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Cardiovascular complications are the
leading cause of death in patients with
chronic kidney disease (CKD).1 Vascular
calcification is a common complication
in CKD, and London et al.2 demon-
strated that the extent and histoanatomic
type of vascular calcification are predic-
tors of subsequent vascular mortality.
The contribution of traditional risk fac-
tors such as hypertension, aging, smok-
ing, diabetes, and abnormal lipid metab-
olism does not fully explain the high
frequency of cardiovascular disease, in-

dicating that some other distinct patho-
genesis may be involved.2– 6

Two major types of vascular calcifica-
tion are distinguished by their location
and association with atherosclerotic
plaque formation. One type, atheroscle-
rotic calcification, is located in the inti-
mal layer and is associated with athero-
sclerosis. Atherosclerotic calcification
involves cellular necrosis, inflammation,
and lipid deposition.7–9 As lesions
progress, osteogenesis, including osteo-
blast induction and lamellar bone for-

mation, becomes increasingly evident.
The other type is Monckeberg sclerosis,
in which amorphous mineral forms cir-
cumferentially along or within one or
more elastic lamellae of the medial layer.
Also known as medial artery calcifica-
tion, this type is more prevalent in pa-
tients with diabetes and CKD.7,8 Most in
vitro studies examining vascular calcifi-
cation have been performed in vascular
smooth muscle cells (VSMCs), which are
the major component of the medial arte-
rial layer. For many years, vascular calci-
fication was thought to be a passive pro-
cess resulting from elevated serum
phosphate (P2�) levels and an increase in
the calcium phosphate product (Ca2� �
P2�), resulting in oversaturated plas-
ma.10 –12 Recent studies, however, re-
vealed a link between vascular calcifica-
tion and osteogenesis. Many key
regulators of bone formation and bone
structural proteins are expressed in both
calcified medial arterial layers and ath-
erosclerotic plaques,13–24 suggesting that
vascular calcification is an active process.
In addition, there is growing evidence
that physiologic inhibitors of vascular
calcification also exist.25–28

Hyperphosphatemia and an elevated
(Ca2� � P2�) associate with cardiovascular
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ABSTRACT
Cardiovascular complications are the leading cause of death in patients with
chronic kidney disease (CKD). Vascular calcification is a common complication in
CKD, and investigators have demonstrated that the extent and histoanatomic type
of vascular calcification are predictors of subsequent vascular mortality. Although
research efforts in the past decade have greatly improved our knowledge of the
multiple factors and mechanisms involved in vascular calcification in patients with
kidney disease, many questions remain unanswered. No longer can we accept the
concept that vascular calcification in CKD is a passive process resulting from an
elevated calcium-phosphate product. Rather, as a result of the metabolic insults of
diabetes, dyslipidemia, oxidative stress, uremia, and hyperphosphatemia, “osteo-
blast-like” cells form in the vessel wall. These mineralizing cells as well as the
recruitment of undifferentiated progenitors to the osteochondrocyte lineage play
a critical role in the calcification process. Important transcription factors such as
Msx 2, osterix, and RUNX2 are crucial in the programming of osteogenesis. Thus,
the simultaneous increase in arterial osteochondrocytic programs and reduction in
active cellular defense mechanisms creates the “perfect storm” of vascular calci-
fication seen in ESRD. Innovative clinical studies addressing the combined use of
inhibitors that work on vascular calcification through distinct molecular mecha-
nisms, such as fetuin-A, osteopontin, and bone morphogenic protein 7, among
others, will be necessary to reduce significantly the accrual of vascular calcifications
and cardiovascular mortality in kidney disease. In addition, the roles of oxidative
stress and inflammation on the fate of smooth muscle vascular cells and their
function deserve further translational investigation.
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mortality in patients with CKD.29–32 In di-
alysis patients, vascular calcification is as-
sociated with hypercalcemia, hyperphos-
phatemia, an elevated (Ca2� � P2�), and
ingested oral calcium (Ca2�).4,33,34 In addi-
tion, coronary artery calcification occurs
much earlier in pediatric patients undergo-
ing dialysis than in the general population,
and its progression positively correlates
with serum P2� levels, the (Ca2� � P2�),
and daily Ca2� intake.35,36 Moreover, clin-
ical studies37 demonstrated a decreased
mortality in dialysis patients ingesting the
non–Ca2�-containing phosphate binder
sevelamer compared with patients ingest-
ing Ca2�-based phosphate binders. Other
studies showed that dialysis patients
treated with sevelamer had little or no pro-
gression of vascular calcification when
compared with those treated with Ca2�-
containing phosphate binders, even when
control of serum P2� levels in both groups
was equivalent.38,39 Thus, a disturbance in
Ca2� and P2� metabolism plays a crucial
role in the progression of vascular calcifica-
tion in patients with CKD.

Active vitamin D compounds are
commonly used for the treatment of sec-
ondary hyperparathyroidism. Low levels
of serum calcitriol are associated with an
increased risk for vascular calcifica-
tion40,41 and contribute to cardiovascu-
lar-related mortality in patients with
CKD.2– 6 Furthermore, active vitamin D
compounds provide a survival benefit
for patients with CKD that is indepen-
dent of serum Ca2�, P2�, and parathy-
roid hormone (PTH) levels.42– 46 Because
vitamin D receptor (VDR) activation is
beneficial in patients with CKD not only
for the suppression of serum PTH levels
but also for improved survival, continu-
ous efforts have been made to develop
new vitamin D analogs with lower calce-
mic and phosphatemic activities.47

In this article, we discuss the proposed
mechanisms by which vascular calcifica-
tion progresses in patients with CKD.
These pathophysiologic mechanisms are
broadly divided into three groups: The
induction of osteoblastic transdifferen-
tiation of VSMCs, the osteogenic lineage
allocation and differentiation of multi-
potent vascular progenitors such as peri-
cytes and calcifying vascular cells, and

the loss of inhibitors of vascular calcifica-
tion (Figure 1). We also examine the role
of vitamin D in vascular calcification.

MOLECULAR MECHANISMS
INVOLVED IN VASCULAR
CALCIFICATION

Ectopic Osteogenesis
Many bone-associated proteins, in-
cluding osteocalcin (OC),48 osteopon-
tin (OPN),14,16,23,24 matrix �-carboxy-
glutamic acid protein (MGP),19 and
osteoprotegerin (OPG)49 are expressed
in atherosclerotic plaques and associ-
ate with atherosclerotic calcification.
These factors also relate to medial layer
calcification (Monckeberg sclerosis),
which was confirmed by the deletion of
the target gene in mice and by in vitro
studies using VSMCs. Although the ba-
sic processes, especially the initial
steps, are different, some processes in
atherosclerotic calcification and me-
dial layer calcification may overlap
when the initial step in vascular calcifi-
cation occurs in aortic tissues.

Cbfa1/Runx2, a specific transcription
factor for osteoblastic differentiation,
has an important role in vascular calcifi-
cation. This protein is essential for the
differentiation of osteoblasts from their
mesenchymal precursors. Cbfa1/Runx2-
null mice completely lack functional os-
teoblasts and display profound mineral-
ization and skeletal defects.50 In humans,
mutations in the Cbfa1/Runx2 locus
cause cleidocranial dysplasia, an autoso-
mal dominant disease characterized by
the absence of clavicles, open fontalles,
supernumerary teeth, and short stat-
ure.51 Multiple signal transduction path-
ways that relate to posttranslational
modification such as phosphorylation or
protein–protein interaction are involved
in the transcriptional activity of Cbfa1/
Runx2. The mitogen-activated protein
kinase (MAPK) pathway, which is acti-
vated by signals from the extracellular
matrix (fibroblast growth factor 2 [FGF-
2], bone morphogenic proteins (BMPs),
and PTH plays a crucial role in the in-
duction of Cbfa1/Runx2 activity, which
results in the induction of osteoblastic

differentiation,52 as does hydrogen per-
oxide (vide infra). As a key factor in bone
formation, the activation of Cbfa1/
Runx2 by the aforementioned factors, is
thought to play an important role in vas-
cular calcification. In patients with CKD,
it is well established that hyperphos-
phatemia is associated with the develop-
ment of vascular calcification.14 –33 It was
previously thought that high serum
phosphate levels caused vascular calcifi-
cation by simply exceeding (Ca2� �
P2�) solubility, resulting in precipita-
tion. Recently, though, studies in VSMCs
showed that high extracellular phos-
phate levels induce VSMCs to transform
into osteoblast-like cells, suggesting that
the processes of vascular calcification are
active. Elevated extracellular P2� levels
accelerate mineralization of VSMCs; are
associated with the induction of Cbfa1/
Runx2; and increase bone-associated
proteins such as OC, OPN, and alkaline
phosphatase (ALP).26,53–55

At this point, however, it is important
to highlight that, although osteogenic
mechanisms participate in most if not all
major forms of vascular calcification, not
all vascular calcification leads to vascular
ossification, particularly the deposition
of lamellar or woven bone. For example,
only 13% of calcified heart valves show
evidence of bone formation, even though
BMP expression is evident.56 The pro-
cesses directing true ossification may re-
late to angiogenic signals provided by
hypoxia induced factor � and vascular
endothelial growth factor, important
mediators of bone formation and osteo-
genic–angiogenic coupling.57

Elastin Degradation
Because the initial step in medial calcifi-
cation is in part associated with the deg-
radation of elastin, representing elastic
fibers with linear mineral deposits along
elastic lamellae,58 the degradation of elastin
is thought to contribute to the osteogenic
process in aortic tissue. Elastin is the most
abundant protein in the walls of the arter-
ies, which are subjected to pulsative pres-
sure generated by cardiac contraction.59

Elastin constitutes 90% of elastic fibers and
10% of microfibrillar glycoproteins, such
as fibrillins and microfibrillar-associated

SPECIAL ARTICLE www.jasn.org

1454 Journal of the American Society of Nephrology J Am Soc Nephrol 20: 1453–1464, 2009



glycoproteins, which form microfibrills of
elastic fibers. Matrix metalloproteinases
(MMPs) have an important role in the
degradation of elastin.60 – 62 MMP-2 and
MMP-9 bind and degrade insoluble elas-
tin to generate soluble elastin peptides.63

These elastin peptides bind the elastin
laminin receptor (ELR), which is located
on the surface of VSMCs.

