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Bone: a new endocrine organ at the heart of chronic kidney 
disease and mineral and bone disorders
Marc G Vervloet, Ziad A Massy, Vincent M Brandenburg, Sandro Mazzaferro, Mario A Cozzolino, Pablo Ureña-Torres, Jordi Bover, David Goldsmith, 
on behalf of the CKD-MBD Working Group of ERA-EDTA*

Recent reports of several bone-derived substances, some of which have hormonal properties, have shed new light on the 
bone–cardiovascular axis. Deranged concentrations of humoral factors are not only epidemiologically connected to 
cardiovascular morbidity and mortality, but can also be causally implicated, especially in chronic kidney disease. FGF23 
rises exponentially with advancing chronic kidney disease, seems to reach maladaptive concentrations, and then induces 
left ventricular hypertrophy, and is possibly implicated in the process of vessel calcification. Sclerostin and DKK1, both 
secreted mainly by osteocytes, are important Wnt inhibitors and as such can interfere with systems for biological 
signalling that operate in the vessel wall. Osteocalcin, produced by osteoblasts or released from mineralised bone, 
interferes with insulin concentrations and sensitivity, and its metabolism is disturbed in kidney disease. These bone-
derived humoral factors might place the bone at the centre of cardiovascular disease associated with chronic kidney 
disease. Most importantly, factors that dictate the regulation of these substances in bone and subsequent secretion into 
the circulation have not been researched, and could provide entirely new avenues for therapeutic intervention.

Introduction
For decades, it has been acknowledged that bone is affected 
by chronic kidney disease (CKD). The clinical findings of 
bone deformations and increased incidence of bone pain 
and fractures, originally named Von Recklinghausen 
disease (after a German pathologist who described it in 
1892) and now known as osteitis fibrosa cystica, led to early 
recognition of CKD-induced bone disease, referred to as 
renal osteodystrophy.1 The traditionally described cause of 
this disorder was secondary hyperparathyroidism, driven 
by phosphate retention and a progressive lack of active 
vitamin D, leading to hypocalcaemia.2 This conceptual 
framework was additionally based on pioneering findings 
from bone biopsy of patients with advanced CKD, which 
showed grossly abnormal bone architecture, comprising 
primarily hyperdynamic (ie, high-turnover) bone 
disease, the histological hallmark of hyperpara
thyroidism.3 The skeleton was therefore thought to be 
merely one of the tissues passively affected by the 
metabolic consequences of CKD.

This perception of bone involvement in CKD has now 
substantially changed after the description of two important 
epidemiological findings. The first was the severely 
increased risk of cardiovascular disease associated with 
CKD.4 The second finding was the consistent association 
between any type of bone disease at any stage of CKD and 
cardiovascular morbidity.5,6 The inference from these new 
insights was that cardiovascular disease in CKD might be 
mediated or modified by bone disease. Importantly, 
however, this suggestion is based on epidemiological 
association only, and no studies have prospectively tested 
this hypothesis. Because the skeleton is the most important 
reservoir for several minerals (including calcium, 
phosphate, and magnesium), disturbed skeletal handling 
and homoeostasis of these minerals have been thought to 
be the link between diseased bone and cardiovascular 
disease, especially cardiovascular calcification. Indeed, 
evidence exists of a decreased so-called buffer capacity for 

peak loads of phosphate and calcium in cases of low bone 
turnover or adynamic bone disease, which could favour the 
deposition of these minerals in many soft tissues, 
particularly the arterial wall and cardiac valves.7 Conversely, 
increased release of these ions from bone in the setting of 
secondary hyperparathyroidism could also have the same 
harmful effects, although the quantitative effects of these 
mechanisms are unclear. Moreover, emerging insights 
have suggested that hypercalcaemia and hyperphos
phataemia in conjunction can induce a phenotypic change 
of vascular smooth-muscle cells into bone-forming cells, 
genotypically strikingly resembling osteoblasts.8 This 
frequent coexistence of bone, mineral, and cardiovascular 
disorders (mineral bone disorders [MBD]), in the setting of 
CKD, gives rise to the now widely accepted notion of CKD-
MBD as a specific entity.9

New data about the role of bone in CKD on fundamental 
biological pathways, (eg, mineral homoeostasis, energy 
and glucose metabolism, and CKD-related pathology of 
the cardiovascular system) have been reported, and seem 
to suggest a further conceptual shift, pointing to the 
skeleton as an active inducer of pathology as a deregulated 
endocrine gland in kidney disease. In this Review, we 
describe recent research that either substantiates or 
refutes this new understanding of bone in CKD.

