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Abstract
Vascular calcification, bone loss and increased fracture risk
are age-associated disorders. Several epidemiological stud-
ies have suggested a relationship between vascular calcifi-
cation, impaired bone metabolism and increased mortality.
So far, this relationship had been under-estimated as osteo-
porosis and vascular calcification have been considered
non-modifiable disorders of aging. Recent data suggest that
this association is not simply an artefact of age, stressing
that the co-incidence of vascular calcification with low
bone activity and osteoporosis could be biologically linked.
During the development of vascular calcification, the tran-
sition of vascular smooth muscle cells towards an osteo-
blast-like phenotype promotes the release of the vesicular
structures and mineralization within these structures is pro-
moted by several players, including those related to mineral
metabolism, like phosphorus, calcium or parathyroid hor-
mone, which influence either the supersaturation within the
structure or the expression of osteogenic factors. However,
an intriguing question is whether the presence of vascular
calcification impacts bone metabolism, thus demonstrating
true crosstalk between these tissues. Evidence is now emerg-
ing, suggesting that some inhibitors of the Wnt pathway,
such as secreted frizzled Proteins 2 and 4 and Dickkopf
related protein-1 (DKK-1), may play a role linking vascular
calcification and bone loss. An additional important ques-
tion to answer, from the patient’s perspective, is whether or
not progression of vascular calcification can be prevented
or restricted and whether altering this progression we can
efficiently impact patients’ outcomes. Much evidence sug-
gests that the control of the chronic kidney disease–mineral
and bone disorder components, particularly serum phos-
phorus, are the main targets to maintain normal bone
turnover and protect against vascular calcification.

Introduction

Vascular calcification, bone loss and increased fracture risk
are disorders associated with ageing, both in patients with
chronic kidney disease (CKD) [1–7] and in the general

population [8–11]. Furthermore, several epidemiological
studies suggest a relationship between vascular calcifica-
tion, impaired bone metabolism and increased mortality
[10,12–15]. The relationship between bone metabolism
and vascular calcification was a component of the deci-
sion made by the Kidney Disease: Improving Global Out-
comes (KDIGO) foundation to adopt a new nomenclature,
the CKD–mineral and bone disorder (MBD), for a syn-
drome of CKD incorporating disturbances in mineral me-
tabolism, vascular calcification, renal osteodystophy and
excessive mortality [16]. This review is focused on the
system biology between the skeleton, mineral metabolism
and vascular calcification that is disordered in the CKD–
MBD.

Bone turnover and vascular calcification

The association between bone fragility and vascular calci-
fication has been made repeatedly since a significant in-
verse correlation between bone mineral density and aortic
calcification was reported 20 years ago [12]. However, this
association was probably under-estimated because osteo-
porosis and vascular calcification were considered non-
modifiable disorders of ageing. Recent data suggest that
this association is not simply an artefact of age. The role
of ageing cannot be completely dismissed, but the clinical
co-incidence of vascular calcification with low bone activ-
ity and osteoporosis suggests that there are direct biological
links between arteriosclerosis and osteoporosis, and the co-
incidence is supported by pathological science.

In support of this concept, a study published in 2004
demonstrated that patients with the highest degree of aortic
calcification had the lowest bone density [17]. In the same
cohort followed for 2 years, bone loss was greater in pa-
tients with progressive vascular calcification [17]. In agree-
ment with these results, a recent study from one of our
groups, carried out in a randomly selected general popula-
tion, has shown that after 4 years of follow-up, subjects
with the most severe aortic calcification had not only a
lower bone mass but also a higher incidence of new osteo-
porotic fractures [11].
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In addition, another recent study from the same group,
involving patients on haemodialysis, demonstrated that
vascular calcification of the large and medium calibre ar-
teries was associated with an increased risk of vertebral
fractures [4]. Both vascular calcification and vertebral frac-
tures were associated with increased mortality in women
participating in this study.

A relationship between vascular calcification and low
bone turnover assessed by histomorphometric markers
has also been demonstrated in haemodialysis patients [7]
(Table 1). Preliminary data have demonstrated a negative
relationship between low bone turnover and the degree of
coronary artery calcification [18]. Data demonstrating an
inverse relationship between mineralized bone volume and
both coronary calcification and vascular stiffness have also
been recently published [19].

