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Summary: Considerable scientific progress in the pathogenesis of vascular calcification that
has accrued in recent years is reviewed in this article. Factors regulating mesenchymal cell
differentiation and their role in the neointimal calcification of atherosclerosis and the vascular
media calcification observed in chronic kidney disease and diabetes are discussed, as is the
role of bone regulatory proteins in bone mineralization and vascular calcification. This
includes recent studies related to fetuin-A, and the discovery of a new circulating hormone
involved in regulating phosphate homeostasis and sensing skeletal hydroxyapatite precipita-
tion. Finally, the relationship between skeletal mineralization and vascular mineralization is

discussed in terms of their links, especially through serum phosphate concentrations.
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ascular calcification is a process that has

been shown during the progression of ath-

erosclerosis with neointimal calcification
or with calcification of the tunica media. Al-
though intimal and medial calcification have sim-
ilarities, it is not clear that they follow a common
pathogenesis, and both are stimulated by chronic
kidney disease (CKD). Primary medial calcifica-
tion, or Monckeberg’s sclerosis (MS), has been
associated with CKD,! aging,? and diabetes.? In
CKD, MS previously was thought to be a passive
process,! occurring as a direct consequence of an
increased calcium X phosphorus product. How-
ever, recent evidence discussed herein suggests
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that this is not the case. Rather, vascular calcifica-
tion appears to be an active process involving a
phenotypic drift towards an osteoblastlike cell
secreting and mineralizing an extracellular ma-
trix.

Understanding the pathogenesis of vascular
calcification is essential because it is a frequent
cause of morbidity and mortality for patients with
CKD.# Indeed, vascular calcification occurs in all
ages and stages of CKD.>° However, the extent of
coronary calcification appears to be more pro-
nounced with a longer time on dialysis, older age,
male sex, white race, diabetes, and increased se-
rum calcium and phosphorous.> Coronary calcifi-
cation is especially prone to be atherosclerotic
and this form of vascular calcification has been
shown to be due to differentiation of neointimal
cells to an osteoblastic phenotype mineralizing
their extracellular matrix akin to bone formation.

DIFFERENTIATION OF
MESENCHYMAL STEM CELLS

Osteoblasts, smooth muscle myocytes, adipo-
cytes, fibroblasts, and chondrocytes all share a
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common mesenchymal progenitor stem cell.
Differentiation along the osteogenic lineage re-
quires crucial factors including the bone mor-
phogenetic proteins (BMPs)” and Wnts, an
amalgam of wingless (Wg) and int (Wnts).® The
BMPs are part of the transforming growth factor-3
superfamily that initiate signal transduction by
binding to specific type II receptors, activating
type I receptors, and affecting gene transcription
through phosphorylation of regulatory Smad tran-
scription factors. BMP-induced osteogenesis re-
quires lineage- specific transcription factors
such as Runx2, Osx, and Msx1/2 that are key
and include all of the proteins involved in os-
teoblast-mediated bone formation. Mice geneti-
cally engineered to be deficient in Runx2 or
Osx show a complete lack of ossification,”!°
whereas those deficient in Msx 1/2 have signif-
icant skeletal abnormalities.!!>!2

Thus, the process of osteogenic develop-
ment and bone formation is critically and
tightly regulated by the coordinated effects of
the growth factors and transcription factors de-
scribed earlier. Furthermore, the subsequent
finding of these transcription factors expressed
in calcified vessel walls has led to the theory
that vascular calcification is also a tightly regu-
lated, coordinated, and osteoblastic process.
For example, low-density lipoprotein (LDL)-re-
ceptor negative (LDLR -/-) mice fed a high-fat
diet developed vascular calcification associated
with the expression of MsxI and Msx2.'3 In
human beings, expression of Msx2 and Runx2
along with the chondrogenic transcription fac-
tor Sox9 has been described in calcified ath-
erosclerotic samples.'® In addition, expres-
sion of the target genes of these factors such
as alkaline phosphatase, osteocalcin, bone
sialoprotein, and type II collagen also is in-
creased. Other bone regulatory proteins such
as matrix Gla protein (MGP) and osteoprote-
gerin (OPG) (both discussed later) are down-
regulated in calcified vessels compared with
noncalcified vessels.'* Deposition of bone
matrix proteins also has been described in
medial calcification associated with CKD.'
These findings suggest that vascular calcifica-
tion is an active process that simulates osteo-
genesis and bone formation.

THE VASCULAR SMOOTH MUSCLE CELL

Vascular smooth muscle cells (VSMCs) normally
reside in the vessel wall media in a differenti-
ated state wherein their contractile properties
regulate vascular tone. However, the VSMC
phenotype is characterized by the ability to
reversibly enter a synthetic state of prolifera-
tion and production of large amounts of extra-
cellular matrix.'® The stimulus to change phe-
notype includes injury, various cytokines,
growth factors, and certain components of the
extracellular matrix. In the heightened syn-
thetic state, VSMCs show decreased expression
of contractile and adhesion proteins and a con-
comitant increase in cytoskeletal proteins.!” In
addition to various growth factors, culture of
VSMCs in medium supplemented with serum
has been shown to experimentally stimulate
the transition to the synthetic phenotype.'8
Transition into the synthetic state is thought to
be involved in the pathogenesis of atheroscle-
rosis and MS.

After stimulation with serum, proliferating
VSMCs grow to form a confluent monolayer.'”
Subsequently, areas of the monolayer develop
multicellular foci that form nodular aggregates
consisting of nonproliferating, quiescent VSMCs.
Cells from these nodules appear to re-express
markers of smooth muscle cell differentiation. Pro-
liferating osteoblasts also form condensing nodules
in culture.?® Subpopulations of human and bovine
aortic VSMCs have been shown to form these nod-
ules and then calcify spontaneously.?!

The addition of B-glycerophosphate, a phos-
phate donor, or high concentrations of inor-
ganic phosphate have been shown to in-
duce calcification in VSMCs in vitro,?? and
VSMCs from atherosclerotic donors showed
increased expression of Runx2, osteopontin
(OPN), and alkaline phosphatase.?? Inorganic
phosphate induced the expression of osterix
and bone matrix proteins.?> This action is
stimulated through a sodium-phosphorus co-
transporter in cultured VSMCs.?425 Thus, it
appears that inorganic phosphate induces
VSMCs toward an osteogenic phenotype
in vitro. However, uremic serum also induces
VSMCs to calcify, a process that is related
partly to a factor that is independent of serum
phosphate.
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