ORIGINAL ARTICLE BRPLUS o e
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ABSTRACT

Vascular calcification and bone disorder progress simultaneously in chronic kidney disease (CKD). Still, how the complex pathological
mechanisms are linked is only sparsely understood. Up to now, the focus has been on the disturbed bone metabolism in developing
vascular calcification. However, our group has recently demonstrated that vascular calcification has negative effects on bone forma-
tion and mineralization as shown in the bone of normal recipient rats transplanted with the calcified aorta from CKD rats. In the pre-
sent in vitro study, the hypothesis of a direct crosstalk between the vasculature and bone was examined. Calcified aortas from 5/6
nephrectomized rats and normal aortas from control rats were excised and incubated ex vivo. The calcified aorta secreted large
amounts of sclerostin, dickkopf-1 (Dkk1), and activin A. Both normal and calcified aortas secreted frizzle-related protein 4 (SFRP4).
Aorta rings were co-incubated with the osteoblast-like cell line UMR-106. The calcified aorta strongly inhibited calcium crystal forma-
tion in UMR-106 cells, together with a significant upregulation of the mineralization inhibitors osteopontin and progressive ankylosis
protein homolog (ANKH). The strong stimulation of osteopontin was blocked by lithium chloride, indicating involvement of Wnt/p-
catenin signaling. The present in vitro study shows detrimental effects of the calcified aorta on bone cell mineralization. These find-
ings support the hypothesis of an active role of the calcified vasculature in the systemic CKD-mineral and bone disorder (CKD-MBD),
resulting in a pathological vascular-bone tissue crosstalk. © 2022 The Authors. JBMR Plus published by Wiley Periodicals LLC on behalf
of American Society for Bone and Mineral Research.
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Introduction

or over three decades, numerous observational studies

have reported an association between low bone mineral
density (BMD) and the presence of vascular calcification, indi-
cating a mechanistic link between the two pathological pro-
cesses. The progression of the disturbances in the skeletal
and cardiovascular system is also linked, as demonstrated in
longitudinal cohorts where further development of vascular
calcification was accompanied with greater bone loss.*™
Also, the presence of vascular calcification is related to
increased fracture risk and vice versa.®~” The phenomenon
is especially pronounced in chronic kidney disease-mineral
and bone disorder (CKD-MBD),® but it is also observed across
a wide range of conditions such as aging, diabetes,

osteoporosis, and more rare bone diseases.*~'* Up to now,
the main focus on the calcification paradox has been on distur-
bances in the mineral balance and bone turnover as a causa-
tive factor in the development and progression of vascular
calcification."™ However, we propose that vascular calcifica-
tion impairs bone metabolism, generating a pathological
vascular-bone tissue crosstalk in CKD."®

CKD patients suffers from a complex disturbance in their
mineral and bone balance, which is believed to play a funda-
mental role in the pathogenesis of vascular calcification in
CKD." still, it is important to keep in mind that several other
factors in the uremic condition such as inflammation, uremic
toxins, calciprotein particles (CPPs), loss of local and
circulating inhibitors, and renal injury factors all have adverse
effects on the vasculature."’2" The presence of vascular
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calcification already occurs at mild to moderate kidney dis-
ease, and CKD patients suffer from both intima and medial
vascular calcification.?? The latter is predominant in CKD.*®

Calcification of the vessel's medial layer is a highly cell-regulated
process, characterized by the phenotypic conversion of the contrac-
tile vascular smooth muscle cell (VSMC) into a bone-like secretory
cell, which secretes extracellular proteins in which hydroxyapatite
crystals can precipitate.?” Using the RNA-sequencing technique,
our group has studied the dramatic changes in gene profile and
demonstrated significant upregulation of signal molecules related
to Wnt and transforming growth factor p (TGF-p) signaling in the
calcified aorta from uremic rats.>® Because these factors are found
in plasma and at higher levels in CKD,?*" we speculated whether
these signal molecules were secreted by the vessel and had endo-
crine effects on bone metabolism.

To investigate our hypothesis that CKD-induced vascular calci-
fication directly affects bone metabolism, we transplanted the
calcified aorta from uremic rats into normal recipient rats in a
previous study.® Interestingly, we found that the presence of
the uremic calcified graft resulted in lower osteoid area and
lower mineral density of the trabecular tissue, illustrating a signif-
icant impact on bone formation and mineralization.'® There-
fore, the aim of the present study was to study our hypothesis
of a pathological vascular-bone tissue crosstalk further in elabo-
rated in vitro experiments. Normal aortas and calcified aortas
from uremic rats were incubated ex vivo to detect secretion of
Whnt inhibitors and activin A. In addition, aorta rings were co-
incubated with the osteoblast-like cell line UMR-106 to study
their effect on mineralization and signal pathways.

Materials and Methods

Aorta tissue

The normal aorta was removed from normal male Wistar rats
(8 weeks old) and the uremic calcified aorta was removed from
5/6 nephrectomized Wistar rats (22 weeks old) treated with the
active vitamin D analog alfacalcidol 80 ng intraperitoneally
(ip) 3 times weekly for 6 weeks, and fed a high 1.4% phosphorus
diet (Charles Rivers, Koln, Germany).!'*> For further details,
please see the Supplementary Methods.

Bone cell line

The osteoblast-like cell line UMR-106 was purchased from ATCC
(CRL-1661; ATCC, Teddington, UK). Cells were grown in six-well
or 12-well cell plates (polystyrene, nunclon delta surface; Thermo
Fisher Scientific, Waltham, MA, USA) suspended in Dulbecco’s
modified Eagle medium (DMEM) high glucose (30-2002; ATCC)
supplemented with 10% fetal bovine serum (FBS, heat inacti-
vated, 30-2025; ATCC) and 1% penicillin/streptomycin (P/S;
Gibco, Thermo Fischer Scientific) and incubated at 37°C in a 5%
CO, atmosphere. For the mineralization studies, the UMR-106
cells were grown in 24-well a Corning Costar transwell system
with a pore size of 5.0 pm (3421; Corning Incorporated, Kenne-
bunk, ME, USA). The complete media was added 10mM
B-glycerolphosphate and 50 pg/mL ascorbic acid (G9422-10G
and A4403; Sigma Life Science, St. Louis, MO, USA).®?

Experimental in vitro protocols

1. Incubation of normal and uremic aorta rings for 24 or
48 hours.

2. Mineralization study: UMR-106 cells co-incubated with nor-
mal and uremic calcified aortas for 8 days.

3. Cell signaling study: UMR-106 cells co-incubated with nor-
mal and uremic calcified aortas (24 hours). A further study
was conducted with or without lithium chloride (LiCl).

Aorta culture

The aortas from six normal rats and six uremic rats were cultured
ex vivo. Under sterile conditions, the whole aorta was gently
excised (from arcus aorta to aortic bifurcation) under a stereomi-
croscope. The vessel was flushed with heparin/saline and placed
in cold (5°C) isotonic saline. While suspended in saline, the aorta
was gently cut into 1-mm rings under a stereomicroscope. Then
the aorta rings were quickly placed in DMEM high glucose
(D5796; Sigma Life Science) supplemented with 10% FBS and
1% P/S. Eight aorta rings were placed per well in a 12-well cell
plate, suspended in 1 mL complete media, and incubated at
37°C in a 5% CO, atmosphere. The culture time was either
24 hours or 48 hours, after which the media was collected and
its concentration of sclerostin, dickkopf-1 (Dkk1), secreted
frizzle-related protein 4 (SFRP4), and activin A were measured
using commercial ELISAs, previously evaluated in our labora-
tory."*3¥ Viability of the aorta rings was confirmed by Trypan
blue staining.