Despite all of this evidence, the relationship between low
bone turnover and vascular calcification remains under de-
bate. A recent publication found that vascular calcification
was not influenced by bone turnover when multivariate
analysis was performed [20]. This is likely due to the fact
that both high and low turnover were assessed. In fact, it is
not bone turnover itself that is related to vascular calcifica-
tion, but rather that bone resorption is in excess of bone
formation, which can occur at any rate of turnover. This
concept has been proven in several phase three osteoporo-
sis trials, especially with denosumab, wherein, inhibition of
bone resorption and equalization with formation results in a
major reduction of the serum calcium and phosphorus.
These results demonstrate that the serum calcium and phos-
phorus, although normal in concentration, are being con-
trolled through excess bone resorption. In agreement with
this concept, it has been reported that the correction of the
balance in bone turnover, either high or low, protects
against the progression of vascular calcification [21]. This
is in agreement with translational studies demonstrating
that stimulation of bone formation in CKD Stages 3–4
corrected hyperphosphataemia [22]. Overall, most of the
epidemiological, clinical and translational evidence
strongly suggest that the incidence and progression of vas-
cular calcification is inversely related to bone mass and
positively related to the degree of mineralized bone loss
and thus to the incidence and prevalence of osteoporotic
fragility fractures.

The low turnover osteoporosis of ageing is not the only
disorder of mineral metabolism that has been linked to
vascular calcification. In patients with different stages of
CKD, serum phosphorus is strongly associated with in-

creased vascular calcification and decreased bone strength.
Indeed, abnormally high serum phosphorus concentrations
have been described as one of the main pathogenetic factors
inducing vascular calcification [23, 24]. In contrast, para-
thyroid hormone (PTH) levels have and have not been
associated with vascular calcification. A recent meta-anal-
ysis demonstrates that of the serum phosphorus, calcium
and PTH, only phosphorus is associated with cardiovascu-
lar events and mortality associated with vascular calcifica-
tion [25, 26].

Pathophysiology of vascular calcification

Vascular calcification in patients with CKD occurs through
precipitation of calcium phosphate as a consequence of
unstable supersaturation of the exchangeable calcium and
phosphate pools. However, the process is not solely a pas-
sive one related to precipitation from the extra-cellular fluid
surrounding vascular smooth muscle cells (VSMCs) of the
vascular walls. Rather VSMCs undergo a transition away
from their contractile functional state, expressing markers
of their osteoblast cousins and develop an exchangeable
calcium/phosphorus pool analogous to the site of bone for-
mation wherein calcification of the skeleton occurs. The
analogy to bone formation is especially strong in athero-
sclerotic calcification of the neointima stimulated by CKD
[27]. In the other form of vascular calcification stimulated
by CKD, medial arterial calcification, the process repre-
sents a complex set of steps in which the normal inhibitors
of calcification are diminished and concentrations of cal-
cium and phosphorus produce unstable supersaturation
leading to crystal formation and vascular calcification. Cal-
cification appears to be initiated by the release of vesicular
structures from VSMCs that contain hydroxyapatite [26].
The transition of VSMCs towards the osteoblastic pheno-
type promotes the release of the vesicular structures and
mineralization within these structures is promoted by ex-
pression of osteoblastic proteins. Osteoblastic morphogens,
the bone morphogenetic proteins (BMP)-2 and BMP-4,
transcription factors, core-binding factor 1 (Cbfa-1, also
know as Runx2), a key transcription factor in osteoblast
differentiation and bone proteins such as alkaline phospha-
tase and osteocalcin are all components of the osteoblastic
transition of VSMCs [28].

The factors that are involved in this change in VSMC
phenotype have been the focus of much research in recent
years, with evidence suggesting that it is driven both by an

Table 1. Correlation of bone histomorphometric parameters and parathyroid hormone levels with calcification scorea

Parameter

Arterial calcification score*
Trend
(P-value)0 1 2 3 4

Osteoclast resorption (%) 3.4 2.31 1.81 1.73 0 0.0001
Osteoclasts (/mm2) 1.4 1.88 1.62 1.12 0.12 0.002
Osteoblast surface (%) 13.4 11.9 9.56 4.11 1.00 0.0001
PTH (pg/mL) 388 567 316 202 71 0.0001

aAdapted from London et al. [7] with permission. *Range 0–4, where 0 ¼ no calcification detected and 4 ¼ generalized calcification in all arterial
segments examined.
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increase in factors that promote this change and a decrease
in factors that inhibit it. In recent times, a host of these
calcification promoters and inhibitors have been identified,
some of which may be systemic and others localized (Fig-
ure 1). The relative importance of these factors is unclear,
and it is likely that some play more of a role in the pro-
gression of soft tissue calcification rather than in its
initiation.

