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Abstract
A link between vascular calcification and bone anomalies has been suggested in chronic kidney disease (CKD) patients with 
low bone turnover disease. We investigated the vascular expression of osteocyte markers in relation to bone microarchitec-
ture and mineralization defects in a model of low bone turnover CKD rats with vascular calcification. CKD with vascular 
calcification was induced by 5/6 nephrectomy followed by high calcium and phosphate diet, and vitamin D supplementation 
(Ca/P/VitD). CKD + Ca/P/VitD group (n = 12) was compared to CKD + normal diet (n = 12), control + normal diet (n = 8) 
and control + Ca/P/VitD supplementation (n = 8). At week 6, tibia, femurs and the thoracic aorta were analysed by Micro-Ct, 
histomorphometry and for expression of osteocyte markers. High Ca/P/VitD treatment induced vascular calcification only 
in CKD rats, suppressed serum parathyroid hormone levels and led to higher sclerostin, DKK1 and FGF23 serum levels. 
Expression of sclerostin, DKK1 and DMP1 but not FGF23 were increased in calcified vessels from CKD + Ca/P/VitD rats. 
Despite low parathyroid hormone levels, tibia bone cortical thickness was significantly lower in CKD + Ca/P/VitD rats as 
compared to control rats fed a normal diet, which is likely the result of radial growth impairment. Finally, Ca/P/VitD treatment 
in CKD rats induced a bone mineralization defect, which is likely explained by the high calcitriol dose. In conclusion, Ca/P/
VitD supplementation in CKD rats induces expression of osteocyte markers in vessels and bone mineralisation anomalies. 
Further studies should evaluate the mechanisms of high dose calcitriol-induced bone mineralisation defects in CKD.
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Introduction

The anomalies of bone, mineral and vascular calcification 
characterize the chronic kidney disease-mineral and bone 
disorder (CKD-MBD), and define the bone-vessels axis 
anomalies that typically affect CKD patients [1, 2]. On one 
hand, vascular calcification is now recognized as a highly 

regulated process where there is a trans-differentiation of 
vascular smooth muscle cells into osteoblast-like cells (bone 
forming cells) that mainly occurs in CKD and diabetes pop-
ulation [3, 4]. On the other hand, bone disorders in CKD 
are characterized by anomalies of bone mass, turnover and 
mineralisation that predispose to bone fragility [5, 6]. Both 
vascular and bone anomalies contribute to the high burden 
of bone fractures, cardiovascular morbidity and mortality in 
the CKD population [7–10].

In the last 15 years, treatment of high bone turnover (sec-
ondary hyperparathyroidism) with calcium and calcitriol 
may have contributed to the over-suppression of parathyroid 
hormone (PTH) and the development of low bone turno-
ver disease in CKD patients [11]. Indeed, the prevalence 
of low bone turnover or adynamic bone disease (ABD) has 
been steadily increasing with a prevalence range from 5 to 
40% in pre-dialysis and from 10 to 50% in dialysis patients 
[12, 13]. ABD has then been associated with development 
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of vascular calcification in CKD population [14, 15], but 
the pathophysiological mechanisms underlying this bone-
vessels axis anomalies remain unknown [12].

Recently, osteocytes, the most abundant cells in the bone, 
have emerged as important actors in CKD-MBD. In addition 
to fibroblast growth factor 23 (FGF-23) and dentin matrix 
acidic phosphoprotein 1 (DMP1), new osteocyte markers 
have been suggested to be involved in the development of 
CKD-MBD. These include sclerostin and Dickkopf-related 
protein 1 (DKK1), which are highly expressed by the osteo-
cytes and are known inhibitors of bone formation through 
repression of the Wnt/β-catenin pathway. These proteins 
could play a role in the development of ABD and vascular 
calcification in CKD [16–19], but how they could lead to 
the development of CKD-MBD in the context of low bone 
turnover is currently unknown.

Using the same model of CKD rats with vascular calci-
fication as we previously reported [20, 21], the objectives 
of this study were: (1) to evaluate whether calcified ves-
sels from CKD rats with low bone turnover disease express 
osteocytes markers and proteins that could affect bone 
metabolism and (2) to determine the anomalies of bone 
microarchitecture and mineralisation in relation to vascular 
calcification. We show that vascular calcification is asso-
ciated with increased expression of osteocyte markers and 
decreased Wnt activation in the vessels. We also show that 
CKD animals with vascular calcification develop a bone 
mineralization defect, which is likely explained by the high 
dose of calcitriol supplementation.