The mineralization study

UMR-106 cells were seeded at a density of 50,000/plate (lower
chamber, 24-well, Transwell). After 1 day of incubation, mineral-
ization media was added followed by insertion of three normal
aorta rings or three uremic calcified aorta rings into each insert
of eight wells, respectively. Eight wells were incubated without
aorta tissue. The media and aorta rings were changed every
2 days. After 8 days of co-incubation, the UMR-106 cells were
fixed and stained with Alizarin red for assessment of calcium-
containing crystal formation. The experiment was repeated three
times with a total of 12 normal aortas and 12 uremic calcified
aortas used.

The cell signaling study

UMR-106 cells were seeded at a density of 1M in a six-well plate
(2 mL media). At 80% confluence, five aorta rings from normal or
uremic rats were placed at the circumference of each well. After
24 hours, the aorta was removed and the UMR-106 cells were
analyzed for genes related to mineralization and Wnt pathway.
The experiment was repeated eight times with a total of eight
normal and eight uremic calcified aortas used. In addition, a fur-
ther study was conducted where UMR-106 cells were incubated
with normal and uremic calcified aortas (n = 5, 12-well plate, four
aorta rings/well, 1 mL media) with or without 0.05mM LiCl. The
dose of 0.05mM LiCl was confirmed to influence Wnt pathway
by significantly increasing p-catenin protein in UMR-106 cells
(Supplemental Methods).

Biochemistry analyses

The cell culture media was measured for its concentration of
sclerostin  (R&D Systems, Minneapolis, MN, USA), Dkk1
(NBP2-61303; Novus Biologicals, Centennial, CO, USA), SFRP4
(LS-F8488; LSBio, Seattle, WA, USA), and activin A (DACO0B;
R&D systems).’®*® The media sample was measured non-
diluted and in dilutions of 1:2, 1:10, and 1:20. The lowest dilution
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Table 1. Plasma Biochemistry and Aorta Calcium Content of Normal and Uremic Rats

Aorta calcium
(pg Ca/mg weight)

Activin A (pg/mL)

Dkk1 (pg/mL) SFRP4 (ng/mL)

1117 £ 186

Sclerostin (pg/mL)

Ca*" (mM) Phosphate (mM)

1.38 £ 0.05

Creatinine (pM)

Group

0.37 [0.35-0.44]

95 [84-139]

11+3
42 4+ 22

359 + 38
430 £ 222

3.18 £ 0.63
423 £ 149

20+ 8
123 £ 60
<0.001

Normal rat

1.04 [0.54-56.32]

78 [40-283]

1828 + 1140

1.26 £ 0.16

Uremic rat

<0.001

0.390

0.003

0.188

0.471

0.051

0.013

Plasma parameters of kidney function, mineral balance (n = 12/12), the Wnt inhibitors: sclerostin, dickkopf 1 (Dkk1), secreted frizzle-related protein 4 (SFRP4), and TGF-f member activin A (n = 6 or 9). Data are

shown as mean + SD or median [range]. The aorta calcium content was quantified by the o-cresolphthalein method and normalized to dry weight (n = 8).

is presented in Results. The plasma from the normal and uremic
rats were measured for creatinine, urea, and phosphate using a
Vitros 250 analyzer (Ortho-Clinical Diagnostics, Raritan, NJ,
USA). lonized calcium, electrolytes, hemoglobin, and bicarbon-
ate were measured at actual pH by an ABL 900 (Radiometer,
Copenhagen, Denmark). The media’s calcium concentration
was measured by an ABL 900.

Aorta calcium

Aortic calcium content was quantified by the o-cresolphthalein
method and normalized to dry weight.®* To illustrate the calci-
fication of the aorta, the proximal thoracic aorta from normal
and uremic rats was stained with von Kossa (Supplemental
Methods).?>3

Mineralization analysis by Alizarin red stain

UMR-106 cells were fixed in 10% formalin for 30 minutes. After
rinsing with distilled water (dH,0), the cells were stained with
2% Alizarin red (pH 4.2) for 10 minutes, followed by thorough
rinsing with dH,0.%® Images were acquired using a Zeiss Axio
Observer 7 inverted microscope using an EC Plan-Neofluar
5x%/0.16 objective fitted with an Axiocam 105 color camera
(Carl Zeiss AG, Oberkochen, Germany). Number and size of
calcium-containing crystals were counted using Imagel
software (NIH, Bethesda, MD, USA; https://imagej.nih.gov/ij/)
(Supplemental Methods). The mean of the total number and area
of calcium containing crystals of UMR-106 were used as refer-
ence and set to 1.

Western blot

Protein analysis was performed using standard methods
(Supplemental Methods).®” Primary antibodies: 1:5000 total
B-catenin (detects C-terminal region of f-catenin; 610153; BD
Biosciences, Franklin Lakes, NJ, USA), 1:1000 active f-catenin
(detects nonphosphorylated f-catenin at Ser37 and Thr41;
05-665; Merck Millipore, Burlington, MA, USA), 1:1000 osteopon-
tin (ab8448; Abcam, Cambridge, UK). Park7 (ab18257; Abcam)
was used as reference protein. The density of protein bands
was quantified in Image J. Uncropped WB images are shown in
Supplemental Fig. S2.

Gene analysis by quantitative RT-PCR

Gene analysis was performed using standard methods
(Supplemental Methods).®® The mRNA levels were normalized
to the mean of the stable reference genes: Arbp and Rpl13, and
results are shown as the ratio to the mean expression level of
control group (eg, normal aorta or UMR-106) using the delta-
delta comparative threshold cycle (AACt) method.®® Primers
are listed in Supplemental Table S1.

Statistics

Normal distributed data are expressed as mean + SD. Skewed
data are shown as median [range]. Data are presented in box-
plots showing median, interquartile range, and all data points
in all figures. Statistical significance was tested using two-sided
t test for data with normal distribution and the Mann-Whitney
U test as nonparametric test. One-way ANOVA followed by
Tukey's multiple-comparison tests was used to compare means
between the three groups. All calculations were performed in
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Fig. 1. The uremic calcified aorta secretes the Wnt inhibitor sclerostin. (A) Sost gene, coding for sclerostin, is highly upregulated in the calcified aorta from
uremic rats (p = 0.04). (B) Incubation of T mm aorta rings from six normal rats and six uremic rats (eight rings were incubated in T mL media/well). Media
was collected from one well after 24 hours or 48 hours and sclerostin was measured by ELISA. The calcified aorta from uremic rats secreted high amounts
of sclerostin. (C,D) The Wnt inhibitor dickkopf 1 (Dkk1) was induced in the uremic calcified aorta, which secreted significant amounts of Dkk1 protein into
the media (***significant induction and secretion). Dkk1 was not expressed in the normal aorta. (E,F) Secreted frizzle-related protein 4 (SFRP4) was
expressed in the normal aorta yet varied expression in the uremic calcified aorta. Still, similar secretion of SFRP4 was found. (G,H) Inhba coding for activin
A was similar expressed in the normal aorta and uremic calcified aorta. However, the uremic calcified aorta secreted significant higher amounts of activin A
into the media. mRNA levels were normalized to the mean of stable housekeeping genes, and results are shown as the ratio to the expression level of
normal rats using the AACt method. Data are presented in box-plots showing median, interquartile range and all data points. n = 6. #The measurement

of dkk1 in the sole media was set to 0 and the other measurement was subtracted.

Prism 8.0 (GraphPad Software, Inc., La Jolla, CA, USA). Signifi-
cance level was set at p < 0.05.