Several factors related to mineral metabolism have been
shown to promote calcification. For example, it has been
demonstrated in vitro that high calcium and phosphorus
levels induced VSMC calcification [29]. As stated above,
serum phosphorus seems to be particularly important in the
development of vascular calcification. Indeed, serum phos-
phorus may well be the link between bone turnover and
vascular calcification. When bone turnover is low, as in the
adynamic bone disorder, the size of the exchangeable cal-
cium and phosphorus pool is reduced leading to larger
excursions in the concentrations associated with intake.
In addition, bone resorption is in excess of formation serv-
ing to block the reservoir function of the skeleton for excess
phosphorus. In the case of high bone turnover, as in sec-
ondary hyperparathyroidism, phosphorus is released from
bone and again the reservoir function of the skeleton is
compromised. Stimulation of skeletal anabolism and in-
creasing bone formation rates above rates of resorption
reduce hyperphosphataemia, demonstrating restoration of
the reservoir function of the skeleton. In these studies with
BMP-7 as the anabolic principle, vascular calcification was
reduced in part by movement of phosphorus into the skel-
eton [22]. As renal excretion of phosphorus was not in-
creased in these studies, the decrease in phosphorus

levels must have been due to the increase in bone forma-
tion. Treatment with phosphate binders, which may serve
to decrease the supersaturation of the exchangeable Ca-Pi
pool, has also been shown to prevent vascular calcification
in mouse models [30].

Phosphorus has also been shown to directly stimulate the
osteoblastic transition of VSMC in CKD [31]. The mech-
anism of phosphorus in inducing calcification has been ex-
plored. Knock-down of the putative phosphate sensor, the
sodium-dependent phosphate co-transporter, Pit-1, by
small interfering RNA inhibited phosphorus-stimulated
mineralization of VSMCs [32]. This indicated that vascular
calcification might be regulated by cellular uptake of phos-
phorus. Extra-cellular Pi signalling or increased intra-cel-
lular phosphorus stimulate VSMCs to undergo transition to
an osteoblastic phenotype, expressing Runx2, Msx2 and
osterix the critical osteoblastic transcription factors promot-
ing the expression of the osteoblast transcriptome [33] and
stimulating matrix vesicles (Figure 2). An additional role
for serum phosphorus and calcium may be to promote
VSMC apoptosis, contributing to the initiation of calcifica-
tion since apoptotic bodies may function similarly to matrix
vesicles in heterotopic mineralization.

The concept of the vasculature under the influence of
osteoblastic transition acting as a new reservoir for phos-
phorus since deposition is in excess or resorption may
explain why vascular calcification is present before hyper-
phosphataemia is detected [35, 36]. Vascular calcification
has been detected in 47% of non-diabetic patients with
Stage 4 CKD [37] and up to 94% of pre-dialysis patients
with diabetes [38], but hyperphosphataemia usually only
manifests in Stages 4 and 5 CKD [39]. Data suggest that

Fig. 1. Promoters and inhibitors of vascular calcification modified from a picture produced by Prof G. London with permission. ALP, alkaline
phosphatase; Ca, calcium; LDLox, oxidized low-density lipoprotein; MGP, matrix GLA protein; P, phosphorus; PTHrP, parathyroid hormone-related
protein; TNF-a, tumour necrosis factor-alpha; Vit D3, calcitriol.
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fibroblast growth factor (FGF)-23 levels increase early in
CKD and may be a marker of increased phosphorus load
ahead of the development of hyperphosphataemia [36].
Current evidence on the association of FGF-23 with vas-
cular calcification is mixed, but recent studies demonstrate
a positive and independent association with aortic calcifi-
cation especially in early CKD in translational models and
in patients [40]. Elevations in FGF-23, a hormone secreted
mainly by the osteocyte in early CKD, indicate that the
skeleton has been affected by renal damage. Then becomes
what is the signal for the osteocyte to secrete FGF-23?
While this remains to be proven, changes in the Ca-Pi
exchangeable pool are leading contenders. Thus, in CKD
prior to hyperphosphatemia, the changes in the systemic
environment produced by a high phosphorus load and a
blocked skeletal reservoir, leads to vascular calcification,
which acts together with increased renal excretion to main-
tain normal serum phosphorus concentrations.

