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Abstract Declining kidney function is associated with se-
quential systemic changes in mineral homeostasis leading to
pathologic alterations in the cardiovascular system and the
skeleton. One of the earliest changes in response to renal in-
jury is the increased osteocyte production of secreted factors
including the anti-anabolic protein, sclerostin. Elevated
sclerostin is associated with reduced Wnt/β-catenin signaling
in bone and decreased osteoblast differentiation/activity.
Agents that directly or indirectly inhibit β-catenin signaling
have differential skeletal effects suggesting additional mecha-
nisms contribute to the diversity of renal osteodystrophies.
Similarly, Wnt/β-catenin activation in smooth muscle cells
contributes to cardiovascular calcification yet emerging data
suggests that this pathway may also be protective when ele-
vated in neighboring tissues. The ongoing epidemiology stud-
ies examining the relationship between circulating sclerostin
and cardiovascular disease, particularly those that investigate
stage specific and/or patient sub-populations, will be useful in
understanding the overall contributions of this pathway, its
antagonist sclerostin, and the progression of CKD-MBD.
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Introduction

Chronic kidney disease-mineral bone disorder (CKD-MBD)
is a syndrome that occurs secondary to declining renal func-
tion and involves alterations in systemic hormone levels with
resulting dysregulation of calcium and phosphorus

metabolism [1, 2]. Multiple epidemiology studies have dem-
onstrated that these changes are associated with decline in
bone health leading to enhanced fracture rates that are coupled
to pathologic changes in the cardiovascular system (including
reduced vascular wall elasticity, vascular calcifications, and
left ventricular hypertrophy) [3•, 4]. Given that cardiovascular
disease is the major cause of death in individuals with kidney
disease, numerous studies have been aimed at unraveling the
pathologic mechanisms responsible for the parallel changes in
the skeletal and cardiovascular systems. As a consequence,
new findings over the last decade and a half have enhanced
our understanding of these mechanisms but also illustrated the
complexity of the systematic hormonal changes responsible
for these pathologies. Alterations in the phosphaturic and
calcemic hormones, fibroblast growth factor 23 (FGF23)/
Klotho, 1,25 Vitamin D3, and parathyroid hormone (PTH)
have been well described elsewhere [5, 6]. This review sum-
marizes the emerging understanding of the relationship be-
tween sclerostin, the Wnt/β-catenin pathway, and the pathol-
ogy of CKD-MBD.

The Role of Sclerostin in Wnt/β-Catenin Signaling
in Bone Metabolism

Based on the influence of naturally occurring human muta-
tions and the consequences of directed mouse genetics, it is
now well established that under normal physiologic condi-
tions, canonical Wnt/β-catenin signaling in bone is predomi-
nantly an anabolic pathway [7, 8••]. In humans, loss-of-
function mutations that attenuate Wnt/β-catenin signaling
are generally associated with decreased bone mass whereas
the converse is true for gain-of-function mutations. These
findings are also substantiated by mouse genetic studies and
by genome-wide association studies that have identified
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relationships between gene polymorphisms within specific
pathway components and bone mass [8••].

In general, Wnt/β-catenin signaling is associated with in-
creased differentiation and/or function of cells within the
osteoblast/osteocyte lineage. Activation of this pathway pro-
motes differentiation of mesenchymal stem cells toward the
osteoblast lineage and increases proliferation of committed
osteoblast precursors. The anabolic actions of Wnt/β-catenin
signaling in osteoblast/osteocytes are also enhanced by its
indirect inhibition of osteoclast differentiation through up-
regulation of OPG, the antagonist to the osteoclast differenti-
ation factor, RANKL.

Wnt ligands bind to a cell surface complex comprised of
their receptor, Frizzled, and one of the co-receptors, LRP5 or 6
thereby promoting cytoplasmic β-catenin stabilization, trans-
location to the nucleus, and regulated gene transcription [7,
8••]. In addition to the local expression of specialized Wnt
ligands, regulation of this canonical pathway is also dependent
on the relative expression of inhibitors that bind to eitherWnts
themselves, (Frizzled Related Proteins, FRPs), or to one of the
LRP co-receptors (sclerostin or Dkk1). Thus, under normal
conditions, bone homeostasis is fine tuned by the relative ex-
pression of specific Wnts versus pathway antagonists.

