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ABSTRACT
Sclerostin is a negative regulator of the Wnt/β-catenin signaling and is, therefore, an important inhibitor of bone formation and turn-
over. Because ectopic vascular calcification develops in a similar way to bone formation, one might reasonably attribute a role to
sclerostin in this pathological process. Ectopic calcification, especially vascular calcification, importantly contributes to mortality in
elderly and patients with diabetes, osteoporosis, chronic kidney disease (CKD), and hypertension. The central players in this ectopic
calcification process are the vascular smoothmuscle cells that undergo dedifferentiation and thereby acquire characteristics of bone-
like cells. Therefore, we hypothesize that depletion/deactivation of the Wnt/β-catenin signaling inhibitor sclerostin may promote the
development of ectopic calcifications through stimulation of bone-anabolic effects at the level of the arteries. We investigated the
role of sclerostin (encoded by the Sost gene) during vascular calcification by using either Sost�/� mice or anti-sclerostin antibody.
Sost�/� andwild-type (WT) mice (C57BL/6J background) were administered an adenine-containing diet to promote the development
of CKD-induced vascular calcification. Calcifications developed more extensively in the cardiac vessels of adenine-exposed Sost�/�

mice, compared to adenine-exposed WT mice. This could be concluded from the cardiac calcium content as well as from cardiac tis-
sue sections on which calcifications were visualized histochemically. In a second experiment, DBA/2J mice were administered a
warfarin-containing diet to induce vascular calcifications in the absence of CKD. Here, warfarin exposure led to significantly increased
aortic and renal tissue calcium content. Calcifications, which were present in the aortic medial layer and renal vessels, were signifi-
cantly more pronounced when warfarin treatment was combined with anti-sclerostin antibody treatment. This study demonstrates
a protective effect of sclerostin during vascular calcification. © 2022 The Authors. Journal of Bone and Mineral Research published by
Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research (ASBMR).
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Introduction

Sclerostin is a protein that is encoded by the SOST gene, and
functions as an important inhibitor of Wnt/β-catenin signaling

to regulate bone formation.(1,2) In the bone, this 22-kilodalton
(kDa) protein binds to the low-density lipoprotein receptor-related
protein 4/5/6 (LRP4/5/6) co-receptors, thereby preventing the Wnt
ligands from binding to their receptors. Genetic defects of the SOST
gene can lead to the development of sclerosteosis and VanBuchem
disease. Both diseases are characterized by, respectively, undetect-
able or very low serum sclerostin levels which result in massive
bone overgrowth.(3) To gain a better understanding of the effects
of sclerostin deficiency, Sost�/� mice were generated. Similar to
the phenotype observed in sclerosteosis and van Buchem disease
patients, these mice had an increased bone mineral density, bone
formation, bone volume, and bone strength.(4) Given its function

as an inhibitor of canonicalWnt signaling, and thus bone formation,
antibodies were developed against sclerostin to serve as a thera-
peutic to stimulate bone formation, mainly in the context of
osteoporosis.(5)

Because pathological (ectopic) calcification of the vessels or
vascular calcification in many aspects resembles the physiologi-
cal process of bone formation, it has been hypothesized that
sclerostin also in this process may have an important role. Vascu-
lar calcification importantly contributes to mortality in elderly
and patients with diabetes, osteoporosis, chronic kidney disease
(CKD), and hypertension.(6) In these patient groups, vascular cal-
cification often is present as calcification in the medial arterial
layer, which is also called arteriosclerosis or Mönckeberg’s sclero-
sis. The presence of these calcifications in the vasculature leads
to increased arterial stiffness and reduced vessel compliance,
resulting in increased pulse pressure, cardiac hypertrophy, and
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heart failure.(7) The pathological process of vascular calcification
is actively regulated by vascular smooth muscle cells (VSMCs).
During the vascular calcification process, as a result of patholog-
ical stimuli, VSMCs undergo dedifferentiation; ie, the cells lose
their smooth muscle cell markers and obtain characteristics of
other mesenchymal-derived cells with bone-forming capacities
such as osteoblasts and chondrocytes.(8) As a result, Wnt/β-
catenin signaling, a signaling pathway exerting anabolic effects
on the bone, is likely to also affect the process of vascular media
calcification.(9,10) Despite its well-known role in bone turnover,
studies investigating the role of sclerostin in vascular calcifica-
tion come to conflicting conclusions.(11,12) Although some stud-
ies found a negative association(12-16) between serum sclerostin
levels and mortality, suggesting a protective role of sclerostin
through inhibiting vascular calcification, others reported a posi-
tive(17) or no association.(18-21) In CKD patients, serum sclerostin
levels are increased and seem to be higher in the presence of
vascular calcification.(22-24) As Ceijka and colleagues(25) showed,
the increase in serum sclerostin levels not to be due to renal
retention, but rather results from an increased production of
sclerostin CKD. Recently, we showed that sclerostin production
by the osteocytes remained stable during the development of
vascular calcification while it was distinctly induced in calcified
arteries.(26) This supports the hypothesis that sclerostin, which
is locally produced in the calcified vessels, may spill over into
the circulation, thereby contributing to increased serum scleros-
tin levels.

