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ABSTRACT
An apparent conflict exists between observational studies that suggest that vitamin D receptor (VDR)
activators provide a survival advantage for patients with ESRD and other studies that suggest that they
cause vascular calcification. In an effort to explain this discrepancy, we studied the effects of the VDR
activators calcitriol and paricalcitol on aortic calcification in a mouse model of chronic kidney disease
(CKD)-stimulated atherosclerotic cardiovascular mineralization. At dosages sufficient to correct second-
ary hyperparathyroidism, calcitriol and paricalcitol were protective against aortic calcification, but higher
dosages stimulated aortic calcification. At protective dosages, the VDR activators reduced osteoblastic
gene expression in the aorta, which is normally increased in CKD, perhaps explaining this inhibition of
aortic calcification. Interpreting the results obtained using this model, however, is complicated by the
adynamic bone disorder; both calcitriol and paricalcitol stimulated osteoblast surfaces and rates of bone
formation. Therefore, the skeletal actions of the VDR activators may have contributed to their protection
against aortic calcification. We conclude that low, clinically relevant dosages of calcitriol and paricalcitol
may protect against CKD-stimulated vascular calcification.
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Observational studies have shown that administra-
tion of vitamin D receptor (VDR) activators in end-
stage kidney disease (ESKD) increases survival
compared with untreated dialysis patients.1,2 Fur-
thermore, there is an additional survival advantage
between therapy with the native VDR activator, cal-
citriol, and paricalcitol favoring the latter.3 These
studies are difficult to understand because they are
matched by other studies demonstrating that hy-
perphosphatemia and vascular calcification (VC)
are mortality risk factors in ESKD and chronic kid-
ney disease (CKD).4 –7 Both hyperphosphatemia8,9

and VC10 –15 are stimulated by VDR activators;
therefore, the mechanism of the survival advantage
provided by VDR activators is unknown, and the
situation is unclear.

VDR activators are agents approved for the indi-
cation of secondary hyperparathyroidism in CKD.
One of the most important difficulties in the clinical
management of CKD and ESKD is determining

how much suppression of parathyroid hormone
(PTH) is ideal. There is a balance between VDR
activator–induced PTH suppression and stimula-
tion of intestinal calcium (Ca) and phosphate ab-
sorption that may limit administration of the drugs
as a result of elevated serum phosphorus (Pi) or Ca
levels. Elevations in serum Pi or Ca produced by
VDR activators may participate in their reputed
role of stimulating VC.13,14 In addition, suppression
of PTH levels to normal ranges in CKD/ESKD will
result in adynamic bone disorder (ABD),16,17 and

Received August 15, 2007. Accepted March 24, 2008.

Published online ahead of print. Publication date available at
www.jasn.org.

Correspondence: Dr. Keith A. Hruska, Department of Pediatrics,
Campus Box 8208, 5th Fl MPRB, 660 S. Euclid Avenue, St. Louis,
MO 63110. Phone: 314-286-2772; Fax: 314-286-2894; E-mail:
hruska_k@wustl.edu

Copyright � 2008 by the American Society of Nephrology

BASIC RESEARCH www.jasn.org

J Am Soc Nephrol ●● : –, 2008 ISSN : 1046-6673/●● 00- 1

 . Published on April 30, 2008 as doi: 10.1681/ASN.2007080902JASN Express



the actions of vitamin D analogs in ABD are not understood. In
fact, the finding of ABD when PTH levels are suppressed dur-
ing treatment with calcitriol and its analogs has led to incrim-
ination of the VDR activators as causative agents in the patho-
genesis of ABD.16,18 ABD is especially associated with VC in
ESKD,19 and avoiding this form of renal osteodystrophy may
be very important.20,21

We have discovered that ABD was directly stimulated by
CKD in mice when serum Pi, Ca, and PTH levels were main-
tained normal.22 In this model, Pi intake was reduced in pro-
portion to the reduction in GFR, and calcitriol (20 ng/kg three
times a week intraperitoneally) was supplemented to avoid os-
teomalacia as a result of phosphate restriction. Induction of
ABD by CKD has been confirmed by other investigators using
thyroparathyroidectomized five-sixths nephrectomized rats
replaced with thyroid hormone and PTH.23 Human studies of
CKD are consistent with a direct effect of renal injury on bone
formation.24,25 Thus, CKD directly inhibits bone formation,
and secondary hyperparathyroidism is a means of restoring
bone formation rates; however, this adaptation is disease caus-
ing because of lack of feedback control and greater stimulation
of bone resorption compared with the increase in bone forma-
tion deriving from increased PTH levels.26,27 Whenever PTH
levels are suppressed below values approximately recom-
mended by the Kidney Disease Outcomes Quality Initiative
(KDOQI) guidelines,28 in CKD and ESKD, ABD will resur-
face.17