Other mineral metabolism parameters that may contrib-
ute to the development and progression of vascular calci-
fication include calcium, vitamin D and PTH.

An excess of calcium load or efflux from bone, both in
high or low bone turnover states may favour cardiovascular
calcification and or cardiovascular events [41].

VSMCs express vitamin D receptors [42] and pharma-
cological calcitriol doses induce matrix mineralization of
VSMCs in vitro [43]. However, the physiological function

of vitamin D receptor activation in VSMCs is inhibitory to
matrix mineralization through stimulation of smooth
muscle differentiation and repression of osteoblastic tran-
sition [44]. Patients with CKD generally have low levels of
vitamin D; the use of low dose of vitamin D has been
associated with a lower mortality [45]. Both vitamin D/
calcitriol deficiency and pharmacological doses of active
vitamin D analogues stimulate vascular calcification,
suggesting a biphasic dose response and underscoring
the protective inhibitory physiological actions of calcitriol
[46, 47].

The role of PTH is also unclear. PTH Fragments 1–34
have been shown to inhibit calcification in a murine model
of atherosclerotic vascular calcification [48], but PTH 7–84
may act to increase vascular calcification [49] and high
PTH levels are often associated with high calcification
scores [20]. Some studies demonstrated that PTH itself is
not able to induce vascular calcification but has a syner-
gistic effect with the phosphorus, probably due to an
indirect and deleterious effect associated with bone remod-
elling and osteoclastic activity [50]. A recent meta-analysis
of factors related to vascular calcification and mortality has
reinforced the role of Pi as a cardiovascular risk factor but
failed to identify the role of PTH [25].

Soft tissue calcification occurs in some patients with
CKD well before mineral metabolism is impaired, and re-
cent studies demonstrate onset of vascular calcification in

Fig. 2. The active role of phosphorus in vascular calcification. Adapted from Yang et al. [34] with permission; Ca, calcium; Na, sodium; P, phosphorus;
Pit-1, sodium-dependent phosphate co-transporter; SMC, smooth muscle cell.
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Stage 2 CKD before stimulation of osteoblastic transition is
demonstrable. Uraemic serum has been shown to induce
osteoblast-like changes in VSMCs, even when blocking
Pit-1 restricts the effect of phosphorus. Inflammation and
reactive oxygen species are two factors that have been also
associated with vascular calcification. Inflammation has
been widely described as one component of atherosclerosis
and medial vascular calcification. It has been shown that
when the inflammatory molecule ‘tumour necrosis factor
alpha’ is over-expressed in the vessels, the mice show vas-
cular calcification, with a higher activation of Wnt in their
VSMCs, a fact that can promote osteogenesis of aortic
smooth muscle cells in vitro [51–54]. The latter strongly
suggests that inflammation may promote vascular calcifi-
cation, probably, via the Wnt signalling pathway. All these
experiments support the idea that vascular calcification can
be mediated by players that could act up-stream in the
cascade of events that promotes vascular calcification. As
osteoporosis has an important inflammatory component,
the latter might be part of the pathway linking vascular
calcification and bone loss. In addition, several other fac-
tors related with inflammation and oxidative stress have
been implicated, among them hydrogen peroxide has been
reported to stimulate Cbfa-1 directly [55] and BMP-2,
which is high in uraemic serum; increases osteoblastic dif-
ferentiation of calcifying cells and may also reduce expres-
sion of matrix Gla protein, a calcification inhibitor [56].
Also, leptin, a fat-derived circulating factor stimulated by
inflammation, has been shown to induce calcification [57].
In summary, there are many inflammation-related mole-
cules that may be present in the uraemic serum that pro-
mote vascular calcification and it is unlikely that there is
only one definitive initiating factor.

