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Abstract

Background: Chronic kidney disease-mineral and bone disorder (CKD-MBD) has been implicated in vascular calcification
pathogenesis. CKD-MBD results in alterations in the number and function of circulating endothelial progenitor cells (EPCs),
physiological regulators of angiogenesis and vessel repair, commonly defined as proangiogenic progenitor cells (PACs) by
the antigen pattern CD34þCD133þKDRþCD45– and putative EPCs by the pattern CD34þCD133�KDRþCD45–. These cells
might acquire a calcifying phenotype in CKD-MBD, expressing mineralization biomarkers. We investigated the expression
of vitamin D receptor (VDR) and osteocalcin (OC) on EPCs of healthy individuals and haemodialysis patients, and their
possible associations with circulating biomarkers of inflammation and vascular calcification.

Methods: We compared EPC counts, expressing VDR or OC, in 23 healthy subjects versus 53 haemodialysis patients, 17 of
them without vitamin D receptor agonist (VDRA) therapy and 35 treated with calcitriol (n ¼ 17) or paricalcitol (n ¼ 18).
The correlations with serum levels of inflammatory and calcification indexes were also analysed.

Results: All subsets expressing VDR or OC were significantly higher in haemodialysis patients compared with healthy con-
trols, but PACs were increased only in VDRA treatment subgroup, while putative EPCs showed a similar rise also in un-
treated patients. In VDRA-untreated patients, OCþ PACs correlated positively with calcium levels, while in VDRA-treated
patients, VDRþ PACs correlated positively with interleukin 6 levels, and OCþ PACs correlated positively 25-hydroxyvitamin
D levels.

Conclusions: Our data suggest that in CKD-MBD, EPCs undergo an endothelial-to-procalcific shift, representing a risk factor
for vascular calcification. A link between mineral disorders and vitamin D replacement therapy emerged, with potential
adverse effects for CKD patients.
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Introduction

There is a tight physiopathological link between bone turnover,
vascular calcification and cardiovascular events, in the general
population and in patients with chronic kidney disease (CKD) [1].
CKD accelerates medial and intimal calcification development,
which both rapidly further worsen when the patients undergo
haemodialysis treatment [2]. Vascular calcification is now recog-
nized as an active process retracing the normal sequence of
osteoblast/osteoclast signalling and activities on bone surfaces.
Its pathogenesis is a multifactorial process, feasibly determined
by the contribution of inflammation, oxidative stress and above
all alterations of bone and mineral metabolism, collectively
known as CKD-mineral and bone disorder (CKD-MBD) [3]. The re-
cent identification of circulating calcifying cells raises the ques-
tion of whether these cells should be added to the list of vascular
calcification promoters and what if any relationship exists with
MBD. The pool of circulating calcifying cells includes several,
likely interrelated, osteogenic cell phenotypes of mesenchymal
and haematopoietic origin: mesenchymal osteoprogenitor cells,
myeloid calcifying cells, circulating calcifying CD34 progenitor
cells and endothelial progenitor cells (EPCs) [4]. EPCs are a sub-
group of bone marrow-derived blood mononuclear cells able to
circulate, proliferate and differentiate into mature endothelial
cells, essential for angiogenesis and vessel repair. The major
source of EPCs is the bone marrow: although several putative
EPCs phenotypes differ in lineage origin and function, EPCs are
thought to descend from haematopoietic stem/progenitor cells
(HSCs). Thus, EPCs originating from this lineage are characterized
by both stemness markers, CD34 and CD133, and endothelial
markers, namely vascular endothelial growth factor receptor-2
(KDR). The co-expression of the stem cell antigen, CD133, in-
creases specificity for EPCs. This antigen is a marker of stemness
and it is not expressed by mature endothelial cells, while the lack
of CD45, generally considered a specific pan-leukocyte marker,
identifies phenotypes restricted to the endothelial lineage. The
characterization of EPCs based on the identification of cell sur-
face antigens requires simple, rapid and reproducible methods:
flow cytometry is the gold standard for this purpose [5].

The term EPC comprises a heterogeneous group of cells
including a subset of cells known as proangiogenic progenitor
cells (PACs) and identified by various combinations of CD34,
CD133 and KDR [6, 7]. Differentiation begins when the cells are
mobilized from the bone marrow into the bloodstream. During
this process, immature cells—characterized by the CD34þ
CD133þKDRþphenotype—upon entering circulation, start to ex-
press more endothelial cell markers and lose the CD133 [7].

Currently, the CD34þCD133þKDRþCD45– and CD34þ
KDRþCD45– subsets appear to be the best compromise in terms
of sensitivity, specificity and reliability to quantify EPCs in the
clinical setting [7]. The first subset (CD34þCD133þKDRþCD45–)
defines PACs, which promote angiogenesis via a paracrine
mechanisms: these cells feasibly acquire proangiogenic ability
after recruitment into sites of neovascularization and stimula-
tion by an angiogenic milieu. The second subset
(CD34þKDRþCD45�) has angiogenic properties and

characterizes putative EPCs [6]. PACs and putative EPCs are the
terms used in this paper to identify these cells subsets (Table 1).

