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ABSTRACT

Vascular calcification including both medial
and intimal calcification is the most prominent
and a very common manifestation of extraos-
seous calcification in end stage renal disease
(ESRD). It is characteristic of the accelerated
course atherosclerosis takes in dialysis patients
and associated with arterial stiffness as well as
increased mortality. Several risk factors for cal-
cification were identified in the ESRD popula-
tion including age and time on dialysis, but spe-
cifically also an elevated calcium x phosphate
product (Ca x P), the dose of calcium-contain-
ing phosphate binders and the presence of an
inflammatory state. Data from registry studies
strongly support the deleterious role of hyper-

phosphataemia and of an elevated Ca x P pro-
duct for the survival of ESRD patients. In this
context, recent research unravelled that both Ca
and P do not just passively precipitate at high
extracellular concentrations, but may also in-
duce a phenotypic transformation of vascular
smooth muscle cells into osteoblast-like cells.
Further, the role endogenous inhibitors of calci-
fication (i.e. matrix Gla protein, osteoprotegerin
and fetuin-A) has recently focussed much at-
tention regarding the pathophysiology of un-
wanted calcifications in uraemia. Decreased
serum fetuin-A has been shown to be asso-
ciated with a reduced capacity to inhibit Ca and
P precipitation in vitro and is an inflammation-
related predictor of mortality in dialysis patients.
These new insights into the pathogenetic events
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leading to vascular calcification may lead to bet-
ter prevention and to new treatment options in
the cardiovascular high-risk ESRD population.

Key words: calcification; calcimimetics; cal-
cium; end-stage renal disease; phosphorus;
sevelamer; fetuin-A; matrix Gla protein;
osteoprotegerin

CARDIOVASCULAR MORTALITY AND
TYPES OF VESSEL CALCIFICATION

The key problem in the dialysis population is
the fact that cardiovascular mortality is dramati-
cally increased and that this phenomenon is al-
ready particularly true for young patients®. Ac-
celerated calcifying atherosclerosis and valvular
calcifications are hallmarks of uraemic cardio-
vascular disease and the magnitude of both
vascular and valvular calcification represent in-
dependent risk factors of cardiovascular
death?3, Typical metabolic disturbances in urae-
mia including hyperphosphatemia, an increased
Cax P product, hyperparathyroidism and an in-
creased calcium intake are independent predic-
tors of cardiovascular morbidity and mortality
and are all associated with extraosseous calci-
fication in this population*’. Among other reports,
the latter observation was shown in two recent
studies in young dialysis patients by utilizing
electron-beam computed tomography (EBCT)
in order to quantify coronary artery calcifications
(see example in figure 1)%7. In both studies per-
formed in children and young adults on dialysis
(age <40 years) it was demonstrated that coro-
nary artery calcifications were already highly
prevalent especially in the age group of 20 — 40
years and that the calcification burden was re-
lated to an increased calcium x phosphate pro-
duct and an increased calcium intake. In one of

the studies, authors reported a strong relation-
ship between the magnitude of calcification and
elevated CRP levels, respectively, potentially
documenting a cause-and-effect relationship
between calcification and inflammation’.

Vascular calcification may involve particular
and different regions within the vessel wall,
namely intima or media. Intimal calcification
nearly exclusively occurs within atherosclerotic
plagues, which are inflammatory lesions per se
and may cause ischaemia-related occlusion?.
Mediasclerosis is characterised by a non-inflam-
matory circular calcification of muscular arte-
ries®, which result in the loss of the dampening
function of the circulation leading to elevated
pulse pressure, left ventricular hypertrophy and
dysfunction and to a compromised coronary
perfusion®, While the development of plaque
atherosclerosis is associated with the presence
of traditional risk factors such as hypercholes-
terolaemia and smoking, mediasclerosis is
found predominantly aggravated in uraemia and
diabetes mellitus, conditions in which however
both types of intimal and medial calcifications
occur®.