The degradation of elastin also in-
duces the overexpression of TGF-�.
TGF-�1 not only plays an important role
in osteoblast differentiation64 but also
accelerates the calcification of VSMCs.
The transduction pathway of both the

ELR and the TGF-� receptor involves the
activation of MAPK, which induces
Cbfa1/Runx2 activation.52 Thus, the ac-
tivation the ELR or the TGF-� receptor
in VSMCs may result in the induction of
Cbfa1/Runx2 through MAPK phosphor-
ylation and sequentially initiate the
transformation of VSMCs into osteo-
blast-like cells. Because the signal trans-
duction pathway for both the ELR and
the TGF-� receptor are implicated in the
osteogenic process in VSMCs, the degra-
dation of elastin plays a crucial role, es-
pecially in the initial step of medial calci-
fication.65,66

INDUCER OF VASCULAR
CALCIFICATION

Ca2� and P2� Status
Compared with the general population,
patients with CKD have a disproportion-
ately high occurrence of vascular calcifi-
cation. One hypothesis to account for
this is the altered Ca2� and P2� metabo-
lism seen in these patients. This is the
most important contributor to the pro-
gression of vascular calcification in the
uremic condition. Extracellular P2� pro-
motes the mineralization of VSMCs in
both dosage- and time-dependent man-
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Figure 1. Cell fate, function, and phenotype in vascular calcification. In response to uremic toxins or elevated calcium and phosphate
levels, VSMCs elaborate lipidaceous vesicle from apoptotic cells or produce matrix vesicle. The latter, approximately one third the
diameter of apoptotic bodies, are much more efficient in nucleating mineral deposition. These vesicles nucleate calcium deposition in
the form of a poorly crystalline hydroxyapatite, associated with the elastin-rich extracellular matrix of arteries. The process of
elastinolysis not only creates sites for vesicle, mediated nucleation, but also released EDPs that promote osteochondrogenic “trans-
differentiation” of VSMCs. This latter process is stimulated by oxidized LDL and ROS, viz., hydrogen peroxide. With osteochondrogenic
differentiation, gene expression profiles change dramatically, with induction of bone ALP, production of a highly collagenous
extracellular matrix, and elaboration of matrix vesicle. Bone ALP locally degrades inorganic pyrophosphate, an important inhibitor of
mineralization and transdifferentiation. In addition, multipotent vascular mesenchymal progenitors called calcifying vascular cells (CVC)
or pericytes can yield cells of the osteoblast and chondrocyte lineage. This occurs through paracrine BMP and canonical Wnt signals that
“shunt” these proliferating progenitors away from other fates, such as the mature VSMC, and toward osteogenic lineages. Inflammatory
cytokines such and TNF play critical roles. Of note, as shown by Shanahan’s group,19,20 the phagocytic clearance of matrix vesicles by VSMCs
is critical in limiting the number of sites that nucleate mineral deposition. In severely advanced atherosclerotic lesions, cholesterol crystals
have also been shown to nucleate calcium phosphate deposition as well. See text for details.
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ners by increasing the influx of P2� into
VSMCs, which leads to the induction of
osteoblastic-differentiation factors such
as Cbfa1/Runx2 and OC.54 The blockade
of Pit-1, a type III sodium-dependent
phosphate co-transporter, impairs this
mineralization, suggesting that elevated
extracellular P2� concentrations induce
the mineralization of VSMCs through
the activation of Pit-1. Furthermore,
Pit-1 upregulates in calcified aortic tissue
from uremic rats with hyperphos-
phatemia,67 and inhibition of Pit-1 activ-
ity by small interfering RNA prevents the
induction of Cbfa1/Runx2 and oste-
oclast expression in VSMCs even under
high extracellular P2� concentrations.68

Accordingly, elevated extracellular P2�

concentration modulates the transfor-
mation of VSMCs into osteoblast-like
cells by mediating Pit-1 activity. In addi-
tion to extracellular P2�, Ca2� acceler-
ates the mineralization of VSMCs.69,70

Ca2�-induced mineralization is depen-
dent on the function of Pit-1.70 Long-
term treatment of human VSMCs with
elevated calcium induces the expression
of Pit-1, suggesting that both P2� and
Ca2� activate Pit-1 and increase the in-
flux of P2� into VSMCs additively and
synergistically. Recently, a functional
Ca2�-sensing receptor was shown to ex-
press in VSMCs. Compared with normal
individuals, the expression of this Ca2�-
sensing receptor is downregulated in
VSMCs from patients with CKD.71 Thus,
the extracellular Ca2� and Ca2� receptor
axis may have a role in the progression of
vascular calcification.

Membrane-bound matrix vesicles
and apoptotic bodies also have impor-
tant roles in the initiation of vascular cal-
cification. Vesicles and apoptotic bodies
are released from living and dying
VSMCs, respectively, and can be the ni-
dus for mineral nucleation.72–74 These el-
ements are released by increases in extra-
cellular Ca2� and P2� and can initiate
mineralization of VSMCs. A study by
Reynolds et al.75 highlight an important
role for the VSMCs in the metabolism of
membrane-bound matrix vesicles. VSMCs
avidly phagocytose membrane-bound ma-
trix vesicles in a fetuin-dependent manner.
Thus, apoptosis of VSMCs in ESRD, that is

promoted by hyperphosphatemia and
uremic toxins, not only liberates apopto-
tic bodies that can nucleate mineraliza-
tion but also gives rise to the demise of
cells that clear the membrane-bound
matrix vesicles and apoptotic bodies.75

Because of the mechanistic “inflection
point” that occurs with VSMC apoptosis,
even in the absence of osteogenic trans-
differentiation, VSMC physiology and
function are critical in the pathogenesis
of uremic calcification.75

Uremic Toxins
Compared with serum from nonuremic
individuals, uremic serum increases the
mineralization of VSMCs and upregu-
lates the expression of Cbfa1/Runx2 and
its target protein OPN, regardless of the
serum P2� concentration.76,77 Further-
more, blocking Cbfa1/Runx2 activity de-
creases uremic serum-induced ALP and
OC expression in VSMCs. Uremic toxins
upregulate Cbfa1/Runx2, which is medi-
ated by cAMP/protein kinase A (PKA).76,77

Uremic serum also increases the secretion
of a crucial mediator of osteoblastic differ-
entiation, BMP-2, from VSMCs, result-
ing in the mineralization of VSMCs.76,77

This suggests the activation of Cbfa1/
Runx2 by uremic toxins mediates cell
signaling through cAMP/PKA and
BMP-2, additively or synergistically. In
uremic serum, not only P2� but also
BMP-2 may have a role as a mediator in
the transformation of VSMCs into os-
teoblast-like cells.78

Oxidative Stress and Inflammation
The uremic state is characterized by in-
creased oxidative stress. Oxidative stress
is the net balance between oxidant pro-
duction and antioxidative activity.79 – 82

Pro-oxidants include reactive nitrogen
species and reactive oxygen species
(ROS) such as superoxide anions and hy-
drogen peroxide. Hydrogen peroxide
and xanthine/xanthine oxidase dosage-
dependently increase intracellular oxida-
tive stress (as determined by 2,7 dichlo-
rofluorescein fluorescence) and enhance
ALP activity in VSMCs.83 These effects of
ROS are attenuated by antioxidants, sug-
gesting the involvement of oxidative
stress in the osteoblastic differentiation

of vascular cells. This increased oxidative
burden results in the formation of oxi-
dized LDLs, which have been shown to
stimulate dedifferentiation of VSMCs
into a bone phenotype.84 Conversely, ox-
idative stress has an inhibitory effect on
the differentiation of osteoblasts and
bone marrow stromal cells. This recipro-
cal response of oxidative stress in vascu-
lar and bone cells may explain the clinical
aspect of osteoporosis, which demon-
strates both calcification (vessel) and de-
calcification (bone).

Importantly, the ROS hydrogen per-
oxide was recently shown to promote os-
teogenic transdifferentiation of VSMCs,
including upregulation and activation of
Runx2/Cbfa1 in concert with matrix
mineral deposition.85 The Akt signaling
cascade is particularly important for os-
teogenic H2O2 signaling in VSMCs and is
not associated with apoptosis-induced
mineralization mechanisms. Moreover,
recent studies highlighted the accumula-
tion of ROS at sites of vascular calcium
accrual in humans.86 The biologic diver-
sity of ROS generation noted already in-
dicates that, although initially heteroge-
neous, convergent pathways mediate
active mineralization through osteo-
chondrogenic transcriptional program-
ming.