To investigate the issue of VDR activators on the relation-
ship between the skeleton and VC, we turned to our animal
model of VC and ABD in mice with CKD.29,30 The model uses
renal ablation in the atherosclerotic LDL receptor– deficient
(LDLR�/�) mouse fed high-fat Western diets (40% of calo-
ries from fat) to produce CKD. CKD markedly stimulated VC
in these animals, and it produced hyperphosphatemia as a re-
sult of lack of renal excretion and ABD.30 We have shown that
treatment of hyperphosphatemia diminishes VC in this
model.31

The LDLR�/� high fat–fed mouse with CKD has ABD as a
result of additive inhibition of skeletal anabolism from high-fat
feeding, type 2 diabetes, and CKD. This is exactly what is ob-
served in clinical medicine in patients with type 2 diabetes and
CKD/ESKD.32,33 These patients have marked increases in the
tendency for VC to develop associated with CKD just as our
LDLR�/� mice with CKD do.34,35 We have linked CKD stim-
ulation of VC in this model to the development of ABD.30

Thus, our animal model is a model of the ABD complicating
CKD, and it is an excellent opportunity to test the effects of
VDR activators on the skeleton and the vasculature.

Here we report studies of therapy with either calcitriol or
paricalcitol performed as a direct comparison of their actions
on development of VC and the ABD in the LDLR�/� high
fat–fed CKD model described. We found that both calcitriol
(10 and 20 ng/kg) and paricalcitol (50 and 100 ng/kg) admin-
istered three times a week intraperitoneally were protective
against VC. The dosages of VDR activators were sufficient to

produce the effects for which they are clinically approved, PTH
suppression in CKD. The mechanism of VDR activation in
inhibiting aortic calcification seemed to be inhibition of osteo-
blastic gene expression in the aorta. Secondarily, we found that
paricalcitol and calcitriol stimulated osteoblast function and
improved bone turnover in ABD. These skeletal actions may
have also contributed to the protective actions of the VDR
activators on VC by increasing deposition of Ca and Pi in or-
thotropic sites.

RESULTS

Comparative Studies of Calcitriol and Paricalcitol in
the LDLR�/� High Fat–Fed CKD Model: VC
These studies were designed as a comparative treatment trial in
a translational animal model of CKD-stimulated VC. The an-
imal model is the LDLR�/� mouse that was shown to develop
calcification of cardiac valves and atherosclerotic plaques when
fed a high-fat diet (sham high fat; Figure 1) in agreement with
previous studies.29,36 Furthermore, we previously demon-
strated stimulation of atherosclerotic plaque–associated calci-
fication by CKD in this model.29 In this study, CKD was in-
duced by renal ablation at 12 wk of age, and at 22 wk of age
(baseline), treatment was begun with the VDR activators. The

Figure 1. Effects of CKD and VDR activators on aortic Ca levels.
High-fat feeding of LDLR�/� mice (sham high fat) increased
aortic calcification. CKD induced at 12 wk of age stimulated aortic
calcification in the group killed at 28 wk of age (untreated).
Compared with the untreated group, both calcitriol 20 ng/kg
intraperitoneally three times per week and paricalcitol 100 ng/kg
intraperitoneally three times per week administered from 22 to 28
wk of age decreased aortic Ca accumulation. The levels of aortic
Ca were not different from the baseline CKD group studied at 22
wk, indicating reduction in aortic Ca accumulation. Paricalcitol,
400 ng/kg intraperitoneally three times per week increased aortic
Ca accumulation compared with the untreated group.
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experimental groups were analyzed at 28 wk of age. Aortic Ca
content was measured as described in the Concise Methods
section. In CKD high fat–fed mice receiving the vehicle for
paricalcitol (untreated), there was a significant increase in aor-
tic Ca accumulation induced by CKD (Figure 1). Previous
studies29,30,37 characterized the increase in aortic Ca produced
by induction of CKD in this model as an intensification of
atherosclerotic plaque neointimal calcification. Those results
were confirmed in these studies. In addition, there was no ev-
idence of Mönckeberg’s medial arterial sclerosis stimulated by
CKD or the VDR activators in this study.