Materials and methods

Animal experiments

The animal protocol was conducted in accordance with the 
guidelines of the Canadian Council of Protection of Ani-
mals and was approved by the local Animal Care Commit-
tee. Male Wistar rats weighing 200–225 g were purchased 
from Charles River (Saint-Constant, Quebec, Canada) and 
were allowed free access to standard rat chow and tap water 
in temperature and humidity control conditions with a 12-h 
dark/light cycle. CKD was induced by renal mass reduction 
with 5/6 nephrectomy as previously performed [20, 21]. Low 
bone turnover with low PTH and vascular calcification were 
induced by a high calcium (1.2%) and phosphate (1.2%) 
diet (Harlan Teklab, Madison, WI, USA), combined with 
1,25-dihydroxyvitamin D3 subcutaneous injections (0.5 µg/
kg 3 times per week) (Ca/P/VitD). Four groups of animals 
were studied: (1) control + normal chow (n = 8); (2) con-
trol + Ca/P/VitD (n = 8); (3) CKD + normal chow (n = 12) 
and; (4) CKD + Ca/P/VitD (n = 12). The animals were sac-
rificed after 4–6 weeks according to the health status of 

CKD + Ca/P/VitD rats. Before sacrifice, a 24-h urine sample 
was collected using individual metabolic cages. In order to 
evaluate the bone dynamic parameters, intraperitoneal tet-
racycline injections were given to all rats at two different 
periods (first dose at 50 mg/kg and second dose at 20 mg/
kg), 5 days apart. The animals were anesthetized with isoflu-
rane, exsanguinated, and serum was collected and frozen for 
biochemical analyses. The thoracic aorta, tibiae and femurs 
were harvested and fixed in buffered formalin for histologi-
cal analysis or snap frozen and kept at − 80 °C until extrac-
tion for qRT-PCR and western blot analysis.

Biochemical parameters and mineral metabolism

Serum calcium, phosphorus, creatinine, urea, and urinary 
calcium, phosphorus and creatinine concentrations were 
determined with an autoanalyzer system (Ilab 1800, Lex-
ington, MA, USA). Serum intact PTH and FGF23 (Immu-
notopics, San Clemente, CA, USA), total sclerostin (R&D 
Systems, Minneapolis, MN, USA) and DKK1 levels (Enzo 
Life Sciences, Farmingdale, NY, USA) were determined 
with ELISA kits according to the manufacturer’s protocol.

Quantification of vascular calcification with Von 
Kossa staining

The thoracic aorta was fixed for 24  h, dehydrated and 
embedded in paraffin as previously described [20, 21]. Five 
µm thick sections were deparaffinized and rehydrated before 
staining for arterial calcification with 5% silver nitrate and 
light exposure, followed with 5% sodium thiosulfate, and 
counterstained with nuclear fast red. Quantification was 
performed on three different fields at magnification of 20× 
using the ImagePro-Plus analysis software (Media Cybernet-
ics, Silver Spring, MD, USA).

Immunofluorescence and qRT‑PCR analysis of Wnt 
inhibitors and Wnt ligands in vessels and bone