Recent data have demonstrated that circulating CD34 pro-
genitor cells, PACs and putative EPCs can also express bone-
related proteins, namely osteocalcin (OC) and/or bone alkaline
phosphatase (BAP). OC is a noncollagenous bone protein impli-
cated in bone mineralization and calcium homeostasis, while
BAP is a glycoprotein found on osteoblast surface, essential for
mineralization process [8].

Circulating EPCs expressing OC, implicated in coronary ar-
tery disease and calcific aortic stenosis, are retained in the cor-
onary circulation of patients with coronary disease and diabetes
[9, 10]. Although many factors have been identified as potential
triggers of endothelial dysfunction in CKD patients, little is
known about the possible changes in EPCs, the presence of cir-
culating EPCs expressing OC and the involvement of CKD-MBD.
This is a central issue, since vitamin D receptor (VDR), parathy-
roid hormone receptor (PTHR) and calcium-sensing receptor
(CaSR) have been found on endothelial cells, EPCs and HSCs.
Some studies have also proven a protective role of vitamin D
and VDR agonists (VDRA) on EPCs’ number and function in dia-
betic and CKD patients [11–13].

In view of the above, this study was undertaken to: (i)
compare the relative count of PACs and putative EPCs express-
ing VDR and OC between healthy individuals and haemodialysis
patients; and (ii) evaluate the association of laboratory param-
eters and biochemical markers involved in inflammatory, MBD
and VDRA therapy with PACs and putative EPCs expressing a
percentage of VDR and OC.

Materials and methods
Ethics statement

The study recruited 53 dialysis patients and 23 healthy volun-
teers. The protocol was approved by the local ethics committee
(S. Orsola-Malpighi University Hospital, Bologna, Italy, protocol
number: 053/2010/O/Oss) and written informed consent was ob-
tained from all subjects in accordance with the Helsinki
Declaration.

Patients

From January to December 2013, 53 Caucasian patients who had
been on haemodialysis at our centre for at least 6 months were
recruited, with a control group of 23 healthy volunteers
matched for sex and age. The patients underwent regular bicar-
bonate haemodialysis treatment three times a week with poly-
sulfone membrane; Kt/V (according to Daurgirdas’ second
logarithmic formula) was 1.3 6 0.3; the diuresis was<200 mL/
day. Treatment schemes were established on the basis of bone
mineral disorder indexes: patients did not receive any VDRA
therapy (if PTH was<200 pg/mL), 17 patients were treated with
oral calcitriol (if PTH was>200 and <600 pg/mL) and 18 patients
intravenous paricalcitol (if PTH>600 pg/mL). Each patient

Table 1. Cell phenotypes: surface antigen pattern, nomenclature and function

Surface markers Cell subpopulation Function

CD34þ Haematopoietic stem progenitor cells Maintenance and replenishment of all blood cell types in the bone marrow
CD34þCD133þKDRþCD45� Proangiogenic progenitor cells Paracrine angiogenic effects
CD34þCD133�KDRþCD45� Putative endothelial progenitor cells Angiogenic properties
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followed the same therapy over time in the 6-month period
prior to enrollment.

Inclusion criteria were: (i) age> 18 years; (ii) clinical stability
for at least 3 months before study entry; and (iii) functioning ar-
teriovenous fistula as vascular access. Exclusion criteria were:
(i) active infections; (ii) cardiovascular events in the previous
6 months; (iii) malignancy; (iv) active gastrointestinal bleeding;
(v) bone fractures in the last 12 months; (vi) Paget’s disease; (vii)
bisphosphonate therapy; (viii) familial dyslipidaemia; (ix) un-
controlled hypertension (target blood pressure persistently
>140/90 mmHg); and (x) ACE (angiotensin-converting enzyme)
inhibitors or angiotensin II receptor antagonists, or calcium mi-
metic therapy.

The following demographic, clinical and biochemical param-
eters were collected: sex, age, dialysis vintage, CKD duration,
diabetes, coronary computed tomography angiogram (CTA),
erythropoietin treatment regimen, haemoglobin, reticulocytes,
serum creatinine, lipid profile, calcium, phosphate, albumin,
total alkaline phosphatase (ALP), iron, ferritin, PTH, C-reactive
protein (CRP), BAP and 25-hydroxyvitamin D [25(OH)D]. Since
25(OH)D levels fluctuate with sun exposure, the mean of at least
three measurements taken over the year was recorded.
Likewise, the mean of three different determinations for
haemoglobin, reticulocytes, calcium, phosphate, PTH and CRP
was also calculated.