To determine the exact function of sclerostin in vascular
calcification in general, we investigated calcification develop-
ment in mice with genetic depletion of sclerostin (Sost�/�

mice) and in mice treated with an anti-sclerostin antibody,
using vascular calcification models induced by either renal
failure (adenine model) or inhibition of matrix Gla protein
(warfarin model). This research significantly contributes to
the existing knowledge regarding the role of sclerostin in
ectopic vascular calcification.

Subjects and Methods

Statement of ethics

All experimental procedures were conducted in compliance with
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals 85-23 (1996) and approved by the University
of Antwerp Ethical Committee for Animal Experiments (ECD-
code 2014-97, 2016-55).

Animals

In the first experiment, 33 Sost�/� mice (B6-SOSTtm1Dgen
mice(27,28)) and 37 wild-type (WT) controls (Charles River, Saint-Ger-
main-Nuelles, France) on a C57BL/6J background, were included. In
the second experiment, 64 WT DBA/2J (Charles River) mice were
included. The origin of animals is summarized in supplemental
table 1. All animals were 14 weeks old and housed at a maximum
capacity of eight animals per cage. Cages were kept at constant
temperature and humidity and were exposed to a 12-hour light/
dark cycle. Themice had free access to tapwater and their assigned
diet. Male mice were used because compared to female animals
they are known to be more vulnerable to the development of
CKD and vascular calcification.(29,30)

Vascular calcification models

Two mice models of vascular calcification were used to investi-
gate the role of sclerostin in this process. The first model is a
model of adenine-induced CKD, in the C57BL/6J mice. Although
in this model no calcifications are detected in large arteries
(aorta), which is in line with the fact that C57BL/6J mice are
highly resistant against vascular calcification, calcifications of
smaller arteries in the heart are clearly observed. DBA/2J mice,
on the other hand, are less resistant to vascular calcification
development.(31) Therefore, these mice were used in a second
study in which large artery (aortic) calcifications were induced
through dietary exposure to warfarin.

Because Sost�/� mice are on a C57BL/6J genetic background,
they were given adenine to investigate the effect of sclerostin
absence on vascular calcification in cardiac vessels. To be able
to investigate a possible role for sclerostin in large artery (aortic)
calcification, warfarin-administered DBA/2J mice were treated
with anti-sclerostin-antibodies.

Next to the heart and large elastic arteries, medium-sized and
smaller vessels in the renal tissue are also known to be prone to
the development of ectopic calcifications.(32) So calcification of
renal tissue was also investigated in both models. This, together
with the use of twomodels; ie, a CKDmodel (adenine) as well as a
model with normal renal function (warfarin), allowed us to inves-
tigate the role of sclerostin on general vascular calcification and
interpret our data in a broader perspective.

