditional risk factors
unique to the ESRD patients on chronic dialysis may predispose this population to
accelerated vascular calcification (16). However, it is worth noting that although extremely
common, not all patients develop vascular calcification despite similar exposure to an
uremic milieu, which suggests that genetics and/or protective mechanisms may be important
factors (10).

Mechanisms Mediating Vascular Calcification in ESRD

Normal vessels and valve do not calcify, despite a serum concentration of calcium and
phosphorus at or above the solubility product (2), and calcification can still occur even with
tight phosphate control (10). Thus, although vascular calcification was once considered to be
a passive process of mineral deposition, high serum calcium and phosphorus concentration
alone will not result in vascular calcification (17). Instead, calcification is an active cell-
mediated process involving key regulators that are usually only involved in bone formation
becoming expressed in the vasculature and promoting ossification (18). While an increased
calcium and phosphate are not sufficient to promote vascular calcification, they are key to
both the initiation and progression of calcification (15).

Although calcium and phosphate work synergistically to promote vascular calcification, it is
thought that calcium acts primarily by inducing apoptosis of VSMCs (Figure 2). This
process promotes release of membrane-bound matrix vesicles that act with the apoptotic
VSMCS as nidus for further calcium and phosphate (hydoxyapatite deposition) (17) and
promote further apoptosis (19). Vessels from dialysis patients contain almost twice the
calcium load of non-dialysis dependent chronic kidney disease patients, and are
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Summary

characterized by apoptotic VSMC damage and vesicle release (17). Increased VSMC
apoptosis is observed even in pediatric dialysis patients, who are free from traditional
cardiovascular risk factors (20). Concurrent with VSMC apoptosis, phenotypic changes also
occur in VSMCs.

VSMCs are mesenchymal in origin and thus can differentiate into other mesenchymal-
derived cells under conditions of stress (17). Differentiation of contractile VSMCs into a
chondroycte or osteoblast-like cells is key to vascular calcification and is promoted by active
inducers. Ordinarily, key inhibitors counter this process, but this balance is shifted in ESRD
(Figure 2). Active inducers that are likely up-regulated include bone morphogenic protein 2
(BMP-2), a key inducer of the differentiation of VSMCs to osetoblast-like cells, receptor
activator of nuclear factor kappa B ligand (RANKL), a trans-membrane protein that
promotes osteoclast differentiation and activation, and core binding factor alpha 1, runt-
related transcription factor 2 (CFBA1/RUNX2), an essential transcription factor for
osteoblast differentiation and osteogenesis (16). Expression of osteochondrogenic genes is
also increased even in arteries from pediatric dialysis patients (20).

These active inducers are ordinarily countered by active inhibitors of vascular calcification,
which are down-regulated in ESRD. These include matrix gla protein, a transcription factors
that inhibits VSMC differentiation to an osteoblast-like phenotype as well as calcium crystal
binding in the vascular matrix, osteopontin, a promoter of osteoclast function and inhibitor
of hydroxyapatite crystal growth, fetuin-A, one of the most potent inhibitors of ectopic
calcification and VSMC apoptosis, osteoprotegerin, an inhibitor of osteoclast differentiation,
and BMP-7, a promoter of the VSMC phenotype (16). Fetuin-A levels are low in patients on
chronic dialysis and associate with increased coronary artery calcification and
cardiovascular mortality (15,21).

Rodent models of renal insufficiency have demonstrated that the phenotypic change in
VVSMCs from a contractile to an osteochondrogenic phenotype, resulting from this shift in
balance of active inhibitors and active promoters, requires high phosphate feeding (22).
Phosphate transport into cells is primarily mediated by sodium-dependent phosphate
cotransporters, with PiT-1 being most important in VSMCs (2). PiT-1 is required in vitro for
differentiation to an osteochondrogenic phenotype and calcification to occur in human aortic
smooth muscle cells (2,23). In ESRD, pro-inflammatory cytokines and the uremic milieu
can increase PiT-1 expression in VSMCs, leading to increased uptake of phosphorus even if
levels are still normal, and further promoting vascular calcification (2).

In summary, vascular calcification is highly prevalent in the dialysis population and a major
contributor to the increased risk of cardiovascular mortality. It results not simply from a
passive deposition of calcium and phosphate, but rather from active processes involving
VSMC apoptosis, a shift in the balance of inhibitors and promoters, and VSMC
differentiation from a contractile to osteochondrogenic phenotype. Future research is
required to determine if targeting these processes can ultimately reduce vascular
calcification in this high cardiovascular risk population.
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Figure 1.

Vascular Calcification

|

Arterial Stiffness

|

Increased SBP
Decreased DBP

|

Increased Afterload

|

Reduced Coronary
Perfusion

|

Left Ventricular Hypertrophy

|

Increased MI Risk
Heart Failure

|

Increased CV Mortality

Cardiovascular implications of vascular calcification.
Medial vascular calcification increased aortic stiffness (decreased arterial compliance), as
reflected by increased aortic pulse-wave velocity. This reduction in arterial distensiblity

increases systolic blood pressure (SBP) and also reduces (DBP). Such hemodynamic

Page 6

alterations increases cardiac afterload, while also compromising perfusion of the coronary

arteries. Subsequent left ventricular remodeling and hypertrophy increases risk of

myocardial infarction (MI) and heart failure, and ultimately favors increased cardiovascular

mortality.
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Figure 2.
Simplified diagram of the passive and active processes involved in vascular calcification in

end-stage renal disease.

Vascular calcification is not just a passive process resulting from an increased in serum
calcium and phosphorus concentration but active process involving key regulatory proteins
typically involved in bone formation and structure that become expressed in arterial tissue
and lead to ossification of the vasculature. In end-stage renal disease (ESRD), both serum
calcium and phosphorous are elevated, and although they work synergistically to promote
vascular calcification, it is thought that calcium primarily induces apoptosis, leading to the
formation of a mineral nucleation nidus, and phosphorous promotes active osteochondrosis.
Calcium promotes vascular smooth muscle cell (VSMC) apoptosis and release of
membrane-bound matrix vesicles, leading to vesicle deposition and extracellular matrix
mineralization. Subsequently, phenotypic changes in VSMCs occur, a process requiring a
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shift in the balance of cell-mediated processes regulated by active inhibitors and active
inducers. Pro-inflammatory cytokines (increased inflammation) and the uremic milieu can
increase expression of sodium-dependent phosphate cotransporters (in particular PiT-1) in
VSMCs, leading to increased uptake of phosphorus even if levels are still normal. PiT-1 is
required for the osteochondrogenic phenotypic changes that occur in VSMC as a result of
active processes.
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