Patients underwent multislice spiral computed tomography
to assess the degree of coronary calcifications, using a
Somatom Sensation Cardiac 16 scanner (Siemens, Forchheim,
Germany), and calcium score was calculated using a specific
software (Syngo Ca-score; Siemens) in accordance with the
Agatston system 56.

Peripheral blood specimens were collected before starting
dialysis session to prevent any possible influence of dialyser on
the cells, and discarding the first few drops to avoid needle-
related contamination by resident endothelial cells.

Flow cytometry analysis of peripheral blood PACs and
putative EPCs

Flow cytometry analysis was used to define and relatively quan-
tify PACs and putative EPCs expressing (or not) VDR and OC. We
followed a modified and improved version of our previous
protocol [11], described in detail in the Supplementary Material.

Determination of circulating inflammation,
cardiovascular and mineralization biomarkers

Luminex bead-based multiplex assays were carried out for de-
termination of circulating interleukin 6 (IL-6), tumour necrosis
factor alpha (TNF-a), fibroblast growth factor 23 (FGF23) and
PTH. The detailed protocol is reported in the Supplementary
Material.

Klotho levels were measured on plasma samples using a
commercially available ELISA (Cusabio Biotech, Wuhan, China)
following the manufacturer’s instructions. Each sample was
analysed in triplicate. The results, expressed as optical density,
were interpolated on a standard curve generated from samples
of known concentration (provided in the kit).

Statistical analysis

The dialysis patients were classified into two groups based on
VDRA therapy (untreated and treated) and compared with
healthy controls for demographic, clinical, biochemical and la-
boratory parameters using Kruskal–Wallis test for continuous

variables and chi-square tests for categorical variables, followed
by post hoc pairwise comparisons. Data of EPC relative counts
and biochemical markers were log-transformed to achieve a
normal distribution (after adding 1 to avoid negative values).
Multiple linear regression analysis was used to evaluate the re-
lationship between the relative counts of each cell subset and
therapy, after adjusting for laboratory variables. A bootstrap
procedure was applied to derive robust estimates of the stand-
ard errors and confidence intervals for the regression coeffi-
cients. The level of significance was set at 0.05. Statistical
analyses were carried out using the ‘Statistical package for the
social sciences’ (IBM SPSS Statistics, Version 20.0; SPSS, Inc.,
Chicago, IL, USA).

Results
Characteristics of subjects enrolled in the study

The demographic, clinical and biochemical characteristics of
the population are summarized in Table 2. We analysed 23
controls, 18 haemodialysis patients not treated with VDRAs
and 35 treated with VDRAs, 17 of them receiving between 1.25
and 1.75 lg/week oral calcitriol, and 18 between 10 and 15 lg/
week IV paricalcitol. Moreover, among VDRA-treated patients,
20 patients were administrated calcium-free phosphate bind-
ers and 13 a combination of calcium-based and calcium-free
phosphate binders. In the no-VDRA treatment group, all pa-
tients received a combination of calcium-based and calcium-
free phosphate binders.

No participant reported a previous history of heart diseases,
cerebrovascular atherosclerotic disease or peripheral vascular
conditions. Among dialysis patients, 13 were diabetics, 6 were
in the no-VDRA treatment group and 7 were in the VDRA treat-
ment group. As expected, haemoglobin, low-density
lipoprotein-cholesterol, calcium, albumin, ALP, iron and
25(OH)D levels were higher in the healthy subjects than in dialy-
sis patients, and reticulocytes, serum creatinine and PTH values
were lower. Post hoc pairwise comparisons revealed that VDRA-
treated patients had higher albumin, iron and PTH levels than
the untreated ones. No parameter differed significantly between
patients treated with calcitriol or paricalcitriol, except PTH,
which was higher in calcitriol-treated patients.

Quantitative and phenotypical assessment of
endothelial progenitors

The relative counts (6standard deviation) of PACs and putative
EPCs (respectively CD133þor CD133�), expressing (or not) VDR
and OC were determined by flow cytometry analysis. Both PACs
and putative EPCs expressing VDR were significantly lower in
healthy controls than in haemodialysis patients, either if CD133þ
(VDRþ PACs: 12.70 6 9.29 versus 21.75 6 15.53, P¼ 0.011), or if
CD133� (VDRþ putative EPCs: 11.78 6 9.88 versus 21.96 6 18.25,
P¼ 0.014) (Figure 1A). A similar result was found in cell subsets
not expressing VDR (VDR� PACs: 12.78 6 9.22 versus
21.75 6 15.53, P¼ 0.009; VDR� putative EPCs: 12.39 6 10.25 versus
22.23 6 18.26, P¼ 0.014). When haemodialysis patients were
stratified according to the presence or absence of VDRA treat-
ment, PACs positive for VDR relative counts were similar between
healthy subjects and untreated haemodialysis patients, but sig-
nificantly lower (P< 0.05) than in VDRA-treated ones (VDRþ
PACs: 12.70 6 9.29 versus 15.73 6 10.43 versus 24.13 6 15.57,
P¼ 0.008). The relative count of putative EPCs positive for VDR
was significantly lower in healthy subjects (P< 0.05) compared