Study design experiment 1: Adenine-administration to Sost�/� and
WT mice to investigate the effect of sclerostin absence on vascular
calcification development in cardiac vessels

This model was developed based on our experience with dietary
adenine-administration to rats(33) and on an adenine-induced
renal failure mice model as described by Jia and colleagues.(34)

Under normal circumstances, adenine levels in the blood and
urine are kept low through efficient metabolization of adenine
by the adenine phosphoribosyltransferase enzyme.(35) However,
when adenine is administered in large amounts, the activity of
this enzyme is saturated and adenine is oxidized by xanthine
dehydrogenase to 2.8 dihydroxyadenine.(36) Due to the very
low solubility of this metabolite, 2.8 dihydroxyadenine crystals
precipitate in the nephrons where they cause severe kidney
damage.(37) The diet administered to the mice (21 Sost�/� mice
and 21 WT mice) was changed every 10 and 14 days. During
the 10-day period, the diet contained 0.30% adenine and 1.2%
phosphate; during the 14-day period the adenine concentration
was halved (0.15%) while the phosphate concentration
remained the same (SSNIFF Spezialdiäten GmbH, Soest,
Germany). In total, the mice were subjected to three periods of
a 0.30% adenine concentration and two periods of 0.15% ade-
nine concentration. The two control groups, consisting of
12 Sost�/� mice and 16 WT mice, received a control diet and
were euthanized at the same age as the adenine-exposed mice.
Sost�/� and WT mice were randomly assigned to the treatment
and control groups.

Study design experiment 2: Effect of anti-sclerostin antibody
treatment on warfarin-induced vascular calcification development
in large arteries

Vascular calcification was induced by administration of a
warfarin-containing diet (3 mg warfarin/g diet and 1.5 mg vita-
min K1/g diet(31); SSNIFF Spezialdiäten GmbH). Exposure to
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warfarin prevents the production of biologically active matrix
γ-carboxyglutamic acid protein (MGP), which is a local inhibitor
of vascular calcification.(31,38) In more detail, warfarin prevents
the recycling of vitamin K, which is a crucial cofactor for
γ-glutamyl carboxylation of MGP.(39) This posttranslational mod-
ification is needed for MGP to become biologically active. Both
the warfarin-containing and control were administered during
the full duration of the study (9 weeks). Four weeks after the start
of the experiment, mice were subcutaneously injected twice
weekly with the anti-sclerostin antibody (recombinant anti-SOST
therapeutic antibody MOB-012LC; Creative Biolabs, Shirley, NY,
USA) or vehicle (PBS). The antibody was administrated at a dose
of 25 mg/kg, as reported earlier for similar anti-sclerostin anti-
bodies.(40,41) Animals were randomly assigned to the different
groups (control diet + vehicle, n = 16; warfarin diet + vehicle,
n = 24; and warfarin diet + anti-sclerostin antibody, n = 24).

Serum markers of mineral metabolism and renal function

At euthanasia, mice were exsanguinated via the retro-orbital
plexus after anesthesia with 60 mg/kg ketamine/16 mg/kg xyla-
zine, diluted in sterile saline and administered via intraperitoneal
injection. Serum levels of creatinine (Crystal Chem Inc., Elk Grove
Village, IL, USA; Cat. 80350), phosphorus (Ecoline®S Phosphate
kit; Diasys, Holzheim, Germany), fibroblast growth factor
23 (FGF23) (Kianos Laboratories, Tokyo, Japan; Cat. CY-4000),
and intact parathyroid hormone (PTH) (Immutopics, San Clem-
ente, CA, USA; Cat. 60-2305) were measured.

Evaluation of vascular calcification

At euthanasia, the aorta, heart, and kidneys were carefully iso-
lated and the aorta was stripped from adherent tissue. For histo-
logical analyses, the abdominal aorta was fixed in neutral
buffered formalin for 90 minutes and cut into 2-mm-thick to
3-mm-thick rings. These rings were then embedded upright in
paraffin of which 4-μm sections were cut and stained for calcifi-
cation with von Kossa and counterstained with hematoxylin
and eosin (H&E).

To determine the calcium content, the thoracic aorta, distal
part of the heart, and right kidney were weighed on a precision
balance. The tissue samples were then digested overnight in
65%HNO3 at 60�C, followed by dilution in 0.1% La(NO3)3 to elim-
inate chemical interference during atomic absorption spectro-
metric analysis (Perkin-Elmer, Waltham, MA, USA). Results were
expressed as mg calcium/g wet tissue.