Our search of the scientific literature suggested a small 
number of hormones or circulating factors that met our 
prespecified criteria. We identified FGF23, the Wnt 
inhibitors sclerostin and DKK1, and osteocalcin as factors 
that are mainly bone derived and potentially have distant 
effects. Although less obviously bone derived, the bone 
morphogenic proteins BMP2 and BMP7 originate at least 
partly from this tissue and have clear distant effects, and 
are probably relevant in CKD.

FGF23
Arguably the first, but certainly the most prominent, 
bone-derived factor that is clearly abnormally elevated in 
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CKD is FGF23. Although the kidney, the liver, and 
coronary arteries have been suggested as sources of this 
factor,10,11 overwhelming data point to bone (particularly 
the osteocyte) as the main production site. A unique 
feature of FGF23 is its low affinity for heparan sulphate 
(a proteoglycan found on cell surfaces or extracellular 
matrix), enabling it to escape from capture in bone.12 A 
cofactor, α-klotho, is needed for FGF23 to bind to 
receptors,13 and the absence of α-klotho in bone therefore 
possibly accounts for the lack of paracrine effects of 
FGF23 in skeletal tissue. Conversely, the expression of 
α-klotho in the parathyroid gland and distal convoluted 
tubule of the kidney, where it heterodimerises with the 
FGFR1 receptor, yields a high-affinity receptor for 
FGF23,13 qualifying FGF23 as a true bone-derived 
hormone. An intricate association between FGF23 and 
α-klotho exists, with some physiological functions 
needing both factors for FGF23 signal transduction 
across FGFR1. However, FGF23 and α-klotho also seem 
to have pathophysiological effects independent from 
each other (figure 1). Details about the FGF23-
independent effects of α-klotho are beyond the scope of 
this Review.

The physiological role of FGF23 is to maintain balance of 
phosphorus and vitamin D; its concentration increases as 
the glomerular filtration rate falls, because the kidney has a 
key role in excreting excess phosphate. Reduced 
ultrafiltration and excretion of phosphate due to a decreased 
glomerular filtration rate is balanced by decreased tubular 
reabsorption of phosphate due to the action of FGF23, 
which is an important physiological homoeostatic 
mechanism, tending to keep plasma concentrations of 
phosphate close to normal. Other physiological actions of 
FGF23 are to reduce production and secretion of 
parathyroid hormone, and interference with metabolism of 
vitamin D, leading to a fall in the concentration of 
1,25-dihydroxycholecalciferol (the active form of 
vitamin D).14 Possibly related to the effect of FGF23 on 
activation of vitamin D are intriguing clinical and 
experimental findings that point to an important role of 
calcium as an inducer of FGF23 secretion.15–17 This 
suggested role of calcium possibly explains the lack of 
FGF23-lowering potency of therapy with calcium-based 
phosphate binder.18 The physiological importance of FGF23 
was shown in a rat model of CKD,19 in which blocking of 
FGF23 was associated with increased vascular calcification 

and mortality. In human beings, impaired glycosylation of 
FGF23, resulting from mutations in the GALNT3 gene, 
leads to augmented FGF23 degradation.20 These changes to 
the FGF23 molecule abolish its phosphaturic-activating 
and vitamin-D-activating effects and lead to hyperphospha
taemia and calcification of soft tissues.20

Several lines of evidence suggest that in CKD, FGF23 
evades its physiological regulation to some extent. 
Although even in physiology the precise regulation of 
FGF23 has not been elucidated, phosphorus balance is 
conceivably an important determinant.21 In early-stage 
CKD, however, increased concentrations of FGF23 
coincide with slight hypophosphataemia, suggesting that 
this increase is maladaptive, due to an unidentified CKD-
related factor.22 Another argument for maladaptive 
increments of FGF23 comes from the non-consistent 
effects of oral phosphate-binding therapy on FGF23 
concentrations, even when phosphorus uptake or plasma 
concentrations are adequately reduced.18 An additional 
reason to assume that CKD itself, separate from phosphate 
balance or concentrations, induces FGF23 is the finding 
that after kidney transplantation, FGF23 concentrations 
fall for several months, despite pronounced hypo
phosphataemia in many patients.23 At longer post-
transplantation follow-up, FGF23 is positively associated 
with phosphate concentration again, suggesting 
disappearance of the maladaptive increase with time.24 In 
further investigations of the effects of CKD (and not 
phosphate concentrations) on FGF23, almost all 
circulating FGF23 was intact in patients undergoing 
peritoneal dialysis,25 by contrast with healthy people.17 This 
finding suggests that CKD inhibits FGF23 catabolism.