Calcifying EPC in chronic kidney disease | 391

Deleted Text: six
Deleted Text: a
Deleted Text: age
Deleted Text: A
Deleted Text: b
Deleted Text: clinical 
Deleted Text: C
Deleted Text: three 
Deleted Text: c
Deleted Text: functioning 
Deleted Text: F
Deleted Text: a
Deleted Text: active 
Deleted Text: A
Deleted Text: b
Deleted Text: cardiovascular 
Deleted Text: C
Deleted Text: six 
Deleted Text: c
Deleted Text: malignancy
Deleted Text: M
Deleted Text: d
Deleted Text: active 
Deleted Text: A
Deleted Text: e
Deleted Text: bone 
Deleted Text: B
Deleted Text: f
Deleted Text: '
Deleted Text: g
Deleted Text: h
Deleted Text: Familial 
Deleted Text: i
Deleted Text: Uncontrolled 
Deleted Text: j
Deleted Text: bone alkaline phosphatase (
Deleted Text: )
Deleted Text:  
Deleted Text: ,
http://ckj.oxfordjournals.org/lookup/suppl/doi:10.1093/ckj/sfw145/-/DC1
Deleted Text: ,
http://ckj.oxfordjournals.org/lookup/suppl/doi:10.1093/ckj/sfw145/-/DC1
http://ckj.oxfordjournals.org/lookup/suppl/doi:10.1093/ckj/sfw145/-/DC1
Deleted Text: -
Deleted Text: <italic>-</italic>
Deleted Text: ``
Deleted Text: ''
Deleted Text: ESULTS
Deleted Text: ,
Deleted Text: calcium 
Deleted Text: -
Deleted Text: patients were administered 
Deleted Text: calcium 
Deleted Text: ,
Deleted Text: <italic>-</italic>
Deleted Text: -
Deleted Text: positive 
Deleted Text: .
Deleted Text: p
Deleted Text:  negative
Deleted Text: .
Deleted Text: p
Deleted Text: -
Deleted Text: .
Deleted Text: p
Deleted Text: -
Deleted Text: .
Deleted Text: p
Deleted Text: p
Deleted Text: &plus;: 
Deleted Text: .
Deleted Text: .
Deleted Text: p
Deleted Text: p


with haemodialysis patients, with no differences between the
VDRA-untreated and VDRA-treated groups (VDRþ PACs:
11.78 6 9.88 versus 22.33 6 11.40 versus 21.82 6 17.02, P¼ 0.037)
(Figure 1B). This finding was mirrored in VDR-negative cell
phenotypes (VDR� PACs: 12.78 6 9.22 versus 15.73 6 10.43
versus 24.13 6 15.57, P ¼ 0.009; VDR� putative EPCs: 12.39 6

10.25 versus 22.33 6 11.40 versus 22.08 6 17.04, P ¼ 0.049).
OC-stained progenitors were also quantified in all subjects.

Similar to VDR, the relative counts of PACs and putative EPCs
expressing OC were significantly lower in healthy subjects than
in haemodialysis patients (OCþ PACs: 12.57 6 8.51 versus 20.23
6 14.15, P ¼ 0.018; OCþputative EPCs: 11.70 6 7.34 versus 20.32
6 16.04, P¼ 0.016) (Figure 1C). Likewise, percentages of both cell
subsets not expressing OC were lower in controls compared
with dialysis patients (OC� PACs: 12.83 6 8.45 versus 20.42 6

14.33, P¼ 0.017; OC� putative EPCs: 12.91 6 7.93 versus 21.11 6

16.54, P¼ 0.022). Analysing VDRA treatment subgroups, the
PACs positive for OC did not differ between healthy subjects
and untreated patients (P> 0.05), but they were significantly
lower (P< 0.05) than VDRA-treated ones (phenotype OCþ PACs:
12.57 6 8.51 versus 14.47 6 8.88 versus 22.50 6 15.05, P¼ 0.030).
Conversely, putative EPCs expressing OC were lower in healthy
controls than in haemodialysis patients (P< 0.05), with no sig-
nificant differences between untreated versus VDRA-treated pa-
tients (OCþ putative EPCs: 11.70 6 7.34 versus 19.60 6 8.78
versus 20.61 6 16.13, P ¼ ns) (Figure 1D). Also in OC� subsets,
we found that those expressing CD133 (PACs) did not differ be-
tween healthy subjects and untreated patients (P> 0.05), but

were significantly lower (P< 0.05) than in VDRA-treated ones
(OC� PACs: 12.83 6 8.45 versus 14.53 6 8.90 versus 22.74 6 15.23,
P ¼ 0.033). In contrast, putative EPCs negative for OC were lower
in healthy controls than in dialysis patients (P< 0.05), with no
significant differences between untreated versus VDRA-treated
patients (OC� putative EPCs: 12.91 6 7.93 versus 22.67 6 9.07
versus 21.29 6 16.80; phosphate and ¼ ns). When the compari-
sons between the groups were adjusted for phosphate and PTH
in linear regression models, these results were confirmed.
However, when comparisons were adjusted for FGF23, no differ-
ence among groups was found, except for VDRþ PACs, which
proved to be higher in both untreated and VDRA-treated pa-
tients compared with healthy subjects.