Evaluation of gene expression

Total mRNA was extracted from the distal part of the abdominal
aorta using the Isolate II RNA mini kit (Bioline Meridian Biosci-
ence, Memphis, TN, USA). Complementary DNA was generated
with the High-Capacity cDNA Archive Kit (Applied Biosystems,
Foster City, CA, USA). Real-time PCR amplification was performed
based on the TaqMan fluorescence methodology (QuantStudio
3; Thermo Fisher Scientific, Waltham, MA, USA). TaqMan probes
and primers for glyceraldehyde 3-phosphate dehydrogenase
(Gapdh: Mm99999915_g1), Wnt/β-catenin pathway genes, ie,
low-density lipoprotein receptor-related protein 5 and 6 (Lrp5:
Mm01227476_m1 and Lrp6: Mm00999795_m1), canonical
Wnt-signaling target genes, ie, alkaline phosphatase (Alp:
Mm00475834_m1), Cyclin D1 (CycD1: Mm00432359_m1), T-cell
factor 4 (Tcf4: Mm00443210_m1), and Axin 2 (Mm00443610_m1),
and osteochondrogenic marker, ie, SRY-box transcription factor

9 (Sox9: Mm00448840_m1) and bone-morphogenetic protein
2 (Bmp2: Mm01340178_m1), were purchased from Thermo Fisher
Scientific as a TaqMan® gene expression assay on demand. For
each sample, the expression of the tested transcripts was analyzed
in triplicate and normalized to the expression of Gapdh, the house-
keeping gene. The comparative threshold cycle (CT) method, using
tissues of control mice as calibrator samples, was applied to calcu-
late the gene expression levels.

Evaluation of bone metabolism

Because sclerostin’s primary role is as a bone anabolic protein
and the close link between ectopic, vascular calcification, and
physiological bone formation, the left tibia was isolated at eutha-
nasia and fixed overnight in 70% ethanol. After dehydration and
embedding in 100% methyl methacrylate (Merck, Hohenbrunn,
Germany), 5-μm-thick sections were stained by Goldner’s
method for quantitative histology to determine static bone
parameters using Axiovision image analysis software (release
4.5; Carl Zeiss, Oberkoch, Germany). Bone analysis was per-
formed on the trabecular bone tissue, in the area directly next
to the proximal growth plate and the cortical bone (magnifica-
tion �200). Total bone area, mineralized bone area, osteoid
width and area, osteoblast perimeter, eroded perimeter, osteo-
clast perimeter, and trabecular number were measured using
this software platform.

To obtain quick proof for functional sclerostin blocking by the
anti-sclerostin antibody, the left femur of all animals of experi-
ment 2 was evaluated by ex vivo micro–computed tomography
(μCT) using a SkyScan 1076 μCT scanner (Bruker, Kontich,
Belgium). After isolation, the femur was placed in a radio translu-
cent sample holder filled with 70% ethanol. μCT scanning was
performed with a resolution of 8.86 mm (at tube energy of
80 kV with an intensity of 110 μA). Images were reconstructed
using NRecon (SkyScan software; Bruker) and 1 mmof trabecular
bone in the distal metaphysis of the femur, at a distance of
1.95 mm from the beginning of the bone, was analyzed using
CtAnalyser (SkyScan software; Bruker). A fixed threshold (same
for all groups: lower gray threshold 80, upper gray threshold
255) was used for segmentation of trabecular bone and bone
marrow on the μCT images.

All results were determined using blinded measurements.

Statistical analysis

All statistical analyses were performed using PRISM software,
version 6.0 (GraphPad, San Diego, CA, USA). Data are presented
as the mean � SD. Statistical differences between groups were
investigated with the Kruskal-Wallis test, followed by the
Mann–Whitney U test (two-tailed) when significant. Bonferroni
correction was applied when multiple group post hoc testing
was done. Values of p <0.05 were considered statistically
significant.

Results

Effect of sclerostin-absence on CKD-induced vascular
calcification

Body weight and evaluation of mineral metabolism

As described,(34) dietary adenine supplementation results in sig-
nificant body weight loss (p < 0.0001). However, no differences
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were observed between Sost�/� and WT mice receiving either
the adenine-containing diet or the control diet (Table 1).

Administration of adenine led to CKD development, which
could be concluded from the significant increases in serum cre-
atinine (Fig 1. A), phosphate (Fig 1. B), FGF23 (Fig 1. C), and para-
thyroid (PTH) (Fig 1. D) levels in the adenine-treated animals as
compared to those receiving a control diet. No differences were
observed for these parameters between Sost�/� mice and WT
mice exposed to either the adenine diet or the control diet.