Immunofluorescence analysis of the thoracic aorta was per-
formed as previously reported [20]. Briefly, 5 µm thick sec-
tions of paraffin-embedded aorta were deparaffinized and 
rehydrated. The heat-induced epitope retrieval method was 
used to unmask the antigens and the tissues were incubated 
in blocking serum (10% fetal bovine serum in phosphate 
buffered saline). The slides were incubated overnight with 
primary antibodies against DKK1 (Abcam, Cambridge, MA, 
USA), FGF23 (Bioss, Woburn, MA, USA), DMP1 (LifeS-
pan Biosciences, Seattle, WA, USA) or sclerostin (Biorbyt, 
Cambridge, UK). They were then washed in PBS before 
incubation with alexa fluor 594 anti-rabbit or anti-mouse 
secondary antibodies (Invitrogen, Waltham, MA, USA). Flu-
orescence images were examined at 20× magnification and 
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quantified using the ImagePro-Plus analysis software (Media 
Cybernetics, Rockville, MD, USA). For qRT-PCR analysis, 
bone marrow was first flushed out from the femur by centrif-
ugation. Aortas and bones were then put in TRIzol reagent 
(Life Technologies, Waltham, MA, USA) and crushed using 
a Precellys 24 homogenizer equipped with a Cryolys cooler 
(Bertin Technologies, Montigny-Le-Bretonneux, France). 
qRT-PCR gene expression analysis was performed on a 
Stratagene Mx3005P (Agilent Technologies, Santa Clara, 
CA, USA) qRT-PCR system using Perfecta SYBR Green 
SuperMix, low ROX (Quanta Biosciences, Gaithersburg, 
MD, USA) with primers designed using NCBI Primer Blast 
algorithm (blast.ncbi.nlm.nih.goc/Blast.cgi, Online resource 
1). Gene of interest expression, relative to three reference 
genes (B2m, Hprt1 and EEf1a1), was calculated based on 
the threshold cycle (Ct) using the Pfaffl formula [22].

Western blot analysis of Wnt pathway in vessels

To better evaluate the components of the Wnt pathway, pro-
tein expression of glycogen synthase kinase 3 (GSK-3β) and 
β-catenin were assessed in the thoracic aorta. The thoracic 
aorta proteins were extracted using TRIzol (Life Technolo-
gies, Waltham, MA, USA) and were kept in Laemmli Buffer 
2× until SDS-PAGE analysis in Tris–Glycine Buffer. Pri-
mary antibodies against GSK-3β, phopho-GSK-3β (ser9), 
β-catenin and phospho-β-catenin (ser33/37) (Cell Signaling 
technology, Danvers, MA, USA) were used for immunode-
tection (LI-COR Biosciences, Lincoln, NE, USA). GAPDH 
(Novus Biologicals, Littleton, CO, USA) was used as sample 
normalization protein. Differences in protein concentration 
were quantified in Odyssey Imager (LI-COR Biosciences, 
Lincoln, NE, USA).

Assessment of bone cortical microarchitecture

Tibiae bone of each rat were scanned in a Micro-CT scanner 
(eXplore Locus, GE Healthcare Canada) at a resolution of 
27 µm. Images analysis allowed the evaluation of cortical 
bone parameters: cortical volume, area, bone mineral den-
sity, bone mineral content, thickness, inner and outer perim-
eter using an automatic bone analysis software (eXplore 
MicroView from GE Healthcare, Canada).

Bone histomorphometry analysis

The tibia bone specimens were fixed in 70% ethanol, dehy-
drated in acetone and embedded in pure methyl methacrylate 
at low temperature as described by Chappard et al. [23]. Four 
non-serial 5 μm thick sections were cut on each tibia using a 
Microm-355S microtome (Rankin Biomedical Corporation, 
MI, USA). The sections remained unstained or stained with 
modified Goldner’s trichrome for measurement of dynamic 

and static parameters, respectively, using a semi-automated 
image analysis system (Bioquant Meg IV System; R & M 
Biometrics, TE, USA) and a SummaSketch II (Summa-
graphics, Austin, TX, USA) digitizing tablet in conjunction 
with an Olympus BX45 microscope (Olympus, Richmond 
Hill, ON, Canada) and Infinity 2-2C CCD color camera 
(Lumenera Corporation, Ottawa, ON, Canada). All results 
were derived from two-dimensional primary measurements 
(tissue volume or area, bone volume or area and bone sur-
face) performed in the secondary spongiosa. In order to take 
into account the potential effect of age on bone parameters, 
the primary spongiosa and the growth plate thickness were 
measured in all rats. All the abbreviations used are as pro-
posed by the ASBMR Histomorphometry Nomenclature 
Committee [24, 25].

Data analysis

The results are expressed as means ± SEM. Values were 
compared using Kruskal–Wallis followed by Mann–Whit-
ney U tests using the SPSS program (SPSS, Chicago, IL, 
USA). Spearman’s rank correlation was used to assess the 
association between vascular calcification and mRNA tran-
script levels, bone microarchitecture and histomorphometry 
parameters. A value of p < 0.05 was considered statistically 
significant.