However, besides being maladaptive (especially in early 
stages of CKD), some evidence suggests that FGF23 
concentrations rise because of a relative resistance to its 
renal effects, possibly due to downregulation of tissue 
α-klotho, a cofactor for FGF23 signalling.26

The mechanisms that underlie the maladaptive 
component of increased FGF23 concentrations suggest 
that bone is the cause. Findings from human bone 
biopsy studies showed that expression of FGF23 by 
osteocytes, although highly correlated with circulating 
concentrations, was increased in very early-stage CKD.27 
Importantly, its upregulation strongly correlated with 
several indices of local mineralisation status in bone. The 
cause of this early upregulation of FGF23 in CKD is 
unclear, but disturbances in local FGF23 regulatory 
factors (eg, DMP1 and PHEX) might be implicated,28 and 
abnormal function of DMP1, an FGF23 inhibitor, has 
also been suggested.27 In addition to increased production 
by osteocytes, a decrease in local catabolism of FGF23 by 
osteocytes could be involved in increased release of 
FGF23 from bone.29

Both epidemiological and experimental data strongly 
suggest that (maladaptive) increases in FGF23 
concentrations are directly involved in the dismal clinical 
outcome in CKD. Findings from observational studies 

Figure 1: The effects of FGF23 and α-klotho
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consistently showed increased mortality with elevated 
concentrations of FGF23 in all stages of CKD, including 
after transplantation.30–32 An even more important result 
from these studies was that the hazard ratio (HR) for 
FGF23 not only exceeded that for phosphate, but that 
correction for potential confounders, including 
phosphate, did not mitigate the strength of the HR, 
suggesting causality of FGF23 for these outcomes. The 
lack of confounding by phosphate might be partly 
accounted for by non-phosphate-related maladaptive 
increases of FGF23 by local mechanisms in bone.

Because the leading cause of morbidity and mortality in 
CKD is cardiovascular disease, the obvious site for direct 
FGF23 toxicity would be the cardiovascular system. 
Indeed, as for mortality, increased prevalence of left 
ventricular hypertrophy is strongly associated with 
increased FGF23 concentrations.33 Findings from a 
landmark study34 lent support to this epidemiological link 
and provided compelling mechanistic evidence for direct 
induction of left ventricular hypertrophy by Fgf23 in 
rodents. Importantly, these direct myocardial effects were 
independent of α-klotho.34 Less convincing are the effects 
of FGF23 on calcification of the arterial wall, which is 
another prominent comorbidity in CKD. Epidemiological 
data are conflicting, with some studies showing no 
association between FGF23 and arterial calcification,35 
and others suggesting a positive association.36–38 
Investigators of one study39 noted an inverse association 
between FGF23 and cardiovascular disease, and no 
association with calcification. This finding is in line with 
the presumed protective effects of FGF23 on calcification 
of the arterial wall in experimental conditions,40,41 but 
again contradicts studies in which no FGF23 signalling in 
the arterial wall was reported.35,42 In addition to the 
(disputed) potential role of FGF23 in vascular calcification, 
indirect evidence suggests that the protein negatively 
affects endothelial function. In a community-based 
study,43 FGF23 was associated with cardiovascular events. 
Although this association remained significant after 
multivariable adjustment, it was attenuated when other 
indices of endothelial function were modelled. Moreover, 
reduction in FGF23 concentrations caused by therapy 
with oral phosphate binders was associated with an 
improvement in flow-mediated vasodilatation, a marker 
of endothelial function.44

In conclusion, increases in FGF23 concentrations are 
pronounced in CKD, but the direct mechanisms that 
induce this rise are mostly obscure. The epidemiological 
associations between FGF23 and poor outcomes are very 
consistent, but potential causal mechanisms have not 
been established.