Evaluation of vascular calcification development

Neither WTmice, nor Sost�/�mice receiving a control diet devel-
oped calcification in either the aorta, kidney, or heart. InWTmice,
no aorta calcification developed as a result of adenine-exposure,
because the calcium content of the (thoracic) aorta of adenine-
exposed mice was not different from that of control mice
(Fig. 2A). This was further confirmed by the negative von Kossa
staining of (abdominal) aorta tissue sections. In adenine-exposed
Sost�/� mice, the calcium content was slightly, however signifi-
cantly, elevated compared to Sost�/�mice receiving control diet

(Fig. 2A). In the kidney (Fig. 2B) adenine exposure led to a similar,
significantly increased calcium content in both Sost�/� and WT
mice. Von Kossa staining of renal sections, however, made clear
that renal areas of calcification were primarily observed in the
renal tubules and thus could not be categorized as vascular cal-
cifications. Sost�/� mice exposed to adenine had a significantly
higher calcium content in the heart compared to WT mice
exposed to adenine as well as compared to the Sost�/� mice
receiving a control diet. The cardiac calcium content of the latter
was not significantly different from that of control WT mice
without renal failure (Fig. 2C). Cardiac calcifications were located
in the vasculature (Fig. 2C). A histological overview of cardiac
calcification is presented in Supplementary Fig. 1.

CKD and Sost�/� induced effects on the bone

The bone phenotype of Sost�/�mice is characterized by a signif-
icantly increased bone and mineralized area and trabecular
thickness and number, as well as a significantly decreased
osteoid area, compared to WT mice (Supplementary Fig. 2).

Adenine-induced CKD in Sost�/� and WT mice led to a signif-
icant increase in eroded perimeter (Fig. 3A), as well as a signifi-
cant decrease in bone area (Fig. 3B), mineralized area (Fig. 3C),
and trabecular number (Fig. 3D) compared to the respective con-
trol mice (either Sost�/� or WT). Adenine-exposed Sost�/� mice
also had a significantly higher osteoid area (Fig. 3E), osteoblast
perimeter (Fig. 3F), and osteoid width (Fig. 3G), and a significantly
decreased trabecular thickness (Fig. 3H), compared to control
Sost�/� mice.

Table 1. Body Weight

Group Body weight (g) mean � SD

Sost�/� + adenine 20.2 � 2.0
WT + adenine 20.0 � 0.9
Sost�/� + control diet 32.3 � 3.5
WT + control diet 29.8 � 2.2

Fig. 1. Development of renal failure due to adenine-exposure. Biochemical evaluation of renal function: serum (A) creatinine, (B) phosphate, (C) FGF23,
and (D) PTH levels in Sost�/� and control mice, exposed to adenine or control diet.
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Effect of anti-sclerostin antibody treatment on warfarin-
induced vascular calcification

Body weight and evaluation of mineral metabolism

Warfarin-exposure and/or anti-sclerostin antibody treatment did
not result in chances in body weight (Table 2).

Serum levels of creatinine, phosphate, PTH, and FGF23 in
vehicle-treated warfarin-exposed animals were similar to those
of control mice (Fig. 4A–D). Serum phosphate levels of
warfarin-exposed mice treated with the anti-sclerostin antibody,
however, were significantly higher, compared to control animals

(Fig. 4B). Furthermore, serum FGF23 levels in this group were sig-
nificantly lower compared to vehicle-treated, warfarin-exposed
mice and control mice. No differences in serum creatinine and
serum PTH levels were observed.

Evaluation of vascular calcification development

Warfarin exposure led to a significant increase in calcium content
in the aorta (Fig. 5A) and the kidney (Fig. 5B). Mice exposed to
warfarin and treated with the anti-sclerostin antibody had a sig-
nificantly higher calcium content in the aorta and the kidney

Fig. 2. Development of cardiac vascular calcifications in Sost�/� mice with renal failure. Calcium content of (A) the aorta, (B) kidney, and (C) heart of
Sost�/� and WT mice exposed to adenine or control diet, accompanied by representative images of von Kossa-stained sections of the aorta, kidney
and heart of Sost�/� mice (counterstained with H&E). (A) von Kossa staining was not able to reveal calcifications in the aortic tissue sections, (B) areas
of calcification are present in the renal tubules, (C) cardiac calcifications are located in the vasculature.
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compared to warfarin-exposed mice treated with vehicle. Calcifi-
cations in the aorta were located in the medial layer, following
the elastic lamellae. Quantification of the von Kossa–positive
area showed a significant increase in calcified area in aortas of
anti-sclerostin antibody-treated mice versus vehicle-treated

mice (Fig. 5A). In the kidney, areas of calcification were confined
to the vasculature (Fig. 5B).