Although multiple Wnt antagonists have been linked to
disturbances in bone homeostasis, recent attention has focused
on sclerostin, in part due to the promising therapeutic potential
of sclerostin antibodies as an anabolic therapy for osteoporo-
sis. Declining bone mass is associated with aging, attenuation
of Wnt/β-catenin signaling in bone, and increased sclerostin
expression in osteocytes [9]. Anti-sclerostin antibodies in rats
and primates promote osteoanabolic effects with increases in
bone formation and bone strength [10, 11]. In clinical studies,
anti-sclerostin antibodies have been shown to induce changes
in serum markers of bone turnover and improvements in bone
mineral density in individuals with osteopenia/osteoporosis
[12]. Although skeletal complications are commonly associ-
ated with CKD, it is only until recently that evidence has
accumulated for potential roles of sclerostin and Wnt/β-
catenin signaling in renal osteodystrophy.

Repression of Wnt/β-Catenin Signaling in Renal
Osteodystrophy

Renal osteodystrophy is a spectrum of bone disorders ranging
from low to high turnover [2]. Classically, PTH elevation be-
ginning about stage 3 induces high turnover bone disease
(osteitis fibrosis) through indirect increase in osteoclast num-
bers. The mechanism for the predominant catabolic activity of
sustained elevated PTH is consistent with studies examining
the influence of therapeutic PTH administration. PTH is
known to bind directly to cells of the osteoblast/osteocyte
lineage and promote increased RANKL expression leading

to osteoclast activation. In the case of intermittent PTH ad-
ministration, the effect is transient, with RANKL actions bal-
anced by the subsequent rising levels of its antagonist, osteo-
protegerin (OPG), thus accounting for a short burst of osteo-
clast activity. The transient activation of osteoclast activity
leads to increased osteoblast actions causing the classic bone
anabolic PTH response [13]. In contrast, catabolic activity is
observed when PTH concentrations are sustained, such as in
the context of continuous PTH therapy or pathologic hyper-
parathyroidism, since RANKL expression remains high.
Therapies that suppress PTH production or actions are main-
stream in the treatment of mid-to-late stage CKD patients with
high serum PTH levels. Mechanistically, PTH’s differential
regulation of the RANKL/OPG ratio appears to occur via
cross talk with the Wnt/β-catenin pathway [14, 15]. The
PTH/PTHR1 receptor complex has been shown to directly
bind and phosphorylate the Wnt co-receptor, LRP6 in a
cAMP-dependent manner thereby promoting β-catenin stabi-
lization in the absence ofWnt binding [16]. PTH’s effect onβ-
catenin explains its influence on sclerostin, as sclerostin
down-regulation is a classic target of β-catenin-controlled
transcription. Taken together, the mechanism of high bone
turnover via a PTH-dependent influence on β-catenin path-
way appears clear. However, as discussed below, this mecha-
nism cannot account for bone changes associated with CKD.

A single cause of low turnover bone disease in CKD has
not been identified although occurrences late in disease are
attributed to therapeutic over-suppression of PTH [17]. Low
bone turnover disease can also be found at earlier stages in
individuals who have not received PTH lowering therapies or
do not have obvious risk factors for pre-existing osteoporosis
[18]. These observations together with studies examining
bone changes in a diabetic mouse model with induced CKD
[19] raised the possibility that a reduction in osteoblast
differentiation/activity might be an early event in CKD. To
explore this hypothesis further, a recent study used a progres-
sive genetic model of CKD to correlate the temporal
histomorphometric alterations with molecular changes in
bone. An overall repression in Wnt/β-catenin signaling was
suggested based on the finding of an early increase in
sclerostin positive osteocytes that correlated with increased
expression of inactive phosphorylatedβ-catenin [20••]. Atten-
uated signaling was confirmed by a corresponding reduction
in the expression of Wnt/β-catenin target genes that are typi-
cally associated with osteoblast/osteocyte differentiation. The-
se alterations occurred despite a paradoxical increase in oste-
oclast gene expression and enhanced bone formation rates that
occurred before detectable PTH elevation [20••]. It is not clear
whether the PTH independent changes in BFR are unique to
the particular animal model, but several independent studies
support a mechanistic link with decreased osteocyte β-catenin
activity and osteoclast inactivation. Osteocyte-specific dele-
tion of β-catenin causes an increase in the RANK/OPG ratio
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and enhanced osteoclast activity [21]. Furthermore, sclerostin
has been shown to increase osteocyte expression of RANK/
OPG in vitro [22]. Thus, abnormal increases in osteoclast
activity may reflect sustained alterations in osteocytes’ rela-
tive RANK/OPG expression that is typically associated with a
transient and/or context-dependent response.