For all the cell subpopulations analysed here, no differences
were found between patients treated with calcitriol or paricalci-
triol (data not shown).

Correlation between VDR and OC expression in PACs
and putative EPCs

Since in our flow cytometry experimental design fluorescent
antibodies against VDR and OC antibodies were both labelled
with FITC (fluorescein isothiocyanate), we could not examine
the concomitant expression of the two molecules on EPCs.
Therefore, linear regression analysis was used to determine
positive cytometric events for PACs and putative EPCs express-
ing VDR or OC. As detailed in the Supplementary Figures S1 and
S2, for both populations PACs and putative EPCs, significant
positive correlations were found between cells expressing VDR

Table 2. Demographic, clinical and biochemical parameters of the study groups

(A) Healthy
subjects (n ¼ 23)

(B) VDRA-untreated
patients (n ¼ 18)

(C) VDRA-treated
patients (n ¼ 18) P-value

Post hoc
comparison

Gender (% female) 34.8 38.9 31.4 ns \
Age (years) 60.4 6 9.2 62.5 6 15.2 60.3 6 12.0 ns \
Dialysis vintage (months) \ 20.5 6 20.1 25.9 6 33.4 ns \
CKD duration (months) \ 75.6 6 83.0 64.5 6 65.1 ns \
Diabetes (% of diabetics) 0.0 33.3 20.0 0.016 A < B, C
CTA (HU) \ 1062.3 6 1386.8 411.7 6 644.0 ns \
Calcium score, Agatston units \ 1025.7 6 1342.5 477.2 6 794.6 ns \
Erythropoietin dosage (UI) \ 15 333.3 6 7584.4 15 222.2 6 8556.1 ns \
Haemoglobin (g/dL) 14.2 6 1.3 10.9 6 1.0 10.7 6 1.2 <0.001 A > B, C
Reticulocytes (%) 1.1 6 0.3 2.1 6 0.6 1.9 6 0.7 <0.001 A < B, C
sCreat (mg/dL) 0.8 6 0.2 9.1 6 3.6 9.8 6 3.0 <0.001 A < B, C
HDL-cholesterol (mg/dL) 43.6 6 8.6 37.5 6 15.1 42.9 6 14.0 ns \
LDL-cholesterol (mg/dL) 119.4 6 13.9 82.2 6 35.4 90.0 6 33.0 <0.001 A > B, C
Calcium (mg/dL) 9.1 6 0.4 8.7 6 0.6 8.8 6 0.6 <0.001 A > B, C
Phosphate (mg/dL) 4.6 6 1.0 5.5 6 1.6 5.2 6 1.3 ns \
Albumin (g/dL) 4.7 6 0.5 3.7 6 0.3 4.1 6 0.3 <0.001 A > C > B
ALP (UL) 107 6 16.2 73.9 6 37.0 91.6 6 68.3 <0.001 A > B, C
Iron (mg/dL) 81.4 6 36.9 43.3 6 24.4 54.7 6 21.4 <0.001 A > C > B
Ferritin (ng/dL) 143.5 6 57.8 320.7 6 307.4 216.7 6 224.3 ns \
PTH (pg/dL) 47.9 6 18.4 189.4 6 128.5 337.5 6 191.6 <0.001 A <B < C
CRP (mg/dL) 0.8 6 0.5 0.8 6 1.0 0.8 6 0.5 <0.001 \
BAP (mg/dL) 14.4 6 8.3 14.8 6 8.0 20.2 6 15.8 ns \
25(OH)D (pg/dL) 46.4 6 21.5 17.7 6 10.9 16.5 6 9.5 <0.001 A > B, C
FGF23 (pg/mL)a 1.4 6 0.3 3.1 6 0.7 2.9 6 0.7 <0.001 A < B, C
Klotho (pg/mL)a 0.1 6 0.1 0.3 6 0.1 0.3 6 0.1 <0.001 A < B, C

Categorical variables are presented as percentages, continuous variables as mean 6 standard deviation. For haemoglobin, reticulocytes, calcium, phosphate, PTH, CRP

and 25(OH)D the mean 6 standard deviation of three measurements is reported (P-value: chi-square test/Kruskal–Wallis test; post hoc comparison: Kruskal–Wallis test).

sCreat, serum creatinine; HDL, high-density lipoprotein; LDL, low-density lipoprotein; ns, not significant.
aIndicates variables that were log-transformed.
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and those expressing OC in the healthy controls, in untreated
patients and in VDRA-treated patients, with no differences be-
tween patients receiving calcitriol or paricalcitriol (data not
shown).