The effects of treatment with either calcitriol or paricalcitol
on aortic Ca content in 28-wk-old mice are shown in Figure 1.
There was a trend for each of the clinically relevant dosages of
calcitriol and paricalcitol to reduce neointimal vascular Ca
content. The trends exhibited dosage dependence, and the an-
imals that were treated with 20 ng/kg calcitriol and the animals
that were treated with 100 ng/kg paricalcitol had significantly
less vascular Ca than the uremic high fat–fed vehicle-treated
animals (Figure 1). A clinically relevant dosage of the VDR
activators was defined as dosages close to the threshold dosage
for the VDR activator indication, suppression of PTH levels in
CKD (Table 1).

Previous reports demonstrated stimulation of VC by vita-
min D analogs.10,12,15 The actions of the VDR activators on
aortic calcification reported here are not in disagreement with
these reports, because when we used a dosage of paricalcitol
(paricalcitol 400 ng/kg) equivalent to the VDR activator dos-
ages used in the previous reports; we also observed stimulation
of aortic Ca content (Figure 1). The stimulation of vascular Ca
content in the group that was treated with 400 ng/kg paricalci-
tol was due to increased deposition of vascular Ca in the ath-
erosclerotic plaque.

Aortic Gene Expression
To investigate the mechanism of vascular protection provided
by VDR activators, we first analyzed their actions on aortic
gene expression. We recently demonstrated that the stimula-
tion of VC by CKD in this model is due to a stimulation of
aortic mineralization guided by a bone morphogenic protein-
2/4 –stimulated osteoblastic transcription program.37 As
shown in Figure 2A, CKD (untreated group) dramatically
stimulated aortic osterix expression. Osterix has been identi-
fied as the phosphate-stimulated osteoblastic transcription
factor in studies of human vascular smooth muscle cells in vitro
and as stimulated by CKD and inhibited by phosphate binders
in vivo.31,37 Aortic expression of Msx2 (Figure 2B), identified
by Cheng et al. 36,38 to be stimulated in LDLR�/� mice equiv-
alent of our sham high-fat group, was increased in the un-
treated group over the levels in the sham high-fat group, al-
though the expression levels of Msx2 remained much lower
than those for osterix and CBFA1. The VDR activators mark-
edly suppressed osterix and Msx2 expression. CBFA1, or
Runx2, was also induced by CKD in the untreated group (Fig-
ure 2C), and there was a trend for CBFA1 levels to be reduced Ta

b
le

1
.

B
io

ch
em

ic
al

p
ar

am
et

er
s

in
th

e
va

ri
ou

s
g

ro
up

s
of

an
im

al
s

P
ar

am
et

er
G

ro
up

1
G

ro
up

2
G

ro
up

3
G

ro
up

4
G

ro
up

5
G

ro
up

6
G

ro
up

7
G

ro
up

8
G

ro
up

9
G

ro
up

1
0

M
ou

se
st

ra
in

C
57

B
L6

(w
ild

-t
yp

e)
LD

LR
�

/�
LD

LR
�

/�
LD

LR
�

/�
LD

LR
�

/�
LD

LR
�

/�
LD

LR
�

/�
LD

LR
�

/�
LD

LR
�

/�
LD

LR
�

/�
D

ie
t

Re
g

ul
ar

ch
ow

Re
g

ul
ar

ch
ow

H
ig

h
fa

t
Fa

t
Fa

t
Fa

t
Fa

t
Fa

t
Fa

t
Fa

t
Su

rg
er

y
Sh

am
Sh

am
Sh

am
C

K
D

C
K

D
C

K
D

C
K

D
C

K
D

C
K

D
C

K
D

W
ee

ks
p

os
tn

at
al

28
28

28
22

28
28

28
28

28
28

Tr
ea

tm
en

t
V

eh
ic

le
V

eh
ic

le
V

eh
ic

le
V

eh
ic

le
V

eh
ic

le
C

al
ci

tr
io

l
10

ng
/k

g
C

al
ci

tr
io

l
20

ng
/k

g
Pa

ric
al

ci
to

l
50

ng
/k

g
Pa

ric
al

ci
to

l
10

0
ng

/k
g

Pa
ric

al
ci

to
l

40
0

ng
/k

g
n

7
7

7
6

7
6

6
10

8
9

Pr
es

ur
g

ic
al

w
ei

g
ht

18
.9

83
�

1.
01

0
19

.3
14

�
0.