Results

Normal and uremic rats’ plasma biochemistry and aorta
characteristics

To describe the donors of the normal and uremic calcified aortas,
the plasma biochemistry of normal and uremic rats is shown in
Table 1 and Supplemental Table S2. The uremic rats suffered from
severe CKD with severely increased creatinine levels and urea,
slightly lower hemoglobin, and significant electrolyte derange-
ments. The phenotypic shift of the uremic calcified aorta was char-
acterized by a strong downregulation of the VSMC markers
a-smooth muscle actin and elastin (Supplemental Fig. S1). The
osteogenic transcription factor runt-related transcription factor
2 (RUNX2) was significantly upregulated, whereas no statistical dif-
ference was found in bone morphogenetic protein 2 (BMP2). A
high upregulation of the mineralization inhibitor osteopontin
was found in the uremic calcified aorta (Supplementary Fig. S1).
The uremic calcified aorta had significant higher calcium content
in comparison with the normal aorta (Table 1).

The uremic calcified aorta secretes several signal
molecules related to the Wnt and TGF-§ pathways

Sost gene coding for sclerostin is primarily expressed by the oste-
ocytes.“? In the uremic calcified aorta the expression of Sost was
significantly increased (Sost mRNA levels median 4.64 [0.68-
26.11] versus normal aorta 1 [0.55-1.82], p < 0.04, Fig. 1A). To
assess whether sclerostin was secreted by the calcified aorta
from uremic rats, aorta rings were incubated ex vivo for 24 or
48 hours. Sclerostin could not be detected in the sole media
(without aorta tissue) at the two time points. Minor secretion of
sclerostin was detected by the normal aorta, 31 [7-88] pg/mL
24 hours and 30 [13-104] pg/mL 48 hours. The uremic calcified
aorta rings secreted large amounts of sclerostin into the media,
more specifically 1936 [495-4400] pg/mL 24 hours and 2001
[1336-5000] pg/mL 48 hours, p < 0.002, compared to normal
aorta, respectively (Fig. 1B).

To further study if the vasculature secreted other signal mole-
cules, the media from the incubated normal and uremic calcified
aorta rings was also examined for other factors induced in CKD.
Expression of the Wnt inhibitor Dkk1 was induced in the uremic
calcified aorta, whereas no transcript was found in the normal
aorta (Fig. 1C). Moreover, Dkk1 was secreted by the uremic calci-
fied aorta (119 [78-551] pg/mL 24 hours, 353 [110-686] pg/mL
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Fig. 2. Strong inhibitory effect on bone cell mineralization inflicted by the uremic calcified aorta. (A) Representative histological images of the fixed cells
stained with Alizarin red in the three groups. The upper images show a large portion of the well. The lower images are enlarged to visualize the calcium
containing crystals. (B) Histological images of normal and uremic calcified aorta, the latter showed calcium-phosphate crystals deposition in the media
layer (von Kossa stain). (C) The number of calcium containing crystals are shown as the ratio to the mean of UMR-106 (set to 1). Significant fewer miner-
alization units in UMR-106 cells incubated with the normal aorta. Strikingly, no mineralization could be detected, when the bone cells were incubated with
the uremic calcified aorta. (D) The area of mineralization is expressed as the sum of calcium depositions’ area and shown as the ratio to the mean of UMR-
106 (set to 1). Less mineralization in UMR-106 + normal aorta. No mineralization in UMR-106 cells incubated with the uremic calcified aorta. Data are pre-
sented in box-plots showing median, interquartile range and all data points, where each dot represents the quantification of calcium deposition in an
individual well. The experiment was repeated three times with a total n of 24 in each group.

48 hours, Fig. 1D). The gene coding for SFRP4 was expressed at calcified aorta secreted significant higher amounts of amounts
similar levels in normal and uremic calcified aortas, and both ves- of activin A (12,158 [4712-18,000] pg/mL 24 hours, 14,084
sels secreted similar amounts of SFRP4 (Fig. 1E,F). The uremic [13,552-19,000] pg/mL 48 hours versus 1,838 [250-4146] pg/mL
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median, interquartile range and all data points. n = 7/8/9.

24 hours, 4850 [2,643-14,129] pg/mL 48 hours; p = 0.002 and
p = 0.015; respectively, Fig. 1H), despite the similar expression
of Inhba, coding for activin A, found in normal and uremic calci-
fied aortas (Fig. 1G). Taken together, the uremic calcified aorta
secretes several signal molecules, which potentially can affect
bone metabolism.

The presence of uremic vascular calcification inhibits bone
cell mineralization

To examine whether the calcified aorta from uremic rats had a
direct effect on bone cell mineralization, the aorta was co-
incubated with the osteoblast-like cell line UMR-106 cells in the
mineralization media supplemented with 10mM B-glycerolpho-
sphate. The media’s calcium concentration was measured daily
and found similar among groups with an overall mean of
1.23 + 0.06mM (Supplemental Table S3). The UMR-106 cells
formed calcium containing crystals in the mineralization media
(Fig. 2A-D). When the UMR-106 cells were co-incubated with
normal aorta rings, they had less calcium depositions (0.22 [0-
1.55] versus 1 [0.29-1.92], p = 0.007) and a smaller mineralized
area (0.20 [0-2.42] versus 1 [0.21-2.62], p = 0.03). Nonetheless,

a striking effect of the vascular calcification on bone cells was
found, as no mineralization could be detected in the UMR-106
cells co-incubated with the uremic calcified aorta (Fig. 2A-D).
The normal and uremic aorta tissue absorbed some calcium dur-
ing incubation, on average 0.82 [0.60-1.26] pg and 0.43 [0.27-
28.24] pg Ca/mg dry weight, respectively (~0.02 and
0.01 mmol/mg, after 2 days of co-incubation). In summary, the
uremic calcified aorta strongly inhibited the bone cell’s ability
to form calcium-containing crystals.

The presence of vascular calcification upregulates
mineralization inhibitors in bone cells

The uremic calcified aorta significantly upregulated the mineral-
ization inhibitor osteopontin in UMR-106 cells after 24 hours of
co-incubation. The gene Spp1 coding for osteopontin was highly
increased (UMR-106 + uremic aorta 25.50 [5.53-51.00] versus
UMR-106 + normal aorta 2.78 [1.20-7.85] and UMR-106
1 [0.39-5.49], p < 0.001, Fig. 3A). The increased osteopontin
expression was also confirmed at the protein level by Western
blot (Fig. 3B). Another mineralization inhibitor progressive anky-
losis protein homolog (ANKH) was also significantly upregulated
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for 24 hours. (A,B) No difference in total and active -catenin protein between the three groups, analyzed by Western blot. (C) The expression of the gene
Ctnnb1 coding for B-catenin protein was similar between all three groups. (D-F) The expression levels of Wnt target genes c-Myc and Ccnd1 were similar
among the three groups, whereas Jun was significantly upregulated by incubation with aorta tissue with no difference between normal and uremic aorta.
WB quantified in ImageJ (n = 3/4). mRNA levels were normalized to the mean of stable housekeeping genes, and results are shown as the ratio to the expres-
sion level of UMR-106 cells using the AACt method. Data are presented in box-plots showing median, interquartile range and all data points. n = 7/8.
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in UMR-106 cells by the uremic calcified aorta (UMR-106
+ uremic aorta 2.95 [1.87-7.32] versus UMR-106 + normal aorta
1.75 [0.51-2.46] and UMR-106 1 [0.49-2.15], p = 0.005 and
p < 0.001, respectively, Fig. 3C). No difference was found in the
expression level of alkaline phosphatase (Fig. 3D). Collagen |
was slightly increased in UMR-106 co-incubated with the uremic
calcified aorta (Fig. 3E). So, the bone cells upregulate mineraliza-
tion inhibitors in the presence of the uremic calcified aorta.