The changes in osteocyte expression of sclerostin and β-
catenin activation were also observed in clinical bone biopsies
representing different types of osteodystrophy and from indi-
viduals with varying disease severity [20••, 23]. Similar to
observations in animal models, clinical biopsies revealed ele-
vated sclerostin and inactivate β-catenin positive osteocytes
with the greatest effect observed in early stages. Consistent
with the known effect of PTH to reduce sclerostin transcrip-
tion [24, 25], expression declined somewhat in biopsies from
individuals with elevated PTH but remained high relative to
non-CKD. These findings raise the possibility that a common
feature of renal osteodystrophy is an overall decrease in oste-
oblast differentiation and/or activity regardless of the relative
osteoclast activity. Thus, in the context of high formation
rates, while osteoblast activity may be elevated above normal,
it may be insufficient to dampen the enhanced osteoclast
activity.

Consequence of Sclerostin and β-Catenin Changes

Several studies have assessed the consequences of defective
Wnt/β-catenin by testing the influence of β-catenin agonist
therapies in animal models of CKD-MBD. A recent study by
Moe and colleagues assessed the effects of anti-sclerostin in
normal animals relative to a slow-progressing model of CKD-
MBD with imposed low or high PTH levels [26••]. Antibody
treatment had no influence on bone health in CKD animals
with high PTH, elevated bone turnover, and cortical porosity,
but did improve trabecular bone volume and mineralization in
CKD animals with low PTH values that had bone defects
associated with low bone formation. These results were cor-
related with a reduction in bone expression of inactive phos-
phorylated β-catenin, confirming its ability to restore Wnt/β-
catenin signaling. In normal animals, the antibody treatment
improved bone volume, cortical geometry, and biomechanical
properties. The failure of the antibody to improve bone
strength in the context of CKD suggests that while β-catenin
contributes to bone disease, restoration of Wnt binding to the
receptor may not be sufficient to overcome all bone changes
associated with low bone turnover osteodystrophy and that
additional mechanisms may contribute to underlying defects
in CKD.

Despite the limitations, the positive benefits of the
sclerostin antibody to restore Wnt binding is consistent with
a previous study demonstrating that antibodies to another
LRP5/6 antagonist, Dkk1 also improved bone health and

cardiovascular disease in a mouse model of diabetes with
injury-induced CKD progression [27]. The investigators had
previously characterized the bone, vascular, and biochemical
changes related to CKD-MBD in this model with pre-existing
atherosclerotic lesions [28•]. Transient hyperphosphatemia
was associated with the acute renal failure phase with corre-
sponding increased serum levels of the osteocyte-expressed
proteins, FGF23, and sclerostin that were consistent with
CKD progression into CKD [27]. Additionally, molecular
changes associated with vascular calcification, including evi-
dence of vascular osteoblast transition, were observed when
glomerular filtration rates were equivalent to human CKD
stage 2. Bone changes were characterized by reduced bone
formation rates greater than increased resorption reflecting a
low bone turnover state similar to the model described above
in the anti-sclerostin studies. Renal injury was associated with
enhanced Wnt production, a well-characterized repair re-
sponse, with corresponding over-production, via a negative
feedback mechanism, of the pathway antagonists DKK1,
sclerostin, and sFRP 1, 2, and 4. In the context of kidney
disease, these authors have suggested that enhanced renal pro-
duction of Dkk1 and sclerostin contribute to their increased
circulating levels leading to downstream consequences in
bone and vasculature. Administration of a neutralizing
DKK1 antibody at the end of the renal injury phase decreased
circulating sclerostin levels, prevented vascular calcification,
and improved bone health without restoring renal function.