Because the oxidative stress that in-
duces osteoblastic differentiation of
VSMCs is often the result of the inflam-
matory process, inflammatory cytokines
themselves have been implicated in vas-
cular calcification. It has also been sug-
gested that TNF-� has a crucial role in
vascular calcification.87–90 The osteoblas-
tic differentiation of VSMCs, as assayed
by ALP activity and mineral deposition,
is induced by TNF-� in a dosage-depen-
dent manner. This induction by TNF-�
is mediated through the cAMP pathway,
and cAMP stimulates the osteoblastic
differentiation of VSMCs. Furthermore,
TNF-� enhances the DNA binding of
Cbfa1/Runx2, activated protein 1, and
cAMP responsive element binding pro-
tein, which are important transcription
factors in osteoblastic differentiation.81–90

In addition to the osteogenic transdif-
ferentiation of VSMCs, Demer and col-
leagues91,92 highlighted the contributions
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of pluripotent vascular mesenchymal pro-
genitors to the vascular calcium accrual.
Calcifying cells of Demer are mural multi-
potent mesenchymal progenitors related
to the microvascular pericyte. In addition
to VSMC, osteogenic, chondrogenic, and
adipogenic lineages are derived from peri-
cytes. Tintut et al.91 estimated that between
10 and 30% of mural VSMCs are in fact
calcifying vascular cells. Thus, in addition
to VSMC osteochondrogenic “transdiffer-
entiation,” proliferative expansion and os-
teogenic lineage allocation of pericytic
VSMCs can contribute to the osteochon-
drogenic cell populations of the vessel wall.
Recently, the procalcific Wnt signaling cas-
cades activated in diabetic vascular disease
was identified as being entrained by the
low-grade inflammation of diabetes92 and
contributing to osteochondrogenic differ-
entiation of vascular pericytes.93 Indeed,
administration of infliximab, a specific in-
hibitor of TNF-� signaling, significantly
reduced high-fat diet–induced aortic cal-
cium accrual, and the upregulation of the
BMP2-Msx2-Wnt signaling contributes to
the osteogenic programming of multipo-
tent vascular mesenchymal progenitors.92

The precise ontogeny and sources of these
progenitors, potentially arising from circu-
lating osteogenic progenitors,94 has yet to
be fully established.

Other Inducers
Because leptin is mainly cleared by the
kidney, its serum concentrations is in-
creased in patients with CKD.95 Leptin can
induce osteoblastic differentiation and the
mineralization of VSMCs.96 Glucocorti-
coids and glucose also induce the osteo-
blastic differentiation of VSMCs.97,98

INHIBITORS OF ECTOPIC
OSTEOCHONDROGENIC
MINERALIZATION

That MGP, OPN. and OPG gene-null
mice show massive vascular calcification
indicates that these genes work as inhib-
itors of vascular calcification. Thus, in
addition to ectopic osteogenesis by
which vascular calcification progresses in
patients with CKD, a lack of inhibitors of

calcification is another important mech-
anism behind vascular calcification.

Matrix �-Carboxyglutamic Acid
Protein
MGP was originally isolated from bone.
MGP-null mice have medial layer vascular
calcification of the aorta and its branches
and develop aortic rupture as a result.
MGP requires vitamin K–dependent
�-carboxylation to be fully functional.99

Non–�-carboxylated MGP but not �-car-
boxylated MGP is associated with vascular
calcification.100–102 MGP binds BMP-2 to
mediate the osteoblastic differentiation of
VSMCs and inhibits the activity of BMP-2
in the differentiation of mesenchymal
cells.103 Furthermore, MGP expression is
downregulated and osteoblastic markers
such as collagen type II and OC are up-
regulated in calcified vessels. MGP also
binds Ca2� crystals and inhibits crystal
growth.102 Taking these facts into con-
sideration, MGP has a role in maintain-
ing the normal phenotype of VSMCs and
in preventing their osteoblastic differen-
tiation; however, as Shanahan’s group
discovered,75 MGP along with fetuin
plays a critical role in the regulation of
membrane-bound matrix vesicle biol-
ogy. Given the multiple roles for MGP in
controlling VSMC physiology, the con-
sequences of coumadin treatment on the
risk for calcific uremic arteriolopathy
may be related to perturbation of MGP
functions.

Osteopontin
OPN is an acidic phosphoprotein that is
expressed in mineralized tissues and in-
hibits the mineralization of tissues by
blocking hydroxyapatite formation and
by activating osteoclast function.104 Al-
though OPN is not expressed in normal
vessels, abundant OPN is found in calci-
fied arteries, indicating that OPN is a reg-
ulator of vascular calcification. When
OPN-null mice, which have no signifi-
cant vascular calcification, are bred to
MGP-null mice in whose medial layer
vascular calcification spontaneously de-
velops, vascular calcification in the off-
spring is enhanced, suggesting that OPN
has an inhibitory effect on vascular calci-
fication in vivo.21 OPN inhibits the min-

eralization of VSMCs by binding to the
mineralized crystal surface.105–106 This is
independent of extracellular P2� con-
centration and ALP activity. Moreover,
phosphorylation of OPN is necessary for
its inhibitory effect on the mineralization
of VSMCs.106 The function of OPN is
thought to represent an adaptive re-
sponse to counteract the progression of
vascular calcification.

Of note, however, it is now clear that
OPN has multifunctional roles in vascu-
lar physiology.104 In addition to its ac-
tions that promote calcium egress and
inhibit mineralization, OPN has emerged
as a proinflammatory cytokine that en-
hances vascular remodeling and angio-
genesis, in part through the activation
of MMPs cleaved by thrombin. Indeed,
broad-spectrum MMP inhibitors reduce
vascular calcium accrual in preclinical
models.107 Thus, the proangiogenic ac-
tion of cleaved OPN on vascular matrix
calcium deposition facilitates vascular
matrix mineralization, unlike the inhibi-
tion observed with full-length phosphor-
ylated OPN.104,105

Osteoprotegerin
OPG inhibits osteoclast differentiation and
is a crucial modulator of bone resorption
through its action as a decoy receptor for
the receptor activator of NF-�B ligand
(RANKL).108,109 OPG-null mice develop
severe medial layer calcification, along with
mural T cell infiltration. Mice deficient in
both OPG and apolipoprotein E (apoE)
have progressive calcification of athero-
sclerotic lesions compared with that of
mice deficient in apoE alone (apoE-null),
suggesting OPG acts as an inhibitor of
vascular calcification in vivo.110 OPG was
shown to inhibit ALP activity in aortic
tissue and prevent the progression of me-
dial layer vascular calcification.111 Simi-
lar results were observed in the diabetic
Ldlr�/� mouse model, showing again
OPG administration diminishes vascular
calcium accumulation, potentially through
immunomodulatory actions upon diet-
induced low-grade mural inflamma-
tion.112 Although little is known about
the direct effect of OPG on VSMCs, it is
important to understand further its role
in osteogenesis and its involvement in
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the inflammatory response, which is im-
portant for the osteoblastic differentia-
tion of VSMCs.

Fetuin-A
Fetuin-A (�2-Heremans-Schmid glyco-
protein) is a Ca2�-binding protein found
in serum and produced predominantly
by the liver.113 Fetuin-A–null mice de-
velop massive pulmonary, vascular, and
other tissue calcification accompanied
by renal dysfunction, but the calcifica-
tion intriguingly spares the aorta.114

Whereas MGP, OPN, and OPG are local
factors involved in vascular calcification
and function at the site of calcification,
fetuin-A is a circulating inhibitor of vas-
cular calcification. VSMCs can take up
serum fetuin-A and pool it in intracellu-
lar membrane-bound matrix vesicles. As
previously stated, these vesicles are re-
leased from VSMCs and become the ni-
dus for mineral nucleation. These re-
leased vesicles have abundant fetuin-A
and abrogate the ability of regular mem-
brane-bound matrix vesicles to form hy-
droxyapatite crystal.75 The uptake of fe-
tuin-A by VSMCs is also induced by
extracellular Ca2� but not by extracellu-
lar P2�. This fetuin-A uptake increases
the amount of Ca2� entering VSMCs
and is mediated by annexin Ca2� chan-
nel activity, facilitating its inhibitory role
in VSMC mineralization.115

Pyrophosphate
Pyrophosphate (PPi) is also the major in-
hibitor of vascular calcification and acts
by inhibiting hydroxyapatite crystal for-
mation.116 PPi is generated from the hy-
drolysis of nucleotide triphosphates by
the nucleotide pyrophosphatase phos-
phodiesterase family (NPP). An impor-
tant member of the NPP family is NPP-1.
The lack of PPi generation as a result of
the inactivation of NPP-1 causes ex-
tended medial layer calcification, which
reflects idiopathic infantile arterial calci-
fication.117 NPP-1–null mice also de-
velop mineralization of VSMCs with the
induction of cartilage-specific genes.118

Mice defective in Ank, a transporter of PPi,
also develop medial layer calcification. In
contrast to VSMCs, it has been shown that
blocking PPi generation is necessary to in-

duce aortic ring calcification even with
high concentrations of Ca and P.119

Moreover, the mechanisms of PPi-
dependent control of vascular calcium
accrual encompass the inhibition of
VSMC osteochondrogenic transdiffer-
entiation,118,120,121 the same processes
that are promoted by P2�.26 The signal-
ing mechanisms responsible for this
important biologic activity of PPi are as
yet unknown but may provide insights
useful for the development of novel
pharmacotherapeutic agents based on
bisphosphonate structures.120

Others
N-3 fatty acids and IGF-I also inhibit os-
teoblastic differentiation and mineral-
ization of VSMCs. Mice deficient in
Smad6, Klotho, FGF-23, or carbonic
anhydrase II develop extensive vascular
calcification.121–126 The Klotho–FGF-23
axis requires renal 1-� hydroxylase activ-
ity, indicating the contributions of en-
dogenous calcitriol.125 To clarify clinical
relevance, the precise role of these vascu-
lar calcification inhibitors in CKD need
more exploration.