Involvement of the canonical Wnt/p-catenin signaling in
the vasculature to bone signaling

The uremic calcified aorta secreted both sclerostin and Dkk1.
These factors inhibit canonical Wnt/B-catenin signaling by
enhancing degradation of f-catenin protein. To counteract this
possible effect, we added LiCl to the media because it stabilizes
B-catenin protein in UMR-106 cells. Stabilization of p-catenin by
LiCl hindered the strong induction of osteopontin by the uremic
calcified aorta (3.61 [1.14-4.96] versus 16.91 [8.88-20.18],
p = 0.01, Fig. 4A). Furthermore, the effect on expression of Sost
coding for sclerostin was examined. LiCl significantly downregu-
lated Sost expression in UMR-106 cells. Co-incubation with aorta
rings resulted in similar downregulation and the combined effect
was synergistic (Fig. 4B). Wnt pathway is interconnected with
several other pathways in bone; eg, the anabolic BMP2.
Incubation with both normal and uremic calcified aorta resulted
in significant downregulation of BMP2 in UMR-106 cells (0.27
[0.11-0.45] and 0.27 [0.10-0.52] versus 1 [0.58-1.59], p < 0.01).
This inhibitory effect was also abolished by LiCl administration
(Fig. 4C). LiCl had no effect on the upregulation of ANKH and
Col1a2 by the uremic calcified aorta (Supplemental Fig. S3). In
summary, Wnt/p-catenin signaling is active in UMR-106 cells,
where it regulates the expression of the Wnt inhibitor sclerostin.
Some of the signals from the uremic calcified aorta are coupled
to the canonical Wnt/p-catenin pathway in the bone cells.

Effect of the uremic calcified aorta on p-catenin and
classical Wnt target genes in UMR-106 cells

Because we found secretion of canonical Wnt/B-catenin inhibi-
tors by the uremic calcified aorta and were able to block its
induction of osteopontin in UMR-106 cells by stabilizing protein
levels of p-catenin, we examined the effect of the uremic calci-
fied aorta on Wnt signaling in UMR-106 cells. However, no differ-
ence between total and active p-catenin protein was detected
between UMR-106 cells and UMR-106 cells co-incubated with
normal and uremic aorta (Fig. 5A,B). There was no difference in
the gene coding for p-catenin protein between all three groups
(Ctnnb1 mRNA levels: UMR-106 1 [0.62-1.57], UMR-106
+ normal aorta 1.08 [0.94-2.21], UMR-106 + uremic aorta 1.26
[0.99-3.26], Fig. 5C). The expression levels of Wnt target genes
¢-Myc and Ccnd1 were similar among the three groups (c-Myc
mMRNA levels: UMR-106 1 [0.50-3.49], UMR-106 + normal aorta
0.81 [0.50-2.70], UMR-106 + uremic aorta 1.20 [0.51-2.63] and
Cend1 mRNA levels: UMR-106 1 [0.42-3.19], UMR-106 + normal
aorta 1.05 [0.75-3.04], UMR-106 + uremic aorta 1.12 [0.64-
5.71], Fig. 5D,E). The transcription factor Jun, another Wnt target
gene, was significantly upregulated by co-incubation with aorta
tissue, yet no difference was found between normal and uremic
aorta (Jun mRNA levels: UMR-106 1 [0.61-2.83] versus UMR-106
+ normal aorta 1.58 [1.18-2.29] and UMR-106 + uremic aorta
1.98 [1.08-3.44], p < 0.03 and p < 0.008, respectively, Fig. 5C).
Adding LiCl to the media had no effect on Jun upregulation

The calcified vasculature in chronic kidney disease secretes
factors that inhibit bone mineralization
In vitro evidence of a direct vascular - bone tissue crosstalk

secreted
signals

v Mineralization
4 Osteopontin

4+ ANKH
“SSoofi - Possible mechanisms:
Wnt pathway inhibition
UMR-106 Activation of Act A receptor
Bone cells

Activation of multiple signal pathways

Fig. 6. Summary figure. The calcified vasculature in CKD secretes factors
that inhibit bone mineralization. The present in vitro study showed that
the calcified aorta from CKD rats secreted large amounts of the Wnt
inhibitors sclerostin and dickkopf 1 (Dkk1) as well as the TGF- ligand
activin A. In addition, bone cells exposed for the signaling from the calci-
fied vasculature showed impaired mineralization and upregulation of the
mineralization inhibitors osteopontin and progressive ankylosis protein
homolog (ANKH). The present study supports the existence of a direct
calcified vasculature to bone tissue crosstalk.

(Supplementary Fig. S3). Taken together, these observations
indicate a constitutive expression of p-catenin and Wnt target
genes in UMR-106 cells (Fig. 6).

Discussion

Calcification of the vasculature causes a dramatic shift in the
gene expression profile and induction of signal molecules of
the Wnt and TGF-p pathways.”® In a recent study from our
group, we showed that vascular calcification impaired bone
metabolism."'® Our hypothesis of a direct vasculature to bone-
tissue crosstalk was studied in the present in vitro investigation,
where it was demonstrated that the Wnt inhibitors sclerostin,
Dkk1, SFRP4, and the TGF-f member activin A were secreted by
the calcified aorta from uremic rats. All these secreted signal mol-
ecules may affect bone metabolism. In addition, co-cultures with
the osteoblast-like cell line UMR-106 showed a powerful effect of
the uremic calcified aorta on bone cell mineralization because it
abolished formation of calcium-containing crystals. The mineral-
ization inhibitor osteopontin was highly upregulated in UMR-106
cells co-incubated with the uremic calcified aorta; this may repre-
sent one of the mechanisms behind the strong antimineraliza-
tion effect (Fig. 6). The induction of osteopontin was blocked
by LiCl, indicating the secreted factors from the uremic calcified
aorta inhibit the canonical Wnt/p-catenin. At the same time,
other effects of the aorta on UMR-106 gene transcription could
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not be blocked by LiCl, indicating a complex impact on several
pathways. This is also in accordance with the findings that sev-
eral signal molecules were secreted by the uremic calcified aorta.

The complex Wnt pathway consists of multiple ligands, sev-
eral downstream signaling pathways (canonical B-catenin and
noncanonical), interaction with other pathways such as TGF-f,
BMPs, and several antagonists. In most tissues Wnt signaling is
primarily active during embryogenesis but is reactivated in tissue
injury and fibrosis.*" However, in bone Wnt signaling continues
to be an important anabolic pathway.“? Osteocytes secrete
sclerostin, which is an essential factor in balancing bone forma-
tion and resorption.*%*344 |n the present study we showed
upregulation of Sost gene in the calcified aorta from uremic rats,
which also secreted sclerostin in high amounts, like our previous
results.'® We have previously shown that our model of CKD-
induced vascular calcification was accompanied by a large
increase in plasma sclerostin in the uremic rats, which was not
reflected in their bone’s expression of sclerostin, indicating extra-
skeletal production.’® Similarly, De Maré and colleagues®®
found a gradual increase in plasma sclerostin as the calcification
of vasculature progressed without increased bone sclerostin
expression in another model of vascular calcification using war-
farin treatment. In humans, expression of Sost/sclerostin has
been demonstrated in vascular pathology where it co-localizes
with calcification.“®*” Also, plasma sclerostin has been posi-
tively linked to parameters of vascular calcification.*648->"
Plasma sclerostin increases early in CKD and rises progressively
as kidney function decreases, 2224652 3lthough the failing kid-
neys actually increase the fractional sclerostin excretion.®
Combing the observational and experimental data, extraskeletal
production of sclerostin in the calcified vessels may very likely
contribute to the increased plasma levels of sclerostin in CKD.