Serum levels of circulating inflammation,
cardiovascular and mineralization biomarkers

Concerning circulating biomarkers of inflammation, cardiovas-
cular and mineralization in healthy controls, VDRA-untreated
patients and VDRA-treated patients, Kruskal–Wallis nonpara-
metric test showed that IL-6, TNF-a, PTH, FGF23 and klotho (log-
transformed values) were significantly lower in healthy controls
compared with both groups of dialysis patients (all P < 0.001),
with no differences between untreated and VDRA-treated pa-
tients (Supplementary Figure S3).

Correlations of PACs and putative EPCs with
biochemical parameters

Univariate analysis was used to find associations of biochemical
parameters and circulating inflammation, cardiovascular and
mineralization biomarkers with all the analysed cell subsets in
the three groups. No significant correlations emerged in the
healthy subjects.

In untreated patients, PACs expressing OC phenotype corre-
lated positively with the average (mean of three measurements)
calcium levels (R ¼ 0.474, P ¼ 0.047; Figure 2) and reticulocyte
count (R ¼ �0.608, P ¼ 0.007; Supplementary Figure S4).

In VDRA-treated patients, we observed significant positive
correlations between PACs expressing VDR and IL-6 levels (R ¼
0.381, P ¼ 0.024; Supplementary Figure S5A), and putative EPCs
expressing OC and the mean value of 25(OH)D measurements
over the year (R ¼ 0.333, P ¼ 0.050; Supplementary Figure S5B).

Discussion

Compared with the general population, patients with CKD have
a reduced number and an impaired function of circulating EPCs
and these abnormalities worsen with advancing disease [14].
The initiation of dialysis and a higher dialysis dose (Kt/V), in
their turn, can improve the angiogenic function of EPCs [15]. To
date, studies conducted on different phenotypes of putative
EPCs in haemodialysis patients have mainly focused on the pos-
sible effects of ureamic toxins, dialysis modality and technique
[16]. However, the results on quantitative changes in EPCs are
variable, with two studies reporting slightly increased or similar
cell levels in uraemic patients compared with normal renal
function subjects [17, 18]. Despite the potential role of MBD and
inflammation on bone health and bone marrow

Fig. 1. (A and C) Relative counts of PACs (left) and putative EPCs (right) expressing VDR in the healthy subjects (gray bars) and dialysis patients (checked bars). Results

are expressed as mean 6 standard deviation and are calculated per 2 � 105 events measured (*P < 0.05). (B and D) Relative counts of PACs (left) and putative EPCs

(right) expressing osteocalcin VDR in the healthy subjects (gray bars), VDRA-untreated dialysis patients (slashed bars) and VDRA-treated dialysis patients (dotted bars).

Results are expressed as mean 6 standard deviation and are calculated per 2 � 105 events measured (**P < 0.01).

Fig. 2. Scatter plots and regression line showing the significant correlations in

VDRA-untreated dialysis patients between the percentage of putative EPCs ex-

pressing OC and calcium levels determined as the mean of three measurements

(R ¼ 0.474, P ¼ 0.047).
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microenvironment, poor data are currently available on the ef-
fect on EPCs of vitamin D and PTH on one hand, and cytokines
and growth factors on the other.

Our first finding was the increased percentage of PACs and
putative EPCs expressing VDR in haemodialysis patients com-
pared with healthy subjects. To assess the effect of vitamin D
replacement therapy, we divided the patients according to the
treatment (or not) with VDRAs. Since in the subgroup receiving
VDRAs we found no differences between patients treated with
calcitriol or paricalcitriol for any of the parameters analysed
here (except PTH), the patients were evaluated together, regard-
less of the administered drug. Specifically, the relative count of
PACs expressing VDR were higher in VDRA-treated patients in
comparison with both untreated patients and healthy controls.
Nevertheless, considering putative EPCs expressing VDR, the
differences between VDRA-treated and untreated patients dis-
appeared, as both subgroups showed higher relative counts in
comparison with healthy controls. Despite the limitations due
to the cross-sectional nature of our study, this effect may be in-
terpreted in the light of recent findings on the pathways
involved in the release of HSCs (precursors of the EPCs) and
EPCs from the bone marrow [19]. EPCs are mobilized by angio-
genic homing factors to sites of neovascularization [19, 20].
Specific local tissue microenvironments (niches) in the bone
marrow have been identified with the function of maintenance
and regulation of HSCs/EPCs, keeping them (osteoblastic niche)
for self-renewal and activating them (vascular niche) for prolif-
eration and vascular repair [20]. Under normal and pathological
conditions, there is a continuous egress out of the bone marrow
of HSCs, including those committed to endothelial lineage: this
process is termed mobilization [21]. Mobilization to bone mar-
row niches in the periphery and toward peripheral tissues is
known as homing. Mobilization and homing are mirror proc-
esses depending on the interplay between several cytokines,
growth factors and hormones (G-CSF (granulocyte-colony stim-
ulating factor), IL-6, erythropoietin). The interaction between
stromal cell-derived factor 1 (SDF1), also known as C-X-C motif
chemokine 12 (CXCL12), and its receptor CXCR4 is the most im-
portant mechanism involved in retaining HSCs within the bone
marrow and in HSCs/EPCs mobilization [22, 23]. Osteoblastic
cells regulate the renewal of HSCs inside bone marrow niche
since they express CXCL12, thereby binding HSCs that are pri-
marily quiescent [24]. Therefore, any factor able to deplete
osteoblasts and/or to reduce the expression of CXCL12 results in
transmigration of HSCs and derived cell lineages into the vascu-
lar sinuses (peripheral circulation) [25].