Results

Kidney function and mineral metabolism

Serum and urinary parameters are shown in Table 1. As 
expected, serum creatinine and urea were higher whereas 
creatinine clearance was lower in CKD rats as compared to 
control groups. Urinary phosphate was also increased in rats 
supplemented with Ca/P/VitD. This probably explains why 
serum calcium and phosphate were comparable between 
groups except for the CKD + Ca/P/VitD group in which cre-
atinine clearance was further declined. As expected, PTH 
level was significantly diminished in both control and CKD 
rats supplemented with Ca/P/VitD.

Vascular calcification develops only in CKD + Ca/P/
VitD rats

Extensive media vascular calcification assessed by Von 
Kossa staining was detected only in CKD + Ca/P/VitD show-
ing 5.79% of calcification in thoracic aorta’s surface (Fig. 1). 
None of the other experimental groups developed vascular 
calcification in the thoracic aorta.
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Increased vascular expression of sclerostin, DKK1 
and DMP1, and serum levels of sclerostin, DKK1 
and FGF23 in CKD + Ca/P/VitD rats

Immunofluorescence analysis from the thoracic aor-
tas revealed that both sclerostin, DKK1 and DMP1 but 
not FGF23 expression were significantly increased in 
CKD + Ca/P/VitD rats as compared to the other groups 
(Fig.  2). In agreement with their vascular expression, 
serum sclerostin and DKK1 levels were also significantly 
elevated in CKD + Ca/P/VitD rats (Table 1).

Wnt signalling components in the vessel

Analysis of the Wnt pathway components in the tho-
racic aorta indicated that both total and phosphorylated 
β-catenin (ser33/37) were decreased in CKD rats given 
either normal or high Ca/P/VitD supplementation as com-
pared to control groups (Fig. 3). Phosphorylated GSK-3β 
(ser9), which is inactive and cannot lead to β-catenin deg-
radation, was decreased only in CKD supplemented with 
high Ca/P/VitD. These results suggest that there is sup-
pression of the Wnt pathway in the vessels in CKD ani-
mals with vascular calcification. This is further supported 

Table 1   Biochemical parameters between groups

Values are expressed as mean ± SD
CKD chronic kidney disease, CTL control, Ca/P/VitD calcium, phosphorus and vitamin D supplementation, DKK1 Dickkopf-related protein 1, 
FGF-23 fibroblast growth factor-23, PTH parathormone
a p < 0.05 vs. CTL and CTL + Ca/P/VitD
b p < 0.05 vs. CKD
c p < 0.05 vs. CTL

CTL (n = 8) CTL + Ca/P/vitD (n = 8) CKD (n = 12) CKD + Ca/P/vitD (n = 12)

Serum urea (mmol/L) 7.2 ± 0.4 7.3 ± 0.3 14.8 ± 0.4a 14.2 ± 1.4a

Serum creatinine (µmol/L) 22.6 ± 1.2 18.6 ± 1.0 49.3 ± 2.6a 70.1 ± 3.9a,b

Creatinine clearance (mL/min) 5.0 ± 0.6 5.9 ± 0.3 1.9 ± 0.1a 1.0 ± 0.1a,b

Serum phosphate (mmol/L) 2.25 ± 0.15 1.99 ± 0.08 2.21 ± 0.06 2.74 ± 0.18a,b

Serum calcium (mmol/L) 2.44 ± 0.04 2.39 ± 0.02 2.45 ± 0.03 2.45 ± 0.09
Urinary calcium (mg/d) 0.027 ± 0.004 0.181 ± 0.074 0.068 ± 0.009 0.142 ± 0.033
Urinary phosphate (mg/d) 0.833 ± 0.081 3.547 ± 0.284c 0.878 ± 0.099a 2.200 ± 0.153a,b