Sclerostin and DKK1: Wnt inhibitors and their 
effects
Wnt inhibitors are secreted factors that interact with Wnt 
receptors or Wnt ligands and attenuate Wnt signalling 
activity (panel). In this Review we focus on sclerostin and 

DKK1. Both proteins are soluble Wnt inhibitors,48 have 
already undergone some experimental and clinical 
investigations about their role in CKD-MBD, and can be 
measured in human blood with use of ELISA techniques. 
However, when blood sclerostin measurements in CKD 
cohorts are compared, substantial discrepancies between 
assays need to be taken into account,49 although generally 
concentrations are increased in CKD. Whether these 
increased concentrations in CKD result from increased 
production, renal retention, or both, has not been 
established.50,51

Despite some homologies in action, DKK1 and 
sclerostin both have distinct biological effects and are 
differently regulated.52 Both proteins use a different 
receptor to inhibit the formation of the frizzled-LRP5-
LRP6 receptor complex.46 Experimental findings suggest 
that sclerostin might exert more selected regulatory 
actions, whereas DKK1 might be a pan-Wnt inhibitory 
blocking protein, because it interferes with various Wnt 
classes.48 Accordingly, striking differences exist between 
the two corresponding rodent knockout models Sost−/− 
(SOST is the gene encoding sclerostin) and Dkk1−/−. By 
contrast with the fairly benign phenotype with 
predominant skeletal changes in Sost−/− knockouts, 
Dkk1−/− mice die prematurely from severe developmental 
defects.53 Sclerostin seems to be a typical Wnt inhibitor 
because it is almost exclusively bone derived, and is 
secreted by osteocytes and to some extent by osteoclast 
precursors.54

Wnt signalling is of great importance for skeletal 
health. Besides being an inhibitor of the Wnt-catenin 
pathway (figure 2), sclerostin acts by other modes—eg, 
suppressive effects on bone morphogenic proteins.55,56 
The clinical relevance of Wnt signalling for bone can 
easily be established in human disorders such as 
sclerostosis and Van Buchem’s disease, and in genetically 
modified rodent models.57–60 Although reduced activity of 
sclerostin and DKK1 leads to increased bone mass and 
strength, the opposite occurs in animal models with 
overexpression of both sclerostin and Dkk1.61,62 In 
addition to direct effects of sclerostin on local Wnt 

Panel: What is Wnt signalling?

Wnt signalling pathways play a key part in many diverse biological processes, such as 
cell proliferation, growth, migration, and differentiation.45,46 Wnt signalling 
encompasses at least three different complex pathways, including the Wnt-β-
catenin pathway (also called the canonical pathway). The canonical Wnt pathway 
involves interaction of several Wnt ligands and inhibitors with a transmembrane 
receptor complex (frizzled family receptor), including the coreceptors LRP5 and 
LRP6.46,47 With activation of this receptor complex, cytoplasmatic-β-catenin 
degradation through phosphorylation is reduced. Hence, β-catenin accumulates 
intracellularly and allows more β-catenin to translocate into the nucleus where it 
assists in the activation of various target genes (figure 2). Wnt signalling (including 
soluble inhibitors) has a key role in bone physiology and regulation of bone cellular 
activities and mineralisation processes.48
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pathways, the effects of parathyroid hormone on bone 
also depend on sclerostin activity, as shown in animal 
models.63 All these data point to the importance of 
balanced activity of Wnt signalling for bone health. In 
CKD, this activity is probably disturbed because of 
typically increased circulating concentrations of 
sclerostin.64 However, the effects of these increased 
concentrations are not straightforward; on the one hand, 
reduced osteocytic Wnt-β-catenin signalling was an early 
finding during the course of experimental CKD‑MBD,65 
but on the other, activity of Wnt-catenin pathways is 
increased in monocytes from patients with CKD.66

Besides affecting bone metabolism, Wnt signalling 
has a crucial role in human atherosclerosis,47 and 
therefore increased concentrations of bone-derived 
Wnt inhibitors (eg, sclerostin) in CKD could interfere 
with this process. Missense mutations in LRP6 are 
indeed associated with premature coronary artery 
disease.67 Additionally, findings from experimental 
studies have shown a wide range of effects of Wnt 
activation on cell function for vascular smooth muscle, 
including protection against apoptosis.68 In view of the 
crucial role of apoptosis of vascular smooth-muscle 
cells in vascular calcification, circulating Wnt inhibitors 
also affect this process. In addition to bone-derived 
sclerostin, recent research findings suggest that in 
tissue from calcified aortic valves of patients undergoing 
haemodialysis greater upregulation of sclerostin mRNA 
was detectable than in tissues from non-calcified 
controls.51 Sclerostin expression has also been shown in 
calcifying vascular smooth-muscle cells in vitro.69 
Occurrence of sclerostin in calcified tissue is also 

detectable in patients with calciphylaxis—a severe form 
of uraemic small-vessel calcification with consecutive 
ulcer development.70