Vascular calcification inducing bone loss

It is clear that impaired bone metabolism and its conse-
quences have an important role in the development of vas-
cular calcification. However, an intriguing question is
whether the presence of well-established and severe vascu-
lar calcification can have an impact on bone metabolism,
thus demonstrating true crosstalk between these tissues.
Some evidence is now emerging.

In recent CKD translational studies, in rats fed a high
phosphorus diet and LDLR�/� mice fed a high fat diet, the
increase in aortic calcification was associated with de-
creases in bone mass [29]. In addition, the microarray anal-
ysis of areas with severe vascular calcification showed
over-expression of the family of secreted frizzled-related
proteins (SFRPs) [58]. The SFRPs are circulating wingless/
int (Wnt) protein inhibitors. Induction of interstitial neph-
ritis is associated with up-regulation of SFRP4, SFRP2 and
DDK1 in the vascular adventitia [59]. SFRPs and DKK-1
are inhibitors of the canonical signalling Wnt pathway,
which is actively involved in bone formation and vascular
calcification [52, 53, 60]. This increase in SFRPs in areas of
severe vascular calcification may be indicative of a vascular
wall artery defence mechanism triggered in order to block
the activation of the Wnt pathway, with the aim of attenu-
ating mineralization in the calcified aortic wall. As the

SFRPs are secreted circulating proteins, they may act not
only locally in the artery wall to reduce mineralization but
also in bone-impairing mineralization, resulting in reduced
bone mass.

This new and challenging feedback hypothesis may help
to explain some of the results observed in epidemiological
studies in the general and CKD population, in which the
more severe cases of progressive vascular calcification
were associated with greater bone loss and more bone
fractures [4, 11].

The need for further research

The association between impaired bone health and vascular
calcification has sparked tremendous research effort in re-
cent years. However, it is clear that for some questions,
definitive answers are still being sought.

Can we definitely say that vascular calcification is a
consequence of low bone turnover? In our view, it is clear
that low bone turnover, a finding which can be observed in
osteoporosis and adynamic states represents an environ-
ment that favours vascular calcification. It can be specu-
lated that patients with ageing or CKD and adynamic bone
disorder are particularly at risk of the damaging effects of
high calcium and phosphorus. The strong emerging con-
sensus from observational studies suggests that Pi is a car-
diovascular risk and this risk is heightened in the aged
osteoporotic or CKD patient. Low bone turnover is a
powerful trigger for the development of abnormalities in
the exchangeable calcium and phosphate pool that stimu-
lates vascular calcification. However, increased bone turn-
over is also present in the CKD population, and this is also
likely to increase the risk of vascular calcification, again via
the resulting impaired calcium and phosphorus metabo-
lism. No doubt other factors also trigger calcification, and
inflammation may be particularly important in patients with
diabetes.

One of the most important questions to answer from the
patient’s perspective is whether or not progression of vas-
cular calcification can be prevented or restricted. In consid-
ering this, it is helpful that more is now known about the
pathogenesis of this potentially fatal complication of CKD
and clear modifiable targets are being identified. However,
it is important to state that despite the fact that it has been
clearly established that cardiovascular calcification is asso-
ciated with adverse clinical outcomes, there is not yet any
strong data proving that altering the progression of cardio-
vascular calcification impacts patient outcomes.

Efforts to maintain normal mineral metabolism, and thus
bone health, are at the heart of strategies to prevent soft
tissue calcification. A clear target is the control of serum
phosphorus, several phosphate binders are available, some
of which contain calcium. Whether calcium-based binders
contribute to the progression of vascular calcification has
been a matter of much debate. Some studies have shown
that non-calcium-based binders may attenuate vascular cal-
cification in comparison with calcium-based agents [61],
whereas others have not [62]. It has been suggested that the
use of calcium-based agents may be of particular concern in
patients with adynamic bone disease [3]. Given the clearer
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evidence for the role of phosphorus, physicians should
perhaps give greater consideration to the ability of phos-
phate binders to reduce serum phosphorus levels and main-
tain good bone health. Treatment with non-calcium-based
binders has been shown to lead to beneficial changes in
bone histomorphometry in patients with either high or
low turnover bone disease [63, 64]. As phosphorus load
appears to increase ahead of the development of hyper-
phosphataemia this could conceivably contribute to calci-
fication; phosphorus restriction before hyperphosphataemia
occurs is therefore an intriguing prospect. Studies assessing
the effect of phosphate binders in patients with normal
serum phosphorus levels are ongoing and the results will
be of interest.