In a recent clinical study performed in urae-
mic subjects, patients were stratified to groups
according to their predominant type of vascular
calcification: Dialysis patients with intimal calci-
fications were older and indeed characterised
by the presence of ‘traditional’ risk factors (e.g.
smoking and dyslipidaemia), whereas patients
with medial calcifications were younger and
characterised by a longer duration of HD treat-
ment and derangements in their Ca x P ba-
lance®. Adjusting the relative risk of cardiac
death for age demonstrated the predominant
presence of medial calcification to be associated
with a 45-fold increased risk and the presence
of intimal calcification to be associated with a
7.5-fold increased risk, respectively, when com-
pared to the non-calcified dialysis patients of this
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Figure 1-Two serial images (multisclice spiral computed tomogra-
phy [MSCT]) performed in a 48-year-old haemodialysis patients
showing severe coronary and aortic calcifications, resulting in an
Agatston score of > 10.000 (> 400: severe coronary artery calcifica-
tions).

cohort. Thus, arterial calcification appears to be
an extremely strong risk factor in patients on
dialysis.

AETIOLOGY OF VASCULAR
CALCIFICATION — THE ROLE OF
CALCIUM AND PHOSPHATE

As pointed out above, phosphate plays a cen-
tral role in the calcification process. Experimen-
tal in vitro studies performed in normal human
aortic smooth muscle cells (hVSMC) revealed
that phosphate-induced calcification involved
intracellular processes including cellular dedif-
ferentiation. When hVSMC were cultured for
9 days in a solution containing a formally physio-
logical level of phosphate (1.4 mmol/l), no calci-
fication developed in the supernatants. However,
when the same cell line grew in the presence of
a 2.0 mmol/l phosphate solution for the same
period, hydroxapatite, the most common form
of calciumphosphate precipitate in soft-tissues,
accumulated attached to a extracellular matrix
similar to that found in the bone*3. Blocking the
neutral sodium—phosphate co-transporter Pit-1

using in vitro treatment with phospho-
noformic acid and thus preventig a rise in
the intracellular phosphate concentration
completely abolished hydroxyapatite forma-
tion'*4, This observation is probably the
most convincing evidence available that cal-
cium and phosphate precipitation occurs not
just as passive precipitation, but as an ac-
tive biological process depending on entry
of phosphate into hVSMCs.

Another phenomenon observed in such
in vitro studies in hVSMC is the phosphate-
dependent formation of matrix vesicles,
which represent membrane-derived struc-
tures known to be involved in osteoge-
nesis*1S. Further, increasing intracellular
phosphate down-regulates hVSMC-specific
genes while de novo up-regulating core binding
factor 1 (Cbfa-1), the central transcription fac-
tor in osteoblast differentiation, and inducing ex-
pression of bone proteins including alkaline
phosphatase, osteocalcin and osteopontin?®14.16,
Moe et al.}”*8 subsequently demonstrated in vivo
that Cbfa-1, alkaline phosphatase and osteo-
pontin are expressed in human uraemic arte-
ries limited exclusively to areas of calcification
confirming and emphasising the relevance of
such in vitro findings for human disease. Taken
together, the appropriate term coined for this
transformation of hVSMC into osteoblast-like
cells is osteogenic differentiation.

Meanwhile, it became also clear that increas-
ing extracellular calcium concentrations seem
to have very similar effects on the development
hVSMC-associated calcifications in vitro as high
phosphate'®?°. In these recent publications, a
synergism of high Ca and high P could be docu-
mented affecting the magnitude of calcification,
matrix vesicle release, phenotypic changes, and
the induction of apoptosis, which may be im-
portantly involved in the progression of vascular
calcification as well. In addition, other uraemia-
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associated factors appear to affect the phe-
notypic transformation of hVSMC. Uraemic se-
rum, independently of phosphate levels or blo-
ckade of the sodium—phosphate co-transporter,
was able to up-regulate the expression of Cbfa-1
in hVSMC?8, Further, pro-inflammatory cytokines
such as TNF-o also induced hVSMC associated
calcifications in an in vitro setting suggesting an
additional role of inflammation in cell-mediated
active calcification?.