Disturbed Wnt signalling could be particularly 
relevant in adynamic bone disease, a frequently 
encountered subtype of bone disease in CKD that is 
characterised by low bone turnover, and is partly 
mediated by fairly low concentrations of parathyroid 
hormone or resistance to parathyroid hormone.71 
However, in CKD-MBD potential interactions between 
parathyroid hormone and Wnt signalling are 
incompletely understood. Preliminary results from a 
study50 of 60 patients undergoing dialysis showed 
a  negative correlation between serum concentrations 
of  sclerostin and parathyroid hormone. Moreover, 
sclerostin showed strong negative associations with 
parameters of bone turnover, pointing towards a role of 
high sclerostin concentrations in induction of adynamic 
bone disease, or vice versa. By contrast, no such 
association was reported for DKK1. Furthermore, 
experimental evidence lends support to a crosstalk 
between parathyroid hormone and Wnt signalling 
actions on bone metabolism, mediated particularly by 
sclerostin: Although in-vivo overexpression of Dkk1 in 
mice did not blunt the osteoanabolic effect of exogenous 
parathyroid hormone,62 sclerostin overexpression did 
reduce parathyroid-hormone-associated bone gain.63 To 
what extent is this crosstalk between parathyroid 
hormone and sclerostin preserved under uraemic 
conditions, and do high sclerostin concentrations con
tribute to uraemic skeletal resistance to parathyroid 
hormone? If sclerostin induces uraemic resistance to 
parathyroid hormone, it could be another feature of 
disturbed bone metabolism in CKD, and might account 
for the simultaneous occurrence of elevated con
centrations of parathyroid hormone and sclerostin 
in CKD.

Romosozumab (Amgen and VLB Pharma, CA, USA), 
a humanised monoclonal antibody against sclerostin, 
can increase bone mineral density in postmenopausal 
osteoporosis,72 and might provide new methods to 
improve sclerostin-induced disturbances in Wnt 
signalling in CKD. However, caution is warranted 
because sclerostin in the vasculature might also act as 
an antimineralisation substance (as it does in bone), 
which would raise safety concerns in patients with a 
high propensity for vascular calcification, such as those 
with advanced CKD.

As for FGF23, reasonable evidence points to a severely 
deregulated metabolism of the Wnt inhibitors sclerostin 
and DKK1 in CKD. Because Wnt signalling is important 
in both bone disease and vascular biology, deranged 
regulation of both sclerostin and DKK1 is very likely to 
affect at least these tissues. However, the exact roles of 
sclerostin and DKK1 are largely unresolved, and the 
therapeutic potential of intervention in this system is 
unexplored but promising.

Figure 2: Inhibition of Wnt signalling
Within the canonical pathway, Wnt ligands interact with a transmembrane receptor complex including frizzled 
(Fzd) and LRP5/6. Activation of the receptor complex stabilises cytosolic β-catenin by blocking degradation 
processes. Hence, more β-catenin can enter the nucleus and assist activation of target genes. Wnt inhibitors such as 
sclerostin interfere with Wnt-receptor complex activation and finally reduce intranuclear β-catenin activity by 
stimulating phosphorylation degradation.
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Osteocalcin
Osteocalcin, also known as bone gla protein, is a 6 kD 
calcium-binding bone-matrix protein produced by 
osteoblasts, and is one of the most abundant non-collagen 
proteins in bone. It is regulated by the two major mineral 
and bone-controlling hormones, vitamin D and parathyroid 
hormone. Osteocalcin expression by the BGLAP gene and 
production are directly stimulated by vitamin D through a 
vitamin-D-responsive element located in the promoter 
region of BGLAP. Parathyroid hormone also stimulates 
osteocalcin production through its binding to the receptor 
PTH1R and activation of the cAMP-dependent protein-
kinase-A intracellular signalling pathway. No receptor for 
osteocalcin has been identified, but the protein might 
modulate activities of the G-coupled protein receptor 
GPRC6A, which is widely expressed.73 Osteocalcin acts as a 
regulator of bone mineralisation, affecting hydroxyapatite 
size and shape, and is a potential modulator of osteoblast 
and osteoclast activities through its vitamin-K-dependent 
γ-carboxylated form.74 Uncarboxylated (or under
carboxylated) forms of osteocalcin that are not bound to 
hydroxyapatite are released into the bloodstream, where 
they accumulate with fragments derived from direct 
proteolysis of osteocalcin after bone resorption, to 
constitute circulating osteocalcin.74 Although the measure
ment of circulating osteocalcin by different assays is not 
standardised and is hampered by the heterogeneity of 
circulating osteocalcin fragments, uncarboxylated 
osteocalcin is estimated to account for up to 50% of total 
osteocalcin in serum samples from normal people.75 
Concentrations of circulating uncarboxylated forms of 
osteocalcin are affected by vitamin K status75 and directly 
by the degree of bone remodelling, as reported in both 
patients with CKD and those undergoing haemodialysis, 
for whom circulating concentration of total osteocalcin is 
positively correlated with histological parameters of bone 
remodelling.76,77