The presence of a uremic calcified aorta strongly inhibited the
UMR-106 cells’ ability to mineralize in vitro. These results are in
line with our previous findings in vivo, where normal rats trans-
planted with a uremic calcified aorta developed lower BMD.('®
These rats also had a significant upregulation of bone expression
of the mineralization inhibitors osteopontin and ANKH,"® similar
to the present findings in UMR-106 cells. Osteopontin is a nega-
tive charged bone matrix protein, which, among its multiple
functions, has the ability to bind calcium with a high affinity
and has been shown to inhibit crystal growth.**>* In cohort
studies, higher plasma levels of osteopontin has been linked to
lower BMD.®®>”) ANKH is a transmembrane protein that trans-
ports inorganic pyrophosphate (PPi), which is a strong inhibitor
of hydroxyapatite mineralization.®®*® Adding recombinant
sclerostin and activin A to bone cells inhibits their mineraliza-
tion.(¢°6" Accordingly, the impairment in UMR-106 cells’ miner-
alization could be explained by the secreted sclerostin and/or
activin A from the calcified aorta. Still, there may be other factors
secreted by the aorta not examined in the present investigation.
For example, inflammatory cytokines are known to have a nega-
tive impact on bone metabolism.®? Interestingly, we found the
same upregulation of osteopontin in the uremic calcified aorta
as well as in bone tissue in vivo and bone cells in vitro exposed
for signaling from the calcified artery."'® These findings under-
line the close link between the pathological processes in vessels
and bone, and they may provide a mechanistic explanation to
the common finding of lower BMD and presence of vascular cal-
cification in human cohorts.

Sclerostin and Dkk1 bind the co-receptor LRP5/6 of the Wnt
receptor complex (frizzle receptor and LRP5/6) and so antago-
nize the Wnt/p-catenin canonical pathway.®**% In the absence

of Wnt activation, p-catenin’s degradation complex consisting
of adenomatous polyposis coli (APC), axin and glycogen
synthase kinase 3 (GSK3) phosphorylate B-catenin, which results
in rapid degradation.*? As both sclerostin and Dkk1 were
secreted by the uremic calcified aorta, lower p-catenin protein
levels would be expected in the co-incubated UMR-106 cells.
However, the same levels of total and active f-catenin were
found in all three groups. Because the presence of aorta tissue
strongly downregulated Sost mRNA in UMR-106 cells, it may
have affected the balance between endogenous and exogenous
sclerostin and their effects on p-catenin levels. Classical canonical
Whnt target genes c-Myc and Cyclin D1 were also not significantly
altered in all three groups. These findings are in contrast to the
ones found in our animal model of aorta transplantation, where
the recipients of the uremic calcified graft had increased Sost
expression and downregulation of Wnt target genes.!'®
Although the present in vitro model is suitable to study direct
signaling from the uremic calcified aorta, it is limited to represent
the physiological bone formation in vivo, which comprise of a
complex interplay between several cell types and multiple cell
signaling. Moreover, the UMR-106 cell line is a clonal derivative
of a rat osteosarcoma and so the cells may have altered Wnt sig-
naling in comparison to the osteoblast, because disturbed Wnt
signaling is commonly found in cancer.®® The precise down-
stream signaling pathways of Wnt/p-catenin in bone are largely
unknown.®®

Stabilizing p-catenin signaling by LiCl blocked the strong
induction of osteopontin, indicating a key role of Wnt/p-catenin
pathway in the vasculature to bone cell signaling. LiCl binds GSK
of the B-catenin’s degradation complex thus increases p-catenin
protein and signaling.®”*® LiCl also alleviated the normal and
uremic calcified aortas’ effect on BMP2 and potentiated the
downregulation of Sost. Whether we failed to detect the possible
changes in p-catenin protein by Western blot analysis, or our
findings are a result of a complex interplay between several sig-
nals, where increased B-catenin levels counteract the effects of
the other factors, is not clear. Still, other experimental studies
have shown that disturbed Wnt/p-catenin signaling may be
involved in the development of renal osteodystrophy. Sabbagh
and colleagues®® used a model of progressive renal failure (jck
mouse) and found an early increase in bone sclerostin before
alterations in the classical CKD-MBD parameters. Fang and col-
leagues®® treated diabetic mice with stage 2 CKD with anti-
Dkk1 antibodies and found positive effects on bone volume. In
a study by Moe and colleagues”® CKD rats with low or high bone
turnover were treated with anti-sclerostin antibodies. Neutraliza-
tion of sclerostin only improved bone volume in the low bone
turnover condition. The role of circulating sclerostin on bone
metabolism is not clarified, partly due to the rather contradictory
finding of a positive association between plasma sclerostin and
bone BMD in both CKD and population cohorts.#871=77) still,
the studies all point toward an involvement of disturbed Wnt
pathway in bone disorders in CKD. Future research is needed
to elucidate the detailed pathophysiological mechanisms of
the different subtypes of renal osteodystrophy, and to illustrate
how the calcified vasculature affects bone metabolism along
the course of declining kidney function.

Even the presence of a normal aorta reduced calcium contain-
ing crystal formation in UMR-106 cells and affected the expres-
sion of Jun, Sost, and BMP2. These results suggest that
activation of tissue injury and local repair mechanisms may have
off target effects. This notion is in line with the new paradigm
proposed by Hruska and colleagues®" that kidney injury factors
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have negative systemic effects in CKD-MBD. Similar secretion of
SFRP4 was found in normal and uremic calcified aortas. SFRP4
is a decoy receptor for Wnt ligand and antagonizes both canon-
ical and noncanonical Wnt signaling.”® Its exact role in bone
homeostasis is not yet well understood. Plasma levels of SFRP4
were four times above normal levels in the uremic rats, suggest-
ing a disturbed SFRP4 balance in CKD. Still, conflicting results
have been found in patients with CKD.®'7

Recently, activin A has been proposed to play a role in the
CKD-MBD.®" Activin A is widely distributed in bone and seems
to be a negative regulator of bone turnover by several mecha-
nisms on formation and resorption.®” The cytokine is induced
in kidney disease, and our group recently showed that it is
secreted by the injured kidney.?**3*#" |n the present study, we
found secretion of activin A from the normal aorta (ex vivo)
and even higher secretion from the uremic calcified aorta.
Increased activin A signaling is found in CKD and targeting the
pathway has shown beneficial effects on kidney, vasculature,
and bone.?782-84

Classical treatment strategies for vascular calcification have
limited effect in CKD patients, which still have a very high cardio-
vascular mortality. 58 Therefore, it is of high importance to fur-
ther study whether the local expression of sclerostin, Dkk1,
SFRP4, and activin A has a protective or detrimental role in ure-
mic vasculopathy. The use of sclerostin antibodies in the treat-
ment of osteoporosis has raised concerns regarding
cardiovascular side-effects.®”~#9 |n a phase Il trial of sotatercept
(activin receptor type IIA fusion protein trap) effect on hemoglo-
bin in dialysis patients, a positive effect on aorta calcification and
BMD was reported.®?