ROLE OF VITAMIN D IN
VASCULAR CALCIFICATION

Vascular calcification is a risk factor for
cardiovascular mortality. In patients
with CKD, adjusted cardiovascular mor-
tality is 10 to 20 times higher than in the
general population.1 Medial layer calcifi-
cation is very common in patients with
CKD. The specific vascular calcification
in patients with CKD is calciphylaxis,
which also occurs in medial layer. This
medial layer calcification is associated
with high mortality in patients with
CKD.127 Calcitriol and its analogs are
widely used to manage secondary hyper-
parathyroidism. There is some contro-
versy as to whether active vitamin D
compounds directly accelerate vascular
calcification.

VSMCs possess 25-hydroxyvitamin
D3–1� hydroxylase128 and the VDR,129–131

indicating that vitamin D has a role in
VSMC function and physiology. Calcitriol
upregulates VDR expression in VSMCs,

and VDR activation is widely known to
modulate cellular proliferation and differ-
entiation. Calcitriol suppresses VSMC
proliferation, mediating the inhibition of
EGF, which is implicated in cell prolifera-
tion.132 One vitamin D analog, paricalcitol,
modulates genes implicated in cell differ-
entiation and proliferation.133 In contrast,
other studies have reported the stimulation
of VSMC proliferation by calcitriol.133,134

Calcitriol also has been shown to induce
the expression of OPN, a local inhibitor of
vascular calcification in VSMCs.135 Calcit-
riol increases VSMC calcification by in-
creasing the RANKL/OPG ratio.136 Calcit-
riol at a concentration range of 10�7 to
10�9 M also increases VSMC calcification
in a dosage-dependent manner and is ac-
companied by an induction of ALP activity
and a suppression of PTH-related peptide
(PTHrp) secretion of VSMCs.137 The in-
hibitory effect of PTHrp on VSMC calcifi-
cation is mediated by both cAMP/PKA and
PKC signaling.137 Importantly, the con-
centrations of calcitriol used in these in
vitro studies are supraphysiologic.138 Thus,
it is unclear whether these in vitro results
are relevant in vivo.

In animal models of CKD, it has been
reported that calcitriol treatment results
in the development of vascular calcifica-
tion.139,140 The dosages of calcitriol used
in all of these studies, however, are so
high that they induce a significant in-
crease in the (Ca2� � P2�), which could
easily by itself lead to vascular calcifica-
tion. Thus, it still remains unclear
whether therapeutic doses of calcitriol,
which suppress PTH without hypercal-
cemia and hyperphosphatemia, can in-
duce vascular calcification; however, vi-
tamin D analogs, such as maxacalcitol,
paricalcitol, and doxercalciferol, have
differential effects on vascular calcification
in uremic animal models.138,140 Whereas a
high dosage of calcitriol (125 ng/kg, intra-
venously, three times a week for 2 wk) in-
creased the degree of aortic calcification,
maxacalcitol had no effect even at dosages
that produced comparable serum Ca2�,
P2�, and (Ca2� � P2�) levels.140

Paricalcitol and doxercalciferol, two
analogs in the vitamin D2 family, have
different effects on vascular calcification
in uremic rats.141,142 We first tested a low
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dosage of calcitriol (0.04 �g/kg intraperi-
toneally three times per week for 1 mo)
in the five-sixths nephrectomy rat model
and found it induced massive aortic cal-
cification accompanied by a marked in-
crease in serum Ca2�, P2�, and (Ca2� �
P2�).141 Thus, it is difficult to determine
whether calcitriol directly induces vascu-
lar calcification or the effect is due to hy-
percalcemia, hyperphosphatemia, and
the increased (Ca2� � P2�) seen in these
rats. We then compared the effect of
equal dosages of paricalcitol and doxer-
calciferol (0.16 �g/kg intraperitoneally
three times per week for 1 mo) on vascu-
lar calcification in this animal model.
Compared with paricalcitol, doxercalcif-
erol markedly increased (Ca2� � P2�).
This would explain why substantial vas-
cular calcification is observed in rats
treated with doxercalciferol but not pari-
calcitol (Figure 2). When dosages of
these two analogs were adjusted so that
(Ca2� � P2�) was the same, doxercalcif-
erol (0.10 �g/kg intraperitoneally three
times per week for 1 mo) still increased
aortic Ca2� content, whereas a higher
dosage of paricalcitol (0.24 �g/kg intra-
peritoneally three times per week for 1
mo) did not. Furthermore, Wu-Wong et
al.142 similarly demonstrated that a high
dosage of these analogs (0.67 �g/kg in-
traperitoneally three times per week for

12 d) induced comparable hypercalce-
mia and hyperphosphatemia, although
aortic Ca2� content was much higher in
doxercalciferol-treated uremic rats than
in those receiving paricalcitol. Thus, dif-
ferential effects on vascular calcification
exist between these two analogs, which
are independent of (Ca2� � P2�). We
demonstrated that doxercalciferol strongly
induced the expression of Cbfa1/Runx2
and OC, whereas paricalcitol did not (Fig-
ure 3). Because in osteoblastic cells Cbfa1/
Runx2 interacts with the VDR to upregu-
late the OC gene,143 VDR activation by
doxercalciferol may more strongly stabilize
OC transcription in calcifying aortic tissue
as a result of a longer half-life of doxercal-
ciferol. There also may be differences in the
acceleration of osteoblastic differentiation
of VSMCs between the two analogs. Alter-
natively, paricalcitol has been shown, by it-
self, not to induce vascular calcification.
This has been shown to be associated with
the suppression of the increase in pulse
pressure that develops in uremic rats.136

In patients with CKD, bone mineral
disorders are correlated with higher
mortality, which is mainly the result of
the development of cardiovascular dis-
eases.12,29 –32 Thus, there is a very close
relationship between mineral-bone dis-
orders in CKD and cardiovascular dis-
eases including vascular calcification. Vi-

tamin D compounds have an important
role in this relationship, because they are
widely used for the treatment of second-
ary hyperparathyroidism and have calce-
mic and phosphatemic actions. Appar-
ently, these compounds can induce
vascular calcification through their cal-
cemic and phosphatemic actions. Over-
suppression of PTH by vitamin D com-
pounds leads to low-turnover bone
disease, typically adynamic bone disease,
which is associated with vascular calcifi-
cation.144 Even though vitamin D ana-
logs were designed to suppress PTH with
less calcemic and phosphatemic actions,
they sometimes induce hypercalcemia
and hyperphosphatemia. Both hypercal-
cemia and hyperphosphatemia associate
with vascular calcification in patients
with CKD2,33,34 as well as in vitro and in
vivo studies; however, there is no clear
evidence that vitamin D compounds di-
rectly induce vascular calcification in pa-
tients with CKD.

Low serum calcitriol levels are associ-
ated with an increased risk for vascular
calcification in the general population.41

A significant decrease in serum calcitriol
levels is observed at the early stages of

Figure 2. Representative microphotograph of Von Kossa staining of aorta from uremic rats
treated with vehicle (UC), 0.04 �g/kg calcitriol (1,25-dihydroxyvitamin D3 [1,25(OH)2D3]), 0.16
�g/kg doxercalciferol [1�(OHD2)], or paricalcitol [19-nor 1,25(OH)2D2]. Each drug was given
intraperitoneally three times a week for 1 mo. Magnification, �400.141

Figure 3. Representative microphoto-
graph of immunohistochemistry for RUNX2
and OC in aorta from uremic rats treated
with 0.10 �g/kg 1�(OH) D2 or 0.16 �g/kg
19-nor-1,25(OH)2D2. Each drug was given
intraperitoneally three times a week for 1
mo. Magnifications: �100 in A; �200 in B.141
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CKD.145,146 As stated, VSMCs express
hydroxyvitamin D3–1� hydroxylase128

and the VDR.130,131 This evidence sug-
gests that altered local actions of vitamin
D on vascular cells contributes to the de-
velopment of vascular disease, including
vascular calcification, in patients with
CKD. Furthermore, recent clinical ob-
servations demonstrate that vitamin D
analogs provide a survival benefit for pa-
tients with CKD independent of serum
Ca2�, P2�, and PTH levels.42– 46 This
beneficial effect results, in part, from the
corrective actions of vitamin D analogs,
which activate the VDR in vascular cells
locally as well as systemically. Further in-
vestigation is necessary to clarify the pre-
cise mechanisms by which these vitamin
D analogs have beneficial effects on the
cardiovascular complications seen in pa-
tients with CKD and how this affects the
mortality of patients with CKD.