Taken together, these data from the anti-sclerostin and anti-
Dkk1 studies are consistent with a model in which elevated
local or systemic levels of the Wnt-binding antagonists,
sclerostin, and/or Dkk1 contribute to low turnover
osteodystrophy via inhibition of the canonical Wnt/β-
catenin pathway. However, as described above, reduced acti-
vation of the Wnt/β-catenin pathway also appears to be asso-
ciated with high turnover in the setting of CKD suggesting
that additional mechanism(s) contribute to the diversity of
osteodystrophy pathologies.

Further insight into potential mechanistic differences be-
tween high and low bone turnover have been obtained
through studies using neutral izing ant ibodies to
transforming growth factor beta (TGFβ) [29••]. TGFβ is
a family of ubiquitous growth factors that play a prominent
role in bone biology [30]. Similar to other autocrine/
paracrine factors, TGFβ activities on bone are diverse and
dependent on regulation by negative and positive regulators
that orchestrate specific TGFβ functions in a spatial and
temporal manner. In normal bone remodeling, TGFβ1 re-
leased from the bone matrix by osteoclasts attracts mesen-
chymal stem cells to sites of resorption thereby ensuring
that new bone restores eroded older bone [31]. TGFβ also
promotes osteoblast proliferation but later restricts osteo-
blast maturation by repressing the expression of genes in-
volved in bone formation [32].
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TGFβ is elevated in serum, bone, and other tissues in CKD
[29••]. The availability of a neutralizing TGFβ antibody pro-
vided an opportunity to evaluate its potential role in the pa-
thology of renal osteodystrophy [29••]. In contrast to the in-
fluence of anti-sclerostin and anti-Dkk1 antibodies on low or
normal bone turnover, TGFβ neutralization improved bone
architecture only in normal or high turnover states. TGFβ
neutralization led to normalization of bone turnover markers,
reduction in bone formation, improved trabecular and cortical
architecture, and reduced cortical porosity in three indepen-
dent models of high turnover. The influence of the antibody is
consistent with efficacy on other high bone turnover condi-
tions including Calmurati-Engelmann disease, osteitis fibro-
sis, and on localized lesions in osteoarthritis [31, 33, 34].
Surprisingly, TGFβ neutralization, with expected reductions
in SMAD signaling, decreased SOST mRNA expression and
restored β-catenin to normal levels as evidenced by enhanced
expression of genes downstream of Wnt/β-catenin signaling.
These alterations were independent of changes in circulating
PTH levels.

The mechanistic link of TGFβ neutralization and restora-
tion or β-catenin signaling has yet to be delineated. Like,
PTH, TGFβ has been shown to stabilize β-catenin levels
downstream of Wnt signaling [35]. Since TGFβ is known
for temporal actions on osteoblasts that first promote and then
attenuate osteoblast differentiation, it is conceivable that con-
tinuous pathologic over-expression could be associated with
sustained inhibition of osteoblast maturation and perhaps at-
tenuation of β-catenin. TGFβ has been shown to attenuate its
own and PTH responses by promoting complex formation
between PTHR1 and its receptor, TβRII [36]. Thus, crosstalk
between TGFβ and PTH signaling could result in dampening
of the anabolic responses of each hormone, consistent with an
overall de-stabilization of β-catenin. Additionally, recent evi-
dence demonstrating that inhibition of SMAD3-dependent
TGFβ signaling is required for decreased sclerostin expres-
sion that occurs in response to mechanical loading raises the
possibility that early activation of TGFβ could be responsible
for the elevated sclerostin expression in CKD [37•]. Indeed,
increased TGFβ and pSMAD was observed concomitantly
with the elevated number of sclerostin positive osteocytes,
and TGFβ neutralization was associated with normalization
of sclerostin mRNA.