The role of circulating uncarboxylated forms of 
osteocalcin was first described by Lee and colleagues,78 
who suggested that in mice these forms act as hormones 
to increase insulin secretion and sensitivity, and protect 
mice from adiposity. In support of this, results from 
several (but not all) epidemiological studies of this topic 
have shown an inverse link between total osteocalcin 
concentrations in serum samples and glycaemia, glucose 
metabolism, and measures of adiposity.79 However, few 
of these studies have evaluated the concentrations of 
uncarboxylated forms of osteocalcin, and they have not 
shown such associations between uncarboxylated forms 
of osteocalcin and glucose or adiposity,79 by contrast with 
data from murine models. Differences in osteocalcin 
genetics (one gene in human beings compared with 
three genes in mice), concentrations, and metabolism 
between human beings and mice could all account for 
this discrepancy.79 The complex association between 
vitamin K status and osteocalcin could be another 
explanation. Vitamin K supplementation decreases the 

concentrations of uncarboxylated forms of osteocalcin,79,80 
but has shown variable effects on glucose metabolism in 
the small number of human studies reported,79 and no 
solid data about the effect the of oral vitamin K antagonist, 
warfarin, on energy metabolism are available.

Because osteocalcin is a product of osteoblasts, and after 
Lee and colleagues78 proposed that uncarboxylated 
osteocalcin is released by osteoclastic resorption of 
osteogenic matrix, Confavreux and colleagues81 used 
another approach to study the effects of osteocalcin on 
glucose metabolism. They reported that the resection of 
osteocalcin-secreting osteoid osteomas in two patients led 
to a postoperative decrease of total osteocalcin by 62% and 
30%, respectively, with proportionate increases in blood 
glucose, without modifying markers of bone turnover.81 
However, concentrations of uncarboxylated osteocalcin 
were not recorded in this study. Schafer and colleagues82 
reported that parathyroid hormone (1–84) increased and 
alendronate reduced concentrations of uncarboxylated 
osteocalcin, and that these changes were associated with 
changes in bodyweight, fat mass, and serum concentrations 
of adiponectin, but the investigators did not find linkage 
between changes in uncarboxylated osteocalcin and 
changes in concentrations of glucose and insulin.82 
Moreover, a post-hoc analysis of three large, randomised, 
placebo-controlled trials, did not show any evidence that 
bone antiresorptive therapy had a clinically important 
effect on fasting glucose, weight, or diabetes risk in 
postmenopausal women.83 So, contrary to predictions from 
mouse models, additional evidence is needed to show 
whether decreased bone turnover plays an important part 
in glucose metabolism in human beings.

In the setting of CKD, the ratio of uncarboxylated 
osteocalcin to total osteocalcin in serum samples was 
reported to be high in 172 patients with CKD stages 3–5, 
suggesting an elevation in uncarboxylated forms of 
osteocalcin; this ratio correlated with CKD stage and 
albumin-to-creatinine ratio in urine.84 The factors 
affecting circulating concentrations osteocalcin in CKD 
have not been explored, but the abnormal metabolism of 
vitamin K reported in these patients might have a role.84 
Indeed, data from animal models of CKD showed that 
warfarin treatment resulted in significantly increased 
uncarboxylated osteocalcin and significantly decreased 
carboxylated osteocalcin; importantly, high dietary intake 
of vitamin K1 resulted in an increase in the carboxylation 
of osteocalcin in the setting of CKD.85 Increased serum 
concentrations of uncarboxylated osteocalcin, which were 
associated with bone metabolism markers, were also 
inversely associated with indices of glucose metabolism 
(eg, glucose concentration, HbA1c, and glycated albumin 
concentration) in 189 patients undergoing haemo
dialysis.86 Concentrations of N-terminal mid-fragment 
osteocalcin were also reported to be high in patients with 
CKD stages 2–4, and were correlated with adiponectin 
concentrations, but not with bone parameters, as assessed 
by high-resolution peripheral quantitative CT.87 
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Supplementation with vitamin K2 induced a dose-
dependent and time-dependent decrease in circulating 
uncarboxylated osteocalcin in addition to other vitamin-
K-dependent γ-carboxylated molecules in patients 
undergoing haemodialysis.88 However, the investigators 
of this study did not report whether this modification was 
associated with effects on glucose metabolism or 
measures of adiposity.