CONCLUSIONS

Although research efforts in the past de-
cade have greatly improved our knowledge
of the multiple factors and mechanisms in-
volved in vascular calcification in patients
with CKD, many questions remain unan-
swered. No longer can we accept the con-
cept that vascular calcification in CKD is a
passive process resulting from an elevated
(Ca2� � P2�). Rather, as a result of the
metabolic insults of diabetes, dyslipidemia,
oxidative stress, uremia, and hyperphos-
phatemia, “osteoblast-like” cells form in
the vessel wall. These mineralizing cells as
well as the recruitment of undifferentiated
progenitors of the osteochondrocyte lin-
eage play a critical role in the calcification
process. Important transcription factors
such as osterix,147 Msx 2,92,148 and
RUNX252,67,76 are crucial in the osteogenic
programming. Importantly, as shown by
Shanahan and colleagues,19,20,74 changes in
VSMC matrix vesicle metabolism induced
by hyperphosphatemia and uremia pro-
foundly impair the arterial surveillance
normally provided by mural smooth mus-
cle, such as the phagocytic removal of pro-
calcified matrix vesicles and apoptotic
bodies. In addition, multifunctional roles
have been shown for serum fetuin-A in in-

hibiting human vascular smooth muscle
cell calcification (Figure 1).75,113,115 Thus,
the simultaneous increase in arterial os-
teochondrocytic programs and reduc-
tion in active cellular defense mecha-
nisms creates the “perfect storm” of
vascular calcification seen in ESRD.

The hemodynamic consequences of
vascular calcification are the loss of arte-
rial elasticity, increase in pulse wave ve-
locity, development of left ventricular
hypertrophy, decrease in coronary artery
perfusion, and myocardial ischemia and
failure.2,34 These alterations are the main
causes of mortality in the vast majority of
patients with CKD. It is not unusual to see
coronary calcification scores grater than
1000 units, an “exorbitant” value in very
young patients maintained on hemodialy-
sis. Thus, the mortality rates of patients
who survive CKD and receive hemodialy-
sis are striking; for example, a 30-yr-old pa-
tient with ESRD has the life expectancy of
that of an 80-yr-old person with normal
renal function. Currently, physicians are
maximizing the efforts to control (Ca2� �
P2�). Although of critical importance, this
approach has been insufficient to have a
clinical impact on the progression of vas-
cular calcification once initiated.

Innovative clinical studies addressing
the combined use of inhibitors that work
through distinct molecular mechanisms
on vascular calcification such as fe-
tuin-A, OPN, and BMP-7, among others,
will be necessary to reduce significantly
vascular calcification accrual and cardio-
vascular mortality in CKD. In addition, the
roles of oxidative stress and inflammation
on smooth vascular cell fate and function
deserve further translational investigation.

Patient-oriented research is necessary
to determine the extent to which arterial
compliance, Windkessel function, and
tissue perfusion can be meaningfully re-
versed by egress of vascular mineral de-
posits. An interdisciplinary working
group in mineral metabolism and vascu-
lar disease would help both focus and ad-
vance the field. As physician-scientists
with expertise in mineral metabolism,
addressing these research challenges pre-
sents a unique opportunity to contribute
to improving the cardiovascular health
of patients with CKD.

ACKNOWLEDGMENTS

This research was supported in part from a

Research in Renal Diseases Washington Uni-

versity grant (31030 A), National Institutes of

Health grants (HL69229, HL81138, and

HL88651), and the WUCKDR O’Brien Cen-

ter (P30DK079333).

DISCLOSURES
E.S. received grant support and honoraria from

Genzyme Corporation and Abbott Pharmaceuti-

cal. D.T. has served as a paid consultant for Wyeth,

GlaxoSmithKline, and Eli Lilly.

REFERENCES

1. Foley RN, Parfrey PS, Sarnak MJ: Clinical
epidemiology of cardiovascular disease in
chronic renal disease. Am J Kidney Dis 32:
S112–S119, 1998

2. London GM, Guerin AP, Marchais S, Me-
tivier F, Pannier B, Adda H: Arterial media
calcification in end-stage renal disease: Im-
pact on all-cause and cardiovascular mor-
tality. Nephrol Dial Transplant 18:1731–
1740, 2003

3. Blacher J, Guerin AP, Pannier B, Marchais
SJ, London GM: Arterial calcifications, ar-
terial stiffness, and cardiovascular risk in
end-stage renal disease. Hypertension 38:
938–942, 2001

4. Keelan PC, Bielak LF, Ashai K, Jamjoum LS,
Denktas AE, Rumberger JA, Sheedy PF II,
Peyser PA, Schwartz RS: Long-term prognos-
tic value of coronary calcification detected by
electron-beam computed tomography in
patients undergoing coronary angiogra-
phy. Circulation 104: 412–417, 2001

5. Wang AY, Wang M, Woo J, Lam CW, Li PK,
Lui SF, Sanderson JE: Cardiac valve calcifi-
cation as an important predictor for all-
cause mortality and cardiovascular mortal-
ity in long-term peritoneal dialysis patients:
A prospective study. J Am Soc Nephrol 14:
159–168, 2003

6. Wilson PW, Kauppila LI, O’Donnell CJ, Kiel
DP, Hannan M, Polak JM, Cupples LA: Ab-
dominal aortic calcific deposits are an im-
portant predictor of vascular morbidity and
mortality. Circulation 103: 1529–1534, 2001

7. Goodman WG, London G, Amann K, Block
GA, Giachelli C, Hruska KA, Ketteler M,
Levin A, Massy Z, McCarron DA, Raggi P,
Shanahan CM, Yorioka N: Vascular calcifi-
cation in chronic kidney disease. Am J Kid-
ney Dis 43: 572–579, 2004

8. Shroff RC, Shanahan CM: The vascular bi-
ology of calcification. Semin Dial 20: 103–
109, 2007

SPECIAL ARTICLE www.jasn.org

1460 Journal of the American Society of Nephrology J Am Soc Nephrol 20: 1453–1464, 2009



9. Berliner JA, Navab M, Fogelman AM, Frank
JS, Demer LL, Edwards PA, Watson AD,
Lusis AJ: Atherosclerosis: Basic mecha-
nisms—Oxidation, inflammation, and ge-
netics. Circulation 91: 2488–2496, 1995

10. Block GA, Klassen PS, Lazarus JM, Ofsthun
N, Lowrie EG, Chertow GM: Mineral me-
tabolism, mortality, and morbidity in main-
tenance hemodialysis. J Am Soc Nephrol
15: 2208–2218, 2004

11. Cozzolino M, Dusso AS, Slatopolsky E: Role
of calcium-phosphate product and bone-
associated proteins on vascular calcifica-
tion in renal failure. J Am Soc Nephrol 12:
2511–2516, 2001

12. Ganesh SK, Stack AG, Levin NW, Levin
NW, Hulbert-Shearon T, Port FK: Associa-
tion of elevated serum PO(4), Ca x PO(4)
product, and parathyroid hormone with
cardiac mortality risk in chronic hemodialy-
sis patients. J Am Soc Nephrol 12: 2131–
2138, 2001

13. Bostrom K, Watson KE, Horn S, Wortham
C, Herman IM, Demer LL: Bone morphoge-
netic protein expression in human athero-
sclerotic lesions. J Clin Invest 91: 1800–
1809, 1993

14. Hirota S, Imakita M, Kohri K, Ito A, Morii E,
Adachi S, Kim HM, Kitamura Y, Yutani C,
Nomura S: Expression of osteopontin mes-
senger RNA by macrophages in atheroscle-
rotic plaques: A possible association with cal-
cification. Am J Pathol 143: 1003–1008, 1993

15. Iimura T, Oida S, Takeda K, Maruoka Y,
Sasaki S: Changes in homeobox-containing
gene expression during ectopic bone for-
mation induced by bone morphogenetic
protein. Biochem Biophys Res Commun
201: 980–987, 1994

16. Ikeda T, Shirasawa T, Esaki Y, Yoshiki S,
Hirokawa K: Osteopontin mRNA is ex-
pressed by smooth muscle-derived foam
cells in human atherosclerotic lesions of the
aorta. J Clin Invest 92: 2814–2820, 1993

17. O’Brien ER, Garvin MR, Stewart DK, Hino-
hara T, Simpson JB, Schwartz SM, Giachelli
CM: Osteopontin is synthesized by macro-
phage, smooth muscle, and endothelial
cells in primary and restenotic human cor-
onary atherosclerotic plaques. Arterioscler
Thromb 14: 1648–1656, 1994

18. Schoppet M, Al-Fakhri N, Franke FE, Katz
N, Barth PJ, Maisch B, Preissner KT, Hof-
bauer LC: Localization of osteoprotegerin,
tumor necrosis factor-related apoptosis-in-
ducing ligand, and receptor activator of
nuclear factor-kappaB ligand in Monck-
eberg’s sclerosis and atherosclerosis. J Clin
Endocrinol Metab 89: 4104–4112, 2004

19. Shanahan CM, Cary NR, Metcalfe JC,
Weissberg PL: High expression of genes
for calcification-regulating proteins in hu-
man atherosclerotic plaques. J Clin Invest
93: 2393–2402, 1994

20. Shanahan CM, Cary NR, Salisbury JR,
Proudfoot D, Weissberg PL, Edmonds ME:

Medial localization of mineralization-regu-
lating proteins in association with Monck-
eberg’s sclerosis: Evidence for smooth
muscle cell-mediated vascular calcification.
Circulation 100: 2168–2176, 1999