64
0

19
.4

00
�

0.
62

0
21

.7
40

�
0.

75
0

21
.5

00
�

1.
89

0
22

.1
20

�
2.

18
0

21
.4

00
�

0.
83

5
21

.0
20

�
0.

67
6

21
.9

88
�

1.
08

9
22

.3
78

�
0.

69
1

W
ei

g
ht

at
ki

lli
ng

21
.5

83
�

0.
75

9
20

.5
80

�
0.

50
0

25
.0

44
�

1.
64

0
21

.6
40

�
0.

95
0

21
.0

67
�

1.
80

0
22

.6
00

�
1.

86
0

24
.3

83
�

1.
80

7
22

.5
80

�
1.

03
9

22
.9

38
�

1.
32

7
24

.9
33

�
1.

20
5

B
U

N
(m

g
/d

l)
20

.9
60

�
2.

89
6

27
.6

60
�

4.
64

0
18

.7
00

�
1.

66
0

61
.2

00
�

14
.4

60
a

37
.4

20
�

3.
74

0a
54

.0
00

�
10

.0
00

a
46

.4
00

�
3.

28
0a

38
.1

40
�

4.
89

0a
49

.6
60

�
2.

69
0a

38
.7

10
�

5.
72

0a

G
lu

co
se

(m
g

/d
l)b

14
8.

41
0

�
12

.7
80

23
3.

50
0

�
20

.7
90

15
5.

90
0

�
24

.4
80

12
4.

80
0

�
16

.8
50

16
5.

43
0

�
14

.7
00

20
7.

87
0

�
41

.2
60

18
1.

40
0

�
25

.8
80

18
4.

43
0

�
26

.2
40

17
4.

50
0

�
32

.9
10

28
8.

14
0

�
52

.7
90

C
ho

le
st

er
ol

(m
g

/d
l)

52
.3

60
�

4.
60

0
19

9.
00

�
6.

80
0

65
8.

90
0

�
78

.0
00

c
55

6.
00

0
�

70
.0

00
c

70
2.

50
0

�
72

.0
0c

46
6.

62
0

�
50

.6
00

c
79

0.
80

0
�

16
7.

55
0c

81
4.

00
0

�
90

.7
20

c
59

3.
50

0
�

81
.5

90
c

12
13

.2
00

8
�

14
3.

55
0c

PT
H

(p
g

/m
l)

19
.1

00
�

5.
30

0
25

.6
30

�
6.

30
0

23
.5

10
�

13
.3

60
74

3.
52

0
�

18
6.

00
0d

44
4.

05
0

�
98

.0
00

d
74

.6
00

�
8.

30
0e

44
.3

20
�

9.
60

0e
83

.7
10

�
18

.8
00

e
60

.3
40

�
19

.2
00

e
16

.2
00

�
2.

70
0e

a
A

ll
of

th
e

C
K

D
g

ro
up

s
ha

d
si

g
ni

fic
an

tly
hi

g
he

r
B

U
N

at
ki

lli
ng

co
m

p
ar

ed
w

ith
w

ild
-t

yp
e

or
hi

g
h-

fa
t

sh
am

(P
�

0.
02

).
b
Th

er
e

w
as

no
st

at
is

tic
al

d
iff

er
en

ce
am

on
g

th
e

g
lu

co
se

va
lu

es
.

c A
ll

th
e

hi
g

h
fa

t–
fe

d
g

ro
up

s
ha

d
si

g
ni

fic
an

tly
hi

g
he

r
ch

ol
es

te
ro

lc
om

p
ar

ed
w

ith
w

ild
-t

yp
e

(P
�

0.
00

1)
.

d
Th

e
PT

H
va

lu
es

w
er

e
hi

g
he

r
fo

r
th

e
C

K
D

g
ro

up
s

co
m

p
ar

ed
w

ith
w

ild
-t

yp
e

(P
�

0.
00

1)
.

e
Th

er
e

w
as

a
d

os
ag

e-
d

ep
en

d
en

t
d

ec
re

as
e

in
PT

H
co

m
p

ar
ed

w
ith

th
e

C
K

D
28

-w
k

ve
hi

cl
e

g
ro

up
(u

nt
re

at
ed

;
P

�
0.

00
1)

.

BASIC RESEARCHwww.jasn.org

J Am Soc Nephrol ●● : –, 2008 Vitamin D Analogs and Vascular Calcification 3


