PTH has been proven to control HSCs expansion in bone
marrow niche by interaction with osteoblast PTH receptors, ei-
ther by enhancing cytokine (IL-6 and IL-11) expression, or by
increasing RANKL (receptor activator of nuclear factor kappa-B
ligand) production, which in turn recruits osteoclasts causing
mobilization of HSC into the circulation [26]. In haemodialysis
patients the imbalance of osteoprotegerin (OPG)-RANKL system,
whatever the cause may be, are involved in HSC egress from the
bone marrow [8, 27].

PTH also stimulates HSCs mobilization and homing through
modulation of the pivotal CXCL12/CXCR4 axis via endogenous
release of G-CSF [22]. In our study, both untreated and VDRA-
treated patients presented a cluster of factors, namely IL-6, PTH
and recombinant erythropoietin (rhEPO), potentially able to en-
hance HSCs/EPCs mobilization and so the number of circulating
EPC. The positive correlation found in treated patients between
IL-6 and PACs expressing VDR is likely to be mediated by PTH,
which showed higher levels in this subgroup of patients and is

presumably responsible for the levels increased of IL-6 and
the related mobilization of PACs from bone marrow.
Alternatively inflammation, per se, could play a direct role. PTH
also stimulates HSCs mobilization and homing through modu-
lation of the pivotal CXCL12/CXCR4 axis via endogenous release
of G-CSF [22].

An additional factor able to trigger a rise of PACs expressing
VDR might be VDR activation [12, 28, 29]. This effect of VDRAs
on EPC phenotypes feasibly follows the expression of protective
genes thus inducing a longer survival [12]. The common impair-
ment of endothelial function observed in late-stage CKD dialy-
sis patients might represent a further explanation for this
increase in circulating EPCs [29]. Güven et al. proposed that the
EPC count might reflect the severity of endothelial damage, and
express a continuous attempt to repair endothelial injury and
restore its function [30]. Furthermore, the high percentage of
PACs expressing VDR found in VDRA-treated patients could
probably be ascribed to both VDRAs (pharmacological effect)
and PTH-dependent upregulation of VDR and 1-a hydroxylase
[31].

However, our results indicate that even after controlling for
PTH levels, the percentage of PACs expressing VDR in VDRA-
treated patients remains significantly higher than in healthy
controls.

A second noticeable finding of this study was the significant
increase in the percentage both PACs and putative EPCs ex-
pressing OC in uraemic patients versus healthy subjects.
Indeed, analysing the haemodialysis patients according to the
treatment with VDRAs, we noticed that the relative count of
PACs expressing OC was higher only in the VDRAs-treatment
subgroup, with no differences between healthy subjects and un-
treated patients. Moreover, in VDRA-untreated patients this
specific subset was directly correlated with calcium levels. This
result could be traced to an effect on HSCs mobilization/homing
of calcium levels opposite to endosteal calcium concentration
mediated by CaSR expressed on HSCs [32]. In contrast, the per-
centage of putative EPCs expressing OC did not differ between
untreated and VDRA-treated patients. This cell subset also cor-
related positively with 25(OH)D levels in patients receiving
VDRA therapy. OC is expressed/produced by osteoblastic cells
and circulating osteoprogenitor cells of haematopoietic and
mesenchymal origin, and its regulation involves a number of
calcitropic hormones and growth factors including 1,25-
dihydroxyvitamin D3, PTH, bone morphogenetic proteins, TNF-
a and transforming growth factor b [31, 33]. Eghbali-Fatourechi
et al. reported that OC is also expressed by circulating
CD34þprogenitor cells [34]. PACs and putative EPCs are able to
differentiate into osteoblasts, haematopoietic and endothelial
cells in vitro, thereby implying some degree of overlap between
cells staining for osteoblastic markers and those of the haem-
atopoietic/endothelial lineage [5]. Therefore, the large amount
of PACs and putative EPCs expressing OC found in VDRA-
treated patients could be ascribed to a combined effect of
25(OH)D, VDRA therapy and, last but not least, PTH that, as ex-
pected, had higher levels in this subgroup of patients. It is con-
ceivable that the action of these factors is fulfilled on both cell
subsets, analysed in different districts (bone marrow and blood-
stream) and at different times. The effect of PTH on OC expres-
sion may have been blunted by VDRA treatment. Moreover, VDR
expression is associated with 25(OH)D levels and vitamin D
therapy, so the strong correlation between VDR and OC expres-
sion, in both phenotypes, suggests also a possible link of OC
with vitamin D status.
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The above-mentioned differences across the three groups
were confirmed when adjusted for phosphate and PTH in linear
regression models. However, after adjustment for FGF23, no dif-
ference between the groups was found, except for
VDRþputative EPCs, that were higher in VDRA-treated and un-
treated patients compared with healthy subjects. Although the
cross-sectional study design does not allow us to provide a
clear-cut interpretation of this result, we propose as a tentative
hypothesis that the inhibition of the synthesis of 1,25(OH)D by
FGF23 plays relative a role. FGF23 and klotho are mutually and
independently critical regulators of mineral metabolism.
Epidemiological data have supported a causal role of the im-
pairment of FGF23-klotho axis in the onset and progression of
vascular calcification, although this issue is still under debate
[35]. In contrast to previous studies, klotho levels were higher in
dialysis patients, but perhaps this discrepancy may be due to
differences in the protocols used for klotho assay [36].