Serum PTH (pg/mL) 312 ± 56 61 ± 6b,c 378 ± 43 13 ± 3b,c

Serum sclerostin (pg/mL) 294 ± 15 324 ± 37 363 ± 26 758 ± 58a,b

Serum DKK1 (pg/mL) 407 ± 227 406 ± 26 570 ± 48a,b 1281 ± 136a,b,c

Serum FGF-23 (pg/mL) 515 ± 156 1159 ± 267 789 ± 166 37397 ± 3198a,b,c

Fig. 1   Vascular calcification in the thoracic aorta. Von Kossa stain-
ing showing extensive media calcification of thoracic aorta only in 
CKD + Ca/P/VitD rats. a Representative image of vessels from con-
trol groups and CKD rats fed with normal diet showing no aortic 
calcification; b CKD rats with Ca/P/VitD supplementation showing 

extensive thoracic aorta calcification; c quantification of vascular 
calcification by Von Kossa in the different groups. CKD chronic kid-
ney disease, Ca/P/Vit D calcium, phosphorus and vitamin D supple-
mentation. A**, B**, C**, p < 0.001 vs CTL, CTL + Ca/P/VitD and 
CKD, respectively
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by a decreased vascular transcription of AXIN2, which 
is a Wnt target gene, in the group with vascular calcifica-
tion (Online resource 2). Transcript levels of several Wnt 
ligands (WNT3A, WNT5A, WNT10B, WNT11) and Fzd 

receptors (FZD1, FZD3, FZD7, FZD9) did not show dif-
ferences between groups (Online resource 2). However, 
the severity of vascular calcification negatively correlated 

Fig. 2   Immunofluorescence analysis of osteocytes markers in the 
thoracic aorta. There is increased expression of sclerostin (a4 and 
a5), DKK1 (c4 and c5) and DMP1 (e4 and e5) in the thoracic aor-
tas of CKD + Ca/P/VitD rats as compared to the other groups. FGF23 

expression (b5) is higher but not statistically significant. CKD: 
chronic kidney disease; CTL: control; Ca/P/VitD: calcium, phos-
phorus and vitamin D supplementation. A, B, C, p < 0.05 vs CTL, 
CTL + Ca/P/VitD and CKD, respectively
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with expression of WNT5A (R − 0.680, p = 0.005) and 
Wnt receptor FZD7 (R − 0.622, p = 0.013).

Cortical bone parameters are abnormal in CKD 
and directly associated with vascular calcification 
in CKD + Ca/P/VitD rats

Cortical bone volume and area were significantly reduced 
in both CKD groups as compared to CTL or CTL + Ca/P/
VitD (Fig. 4), while cortical bone thickness was signifi-
cantly reduced only in CKD + Ca/P/VitD rats as compared 
to the control groups. The reduced bone cortical thickness 
was also associated with lowered inner and outer corti-
cal perimeter. In CKD + Ca/P/VitD group, bone cortical 
thickness, inner perimeter and cortical area were inversely 
correlated with vascular calcification (Online resource 3), 
which reinforces the current understanding that bone alter-
ations occur simultaneously with vascular disease in CKD.

CKD + Ca/P/VitD rats have a low bone turnover 
and a mineralisation defect

In order to investigate the trabecular bone anomalies, we 
performed static and dynamic histomorphometry analysis 
both in primary and secondary spongiosa. Analysis of the 
secondary spongiosa showed that trabecular bone volume 
(BV/TV), thickness (TbTh) and number (TbN) were sig-
nificantly increased in CKD rats with Ca/P/VitD as com-
pared to the other groups (p < 0.05, Fig. 5). These changes 
in trabecular parameters were mainly associated with a sig-
nificant increase in osteoid volume (OV/BV) and thickness 
(Oth) (Fig. 5). Dynamic bone parameters performed on tra-
becular bone revealed lower mineralisation surface, bone 
formation rate and mineral apposition rate in CKD + Ca/P/
VitD rats, which confirms low bone turnover and miner-
alisation defect in this group (Table 2). Osteoclast number 
(OcN/BV), which reflects bone resorption activity, was also 
suppressed in CKD + Ca/P/VitD rats (Fig. 5). To better 