Cardiac calcium content of DBA/2J mice (Fig. 5C) is known to
be relatively high because of spontaneous calcification develop-
ment (20 times as high as those in the C57BL/6J WT mice at the

Fig. 3. Influence of CKD on bone metabolism in WT and Sost�/� mice. (A) Eroded perimeter, (B) bone area, (C) mineralized area (% of tissue area), (D) tra-
becular number, (E) osteoid area, (F) osteoblast perimeter (relative to the osteoid perimeter), (G) osteoid width, (H) trabecular thickness.
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same age). No differences in these spontaneous calcifications
were seen between the different groups.

Gene expression analysis

In order to investigate the involvement of the canonical Wnt sig-
naling during vascular calcification development, we deter-
mined the expression of (i) genes encoding proteins that are
involved in canonical Wnt signaling (Lrp 5 and 6) and (ii) Wnt/
β-catenin target genes (Axin2, Alp, CycD1, and Tcf4).

Lrp5 expression was significantly upregulated in the calcified
vessels of warfarin-exposed animals, compared to mice that
received control diet (Fig. 6A). There was no effect of anti-
sclerostin antibody treatment on Lrp5 mRNA expression. No dif-
ferences were observed in Lrp6 mRNA (Fig. 6B) expression
between the different treatment groups.

Gene expression of Wnt/β-catenin target genes, Axin2
(Fig. 6C), Tcf4 (Fig. 6D), CycD1 (Fig. 6E), and Alp (Fig. 6F), was sig-
nificantly increased in anti-sclerostin antibody-treated mice ver-
sus vehicle treated-mice (exposed to warfarin).

Last, in order to investigate whether, in addition to Alp, other
osteochondrogenic markers were upregulated, the expression of
Sox9 (Fig. 6G) and Bmp2 (Fig. 6H) was determined. Similar expression
patterns were found as for Alp: gene expression was increased in
anti-sclerostin antibody-treated mice compared to vehicle-treated
mice; however, without reaching the significance level for Bmp2.

Functional sclerostin blocking

Preparing bone tissue for quantitative histomorphometric analy-
sis is a time-consuming and labor-intensive procedure, not pos-
sible to be performed in a period shorter than 8 weeks. To get
relatively fast proof for anti-sclerostin antibody-induced func-
tional sclerostin blocking, μCT analysis was performed in
advance of further bone histomorphometric analysis. μCT analy-
sis (overview in Fig. 7E) showed a significantly increased bone
volume (Fig. 7A) and trabecular thickness (Fig. 7C) and number
(Fig. 7D), in combination with a decreased porosity (Fig. 7B)
when mice were treated with the anti-sclerostin antibody com-
pared to vehicle-treated mice.

Table 2. Body Weight

Group Body weight (g) mean � SD

Anti-Scl Ab + warfarin 27.5 � 2.4
Vehicle + warfarin 28.2 � 2.4
Vehicle + control diet 28.6 � 1.7

Ab = antibody.

Fig. 4. Anti-sclerostin antibody-treatment leads to increased serum phosphate levels and decreased serum FGF23 levels. Serum creatinine (A), phosphate
(B), FGF23 (C), and PTH (D) levels in mice treated with anti-sclerostin antibody or vehicle, exposed to a warfarin-containing or control diet. FGF23= fibro-
blast growth factor 23, PTH = parathyroid hormone.
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BonehistomorphometricdataconfirmedμCTanalysis:significantly
increasedbonearea (Fig. 8A) and trabecular thickness (Fig. 8B)when
treated with the anti-sclerostin antibody. No other bone histomor-
phometric data differed significantly between the three groups.