Finally, in vitro experiments linked hVSCM
calcification to several other potential modula-
tors of calcification in ESRD. For example,
calcitriol levels, diabetes, advanced glycation
end products, leptin and some genetic factors
were demonstrated to trigger or increase pro-
gressive calcification???’, In contrast, PTH and
PTH-related peptide (PTHrP), osteopontin,
osteoprotegerin and bone morphogenic protein
(BMP)-7 were described to inhibit in vitro calci-

Table 1 — Selected Ca-regulatory factors with direct or indirect inhibitory
properties concerning extraosseous cal cification (bold-typed factorsare dis-

cussed in thisreview in more detail)

fication processes®®3!. The relevance of most
of these factors in uraemia in vivo is currently
unknown.

AETIOLOGY OF VASCULAR
CALCIFICATION — CALCIFICATION
INHIBITORS

In order to more completely understand the
phenomenon of extraosseous calcifications, it
must be imagined that even the physiological
serum concentrations of Ca and P are several
orders of magnitude above their solubility pro-
duct in aqueous solutions. Body temperature,
pH and the ionic strength (especially the serum
NaCl concentration) in the extracellular space
are preventive and contribute to keeping Ca and
P in solution, however, serum must be regarded
as a “metastable” solution regarding Ca and P
ions. Thus, precipitation inhibitory
mechanisms are clearly necessary
to prevent ongoing soft-tissue calci-
fication. Recently, a number of local
and systemic calcification inhibitors
were identifiedreviewedin32.33 ‘\whijle de-

Caclification inhibitor Evidence

ficiencies and dysregulations of
such factors may contribute to

Fetuin-A

Matrix Gla protein

Osteoprotegerin

Pyrophosphates (ANK, ENPP-1)
Bone morphogenetic protein-7 (BMP-7)

Klotho invivo, human?
Osteopontin invitro, in vivo
Fibrillin-1 invitro, in vivo, human
Carbonic anhydrase invitro, in vivo, human
Smad6 invivo

in vitro, in vivo, human
in vitro, in vivo, human
in vivo, human?
invitro, in vivo, human
invitro, in vivo

signficant morbidity and perhaps
even mortality in some patient
populations. In the following para-
graphs, three factors with calcifica-
tion inhibitory properties will be dis-
cussed as examples in more detalil,
while a growing number of emerg-
ing Ca-regulatory proteins were
meanwhile discovered (table 1)3232,

In vitro = cell culture experiments; in vivo = animal models; human = disease phenotype.
! The associated human disease phenotype isincreased intima media thickness, which may be a

surrogate parameter of medial calcification.

2 Evidence from association studies related to cardiovascular phenotype, but not directly

to calcification phenotype

(areference list relevant to this table can be requested from the corresponding author)
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MATRIX GLA PROTEIN (MGP)

MGP is a small Gla protein (MW: 10 kD) ex-
pressed in chondrocytes and VSMC requiring
activation via vitamin K-dependent g-carboxyla-
tion in order to acting locally as a calcification
inhibitor34=>, MGP-deficient (MGP"") mice show
an impressive and finally lethal phenotype: The
aortic media develops most severe calcifica-
tions localised to the elastic lamellae leading to
“fracture” of the aorta with consecutive internal
hemorrhage®. Cartilageous metaplasia, similar
to the process of VSMC osteogenic differentia-
tion as described above, accompanies calcifi-
cation of the aorta. Loss-of-function mutations
of the MGP gene in humans (Keutel syndrome)
cause a phenotype clinically characterised by
cartilage and vascular medial calcifications, as
known from autopsies of affected individuals®.