Fig. 3   Proteins expression 
of Wnt signalling pathway 
in thoracic aortas. Total and 
Ser33/37-phosphorylated 
β-catenin (a–c), total and Ser 
9-phosphorylated GSK-3β (d–
f). Both protein levels of total 
and phosphorylated β-catenin 
are decreased in CKD and 
CKD + Ca/P/VitD while only 
the phosphorylated GSK-3β 
is decreased in CKD + Ca/P/
VitD animals. The decreased 
expression of phosphorylated 
GSK-3β suggests that there is 
suppression of the Wnt pathway 
alongside the increase in Wnt 
inhibitors in the calcified ves-
sels. Each lane represents one 
rat and 4 images of blots each 
containing a maximum of 14 
lanes were analyzed to calculate 
fold change. CKD chronic 
kidney disease, CTL control, 
Ca/P/VitD calcium, phosphorus 
and vitamin D supplementa-
tion. A, B, C, p < 0.05 vs CTL, 
CTL + Ca/P/VitD and CKD, 
respectively
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characterize the bone anomalies in our growing rats, further 
analysis revealed significant accumulation of the trabecular 
primary spongiosa bone in CKD + Ca/P/VitD (0.958 ± 0.237 
vs 0.123 ± 0.009  µm for CKD + normal diet) while the 
growth plate thickness was not different between groups 
(0.233 ± 0.005 vs 0.228 ± 0.022 µm in CKD vs CKD + Ca/P/
VitD, respectively).

Bone expression of FGF‑23 and DKK1, 
but not sclerostin and DMP1, is increased 
in CKD + Ca/P/VitD rats

Bone FGF23 mRNA levels were significantly higher in 
CKD + Ca/P/VitD as compared to control, while DKK1 
expression was significantly higher in both CKD and 
CKD + Ca/P/VitD (Fig. 6). However, sclerostin and DMP1 
mRNA levels in bone were comparable between groups.

Wnt signalling components in the bone

There were no differences in the bone transcription levels of 
Wnt ligands (WNT3A, WNT5A, WNT10B, WNT11), Fzd 
receptors (FZD1, FZD3, FZD7, FZD9) and AXIN2 between 
groups (Online resource 2). However, the degree of vas-
cular calcification correlated with bone transcript levels of 
all investigated Wnt activators, namely WNT3A (R 0.667, 

p = 0.042), WNT5A (R 0.789, p = 0.004), WNT10 (R 0.642, 
p = 0.033) and WNT11 (R = 0.642, p = 0.033), and also with 
FZD3 transcript levels (R 0.780, p = 0.005).

Discussion

In the present study, we have used our established model 
of CKD rats with vascular calcification [20, 21] in order to 
study the expression of osteocyte markers and Wnt path-
way proteins in the vessels as well as the anomalies of bone 
microarchitecture and mineralization. We found that: (1) 
Ca/P/VitD supplementation in CKD rats induced an oste-
ocyte-like phenotype in the calcified vessels and changes 
in Wnt pathway activity; (2) CKD rats treated with Ca/P/
VitD develop a mineralization defect, which may translate 
to higher bone fragility.

Due to the high prevalence of low bone turnover disease 
in CKD patients, a major concern about its association with 
vascular calcification has been raised [26]. In this study, 
despite lower PTH levels in control + Ca/P/VitD rats, the low 
bone remodeling state was observed only in CKD + Ca/P/
VitD animals, which means that there is clearly a favorable 
environment in CKD that predisposes to low bone turnover. 
Sclerostin and DKK1, two soluble proteins that are highly 
expressed by the osteocytes and known to inhibit bone 

Fig. 4   Cortical parameters of tibia bone in the different groups. Corti-
cal microarchitecture is significantly affected in chronic kidney dis-
ease rats with vascular calcification. CKD chronic kidney disease, 

CTL control, Ca/P/VitD calcium, phosphorus and vitamin D supple-
mentation. A, p < 0.05 vs. CTL; B, p < 0.05 vs. CTL + Ca/P/VitD; C, 
p < 0.05 vs. CKD
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Fig. 5   Bone histomorphometry results and representative histologi-
cal images of tibia bone. Histomorphometry analysis showed sig-
nificantly increased trabecular bone volume (a), thickness (b), num-
ber (c), osteoid bone (d, e) and decreased osteoclasts number (f) in 
CKD + Ca/P/VitD rats. g, h CKD + Ca/P/VitD rats showing increased 
trabecular and osteoid (arrows) bone in primary and secondary spon-
giosa typical of mineralisation defect. i, j Control rats showing nor-