Although the present in vitro study enables the studying of
direct signals from the uremic calcified vasculature to bone cells,
it is limited to elucidate the full role of uremic vascular disease in
the complex syndrome of CKD-MBD. Adding 0.05mM LiCl to the
8-day mineralization study affected cell viability and so its effect
on the calcification of UMR-106 cells was not possible to clarify. In
addition, the study is limited to differentiate between long-term
uremia versus severe vascular calcification as well as a potential
effect of age. Another limitation is the use of the rat model, as
the rat is known to not easily develop vascular calcifications.
The established model of CKD-induced vascular calcification in
the rat therefore uses high doses of alfacalcidol and dietary
phosphate.'62>343590) | this model of CKD-induced vascular
calcification, hormonal levels are responding to not only uremia
but also to the treatment with active vitamin D analog, and so
plasma level of PTH is suppressed and FGF23 is highly increased
as previously shown in the same model.(162>343%)

In conclusion, the vascular calcification process in CKD
induces local expression of the Wnt inhibitors sclerostin, Dkk1,
SFRP4, and the TGF-p family member activin A. These factors
are shown to be secreted from the calcified aorta ex vivo. Bone
cells co-incubated with uremic calcified aortas have impaired
calcium crystal formation and upregulation of mineralization
inhibitors. The present study supports the existence of a patho-
logical vascular-bone tissue crosstalk in CKD-MBD. Targeting sig-
nals from the calcified arteries may represent a new approach for
treatment of the severe bone disease in CKD-MBD.

Acknowledgments

The study was supported by unrestricted grants from the
Danish Heart Association (grant 19-R132-A9209-22141 &

16-R107-A6720-22012 to MLM) and the Augustinus Foundation
(grant 19-2370 to MLM). We thank our very skilled lab
technicians Nina Sejthen for her excellent work. Also, thanks to
Morten Juhl, Cardiology Stem Cell Centre, The Heart Centre, Rig-
shospitalet, University of Copenhagen for facilitating microscope
facility and image acquisition. Illustrations were created with
Biorender.com.

Authors’ roles: MLM, KO, and EL: study design. MLM, EG, AN,
SE, and MM: study conduct, data collection and analysis. MLM,
KO, and EL: Analysis, interpretation, manuscript and revision. All
authors approved final manuscript.

Conflict of Interests

All authors declared no competing interests.

Peer Review

The peer review history for this article is available at https://
publons.com/publon/10.1002/jbm4.10610.

References

1. Frye MA, Melton LJ Ill, Bryant SC, et al. Osteoporosis and calcification
of the aorta. Bone Miner. 1992;19(2):185-194.

2. Schulz E, Arfai K, Liu X, Sayre J, Gilsanz V. Aortic calcification and the
risk of osteoporosis and fractures. J Clin Endocrinol Metab. 2004;89(9):
4246-4253.

3. Kiel DP, Kauppila LI, Cupples LA, Hannan MT, O'Donnell CJ,
Wilson PW. Bone loss and the progression of abdominal aortic calci-
fication over a 25 year period: the Framingham Heart Study. Calcif Tis-
sue Int. 2001,;68(5):271-276.

4. Naves M, Rodriguez-Garcia M, Diaz-Lopez JB, Gomez-Alonso C,
Cannata-Andia JB. Progression of vascular calcifications is associated
with greater bone loss and increased bone fractures. Osteoporos Int.
2008;19(8):1161-1166.

5. Tanko LB, Christiansen C, Cox DA, Geiger MJ, McNabb MA,
Cummings SR. Relationship between osteoporosis and cardiovascu-
lar disease in postmenopausal women. J Bone Miner Res. 2005;
20(11):1912-1920.

6. Kado DM, Browner WS, Blackwell T, Gore R, Cummings SR. Rate of
bone loss is associated with mortality in older women: a prospective
study. J Bone Miner Res. 2000;15(10):1974-1980.

7. Lewis JR, Eggermont CJ, Schousboe JT, et al. Association between
abdominal aortic calcification, bone mineral density, and fracture in
older women. J Bone Miner Res. 2019;34(11):2052-2060.

8. Foley RN, Parfrey PS, Sarnak MJ. Epidemiology of cardiovascular dis-
ease in chronic renal disease. J Am Soc Nephrol. 1998;9(12 Suppl):
$16-S23.

9. Hyder JA, Allison MA, Criqui MH, Wright CM. Association between
systemic calcified atherosclerosis and bone density. Calcif Tissue Int.
2007;80(5):301-306.

10. Edmonds ME. Medial arterial calcification and diabetes mellitus. Z
Kardiol. 2000;89(Suppl 2):101-104.

11. Toussaint ND, Lau KK, Strauss BJ, Polkinghorne KR, Kerr PG. Associa-
tions between vascular calcification, arterial stiffness and bone min-
eral density in chronic kidney disease. Nephrol Dial Transplant.
2008;23(2):586-593.

12. Raggi P, Bellasi A, Ferramosca E, Block GA, Muntner P. Pulse wave
velocity is inversely related to vertebral bone density in hemodialysis
patients. Hypertension. 2007;49(6):1278-1284.

13. Hak AE, Pols HA, van Hemert AM, Hofman A, Witteman JC. Progres-
sion of aortic calcification is associated with metacarpal bone loss
during menopause: a population-based longitudinal study. Arterios-
cler Thromb Vasc Biol. 2000;20(8):1926-1931.

M 100f 12 MACEETAL

JBMR Plus (WOA)


http://biorender.com
https://publons.com/publon/10.1002/jbm4.10610
https://publons.com/publon/10.1002/jbm4.10610

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

. Laroche M, Delmotte A. Increased arterial calcification in Paget’s dis-

ease of bone. Calcif Tissue Int. 2005;77(3):129-133.

. Moe S, Drueke T, Cunningham J, et al. Definition, evaluation, and clas-

sification of renal osteodystrophy: a position statement from Kidney
Disease: Improving Global Outcomes (KDIGO). Kidney Int. 2006;
69(11):1945-1953.

. Mace ML, Gravesen E, Nordholm A, et al. Chronic kidney disease-

induced vascular calcification impairs bone metabolism. J Bone Miner
Res. 2021;36(3):510-522.

. Dai L, Schurgers LJ, Shiels PG, Stenvinkel P. Early vascular ageing in

chronic kidney disease: impact of inflammation, vitamin K, senes-
cence and genomic damage. Nephrol Dial Transplant. 2020;35(Suppl
2):i31-ii37.

. Kyriakidis NC, Cobo G, Dai L, Lindholm B, Stenvinkel P. Role of uremic

toxins in early vascular ageing and calcification. Toxins (Basel). 2021;
13(1):26.

. Pasch A, Jahnen-Dechent W, Smith ER. Phosphate, calcification in

blood, and mineral stress: the physiologic blood mineral buffering
system and its association with cardiovascular risk. Int J Nephrol.
2018;2018:9182078.

Back M, Aranyi T, Cancela ML, et al. Endogenous calcification inhibi-
tors in the prevention of vascular calcification: a consensus state-
ment from the COST Action EuroSoftCalcNet. Front Cardiovasc Med.
2018;5:196.

Hruska KA, Sugatani T, Agapova O, Fang Y. The chronic kidney
disease-mineral bone disorder (CKD-MBD): advances in pathophysi-
ology. Bone. 2017;100:80-86.

Sorensen IMH, Saurbrey SAK, Hjortkjaer HO, et al. Regional distribu-
tion and severity of arterial calcification in patients with chronic kid-
ney disease stages 1-5: a cross-sectional study of the Copenhagen
chronic kidney disease cohort. BMC Nephrol. 2020;21(1):534.

Neven E, De Schutter TM, De Broe ME, D'Haese PC. Cell biological and
physicochemical aspects of arterial calcification. Kidney Int. 2011;
79(11):1166-1177.

Durham AL, Speer MY, Scatena M, Giachelli CM, Shanahan CM. Role
of smooth muscle cells in vascular calcification: implications in ath-
erosclerosis and arterial stiffness. Cardiovasc Res. 2018;114(4):
590-600.