Overall, the current data provides compelling evidence
that elevation of local and/or circulating levels of other
antagonists such as Dkk1, leads to repression of Wnt/β-
catenin signaling thereby contributing to CKD-associated
skeletal defects. These studies also highlight deficits in
our current understanding since demonstration that restor-
ing signaling in CKD models can normalize bone strength
is lacking. It is unclear whether TGFβ elevation plays a
critical role in all forms of CKD as efficacy of neutraliz-
ing antibodies is only observed in the context of high

turnover disease and clinical evidence for elevation in
bone is limited. Perhaps, PTH elevations occur in the
subset of individuals with high bone turnover disease as
a response to overall inhibition of bone anabolism in-
duced by TGFβ, sclerostin or other Wnt inhibitors such
as Dkk1.

Dysregulated Serum Sclerostin Levels in CKD

Circulating sclerostin levels have been evaluated across sev-
eral small cohorts of individuals with CKD. Cejka and col-
leagues were the first to show elevated serum sclerostin levels
in a small cross-sectional study of patients on dialysis [38•].
This finding has been further validated by other small studies
in both patients with stage 5D [39•, 40, 41•, 42•] and CKD not
on dialysis [42•, 43, 44]. Studies monitoring expression across
all disease stages reveal accumulation of serum levels with
declining renal filtration [39•, 46].

Relative differences in the magnitude of serum changes
across studies may reflect variation in patients and/or reflect
assay difference. Most studies assessed sclerostin changes
using one of two commercial assays. While an early compar-
ison noted major differences between assays [46], recent im-
provements result in data that is relatively similar, albeit larger
differences between assays are observed at the higher ranges
of sclerostin concentrations [47].

Although serum sclerostin levels generally correlate with
local bone expression under most conditions, it is not clear to
what extent the serum levels reflect changes in expression
versus accumulation in individuals with kidney disease. The
local expression of sclerostin described above suggested the
highest expression occurred at initial stages of the disease.
However, these studies should be viewed as inherently quali-
tative since the number of sclerostin positive osteocytes was
monitored rather than absolute protein levels. Nonetheless,
these data are consistent with the premise that sclerostin accu-
mulation is at least partially due to increased osteocyte pro-
duction. Additional data suggest that aberrant sclerostin pro-
duction as observed in injured mouse kidneys and at the sites
of vascular calcification in mice and humans might also con-
tribute to expression levels [27, 44]. Rapid return of serum
sclerostin to the normal range post transplant suggests that
decreased renal clearance may be responsible for accumula-
tion at least in late stages [48]. Finally, the potential for circu-
lating sclerostin fragments, similar to what is known for PTH
has not been fully examined. Thus, additional investigation
will be required to determine whether the mild sclerostin ele-
vation in CKD is due to accumulation or increased production
or both. Perhaps increased production plays a greater role
earlier in the course of CKD and accumulation is more rele-
vant later in CKD/dialysis.
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Association of Sclerostin with Clinical Outcomes

High sclerostin levels are associated with increased fracture
risk in individuals with post-menopausal osteoporosis and in
patients with type 2 diabetes [49–53]. Ongoing studies have
begun to examine the relationship of sclerostin levels with
bone health, cardiovascular-related events, and/or mortality
in CKD. In a cross-sectional study of 60 patients with stage
5 dialysis (stage 5D), serum sclerostin levels were inversely
correlated with bone formation rates [38•]. This data is in
contrast to several cross-sectional studies in which sclerostin
values had a positive correlation with BMD [41•]. However, a
subsequent prospective study of 81 stage 5D patients found
that higher sclerostin serum concentrations predicted a greater
loss of bone mass over a 1-year period [41•]. Overall, these
data are consistent with the hypothesis that higher sclerostin
levels promote low bone turnover that leads to loss in bone
mass over time, as would be expected of a negative regulator
of bone formation. Additional studies will be required to de-
lineate whether differential levels of sclerostin are associated
with bone disease associated with high versus low bone for-
mation and to determine whether there is a correlation with
increased sclerostin and fracture rates.