Figure 3 summarises a conceptual view of interrelations 
between osteocalcin and glucose metabolism in health 
and CKD. Several aspects need additional experimental 
support, and the clinical implications of these asso
ciations are unclear.

Bone morphogenetic proteins
The capacity of bone extracts to induce ectopic bone 
formation has been recognised since 1965.89 However, 
the first bone morphogenetic protein was isolated only 
two decades later and named osteogenin.90 The number 
of bone morphogenetic proteins has since increased 
substantially,91 and these proteins are characterised by 
both the presence of a conserved C-term domain with 
seven cysteine residues, and by the capacity to induce 
several biological functions in several species.92 Bone 
morphogenetic proteins have a role in several clinical 
disorders ranging from vascular calcification93 to obesity, 
diabetes, and cancer.94 Accordingly, the family of bone 
morphogenetic proteins now includes substances that 
are not exclusively bone derived and are not invariably 
characterised by bone-forming properties. As part of the 
superfamily of proteins that interact with the receptor 
transforming growth factor β, bone morphogenetic 
proteins can be regarded as cytokines with growth and 
differentiation properties. Proteins in this family act 
through a common receptor which, through complex 
activations of the intracellular Smad signalling pathway, 
subsequently elicit different effects in different tissues.95,96 
Bone morphogenetic proteins can be generally regarded 
as local (auto or paracrine) modulators of the inflamma
tory effects of transforming growth factor β.97

In recognition of their biological properties, even 
though not mainly produced in bone, some bone 
morphogenetic proteins seem to be linked with the 
CKD‑MBD syndrome. In particular, BMP2 and BMP7 
have both been extensively studied in relation to 
experimental vascular calcification.98,99 BMP2 stimulates 
the osteoregulatory gene MSX2 and enhances phosphate 
uptake through upregulation of the type III sodium-
dependent phosphate co-transporter in vascular smooth-
muscle calcification.100 BMP2 expression is increased in 

Figure 3: Osteocalcin in chronic kidney disease
Under conditions of normal kidney function and the absence of vitamin K deficiency, the proportion of 
uncarboxylated osteocalcin is low, stimulating insulin secretion and improving insulin sensitivity and energy 
handling. In the setting of chronic kidney disease or vitamin K deficiency, the amount of uncarboxylated 
osteocalcin increases, and as such negatively affects insulin secretion and sensitivity, promoting cardiovascular 
disease. Chronic kidney disease has a direct calcifying effect, not mediated by bone, and additionally vitamin K 
deficiency can also negatively affect the carboxylation status of matrix gla protein (not shown).

Figure 4: The possible role of bone in CKD-MBD
Hormonal changes associated with CKD or poorly defined uraemic toxins (green boxes) induce changes in bone 
metabolism, leading to a maladaptive increase of several humoral factors (blue boxes) from bone into the 
circulation. These circulating factors directly induce pathological changes (red boxes). The red arrows show the 
amplifying effects of pathological changes induced by diseased bone. CKD=chronic kidney disease. MBD=bone, 
mineral, and cardiovascular disorders.
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Search strategy and selection criteria