mal trabecular bone. Left panel: ×20 magnification; right panel: ×40 
magnification. CKD chronic kidney disease, CTL control, Ca/P/VitD 
calcium, phosphorus and vitamin D supplementation, BV/TV bone 
volume/tissue volume, TbTh trabecular thickness, TbN trabecular 
number, OV/BV osteoid volume/bone volume, OTh osteoid thickness, 
OcN/BV osteoclast number/bone volume. A, p < 0.05 vs. CTL; B, 
p < 0.05 vs CTL + Ca/P/VitD; C, p < 0.05 vs CKD
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formation could contribute to the low bone turnover in CKD 
as their blood levels and vascular expression are increased 
only in CKD + Ca/P/VitD animals [27–29]. In accordance 
with the higher vascular levels of sclerostin and DKK1, the 
Wnt pathway appeared to be suppressed in the calcified ves-
sels as phosphorylated GSK-3β (ser 9), which is inactive, 
was decreased, and Wnt target gene AXIN2 was less tran-
scribed. Further findings that support a lowering of the Wnt 

activity in the calcified vessels are the negative correlations 
between vascular calcification and transcription of Wnt5A 
and Fzd7, respectively a Wnt activator and a Wnt receptor. 
Since activation of the Wnt pathway in the vessels has been 
shown to promote vascular calcification [30], sclerostin and 
DKK1 therefore seem to play a compensatory role to inhibit 
vascular calcification in CKD. It is worth mentioning that 
both total and phosphorylated β-catenin were also decreased 

Table 2   Bone dynamic 
parameters between groups

Values are expressed as mean ± SD
CKD chronic kidney disease, CTL control, Ca/P/VitD calcium, phosphorus and vitamin D supplementa-
tion, BFR-BS bone formation rate-bone surface, dL/BS double label surface/bone surface, MAR minerali-
zation apposition rate, MS/BS mineralization surface/bone surface, MS/OS mineralization surface/osteoid 
surface, sL/BS single label surface/bone surface

CTL (n = 8) CTL + Ca/P/vitD 
(n = 8)

CKD (n = 12) CKD + Ca/P/
vitD (n = 12)

MS/BS (%) 2.3 ± 1.2 7.5 ± 9.2 5.7 ± 1.5 1.3 ± 0.6
MAR (µm/day) 1.30 ± 0.21 1.40 ± 0.18 1.30 ± 0.44 0.63 ± 0.64
BFR-BS (mm3/mm2/year) 0.03 ± 0.02 0.09 ± 0.11 0.08 ± 0.05 0.01 ± 0.01
MS/OS (%) 11.0 ± 8.4 3.4 ± 0.1 8.2 ± 8.3 0.3 ± 0.3
sL/BS (%) 1.7 ± 0.5 4.8 ± 5.3 6.0 ± 1.7 1.7 ± 0.6
dL/BS (%) 1.2 ± 1.0 5.0 ± 6.4 2.6 ± 2.5 0.2 ± 0.3

Fig. 6   mRNA expression of 
osteocytes markers in the femur. 
DKK1 transcription levels are 
significantly increased only in 
the CKD and CKD + Ca/P/VitD 
(c), while FGF23 transcription 
levels are only increased in the 
CKD + Ca/P/VitD group (b). 
Sclerostin and DMP1 gene 
expression appears to follow 
the same pattern as DKK1 but 
there is no significant difference 
between groups (a, d). CKD 
chronic kidney disease, CTL 
control, Ca/P/VitD calcium, 
phosphorus and vitamin D sup-
plementation. A, C, p < 0.05 vs 
CTL and CKD, respectively
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in calcified aorta from CKD + Ca/P/VitD animals, which at 
first view may suggest an upregulation of the Wnt pathway. 
However, we measured cytoplasmic β-catenin while meas-
urement of the nuclear component would have been neces-
sary to correctly interpret levels of β-catenin.