Discussion

This study confirmed the known catabolic effects of sclerostin on
bone turnover,(42) because absence of sclerostin, either by

Fig. 5. Anti-sclerostin antibody treatment leads to increased development of vascular calcifications. Calcium content of (A, upper panel) the aorta, (B) kidney,
and (C) heart ofmice treatedwith anti-sclerostin antibody or vehicle after exposure towarfarin-containing or control diet, accompanied by representative images
of von Kossa-stained tissue sections of anti-sclerostin antibody-treated mice (counterstained with H&E). (A, lower panel) Quantification of the calcified area as
measured on von Kossa–stained tissues sections. These calcifications are located in the medial layer of the aorta, following the elastic lamellae. (B) Areas of cal-
cification in the kidney were confined to the vasculature. (C) Spontaneous calcifications developed in the myocardium of DBA/2 mice.
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knocking out the Sost gene or by treating mice with an anti-
sclerostin antibody, resulted in significantly higher bone forma-
tion/mineralization, which was evidenced by a series of static
bone parameters. However, there might be another side of the
coin, because it has been suggested that these beneficial effects

on bone possibly might be accompanied by an increased risk for
vascular calcifications.(43)

In this study, we investigated whether absence of sclerostin or
its functional inhibition through the use of an anti-sclerostin anti-
body indeed promoted vascular calcifications in the aorta, heart,

Fig. 6. Anti-sclerostin antibody treatment leads to upregulated aortic mRNA expression of Wnt target genes. (A) Lrp5, (B) Lrp6, (C) Axin2, (D) Tcf4, (E) CycD1,
(F) Alp, (G) Sox9, and (H) Bmp2mRNA expression profile in the abdominal aorta of mice treated with anti-sclerostin antibody or vehicle after exposure to
warfarin-containing or control diet. Alp = alkaline phosphatase; Bmp2 = bone-morphogenetic protein 2; CycD1 = cyclin D1; GAPDH = glyceraldehyde
3-phosphate dehydrogenase; Lrp5 = low-density lipoprotein receptor-related protein 5; Lrp6 = low-density lipoprotein receptor-related protein 6; Sox9
= SRY-box transcription factor 9; Tcf4 = transcription factor 4; WT = wild type.
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and kidney. To fully understand the possible role of sclerostin in
vascular calcification, two different but complementary experi-
ments were set up.

In the first experiment, the effect of sclerostin absencewas inves-
tigated by studying Sost�/� mice (on C57BL/6J background).
Adenine-induced renal failure led to the development of vascular
calcifications in cardiac vessels, and this was significantly more pro-
nounced in Sost�/� mice compared to WT mice. Furthermore,
Sost�/� mice exposed to adenine had a significantly higher aortic
calcium content compared to Sost�/�mice with normal renal func-
tion, which was not the case for the WT animals. This observation
argues for the fact that CKD-induction was able to increase the aor-
tic calcium content of Sost�/� mice but not in WT mice. This signif-
icant increase may also be related to the numerically lower aortic
calcium levels of control Sost�/� versus control WT mice. The latter
can, possibly, be ascribed to themore pronounced buffering capac-
ity of the bone, hence better incorporation of calcium and

phosphate in the bone compartment in Sost�/� mice versus WT
mice (see next paragraph).

Because Sost�/�mice have a condition which is similar to that of
sclerosteosis and Van Buchem disease patients, and compensate
for the loss of sclerostin by upregulating the expression of other
Wnt inhibitors such as Dickkopf-related protein 1 (DKK1),(44) the role
of sclerostin as an inhibitor of vascular calcification might even be
more important than what could be deduced from the data of this
experiment. One should also not overlook the fact that there is a
close link between the mineralization of the bone and the vascula-
ture. The bone has an important homeostatic function because it
serves as a mineral reservoir, in particular for calcium and phos-
phate. Compared toWTmice, Sost�/�mice have an increased bone
formation and thus increased bone buffering capacity.(4,28) It is
remarkable that despite this increased bone buffering capacity,
the Sost�/� mice developed significantly more calcifications in car-
diac vessels compared to WT mice.