The effect of vitamin D treatments on vascular calcifica-
tion in patients with CKD is still unclear, but several studies
have shown a survival benefit associated with vitamin D [2,
65]. This benefit seems more evident with low-dose treat-
ment in a range of physiological replacement [2]. Some
evidence suggests that the calcimimetic cinacalcet may pro-
tect against vascular calcification in patients on dialysis
[66, 67], but the clinical evidence is as yet limited. A recent
study investigated the use of cinacalcet plus low-dose vi-
tamin D therapy, compared with vitamin D therapy alone,
on coronary artery calcification [68]. Results showed a trend
towards attenuation of the progression of coronary artery
calcification, although the difference in calcification scores
between groups did not reach statistical significance [67].
Any beneficial effects of cinacalcet may be confined to pa-
tients on dialysis; as in the early stages of CKD, the actions
of cinacalcet on PTH lead to an unwanted increase in serum
phosphorus levels [69, 70]. Agents that act directly on bone
may also be effective in attenuating calcification. Pre-clinical
studies have suggested the potential for inhibition of the
receptor activator of nuclear factor-kappab ligand [71] and
a potential role for the skeletal anabolic BMP-7 [22].

Summary

There is good evidence to suggest that impaired bone turn-
over, particularly low bone turnover, promotes the progres-
sion of vascular calcification. Several factors have been
identified as possible links between bone and calcifying
soft tissues, but a greater understanding of the key deter-
minants of vascular calcification is still required. Mainte-
nance of good bone health appears to be critical to
maintaining good cardiovascular health in patients with
CKD. Intriguingly, the original rationale for controlling
serum phosphorus levels was to maintain bone health and
it would appear that we have to focus again on this aspect of
treatment to reduce cardiovascular mortality. Phosphate
binders offer an effective approach to maintaining normal
bone turnover and are likely to help to protect against vas-
cular calcification.
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Abstract
Biomineralization at pathological extraosseous sites (i.e.
vasculature and soft tissues) is associated with increased
morbidity and mortality. So-called ‘nanobacteria’ have
been described as pathogenic agents causing many diseases
including calcification. Initially, their appearance, and hav-
ing a content consisting of nucleic acids plus proteins and
properties of growing structures, suggested that they were
living organisms. However, it could be demonstrated that
the so-called nanobacteria were in fact mineralizing nano-
particles that contain mineral and non-mineral compounds,
that these particles bind to charged molecules and that
supersaturation enables in vitro growth of these nanopar-
ticles. Recent data indicate that nanoparticles consisting of
protein–mineral complexes can be seen both in vitro and in
vivo as precursors of matrix calcification.

Keywords: biomineralization; nanobacteria; nanoparticles; vascular
calcification

Introduction

In living vertebrates, biomineralization is a highly regulated
cell-autonomous process, usually restricted to the skeleton
and teeth. However, biomineralization may also occur as

pathological extraosseous calcification in the vasculature or
soft tissues, leading to an increased morbidity and/or mortal-
ity. Until approximately one decade ago, extraosseous calci-
fication was mainly studied with regard to the chemical
process of precipitation due to supersaturation of calcium
and phosphate ions. Since it was discovered that tissues in-
volved in pathological calcification also expressed genes ini-
tially discovered in bone metabolism, these putative
osteogenic processes (active calcification) contrasted with
the chemical precipitation of calcium salts (passive calcifica-
tion). It is most likely that both processes contribute to extra-
osseous calcification [1, 2]. It is well-known that calcium,
phosphate and mineralizable matrix-like collagen fibres are
sufficient to induce tissue calcification in the absence of os-
teoblasts [3]. Dead cells and necrotic tissues form an excellent
mineralizable matrix, and in this case, the process is called
‘dystrophic calcification’. One and a half decades ago, so-
called ‘nanobacteria’ were described as pathogenic agents
causing calcification. However, recent results demonstrate
that this approach was merely a ‘red herring’, which put us
on the wrong track.

The discovery of nanobacteria and evidence for
their existence

Around 15 years ago, nanoscopic life forms called nanobac-
teria entered the stage [4, 5] and eventually were described as
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