21. Speer MY, McKee MD, Guldberg RE, Liaw
L, Yang HY, Tung E, Karsenty G, Giachelli
CM: Inactivation of the osteopontin gene
enhances vascular calcification of matrix
Gla protein-deficient mice: Evidence for
osteopontin as an inducible inhibitor of
vascular calcification in vivo. J Exp Med
196: 1047–1055, 2002

22. Tyson KL, Reynolds JL, McNair R, Zhang Q,
Weissberg PL, Shanahan CM: Osteo/chon-
drocytic transcription factors and their target
genes exhibit distinct patterns of expression
in human arterial calcification. Arterioscler
Thromb Vasc Biol 23: 489–494, 2003

23. Giachelli CM, Bae N, Almeida M, Denhardt
DT, Alpers CE, Schwartz SM: Osteopontin
is elevated during neointima formation in
rat arteries and is a novel component of
human atherosclerotic plaques. J Clin In-
vest 92: 1686–1696, 1993

24. Fitzpatrick LA, Severson A, Edwards WD,
Ingram RT: Diffuse calcification in human
coronary arteries: Association of osteopon-
tin with atherosclerosis. J Clin Invest 94:
1597–1604, 1994

25. Derici U, El Nahas AM: Vascular calcifica-
tions in uremia: Old concepts and new in-
sights. Semin Dial 19: 60–68, 2006

26. Giachelli CM, Speer MY, Li X, Rajachar RM,
Yang H: Regulation of vascular calcifica-
tion: Roles of phosphate and osteopontin.
Circ Res 96: 717–722, 2005

27. Johnson RC, Leopold JA, Loscalzo J: Vas-
cular calcification: Pathobiological mecha-
nisms and clinical implications. Circ Res 99:
1044–1059, 2006

28. Moe SM, Chen NX: Pathophysiology of
vascular calcification in chronic kidney dis-
ease. Circ Res 95: 560–567, 2004

29. Block GA, Port FK: Re-evaluation of risks
associated with hyperphosphatemia and
hyperparathyroidism in dialysis patients:
Recommendations for a change in man-
agement. Am J Kidney Dis 35: 1226–1237,
2000

30. Marco MP, Craver L, Betriu A, Belart M,
Fibla J, Fernández E: Higher impact of min-
eral metabolism on cardiovascular mortal-
ity in a European hemodialysis population.
Kidney Int Suppl S111–S114, 2003

31. Noordzij M, Korevaar JC, Boeschoten EW,
Dekker FW, Bos WJ, Krediet RT: The Kid-
ney Disease Outcomes Quality Initiative (K/
DOQI) Guideline for Bone Metabolism and
Disease in CKD: Association with mortality
in dialysis patients. Am J Kidney Dis 46:
925–932, 2005

32. Young EW, Albert JM, Satayathum S,
Goodkin DA, Pisoni RL, Akiba T, Akizawa T,
Kurokawa K, Bommer J, Piera L, Port FK:
Predictors and consequences of altered

mineral metabolism: The Dialysis Out-
comes and Practice Patterns Study. Kidney
Int 67: 1179–1187, 2005

33. Goldsmith DJ, Covic A, Sambrook PA, Ack-
rill P: Vascular calcification in long-term
haemodialysis patients in a single unit: A
retrospective analysis. Nephron 77: 37–43,
1997

34. Guerin AP, London GM, Marchais SJ, Me-
tivier F: Arterial stiffening and vascular cal-
cifications in end-stage renal disease.
Nephrol Dial Transplant 15: 1014–1021,
2000

35. Goodman WG, Goldin J, Kuizon BD, Yoon
C, Gales B, Sider D, Wang Y, Chung J,
Emerick A, Greaser L, Elashoff RM, Salusky
IB: Coronary-artery calcification in young
adults with end-stage renal disease who
are undergoing dialysis. N Engl J Med 342:
1478–1483, 2000

36. Oh J, Wunsch R, Turzer M, Bahner M,
Raggi P, Querfeld U, Mehls O, Schaefer F:
Advanced coronary and carotid arteriopa-
thy in young adults with childhood-onset
chronic renal failure. Circulation 106: 100–
105, 2002

37. Block GA, Raggi P, Bellasi A, Kooienga L,
Spiegel DM: Mortality effect of coronary
calcification and phosphate binder choice
in incident hemodialysis patients. Kidney
Int 71: 438–441, 2007

38. Braun J, Asmus HG, Holzer H, Brunkhorst
R, Krause R, Schulz W, Neumayer HH,
Raggi P, Bommer J: Long-term comparison
of a calcium-free phosphate binder and
calcium carbonate: Phosphorus metabo-
lism and cardiovascular calcification. Clin
Nephrol 62: 104–115, 2004

39. Chertow GM, Raggi P, Chasan-Taber S,
Bommer J, Holzer H, Burke SK: Determi-
nants of progressive vascular calcification
in haemodialysis patients. Nephrol Dial
Transplant 19: 1489–1496, 2004

40. Doherty TM, Tang W, Dascalos S, Watson
KE, Demer LL, Shavelle RM, Detrano RC:
Ethnic origin and serum levels of 1alpha,25-
dihydroxyvitamin D3 are independent pre-
dictors of coronary calcium mass measured
by electron-beam computed tomography.
Circulation 96: 1477–1481, 1997

41. Watson KE, Abrolat ML, Malone LL, Hoeg
JM, Doherty T, Detrano R, Demer LL: Ac-
tive serum vitamin D levels are inversely
correlated with coronary calcification. Cir-
culation 96: 1755–1760, 1997

42. Kalantar-Zadeh K, Kuwae N, Regidor DL,
Kovesdy CP, Kilpatrick RD, Shinaberger
CS, McAllister CJ, Budoff MJ, Salusky IB,
Kopple JD: Survival predictability of time-
varying indicators of bone disease in main-
tenance hemodialysis patients. Kidney Int
70: 771–780, 2006

43. Shoji T, Shinohara K, Kimoto E, Emoto M,
Tahara H, Koyama H, Inaba M, Fukumoto
S, Ishimura E, Miki T, Tabata T, Nishizawa
Y: Lower risk for cardiovascular mortality in

SPECIAL ARTICLEwww.jasn.org

J Am Soc Nephrol 20: 1453–1464, 2009 Vascular Calcification in CKD 1461



oral 1alpha-hydroxy vitamin D3 users in a
haemodialysis population. Nephrol Dial
Transplant 19: 179–184, 2004

44. Teng M, Wolf M, Lowrie E, Ofsthun N,
Lazarus JM, Thadhani R: Survival of pa-
tients undergoing hemodialysis with pari-
calcitol or calcitriol therapy. N Engl J Med
349: 446–456, 2003

45. Teng M, Wolf M, Ofsthun MN, Lazarus JM,
Hernán MA, Camargo CA Jr, Thadhani R:
Activated injectable vitamin D and hemo-
dialysis survival: A historical cohort study.
J Am Soc Nephrol 16: 1115–1125, 2005

46. Tentori F, Hunt WC, Stidley CA, Rohrscheib
MR, Bedrick EJ, Meyer KB, Johnson HK,
Zager PG: Mortality risk among hemodial-
ysis patients receiving different vitamin D
analogs. Kidney Int 70: 1858–1865, 2006

47. Slatopolsky E, Finch JL, Brown AJ, Ritter
CS, Mizobuchi M, Plum LA, Clagett-Dame
M, Sicinski RR, DeLuca HF: Effect of
2-methylene-19-nor-(20S)-1 alpha-hydroxy-
bishomopregnacalciferol (2MbisP), an ana-
log of vitamin D, on secondary hyperpara-
thyroidism. J Bone Miner Res 22: 686–694,
2007

48. Levy RJ, Gundberg C, Scheinman R: The
identification of the vitamin K-dependent
bone protein osteocalcin as one of the
gamma-carboxyglutamic acid containing
proteins present in calcified atherosclerotic
plaque and mineralized heart valves. Ath-
erosclerosis 46: 49–56, 1983

49. Dhore CR, Cleutjens JP, Lutgens E, Cleu-
tjens KB, Geusens PP, Kitslaar PJ, Tordoir
JH, Spronk HM, Vermeer C, Daemen MJ:
Differential expression of bone matrix reg-
ulatory proteins in human atherosclerotic
plaques. Arterioscler Thromb Vasc Biol 21:
1998–2003, 2001

50. Otto F, Thornell AP, Crompton T, Denzel
A, Gilmour KC, Rosewell IR, Stamp GW,
Beddington RS, Mundlos S, Olsen BR,
Selby PB, Owen MJ: Cbfa1, a candidate
gene for cleidocranial dysplasia syndrome,
is essential for osteoblast differentiation
and bone development. Cell 89: 765–771,
1997

51. Mundlos S, Otto F, Mundlos C, Mulliken
JB, Aylsworth AS, Albright S, Lindhout D,
Cole WG, Henn W, Knoll JH, Owen MJ,
Mertelsmann R, Zabel BU, Olsen BR: Mu-
tations involving the transcription factor
CBFA1 cause cleidocranial dysplasia. Cell
89: 773–779, 1997

52. Franceschi RT, Xiao G: Regulation of the
osteoblast-specific transcription factor,
Runx2: Responsiveness to multiple signal
transduction pathways. J Cell Biochem 88:
446–454, 2003