We searched Embase and Medline, using “bone” and 
“skeleton” as obligate terms, with the following MESH terms 
or abstract words in all combinations of a minimum of two: 
“cardiovascular”, “vascular”, “glucose”, “factor”, “heart”, 
“cardiac”, and “metabolism”. We assessed the abstracts of the 
retrieved results and conditionally selected papers based on 
three criteria. First, the paper had to address a mainly bone-
derived circulating factor; second, the regulation of that 
factor had to be probably disturbed in CKD; and third, 
arguments that the specific factor could have distant 
detrimental effects should be present. Abstracts describing 
factors meeting these criteria were thought to be of possible 
relevance. Of the papers identified by this selection, we 
manually screened citations for relevance based on these 
criteria. Because of the nature of this Review (ie, 
substantiation of a new notion), the selection of search and 
selection criteria inevitably remained arbitrary.
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the vessel wall in response to inflammation,101,102 and 
these calcifying effects are inhibited by MGP (which 
binds to BMP2) and SMAD6.103–105 BMP2 is thus regarded 
as an important induction factor of calcification. 
Clinically, serum concentrations of BMP2 are increased 
in patients with CKD and are positively associated with 
vascular stiffness.106 Intriguingly, although BMP2 is 
associated with decreased expression of smooth-muscle 
cell markers in vascular smooth-muscle calcification 
(which promotes the osteoblastic-like phenotype), BMP7 
promotes the phenotype of vascular smooth-muscle 
calcification, and thus represents an inhibitor of 
calcification possibly implicated in bone and vascular 
disease. In different experimental models of renal 
disease, a significant reduction of BMP7 expression 
occurs in renal tissue,107–110 and circulating BMP7 
concentrations are reported to be low.111 Furthermore, 
BMP7 inhibits vascular calcification in experimental 
atherosclerosis112 and adynamic bone lesions and 
vascular calcification in experimental models of CKD 
and metabolic syndrome.113 BMP2 and BMP7 have been 
suggested to have anabolic effects through interaction 
with SOST and DKK1 in bone55 and to protect podocytes 
from profibrotic stimuli.114 Besides these local cytokine-
like effects, BMP2 and BMP7 might have systemic 
effects in view of their reported association with 
calciprotein particles and arterial stiffness in patients 
with CKD.115 In summary, CKD could be a disorder of 
BMP2 and BMP7 dysregulation, potentially involved in 
the pathological processes of calcification in orthotopic 
and ectopic tissues.

Discussion
In this Review we have summarised several new insights 
that point to a putative active role of skeletal tissue as an 
endocrine regulator of energy metabolism and mineral 
homoeostasis in addition to the induction and 
propagation of cardiovascular disease. The conceptual 
framework that connects bone disease to systemic 
pathological changes might accordingly evolve, from 
bone as a mere target of uraemia, through to a diseased 
tissue unable to handle fluctuations in phosphorus and 
calcium concentrations appropriately, to a maladapted 
endocrine gland from which active substances enter the 
systemic circulation and induce additional morbidity 
(figure 4).

If this controversial and unproven notion is true, it 
would be a huge cause of morbidity and mortality in view 
of the high prevalence of CKD, affecting up to 40% of 
people older than 60 years.116 The importance of crosstalk 
between bone and the cardiovascular system could in fact 
go beyond the setting of CKD, because age-related 
osteoporosis itself emerges as a risk factor for CVD.117,118 A 
malign cycle of crosstalk between dysfunctional diseased 
bone and pathological changes in cardiovascular tissue 
might operate, supported by the finding that people with 
subclinical cardiovascular disease are at higher risk of 

subsequent bone loss and fractures.119 These associations 
between bone and vascular systems suggest that the 
proportion of the general population affected by bone-
driven, so-called age-related morbidity is probably 
severely underestimated. Besides the unexpectedly high 
number of people at risk from their affected skeletons, 
this actual risk might furthermore exceed the outcomes 
of the systems described in detail in this Review, because 
we have focused mainly on bone-derived factors. Several 
bone-regulating factors that are also expressed outside 
skeletal tissue seem to be already dysregulated in early 
CKD as well,120 and even bone-forming circulating cells 
(possibly as a result of entry into the bloodstream after 
microtrauma) have been implicated in the development 
of cardiovascular disease.121

Although detailed research has focused on the clinical 
outcomes of these bone-derived substances, the local 
factors that dictate their production and secretion in CKD 
are an important gap in present knowledge and continuing 
research. In the case of FGF23, its epidemiological 
meaning and biochemical outcomes have been the subject 
of intense research and have partly been elucidated, but 
the factors that dictate its production, epigenetic regu
lation, secretion, and subsequent metabolic fate are still 
largely obscure.122

We postulate that bone, affected by CKD, and possibly 
also by age-related osteoporosis, predisposes to accelerated 
cardiovascular disease. This mechanism is probably 
mediated by bone-derived factors (eg, FGF23, sclerostin, 
osteocalcin, and possibly DKK1) that affect structure, 
metabolism, and function of crucial cardiovascular 
tissues, and also more indirectly by interfering in insulin 
secretion and sensitivity by osteocalcin. These direct 
detrimental effects from bone are amplified by additional 
factors with biological effects on (ectopic) bone formation, 
such as the bone morphogenetic proteins. Although this 
hypothesis definitely needs additional support, an 
intensified focus of research on factors that dictate the 
production and release from bone of humoral factors 
that can induce pathological changes at distant sites, 
including metastatic bone formation, could open an 
entire new avenue for clinical interventions for an unmet 
medical need.
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