Rukov JL, Gravesen E, Mace ML, et al. Effect of chronic uremia on the
transcriptional profile of the calcified aorta analysed by RNA-
sequencing. Am J Physiol Renal Physiol. 2016;310(6):F477-F491.

Nordholm A, Mace ML, Gravesen E, et al. Klotho and activin A in kid-
ney injury: plasma Klotho is maintained in unilateral obstruction
despite no upregulation of Klotho biosynthesis in the contralateral
kidney. Am J Physiol Renal Physiol. 2018;314(5):F753-F762.

Agapova OA, Fang Y, Sugatani T, Seifert ME, Hruska KA. Ligand trap
for the activin type IlA receptor protects against vascular disease
and renal fibrosis in mice with chronic kidney disease. Kidney Int.
2016;89(6):1231-1243.

Fang Y, Ginsberg C, Seifert M, et al. CKD-induced wingless/integra-
tion1 inhibitors and phosphorus cause the CKD-mineral and bone
disorder. J Am Soc Nephrol. 2014;25(8):1760-1773.

Cejka D, Herberth J, Branscum AJ, et al. Sclerostin and Dickkopf-1 in
renal osteodystrophy. Clin J Am Soc Nephrol. 2011;6(4):877-882.

Pelletier S, Dubourg L, Carlier MC, Hadj-Aissa A, Fouque D. The rela-
tion between renal function and serum sclerostin in adult patients
with CKD. Clin J Am Soc Nephrol. 2013;8(5):819-823.

Zschiedrich S, Budde K, Nurnberger J, et al. Secreted frizzled-related
protein 4 predicts progression of autosomal dominant polycystic kid-
ney disease. Nephrol Dial Transplant. 2016;31(2):284-289.

Stanford CM, Jacobson PA, Eanes ED, Lembke LA, Midura RJ. Rapidly
forming apatitic mineral in an osteoblastic cell line (UMR 106-01 BSP).
J Biol Chem. 1995;270(16):9420-9428.

Nordholm A, Egstrand S, Gravesen E, et al. Circadian rhythm of activin
A and related parameters of mineral metabolism in normal and ure-
mic rats. Pflugers Arch. 2019;471(8):1079-1094.

Gravesen E, Lerche Mace M, Nordholm A, et al. Exogenous BMP7 in
aortae of rats with chronic uremia ameliorates expression of profi-
brotic genes, but does not reverse established vascular calcification.
PLoS One. 2018;13(1):e0190820.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Gravesen E, Nordholm A, Mace M, et al. Effect of inhibition of CBP-
coactivated beta-catenin-mediated Wnt signalling in uremic rats
with vascular calcifications. PLoS One. 2018;13(8):e0201936.

Hale LV, Ma YF, Santerre RF. Semi-quantitative fluorescence analysis
of calcein binding as a measurement of in vitro mineralization. Calcif
Tissue Int. 2000;67(1):80-84.

Morevati M, Egstrand S, Nordholm A, et al. Effect of NAD+ boosting
on kidney ischemia-reperfusion injury. PLoS One. 2021;16(6):
e0252554.

Egstrand S, Nordholm A, Morevati M, et al. A molecular circadian
clock operates in the parathyroid gland and is disturbed in chronic
kidney disease associated bone and mineral disorder. Kidney Int.
2020;98(6):1461-1475.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) method.
Methods. 2001;25(4):402-408 Epub 2002/02/16.

van Bezooijen RL, Roelen BA, Visser A, et al. Sclerostin is an osteocyte-
expressed negative regulator of bone formation, but not a classical
BMP antagonist. J Exp Med. 2004;199(6):805-814.

Komiya Y, Habas R. Wnt signal transduction pathways. Organogene-
sis. 2008;4(2):68-75.

Baron R, Kneissel M. WNT signaling in bone homeostasis and disease:
from human mutations to treatments. Nat Med. 2013;19(2):179-192.

Balemans W, Ebeling M, Patel N, et al. Increased bone density in scler-
osteosis is due to the deficiency of a novel secreted protein (SOST).
Hum Mol Genet. 2001;10(5):537-543.

Brunkow ME, Gardner JC, Van Ness J, et al. Bone dysplasia sclerosteo-
sis results from loss of the SOST gene product, a novel cystine knot-
containing protein. Am J Hum Genet. 2001;68(3):577-589.

De Maré A, Maudsley S, Azmi A, et al. Sclerostin as regulatory mole-
cule in vascular media calcification and the bone-vascular Axis.
Toxins (Basel). 2019;11(7):428.

Brandenburg VM, Kramann R, Koos R, et al. Relationship between
sclerostin and cardiovascular calcification in hemodialysis patients:
a cross-sectional study. BMC Nephrol. 2013;14:219.

Holdsworth G, Staley JR, Hall P, et al. Sclerostin downregulation glob-
ally by naturally occurring genetic variants, or locally in atheroscle-
rotic plaques, does not associate with cardiovascular events in
humans. J Bone Miner Res. 2021;36(7):1326-1339.

Thambiah S, Roplekar R, Manghat P, et al. Circulating sclerostin and
Dickkopf-1 (DKK1) in predialysis chronic kidney disease (CKD): rela-
tionship with bone density and arterial stiffness. Calcif Tissue Int.
2012;90(6):473-480.

Kramann R, Brandenburg VM, Schurgers LJ, et al. Novel insights into
osteogenesis and matrix remodelling associated with calcific urae-
mic arteriolopathy. Nephrol Dial Transplant. 2013;28(4):856-868.

Yang CY, Chang ZF, Chau YP, et al. Circulating Wnt/beta-catenin sig-
nalling inhibitors and uraemic vascular calcifications. Nephrol Dial
Transplant. 2015;30(8):1356-1363.

Stavrinou E, Sarafidis PA, Koumaras C, et al. Increased Sclerostin, but
not Dickkopf-1 protein, is associated with elevated pulse wave veloc-
ity in hemodialysis subjects. Kidney Blood Press Res. 2019;44(4):
679-689.

Behets GJ, Viaene L, Meijers B, et al. Circulating levels of sclerostin but
not DKK1 associate with laboratory parameters of CKD-MBD. PLoS
One. 2017;12(5):e0176411.

Cejka D, Marculescu R, Kozakowski N, et al. Renal elimination of scler-
ostin increases with declining kidney function. J Clin Endocrinol
Metab. 2014;99(1):248-255.

Singh K, Deonarine D, Shanmugam V, et al. Calcium-binding proper-
ties of osteopontin derived from non-osteogenic sources. J Biochem.
1993;114(5):702-707.

Icer MA, Gezmen-Karadag M. The multiple functions and mecha-
nisms of osteopontin. Clin Biochem. 2018;59:17-24.

Saki F, Sheikhi A, Omrani GHR, Karimi H, Dabbaghmanesh MH,
Mousavinasab SN. Evaluation of bone mineral density in children
with type | diabetes mellitus and relationship to serum levels of
Osteopontin. Drug Res (Stuttg). 2017;67(9):527-533.

JBMR® Plus

VASCULAR-BONE TISSUE CROSSTALK 11 of 12



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Wei QS, Huang L, Tan X, Chen ZQ, Chen SM, Deng WM. Serum osteo-
pontin levels in relation to bone mineral density and bone turnover
markers in postmenopausal women. Scand J Clin Lab Invest. 2016;
76(1):33-39.

Addison WN, Azari F, Sorensen ES, Kaartinen MT, McKee MD. Pyro-
phosphate inhibits mineralization of osteoblast cultures by binding
to mineral, up-regulating osteopontin, and inhibiting alkaline phos-
phatase activity. J Biol Chem. 2007;282(21):15872-15883.