Fig. 7. Increased bone formation in anti-sclerostin antibody-treated mice as evaluated by μCT analysis. Evaluation of (A) bone volume, (B) total porosity,
(C) trabecular thickness, and (D) trabecular number in warfarin-exposed mice treated with anti-sclerostin antibody or vehicle and mice receiving the con-
trol diet. (E) μCT image of a cross section of the bone for each group.
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In the second experiment, DBA/2J mice received a warfarin-
containing diet in order to induce vascular calcifications
(in absence of renal failure). DBA/2J mice are known to have
reduced levels of pyrophosphate due to a hypomorphic muta-
tion in the Abcc6 gene(45) and are, compared to C57BL/6J mice,
more vulnerable to develop ectopic calcifications.(31) In the
DBA/2J mice on a warfarin diet, calcifications developed in the
aorta and renal arteries, which were significantly more pro-
nounced when mice were also treated with an anti-sclerostin
antibody.

The results of both experiments are consistent in that more
calcifications develop in the absence of (functional) sclerostin.
This observation is in line with the reported suggestion that
sclerostin can act as an inhibitor of calcification in the vasculature
(aorta and vasculature of kidney and heart). Several findings sup-
port this hypothesis: (i) mRNA and protein expression of scleros-
tin were demonstrated in calcified vessels of mice, rats and
humans(26,46) and (ii) negative associations were found between
serum sclerostin levels and mortality in CKD patients.(12,15) These
findings suggest that sclerostin is locally produced in the calci-
fied tissue to act as a negative feedback mechanism to slow
down the ectopic calcification process. Furthermore, the
Active-Controlled Fracture Study in Postmenopausal Women
With Osteoporosis at High Risk (ARCH) study, a recent clinical trial
comparing anti-sclerostin antibody (romosozumab) treatment
for 12 months followed by alendronate treatment (12 months)
versus alendronate treatment alone (24 months), revealed an
increased risk of serious adverse (cardio)vascular events in post-
menopausal women during the first year treatment with anti-
sclerostin antibody.(47) These findings, together with the results
obtained in this study, point to a protective role for sclerostin
during vascular calcification.

Several mechanisms might be involved in the way sclerostin
inhibits the vascular calcification process. First, similar to its func-
tion in the bone, sclerostin by binding to LRP5 (significantly
increased Lrp5 expression is warfarin mice), might inhibit Wnt
signaling, and thereby directly act on VSMCs to prevent ectopic
calcification, which is in agreement with the significantly higher
aortic expression of Wnt-target genes and as a result osteochon-
drogenic markers in warfarin animals treated with anti-sclerostin
antibody. The fact that warfarin-induced calcifications can be
intensified with the Wnt signaling agonist lithium chloride(9) is
also in accordance with this. Second, sclerostin might indirectly

stimulate FGF23, via inhibition of phosphate-regulating neutral
endopeptidase, X-linked (PHEX).(48) FGF23 then stimulates uri-
nary phosphate excretion, thereby lowering the concentration
of this well-known calcification inducer.(49) In the present study,
sclerostin inhibition in the non-CKD model (warfarin model)
resulted in significantly decreased serum FGF23 and increased
serum phosphate levels, which is in agreement with the fact that
sclerostin might stimulate FGF23 production. However, in the
presence of renal failure, the absence of sclerostin in Sost�/�

mice was not able to overcome the expected rise in serum phos-
phate and FGF23 levels due to loss of renal function.

Anti-sclerostin antibodies have proven to be an adequate
treatment for osteoporosis patients and evidence for reducing
the risk of bone fractures has been provided.(50) The (significant)
increase in severe cardiovascular events due to anti-sclerostin
treatment (2.5% versus 1.9% in the control group receiving alen-
dronate) was relatively small, which is in line with the rather mild
effect of (functional) sclerostin absence on the induction of vas-
cular calcification in our animal models. Overall, the advantages
of a beneficial effect of anti-sclerostin treatment on bone health
and the significant improvement of an individual’s quality of life
going along herewith, probably outweigh the risk of adverse car-
diovascular events. Nevertheless, continuous alertness is recom-
mended in patients on long-term treatment with anti-sclerostin
antibody, in particular when its use is also being considered in
CKD patients.

To conclude, this study presents evidence for a protective role
of sclerostin during the development of vascular calcification,
and thereby importantly contributes to the existing knowledge
on the similarities between the systemic bone and vascular
(patho)physiological mechanisms.(51) Our findings again point
to the importance of considering the bone-vascular axis when
developing new therapeutics to either treat impaired bone
metabolism or vascular calcification.
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