53. Chen NX, O’Neill KD, Duan D, Moe SM:
Phosphorus and uremic serum up-regulate
osteopontin expression in vascular smooth
muscle cells. Kidney Int 62: 1724–1731, 2002

54. Jono S, McKee MD, Murry CE, Shioi A,
Morii HO: Phosphate regulation of vascular

smooth muscle cell calcification. Circ Res
87: E10–E17, 2000

55. Steitz SA, Speer MY, Curinga G, Yang HY,
Haynes P, Aebersold R, Schinke T, Karsenty
G, Giachelli CM: Smooth muscle cell phe-
notypic transition associated with calcifica-
tion: Upregulation of Cbfa1 and downregu-
lation of smooth muscle lineage markers.
Circ Res 89: 1147–1154, 2001

56. Mohler ER 3rd, Gannon F, Reynolds C,
Zimmerman R, Keane MG, Kaplan FS: Bone
formation and inflammation in cardiac
valves. Circulation 103: 1522–1528, 2001

57. Towler DA: Vascular biology and bone for-
mation: Hints from HIF. J Clin Invest 117:
1477–1480, 2007

58. Janzen J, Vuong PN: Arterial calcifications:
Morphological aspects and their patholog-
ical implications. Z Kardiol 90[Suppl 3]:
6–11, 2001

59. Jacob MP: Extracellular matrix remodeling
and matrix metalloproteinases in the vas-
cular wall during aging and in pathological
conditions. Biomed Pharmacother 57: 195–
202, 2003

60. Sherratt MJ, Wess TJ, Baldock C, Ashworth
JL, Sherratt MJ, Shuttleworth CA: Fibrillin-
rich microfibrils of the extracellular matrix:
Ultrastructure and assembly. Micron 32:
185–200, 2001

61. Basalyga DM, Simionescu DT, Xiong W,
Baxter BT, Starcher BC, Vyavahare NR:
Elastin degradation and calcification in an
abdominal aorta injury model: Role of ma-
trix metalloproteinases. Circulation 110:
3480–3487, 2004

62. Mecham RP, Broekelmann TJ, Fliszar CJ,
Shapiro SD, Welgus HG, Senior RM: Elastin
degradation by matrix metalloproteinases:
Cleavage site specificity and mechanisms
of elastolysis. J Biol Chem 272: 18071–
18076, 1997

63. Lee JS, Basalyga DM, Simionescu A, Isen-
burg JC, Simionescu DT, Vyavahare NR:
Elastin calcification in the rat subdermal
model is accompanied by up-regulation of
degradative and osteogenic cellular re-
sponses. Am J Pathol 168: 490–498, 2006

64. Maeda S, Hayashi M, Komiya S, Imamura T,
Miyazono K: Endogenous TGF-beta signal-
ing suppresses maturation of osteoblastic
mesenchymal cells. EMBO J 23: 552–563,
2004

65. Jeziorska M: Transforming growth factor-
betas and CD105 expression in calcifica-
tion and bone formation in human athero-
sclerotic lesions. Z Kardiol 90[Suppl 3]: 23–
26, 2001

66. Watson KE, Bostrom K, Ravindranath R,
Lam T, Norton B, Demer LL: TGF-beta 1
and 25-hydroxycholesterol stimulate os-
teoblast-like vascular cells to calcify. J Clin
Invest 93:2106–2113, 1994

67. Mizobuchi M, Ogata H, Hatamura I, Koiwa
F, Saji F, Shiizaki K, Negi S, Kinugasa E,
Ooshima A, Koshikawa S, Akizawa T: Up-

regulation of Cbfa1 and Pit-1 in calcified
artery of uraemic rats with severe hyper-
phosphataemia and secondary hyperpara-
thyroidism. Nephrol Dial Transplant 21:
911–916, 2006

68. Li X, Yang HY, Giachelli CM: Role of the
sodium-dependent phosphate cotrans-
porter, Pit-1, in vascular smooth muscle cell
calcification. Circ Res 98: 905–912, 2006

69. Lomashvili K, Garg P, O’Neill WC: Chemi-
cal and hormonal determinants of vascular
calcification in vitro. Kidney Int 69: 1464–
1470, 2006

70. Yang H, Curinga G, Giachelli CM: Elevated
extracellular calcium levels induce smooth
muscle cell matrix mineralization in vitro.
Kidney Int 66: 2293–2299, 2004

71. Molostvov G, James S, Fletcher S, Bennett
J, Lehnert H, Bland R, Zehnder D: Extracel-
lular calcium-sensing receptor is function-
ally expressed in human artery. Am J
Physiol Renal Physiol 293: F946–F955,
2007

72. Kim KM: Apoptosis and calcification. Scan-
ning Microsc 9: 1137–1175, discussion
1175–1138, 1995

73. Proudfoot D, Skepper JN, Hegyi L, Bennett
MR, Shanahan CM, Weissberg PL: Apopto-
sis regulates human vascular calcification in
vitro: Evidence for initiation of vascular cal-
cification by apoptotic bodies. Circ Res 87:
1055–1062, 2000

74. Reynolds JL, Joannides AJ, Skepper JN,
McNair R, Schurgers LJ, Proudfoot D, Jah-
nen-Dechent W, Weissberg PL, Shanahan
CM: Human vascular smooth muscle cells
undergo vesicle-mediated calcification in
response to changes in extracellular cal-
cium and phosphate concentrations: A po-
tential mechanism for accelerated vascular
calcification in ESRD. J Am Soc Nephrol 15:
2857–2867, 2004

75. Reynolds JL, Skepper JN, McNair R,
Kasama T, Gupta K, Weissberg PL, Jahnen-
Dechent W, Shanahan CM: Multifunctional
roles for serum protein fetuin-a in inhibition
of human vascular smooth muscle cell cal-
cification. J Am Soc Nephrol 16: 2920–
2930, 2005

76. Moe SM, Duan D, Doehle BP, O’Neill KD,
Chen NX: Uremia induces the osteoblast dif-
ferentiation factor Cbfa1 in human blood
vessels. Kidney Int 63: 1003–1011, 2003

77. Chen NX, Duan D, O’Neill KD, Wolisi GO,
Koczman JJ, Laclair R, Moe SM: The mech-
anisms of uremic serum-induced expres-
sion of bone matrix proteins in bovine vas-
cular smooth muscle cells. Kidney Int 70:
1046–1053, 2006

78. Bostrom K, Tsao D, Shen S, Wang Y, De-
mer LL: Matrix GLA protein modulates dif-
ferentiation induced by bone morphoge-
netic protein-2 in C3H10T1/2 cells. J Biol
Chem 276: 14044–14052, 2001

79. Annuk M, Fellstrom B, Akerblom O, Zilmer
K, Vihalemm T, Zilmer M: Oxidative stress

SPECIAL ARTICLE www.jasn.org

1462 Journal of the American Society of Nephrology J Am Soc Nephrol 20: 1453–1464, 2009



markers in pre-uremic patients. Clin Neph-
rol 56: 308–314, 2001

80. Annuk M, Zilmer M, Lind L, Linde T, Fell-
ström B: Oxidative stress and endothelial
function in chronic renal failure. J Am Soc
Nephrol 12: 2747–2752, 2001

81. Taccone-Gallucci M, Lubrano R, Del Prin-
cipe D, Menichelli A, Giordani M, Citti G,
Morosetti M, Meloni C, Mazzarella V, Me-
schini L, Tozzo C, Elli M, Giardini O, Cas-
ciani CU: Platelet lipid peroxidation in hae-
modialysis patients: Effects of vitamin E
supplementation. Nephrol Dial Transplant
4: 975–978, 1989

82. Fillit H, Elion E, Sullivan J, Sherman R,
Zabriskie JB: Thiobarbituric acid reactive
material in uremic blood. Nephron 29: 40–
43, 1981

83. Mody N, Parhami F, Sarafian TA, Demer LL:
Oxidative stress modulates osteoblastic
differentiation of vascular and bone cells.
Free Radic Biol Med 31: 509–519, 2001

84. Parhami F, Morrow AD, Balucan J, Le-
itinger N, Watson AD, Tintut Y, Berliner JA,
Demer LL: Lipid oxidation products have
opposite effects on calcifying vascular cell
and bone cell differentiation: A possible
explanation for the paradox of arterial cal-
cification in osteoporotic patients. Arterio-
scler Thromb Vasc Biol 17: 680–687, 1997

85. Byon CH, Javed A, Dai Q, Kappes JC, Cle-
mens TL, Darley-Usmar VM, McDonald JM,
Chen Y: Oxidative stress induces vascular
calcification through modulation of the os-
teogenic transcription factor Runx2 by AKT
signaling. J Biol Chem 283: 15319–15327,
2008

86. Liberman M, Bassi E, Martinatti MK, Lario
FC, Wosniak J Jr, Pomerantzeff PM,
Laurindo FR: Oxidant generation predom-
inates around calcifying foci and enhances
progression of aortic valve calcification. Ar-
terioscler Thromb Vasc Biol 28: 463–470,
2008

87. Shioi A, Katagi M, Okuno Y, Mori K, Jono S,
Koyama H, Nishizawa Y: Induction of bone-
type alkaline phosphatase in human vascu-
lar smooth muscle cells: Roles of tumor
necrosis factor-alpha and oncostatin M de-
rived from macrophages. Circ Res 91:
9–16, 2002