Orimo H. The mechanism of mineralization and the role of alkaline
phosphatase in health and disease. J Nippon Med Sch. 2010;77(1):4-12.

Dreyer T, Shah M, Doyle C, et al. Recombinant sclerostin inhibits bone
formation in vitro and in a mouse model of sclerosteosis. J Orthop
Translat. 2021;29:134-142.

Eijken M, Swagemakers S, Koedam M, et al. The activin A-follistatin
system: potent regulator of human extracellular matrix mineraliza-
tion. FASEB J. 2007;21(11):2949-2960.

Epsley S, Tadros S, Farid A, Kargilis D, Mehta S, Rajapakse CS. The
effect of inflammation on bone. Front Physiol. 2020;11:511799.

Li X, Zhang Y, Kang H, et al. Sclerostin binds to LRP5/6 and antagonizes
canonical Wnt signaling. J Biol Chem. 2005;280(20):19883-19887.

Mao B, Wu W, Li Y, et al. LDL-receptor-related protein 6 is a receptor
for Dickkopf proteins. Nature. 2001;411(6835):321-325.

Zhan T, Rindtorff N, Boutros M. Wnt signaling in cancer. Oncogene.
2017;36(11):1461-1473.

Houschyar KS, Tapking C, Borrelli MR, et al. Wnt pathway in bone
repair and regeneration - what do we know so far. Front Cell Dev Biol.
2018;6:170.

Klein PS, Melton DA. A molecular mechanism for the effect of lithium
on development. Proc Natl Acad Sci U S A. 1996;93(16):8455-8459.

Hedgepeth CM, Conrad LJ, Zhang J, Huang HC, Lee VM, Klein PS. Acti-
vation of the Wnt signaling pathway: a molecular mechanism for lith-
ium action. Dev Biol. 1997;185(1):82-91.

Sabbagh Y, Graciolli FG, O'Brien S, et al. Repression of osteocyte
Whnt/beta-catenin signaling is an early event in the progression of
renal osteodystrophy. J Bone Miner Res. 2012;27(8):1757-1772.

Moe SM, Chen NX, Newman CL, et al. Anti-sclerostin antibody treat-
ment in a rat model of progressive renal osteodystrophy. J Bone
Miner Res. 2015;30(3):499-509.

Sheng Z, Tong D, Ou Y, et al. Serum sclerostin levels were positively
correlated with fat mass and bone mineral density in central south
Chinese postmenopausal women. Clin Endocrinol (Oxf). 2012;76(6):
797-801.

Arasu A, Cawthon PM, Lui LY, et al. Serum sclerostin and risk of hip
fracture in older Caucasian women. J Clin Endocrinol Metab. 2012;
97(6):2027-2032.

Szulc P, Boutroy S, Vilayphiou N, et al. Correlates of bone microarch-
itectural parameters and serum sclerostin levels in men: the
STRAMBO study. J Bone Miner Res. 2013;28(8):1760-1770.

Cejka D, Jager-Lansky A, Kieweg H, et al. Sclerostin serum levels cor-

relate positively with bone mineral density and microarchitecture in
haemodialysis patients. Nephrol Dial Transplant. 2012;27(1):226-230.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Pelletier S, Confavreux CB, Haesebaert J, et al. Serum sclerostin: the
missing link in the bone-vessel cross-talk in hemodialysis patients?
Osteoporos Int. 2015;26(8):2165-2174.

Ishimura E, Okuno S, Ichii M, et al. Relationship between serum scler-
ostin, bone metabolism markers, and bone mineral density in main-
tenance hemodialysis patients. J Clin Endocrinol Metab. 2014;99(11):
4315-4320.

Kuo TH, Lin WH, Chao JY, et al. Serum sclerostin levels are positively
related to bone mineral density in peritoneal dialysis patients: a
cross-sectional study. BMC Nephrol. 2019;20(1):266.

Nakanishi R, Shimizu M, Mori M, et al. Secreted frizzled-related pro-
tein 4 is a negative regulator of peak BMD in SAMP6 mice. J Bone
Miner Res. 2006;21(11):1713-1721.

Pande S, Ritter CS, Rothstein M, et al. FGF-23 and sFRP-4 in chronic
kidney disease and post-renal transplantation. Nephron Physiol.
2006;104(1):23-32.

Lodberg A. Principles of the activin receptor signaling pathway and
its inhibition. Cytokine Growth Factor Rev. 2021;60:1-17.

Egstrand S, Olgaard K, Lewin E. Circadian rhythms of mineral metab-
olism in chronic kidney disease-mineral bone disorder. Curr Opin
Nephrol Hypertens. 2020;29(4):367-377.

Sugatani T, Agapova OA, Fang Y, et al. Ligand trap of the activin
receptor type llIA inhibits osteoclast stimulation of bone remodeling
in diabetic mice with chronic kidney disease. Kidney Int. 2017;91(1):
86-95.

Williams MJ, Sugatani T, Agapova OA, et al. The activin receptor is
stimulated in the skeleton, vasculature, heart, and kidney during
chronic kidney disease. Kidney Int. 2018;93(1):147-158.

Coyne DW, Singh HN, Smith WT, et al. Sotatercept safety and effects
on hemoglobin, bone, and vascular calcification. Kidney Int Rep. 2019;
4(11):1585-1597.

Sarnak MJ, Levey AS, Schoolwerth AC, et al. Kidney disease as a risk
factor for development of cardiovascular disease: a statement from
the American Heart Association Councils on Kidney in Cardiovascular
Disease, High Blood Pressure Research, Clinical Cardiology, and Epi-
demiology and Prevention. Circulation. 2003;108(17):2154-2169.

Jankowski J, Floege J, Fliser D, Bohm M, Marx N. Cardiovascular dis-
ease in chronic kidney disease: pathophysiological insights and ther-
apeutic options. Circulation. 2021;143(11):1157-1172.

Evenepoel P, D'Haese P, Brandenburg V. Romosozumab in postmen-
opausal women with osteopenia. N Engl J Med. 2014;370(17):1664.

Lv F, Cai X, Yang W, et al. Denosumab or romosozumab therapy and
risk of cardiovascular events in patients with primary osteoporosis:
systematic review and meta- analysis. Bone. 2020;130:115121.

Saag KG, Petersen J, Brandi ML, et al. Romosozumab or alendronate
for fracture prevention in women with osteoporosis. N Engl J Med.
2017;377(15):1417-1427.

Mizobuchi M, Finch JL, Martin DR, Slatopolsky E. Differential effects of
vitamin D receptor activators on vascular calcification in uremic rats.
Kidney Int. 2007;72(6):709-715.

M 120f12 MACEETAL

JBMR Plus (WOA)



	The Calcified Vasculature in Chronic Kidney Disease Secretes Factors that Inhibit Bone Mineralization
	Introduction
	Materials and Methods
	Aorta tissue
	Bone cell line
	Experimental in vitro protocols
	Aorta culture
	The mineralization study
	The cell signaling study
	Biochemistry analyses
	Aorta calcium
	Mineralization analysis by Alizarin red stain
	Western blot
	Gene analysis by quantitative RT-PCR
	Statistics

	Results
	Normal and uremic rats' plasma biochemistry and aorta characteristics
	The uremic calcified aorta secretes several signal molecules related to the Wnt and TGF-β pathways
	The presence of uremic vascular calcification inhibits bone cell mineralization
	The presence of vascular calcification upregulates mineralization inhibitors in bone cells
	Involvement of the canonical Wnt/β-catenin signaling in the vasculature to bone signaling
	Effect of the uremic calcified aorta on β-catenin and classical Wnt target genes in UMR-106 cells

	Discussion
	Acknowledgments
	Conflict of Interests
	Peer Review

	References