The impact of high sclerostin levels on cardiovascular
disease and mortality is also relevant given the known
role of canonical Wnt signaling on vascular calcification,
a contributor to cardiovascular risk. Vascular calcification
results from phenotypic conversion of vascular smooth
muscle cells into an osteoblast-like phenotype [54] that
involves induction of an osteoblast transcriptional pro-
gram (including the osteocytes specific proteins FGF23
and sclerostin) via a Wnt-dependent mechanism [55].
The appearance of negative regulators of Wnt signaling
might therefore be expected to attenuate aberrant osteo-
blast maturation and progression of cardiovascular calci-
fication. Indeed, in a cross-sectional study of 154 CKD
pre-dialysis patients, higher sclerostin levels correlated
with the absence of calcification in addition to increased
age, male gender, lower bone-specific alkaline phospha-
tase, and renal function [44]. In a short 6-week, post hoc
analysis of 40 normophosphatemic stage 3–4 CKD pa-
tients, sevelamer-HCl, but not calcium acetate, treatment
was associated with a significant decrease in sclerostin
levels [45]. However, this study did not correlate expres-
sion with vascular calcification or other cardiac complica-
tions. Post hoc analysis of 100 prevalent hemodialysis
patients monitored over a 2-year period revealed that im-
proved survival was associated with higher sclerostin
levels [40]. A prospective cohort study of 800 incident
dialysis patients also found that high serum sclerostin
was associated with lower cardiovascular mortality over
an 18-month period, but this association was less pro-
nounced after 4 years [42•]. Additionally, preliminary

evaluation of the relationship between sclerostin levels
and mortality associated with 800 patients from the CRIC
study failed to reveal an independent association with
outcomes [46]. It is possible that the failure to identify
long-term correlations may be related to progressive in-
creases in positive regulators of vascular calcification that
swamp out any beneficially effects of sclerostin.

A potential protective effect of sclerostin on cardiovascular
disease is in apparent conflict with pre-clinical studies report-
ed above in which antibodies to the Wnt antagonist, Dkk1
ameliorated cardiovascular calcification. In this study, re-
pressed signaling was associated with endothelial cells as op-
posed to smooth muscle cells, and the assessment was per-
formed in a model representing earlier stage of disease. Thus,
a full understanding of the contribution of Wnt signaling will
require stage- and tissue-specific analysis. Additionally, rela-
tive contributions may be distinct across different patient sub-
populations.

Conclusions

Disturbances in Wnt/β-catenin signaling with associated ele-
vations in the Wnt antagonist, sclerostin can be added to the
array of changes associated with the CKD-MBD progression.
The decrease in overall osteoblast maturation genes is consis-
tent with an overall reduction in bone anabolism that appears
to be independent of osteoclast activity and overall BFRs. The
differential responses to antibodies that neutralize Wnt antag-
onists versus TGFβ on distinct types of renal bone disease
further suggest that additional mechanisms contribute to the
diversity of skeletal defects in CKD. Whether activation of
this pathway is sufficient to reduce fracture rates remains to
be determined.

Similarly, the relative impact of circulating Wnt antag-
onists on the progression of cardiovascular calcification
and importantly on cardiovascular mortality requires addi-
tional investigation. A potential concern is that the use of
therapies to promote bone anabolism might have a nega-
tive impact on the cardiovascular disease. Conversely, im-
provement of bone health may reduce other risk factors
that have higher impact on cardiac disease such as serum
phosphate and FGF23.

The current information regarding sclerostin and its role in
CKD-MBD provides yet another example of the critical need
to take a systems biology approach in understanding the full
weight of changes associated with disease pathogenesis. It is
likely that incorporation of emerging tools such as total RNA
sequencing and informatic analysis to fully assess patient sam-
ples will provide new opportunities to stratify patient popula-
tions and choose the best therapeutic options for individual
sub-populations.
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