88. Tintut Y, Patel J, Territo M, Saini T, Parhami
F, Demer LL: Monocyte/macrophage reg-
ulation of vascular calcification in vitro. Cir-
culation 105: 650–655, 2002

89. Tintut Y, Patel J, Parhami F, Demer LL:
Tumor necrosis factor-alpha promotes in
vitro calcification of vascular cells via the
cAMP pathway. Circulation 102:2636 –
2642, 2000

90. Tintut Y, Parhami F, Bostrom K, Jackson
SM, Demer LL: cAMP stimulates osteo-
blast-like differentiation of calcifying vascu-
lar cells: Potential signaling pathway for
vascular calcification. J Biol Chem 273:
7547–7553, 1998

91. Tintut Y, Alfonso Z, Saini T, Radcliff K,
Watson K, Boström K, Demer LL: Multilin-
eage potential of cells from the artery wall.
Circulation 108: 2505–2510, 2003

92. Al-Aly Z, Shao JS, Lai CF, Huang E, Cai J,
Behrmann A, Cheng SL, Towler DA: Aortic
Msx2-Wnt calcification cascade is regu-
lated by TNF-alpha dependent signals in
diabetic Ldlr�/� mice. Arterioscler
Thromb Vasc Biol 27: 2589–2596, 2007

93. Kirton JP, Crofts NJ, George SJ, Brennan
K, Canfield AE: Wnt/beta-catenin signaling
stimulates chondrogenic and inhibits adi-
pogenic differentiation of pericytes: Poten-
tial relevance to vascular disease. Circ Res
101: 581–589, 2007

94. Khosla S, Eghbali-Fatourechi GZ: Circulat-
ing cells with osteogenic potential. Ann
N Y Acad Sci 1068: 489–497, 2006

95. Wolf G, Chen S, Han DC, Ziyadeh FN: Lep-
tin and renal disease. Am J Kidney Dis 39:
1–11, 2002

96. Parhami F, Tintut Y, Ballard A, Fogelman
AM, Demer LL: Leptin enhances the calci-
fication of vascular cells: Artery wall as a
target of leptin. Circ Res 88: 954–960,
2001

97. Chen NX, Duan D, O’Neill KD, Moe SM:
High glucose increases the expression of
Cbfa1 and BMP-2 and enhances the calci-
fication of vascular smooth muscle cells.
Nephrol Dial Transplant 21: 3435–3442,
2006

98. Mori K, Shioi A, Jono S, Nishizawa Y, Morii
H: Dexamethasone enhances in vitro vas-
cular calcification by promoting osteoblas-
tic differentiation of vascular smooth mus-
cle cells. Arterioscler Thromb Vasc Biol 19:
2112–2118, 1999

99. Luo G, Ducy P, McKee MD, Pinero GJ,
Loyer E, Behringer RR, Karsenty G: Spon-
taneous calcification of arteries and carti-
lage in mice lacking matrix GLA protein.
Nature 386: 78–81, 1997

100. Schurgers LJ, Teunissen KJ, Knapen MH,
Kwaijtaal M, van Diest R, Appels A, Reute-
lingsperger CP, Cleutjens JP, Vermeer C:
Novel conformation-specific antibodies
against matrix gamma-carboxyglutamic
acid (Gla) protein: Undercarboxylated ma-
trix Gla protein as marker for vascular cal-
cification. Arterioscler Thromb Vasc Biol
25: 1629–1633, 2005

101. Price PA, Thomas GR, Pardini AW, Figueira
WF, Caputo JM, Williamson MK: Discovery
of a high molecular weight complex of cal-
cium, phosphate, fetuin, and matrix gam-
ma-carboxyglutamic acid protein in the se-
rum of etidronate-treated rats. J Biol Chem
277: 3926–3934, 2002

102. Roy ME, Nishimoto SK: Matrix Gla protein
binding to hydroxyapatite is dependent on
the ionic environment: Calcium enhances
binding affinity but phosphate and magne-
sium decrease affinity. Bone 31: 296–302,
2002

103. Yao Y, Shahbazian A, Boström KI: Proline
and gamma-carboxylated glutamate resi-
dues in matrix Gla protein are critical for
binding of bone morphogenetic protein-4.
Circ Res 102: 1065–1074, 2008

104. Scatena M, Liaw L, Giachelli CM. Os-
teopontin: A multifunctional molecule reg-
ulating chronic inflammation and vascular
disease. Arterioscler Thromb Vasc Biol 27:
2302–2309, 2007

105. Wada T, McKee MD, Steitz S, Giachelli CM:
Calcification of vascular smooth muscle cell
cultures: Inhibition by osteopontin. Circ
Res 84: 166–178, 1999

106. Jono S, Peinado C, Giachelli CM: Phos-
phorylation of osteopontin is required for
inhibition of vascular smooth muscle cell
calcification. J Biol Chem 275: 20197–
20203, 2000

107. Qin X, Corriere MA, Matrisian LM, Guzman
RJ: Matrix metalloproteinase inhibition at-
tenuates aortic calcification. Arterioscler
Thromb Vasc Biol 26: 1510–1516, 2006

108. Lacey DL, Timms E, Tan HL, Kelley MJ,
Dunstan CR, Burgess T, Elliott R, Co-
lombero A, Elliott G, Scully S, Hsu H, Sulli-
van J, Hawkins N, Davy E, Capparelli C, Eli
A, Qian YX, Kaufman S, Sarosi I, Shalhoub
V, Senaldi G, Guo J, Delaney J, Boyle WJ:
Osteoprotegerin ligand is a cytokine that
regulates osteoclast differentiation and ac-
tivation. Cell 93: 165–176, 1998

109. Bucay N, Sarosi I, Dunstan CR, Morony S,
Tarpley J, Capparelli C, Scully S, Tan HL,
Xu W, Lacey DL, Boyle WJ, Simonet WS:
Osteoprotegerin-deficient mice develop
early onset osteoporosis and arterial cal-
cification. Genes Dev 12: 1260 –1268,
1998

110. Bennett BJ, Scatena M, Kirk EA, Rattazzi M,
Varon RM, Averill M, Schwartz SM, Giach-
elli CM, Rosenfeld ME: Osteoprotegerin
inactivation accelerates advanced athero-
sclerotic lesion progression and calcifica-
tion in older ApoE�/� mice. Arterioscler
Thromb Vasc Biol 26: 2117–2124, 2006

111. Orita Y, Yamamoto H, Kohno N, Sugihara
M, Honda H, Kawamata S, Mito S, Soe NN,
Yoshizumi M: Role of osteoprotegerin in
arterial calcification: Development of new
animal model. Arterioscler Thromb Vasc
Biol 27: 2058–2064, 2007

112. Morony S, Tintut Y, Zhang Z, Cattley RC,
Van G, Dwyer D, Stolina M, Kostenuik PJ,
Demer LL: Osteoprotegerin inhibits vascu-
lar calcification without affecting athero-
sclerosis in ldlr(�/�) mice. Circulation 117:
411–420, 2008.

113. Ketteler M: Fetuin-A and extraosseous cal-
cification in uremia. Curr Opin Nephrol Hy-
pertens 14: 337–342, 2005

114. Schafer C, Heiss A, Schwarz A, Westenfeld
R, Ketteler M, Floege J, Muller-Esterl W,
Schinke T, Jahnen-Dechent W: The serum
protein alpha 2-Heremans-Schmid glycop-
rotein/fetuin-A is a systemically acting in-

SPECIAL ARTICLEwww.jasn.org

J Am Soc Nephrol 20: 1453–1464, 2009 Vascular Calcification in CKD 1463



hibitor of ectopic calcification. J Clin Invest
112: 357–366, 2003

115. Chen NX, O’Neill KD, Chen X, Duan D,
Wang E, Sturek MS, Edwards JM, Moe SM:
Fetuin-A uptake in bovine vascular smooth
muscle cells is calcium dependent and me-
diated by annexins. Am J Physiol Renal
Physiol 292: F599–F606, 2007

116. Harmey D, Hessle L, Narisawa S, Johnson
KA, Terkeltaub R, Millán JL: Concerted reg-
ulation of inorganic pyrophosphate and os-
teopontin by akp2, enpp1, and ank: An
integrated model of the pathogenesis of
mineralization disorders. Am J Pathol 164:
1199–1209, 2004

117. Rutsch F, Ruf N, Vaingankar S, Toliat MR,
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JM, Fernández E: Mineral metabolism pa-
rameters throughout chronic kidney dis-
ease stages 1–5: Achievement of K/DOQI
target ranges. Nephrol Dial Transplant 22:
1171–1176, 2007

146. Levin A, Bakris GL, Molitch M, Smulders M,
Tian J, Williams LA, Andress DL: Preva-
lence 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
71: 31–38, 2007

147. Mathew S, Tustison KS, Sugatani T,
Chaudhary LR, Rifas L, Hruska KA: The
mechanism of phosphorus as a cardiovas-
cular risk factor in CKD. J Am Soc Nephrol
19: 1092–1105, 2008

148. Shao JS, Aly ZA, Chen SL, Cheng SL, Cai J,
Huang E, Behrmann A, Towler DA: Vascu-
lar Bmp Msx2 Wnt signalling and oxidative
stress in arterial calcification. Ann N Y Acad
Sci 1117: 40–50, 2007

SPECIAL ARTICLE www.jasn.org

1464 Journal of the American Society of Nephrology J Am Soc Nephrol 20: 1453–1464, 2009