The effect of rhEPO on EPC mobilization deserves a special
mention. Erythropoietin is known to promote EPC proliferation,
differentiation and adhesion, indeed erythropoietin-induced
neovascularization is mediated through EPCs recruited from the
bone marrow. Even if the dose of rhEPO in VDRA-treated and
untreated patients was similar, a possible effect of rhEPO was
indirectly confirmed in patients not treated with VDRAs by the
significant association of the PACs expressing OC with reticulo-
cyte count. This result diverges from the findings reported by
Schlieper et al., indicating haematocrit and reticulocyte counts
as negative predictors of EPC numbers [37].

An interesting finding in our study was that, while PACs ex-
pressing OC were increased only in patients under VDRA treat-
ment, putative EPC expressing OC were also high in untreated
patients. Since the antigen CD133 is a stemness marker that is
lost during EPC differentiation, taken together, these findings
seem to indicate the acquisition of an osteogenic phenotype in
the early stages of maturation process, with a later contribution
given by the exposure to the uraemic milieu.

Regarding the role of age and gender, there were no age dif-
ferences between the groups, or in terms of OC-expression be-
tween males and females. It is known that in the general
population, the count of circulating OC-positive cells rises as a
function of age [34]. Uraemic syndrome is the paradigmatic
model of premature aging, caused by phosphate retention,
decreased klotho expression/blood levels, accumulation of ura-
emic toxins triggering oxidative stress and inflammation-
induced cellular senescence and stem cell exhaustion, factors
that in turn may promote vascular disease and accelerated
aging [38]. On a purely hypothetical basis, calcifying EPCs could
represent another manifestation of uraemic premature aging.
The presence in haemodialysis patients of EPCs with a osteo-
genic phenotype is relevant as several preclinical studies and
preliminary clinical evidence indicate that EPCs home to sites of
vascular damage and that OC expression on circulating EPCs is
significantly associated with coronary artery disease, diabetes
and valvular calcification. Whatever the triggers may be, this
endothelial-to-procalcific shift of circulating cells has the po-
tential to deliver a calcifying stimulus to the vasculature via
cells that are naturally instructed to enter the vessel wall.

Our observations confirm that MBD disorders and inflamma-
tion (IL-6) may be related to adverse effects in CKD patients.
Furthermore, if uraemia is set up as a potentially procalcifying
milieu, we failed to demonstrate a protective effect by VDRA
therapy. The role of vitamin D deficiency in cardiovascular dis-
ease is a relatively novel field of interest. Well-substantiated ex-
perimental data describe the regulatory effects of vitamin D on

cardiovascular risk factors, such as diabetes mellitus, and on
the renin-angiotensin system, along with the reasonable pro-
tection against vascular calcification. In contrast, vitamin D
overdosing might induce hypercalcaemia, hyperphosphataemia
and promote FGF23 expression and vascular calcification. The
poor evidence on vitamin D therapy benefits currently prevents
general recommendations on its application.

This study has some limitations, including the relatively
small number of patients. Moreover, our results are based on
cross-sectional data, and we therefore cannot draw any firm
conclusions with respect to causality or change in the variables
considered over time. A further weakness is represented by the
lack of correlation between endothelial precursors and clinical/
instrumental end points, but this was not part of the study de-
sign. Despite these drawbacks, our study suggests that CKD pa-
tients have an increased number of EPCs expressing an
osteogenic phenotype, a factor of bone-vascular axis potentially
relevant to vascular calcification pathogenesis, that may be
modulated by and vitamin D therapy.
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