In human atherosclerotic disease, the role of
MGP expression is less clear — MGP overex-
pression especially seems to surround lipid-rich
and calcified plaque areas®. This pattern may
suggest that local MGP up-regulation tries to
counteract excessively calcified vascular foci and
thus attempts to limit the magnitude of calcifica-
tions. However, it is not entirely clear whether or
to what part this MGP overexpression is repre-
sented by the active y-carboxylated MGP protein.

Interestingly, recent clinical studies revealed
a significant connection between subclinical vi-
tamin K deficiency and coronary artery disease
in the normal population®. Likewise, it will have
to explored in the near future whether vitamin K-
antagonist (e.g., phenprocoumon, warfarin) treat-
ment may be associated with aggravated medial
calcifications. Such studies may be clinically im-
portant in order to better judge the use of vitamin
K-antagonists in calcification-prone subjects such
as patients with chronic kidney disease. Up to
50% of reported cases of calcific uremic
arteriolopathy (CUA, calciphylaxis), a severe di-

sorder usually developing in uraemia and cha-
racterised by excessive medial calcification of cu-
taneous arterioles, occurred associated with vi-
tamin K-antagonist treatment®*“°, The “Vascular
Calcification Work Group” of the National Kidney
Foundation consequently agreed on launching
registry efforts and clinical studies to evaluate the
use of vitamin K-antagonists and the vitamin K-
status, respectively, in ESRD patients*.

FETUIN-A

Fetuin-A is the central circulating calcifica-
tion inhibitor responsible for up to 50% of the
precipitation inhibitory capacity of serum?243,
Fetuin-A is produced by hepatocytes, reaches
high extracellular concentrations (0.5-1.0 g/l) and
reacts as a negative acute-phase protein*. In
ex vivo experiments, fetuin-A was demonstrated
to be a potent inhibitor of hydroxyapatite forma-
tion*. In vivo, transgenic fetuin-A-deficient
(Fetuin-A") mice develop severe soft-tissue
calcifications either spontaneously (DBA2 back-
ground) or by additional challenges with high-
dose vitamin D and by feeding a mineral-rich
diet (C57BL/6 background)?®.

Clinical studies performed in haemodialysis
patients recently demonstrated that serum
fetuin-A levels were significantly lower in both
long- and short-term patients versus control
subjects with normal renal function*’. Serum
from dialysis patients was at the same time less
efficient to inhibit Ca and P precipitation than
normal serum in an ex vivo assay and this ef-
fect was reversed by adding fetuin-A to the buffer
preparation*’. These findings underscore the
functional relevance of fetuin-A as a calcifica-
tion inhibitor. Since fetuin-A is regulated as a
negative acute-phase reactant, serum fetuin-A
levels correlated inversely with CRP levels, and
forward stepwise regression analysis demons-
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trated fetuin-A deficiency being an inflammation-
related predictor of all-cause and cardiovascu-
lar mortality in this dialysis cohort*.

THE OSTEOPROTEGERIN(OPG)/RANKL
SYSTEM

In the normal population, it appears that os-
teoporosis and cardiovascular disease may be
linked to each other“8. In case that pronounced
vascular calcification may be involved to explain
this phenomenon, the OPG/RANK/RANKL
(receptor activator of NF-kB-ligand) system, as
a central regulator of bone turnover, may be a
prime candidate in this context. OPG is a mem-
ber of the tumor necrosis factor(TNF)-receptor
superfamily and serves as am soluble, antago-
nising decoy receptor for RANKL, which accord-
ingly belongs to the TNF superfamily?*°5°.
RANKL-binding to RANK immediately starts a
programme of osteoclast activation, differentia-
tion and maturation. Therefore, an excess avail-
ability of OPG stops this programme and favors
bone build-up, while an OPG deficiency relative
to the RANKL leads to high bone turnover with
subsequent osteoclast-dependent bone loss.