Interestingly, vascular expression of FGF23 was not 
increased in the group with extensive vascular calcification 
(CKD + Ca/P/VitD) despite a dramatically increased serum 
level. These findings suggest that FGF23 serum levels in 
CKD mainly originate from the bone and not from vessels. 
In contrast with our findings in the vessels, the bone tissue 
levels of sclerostin transcripts were not different as com-
pared to control groups while DKK1 transcript levels were 
higher in CKD animals. These higher levels could be attrib-
uted to the high phosphate diet or to the elevated FGF23 
levels, both having been associated with increased DKK1 
production [31, 32]. As expected, the bone transcription of 
FGF23 was increased significantly in CKD + Ca/P/VitD ani-
mals. The positive correlation between vascular calcification 
and WNT3A, WNT5A, WNT10, WNT11 and FZD3 (five 
proteins involved in β-catenin stabilisation during vascular 
calcification) transcription in bone suggests a possible pro-
tective mechanism to avoid further bone deterioration by 
Wnt inhibitors in CKD. The fact that bone transcription of 
Axin2 was not increased in CKD + Ca/P/VitD animals sug-
gests however that these changes may not be sufficient to 
increase Wnt/β-catenin activity.

In this study, cortical bone thickness, mineral content, 
and inner and outer perimeter were significantly decreased 
in CKD + Ca/P/VitD rats, which is likely the result of the 
calcitriol supplementation. Indeed, previous studies reported 
that treatment with calcitriol led to decreased cortical thick-
ness and growth plate defects in non-CKD rats [33], and to 
growth alteration and reduced cortical thickness in CKD rats 
[34, 35]. In our study, bone turnover was actually low, sug-
gesting that the cortical anomalies are likely due to defects 
in radial growth and not increased remodeling. With regards 
to the trabecular compartment and regardless of the effect 
of PTH, some studies have shown that calcium and/or cal-
citriol supplementation was associated with higher trabecu-
lar bone volume in different models of CKD and non-CKD 
rats [33, 36]. A particularly interesting observation in our 
study was the occurrence of bone mineralization defects 
in CKD + Ca/P/VitD rats, likely induced by the high dose 
of calcitriol supplementation. Wronski et al. have previ-
ously treated rats with daily calcitriol for 13 days and have 
found an accumulation of osteoid bone and prolongation of 
mineralization lag time [37]. These findings were recently 
confirmed by Lieben et al. who showed that calcitriol sup-
pressed bone matrix mineralization by stimulating the tran-
scription of genes encoding mineralisation inhibitors [38]. 
Finally, in a 5/6 nephrectomy model supplemented with cal-
citriol but not calcium, De Schutter et al. have also observed 

areas of impaired bone mineralization even though evident 
osteomalacia was not described [39]. Therefore, the com-
bination of low PTH, high serum calcium and high-dose 
calcitriol seems deleterious to bone by inducing a minerali-
zation defect despite lowering of bone turnover parameters. 
While calcitriol is widely used for the treatment of CKD-
MBD [40], the beneficial effects of lowering PTH levels 
with calcitriol treatment on bone strength still remains to be 
proven [41, 42]. Future studies should therefore evaluate the 
direct role of osteocyte markers in the development of bone 
mineralization defects in CKD [43, 44].

Our study has limitations. First, we tried to replicate 
human CKD-MBD where calcitriol and calcium are fre-
quently used in association. However, we recognize that 
the high dose of calcitriol used in our study as well as the 
phosphate supplementation are usually not given to CKD 
patients. The deleterious effect of calcitriol on bone min-
eralization is probably a matter of dose and further studies 
are necessary to better understand this. Secondly, CKD 
rats treated with Ca/P/VitD had a lower creatinine clear-
ance than CKD rats not treated with Ca/P/VitD, which 
could have been related to the high phosphate diet. How-
ever, since the difference is only minimal, we do not think 
it may have influenced the results of our study. Finally, 
calcitriol supplementation has been previously reported 
to induce vascular calcification through upregulation of 
osteoblastic transcription factors in CKD animals [45]. 
Hence, it is always possible that the described vascular 
phenotype in our study has occurred independently of the 
bone turnover status when high dose calcitriol is given to 
induce vascular calcification.

In conclusion, we used calcium, phosphate and calcitriol 
to induce vascular calcification and low bone turnover in 
CKD rats to mimic CKD-MBD in humans. Our findings 
support the involvement of the Wnt pathway in vascular 
calcification and strengthen the importance of conducting 
studies to evaluate the bone effects of current treatments for 
CKD-MBD.
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