Experiments in transgenic mice again unra-
velled the impressive potency of this system:
OPG-overexpressing mice develop osteopetro-
sis, while OPG-deficient (OPG™) mice develop
high-grade osteoporosis, but significant arterial
calcifications**. Until now, it is however not
entirely clear, whether OPG deficiency contri-
butes to the development of vascular calcifica-
tion by the increased Ca and P absorption from
the bone or by a direct loss of calcification in-
hibitory properties within the vessel wall, or per-
haps by both mechanisms.

Results from a recent publication by Nitta and
colleagues were however somewhat unex-

pected and confusing, since in this study OPG
levels were found increased in haemodialysis
patients when compared to a normal popula-
tion, and elevated OPG levels were positively
associated with the severity of aortic calcifica-
tion®t. These findings appear counterintuitive at
first glance, given that OPG shows properties
of a calcification inhibitor, and this is especially
true, since this “seeming paradox“ of elevated
OPG levels being significantly associated with
cardiovascular disease was also observed in
previous studies in the normal population“. An
attractive, but yet unproven hypothesis to explain
these observations could be that OPG up-regu-
lation is an active, although perhaps incomplete
self-defense mechanism to counteract exces-
sive atherosclerosis and calcification, and
elevated OPG levels must therefore be inter-
preted with caution and perhaps more as a
marker of severe cardiovascular disease than
as a pathomechanism.

THERAPEUTIC STRATEGIES

Despite these novel pathophysiological
insights into calcification mechanisms, treat-
ment and prevention approaches are currently
still limited to modifications of the calcium load,
treatment of secondary hyperparathyroidism,
the use of phosphate binders and performing
optimal dialysis procedures. Sevelamer, a phos-
phate-binding polymer, possesses some signifi-
cant potential versus calcium-containing phos-
phate slowing the progression of vascular
calcification as shown by the Treat-to-Goal
study®2. Prospective cardiovascular end-point
studies, and intervention studies to distinguish
between the role of both phosphate and lipids in
uraemic vascular calcification, are ongoing to
better understand the beneficial properties of
sevelamer.
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Calcimimetics, new and improved Vitamin D
analogues, and bisphosphonates may further
prove themselves as effective tools to modify Ca
and P levels, i.e. lowering the Ca x P product.
Anti-inflammatory strategies including the use of
pyrogen-free dialysate and therapies to reduce
cytokine levels may offer potential to modulate
inflammation-related pathomechaisms of cardio-
vascular calcification (e.g., fetuin-A deficiency).
Finally, the synthesis of endogenous inhibitors of
calcification, such as fetuin-A, or alternatively the
identification of factors specifically inducing en-
dogenous fetuin-A synthesis in the liver, could
also offer significant potential to be pursued for
creating novel therapeutic agents.

SUMMARY

Extraosseous and especially cardiovascular
calcifications implement a devastating risk to the
outcome of patients with chronic kidney disease.
In this context, we have learned just recently that
extraosseous calcium and phosphate precipi-
tation is not just a process of passive precipita-
tion, but is regulated by a number of local, sys-
temic and cellular factors. Calcification inhibitors
(MGP, fetuin-A, osteoprotegerin etc.), together
with pH, body temperature and the extracellular
ionic strength, are important by keeping Ca and
P ions in solution despite a formally supersatu-
rated extracellular environment. Nevertheless,
substrate excess (hyperphosphatemia, in-
creased calcium-phosphate product, high cal-
cium load) remains a key factor destroying Ca
and P homeostasis and starting extraosseous
calcification processes with deleterious cardio-
vascular consequences, and must thus be well
controlled. Inflammation and deficiencies of cal-
cification inhibitory factors, respectively, will how-
ever also have to be considered as pathogenic
in the progression of accelerated calcifying

atherosclerosis in uraemia. Future studies will
hopefully tell us how to specifically target
dysregulations in calcification inhibition thus
becoming an important therapeutic strategy.
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