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Abstract Vascular calcification significantly contributes to

mortality in chronic kidney disease (CKD) patients.

Sevelamer and pyrophosphate (PPi) have proven to be

effective in preventing vascular calcification, the former by

controlling intestinal phosphate absorption, the latter by

directly interfering with the hydroxyapatite crystal forma-

tion. Since most patients present with established vascular

calcification, it is important to evaluate whether these

compounds may also halt or reverse the progression of

preexisting vascular calcification. CKD and vascular cal-

cification were induced in male Wistar rats by a 0.75 %

adenine low protein diet for 4 weeks. Treatment with PPi

(30 or 120 lmol/kg/day), sevelamer carbonate (1500 mg/

kg/day) or vehicle was started at the time point at which

vascular calcification was present and continued for

3 weeks. Hyperphosphatemia and vascular calcification

developed prior to treatment. A significant progression of

aortic calcification in vehicle-treated rats with CKD was

observed over the final 3-week period. Sevelamer treatment

significantly reduced further progression of aortic calcifi-

cation as compared to the vehicle control. No such an

effect was seen for either PPi dose. Sevelamer but not PPi

treatment resulted in an increase in both osteoblast and

osteoid perimeter. Our study shows that sevelamer was

able to reduce the progression of moderate to severe pre-

existing aortic calcification in a CKD rat model. Higher

doses of PPi may be required to induce a similar reduction

of severe established arterial calcification in this CKD

model.
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Introduction

Calcification in the arteries is the most common life-

threatening complication in patients with chronic kidney

disease (CKD). Current therapies to treat vascular calcifi-

cation in CKD mainly consist of controlling the mineral

disturbances such as hyperphosphatemia. Despite the fact

that this treatment strategy has proven to reduce arterial

calcification to some extent in new dialysis patients and in

an experimental model of CKD [1, 2], research on alter-

native forms of treatment is required. Arterial calcification

is a multifactorial complication induced by various pro-

moters and a lack of inhibitors which makes it difficult to

control the various provocative factors by current treatment

strategies such as phosphate binding agents. Therefore, an

alternative therapeutic approach for the treatment of vas-

cular calcification consisting of the direct interference with

the mineralization process in the vessel wall, independently
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of the causal factors, could create new opportunities for

more efficient therapy.

Pyrophosphate (PPi) is an endogenous calcification

inhibitor whose local concentration depends on three reg-

ulatory factors: (1) the rate-limiting enzyme ectonucleotide

pyrophosphatase phosphodiesterase (Enpp1) which intra-

cellularly hydrolyzes ATP to AMP and thereby generates

PPi (2) the transmembrane protein ankyrin (ANK)

responsible for shuttling PPi in the extracellular space and

(3) tissue nonspecific alkaline phosphatase (TNAP) which

degrades excess extracellular PPi into phosphate ions [3].

PPi exerts its function, in great part, by binding to nascent

hydroxyapatite crystals and as such prevents further

incorporation of inorganic phosphate into these crystals [4].

Both in vitro and in vivo experiments have shown PPi to be

a potent inhibitor of vascular calcification. A study by

Villa-Bellosta et al. [5] has reported that calcium phosphate

deposition in the vessel wall can occur passively by the

lack of calcification inhibitors which in a next step triggers

osteogenic transdifferentiation of vascular smooth muscle

cells thereby modulating mineralization of the extracellular

matrix in a well-organized crystalline structure. The pro-

tective role of PPi was demonstrated in cultured rat aortas

exposed to high phosphate levels [6]. In addition, exoge-

nous PPi was shown to inhibit aortic calcification in vita-

min D-treated rats [7], adenine-induced uremic rats [8] and

a uremic apolipoprotein E gene knockout mouse model [9].

In hemodialysis patients, plasma PPi levels are reduced

and decrease further after each dialysis session due to

dialytic clearance [10]. The decrease in PPi has further

been attributed to the upregulation of TNAP, as shown in

arteries of uremic rats, which led to an increased hydrolysis

of PPi [11]. Apart from this, a negative association of

plasma PPi levels with vascular calcification has been

demonstrated in hemodialysis and peritoneal dialysis

patients as well as in CKD stage 4 patients not yet on

dialysis [12]. A recent publication of O’Neill’s research

group nicely showed that the systemic deficiency of PPi

plays a direct role in aortic calcification [13]. These studies

show that this small molecule is of substantial importance

in CKD-related arterial calcifications.

For a number of years, focus had been on bisphospho-

nates, which are nonhydrolysable PPi analogs worldwide

prescribed for the treatment of osteoporosis. As severe

bone loss is a common complication of CKD, bisphos-

phonates were put forward as potential treatment to pre-

serve bone density in this population. In fact, several

experimental studies have shown the ability of bisphos-

phonates to reduce the development of experimentally

induced medial calcification [14, 15]. However, the safety

and efficacy of bisphosphonates in CKD patients, as

compared to subjects with normal renal function, are called

into question. In CKD, bisphosphonates pose potential

risks for adynamic bone disease and defective mineraliza-

tion which in turn may exacerbate vascular calcifications

[14, 16].

In contrast to bisphosphonates, PPi is degraded in the

bone by the high level of exposure to alkaline phosphatase,

constantly expressed by osteoblasts, and keeping physio-

logical bone mineralization intact. Therefore, it is of par-

ticular interest to investigate the effect of PPi on vascular

calcification as well as on the bone status in rats with

adenine-induced CKD. One model that has been exten-

sively used to study vascular calcification in CKD is the

adenine-induced CKD rat model. Rats fed a 0.75 % ade-

nine low protein diet during 4 weeks show mineral deposits

from week 3 on which aggregate to severe, macroscopic

distinguishable calcifications in the tunica media of the

aorta of all animals after 8 weeks of CKD [17, 18]. In

previous studies, using this model, we evaluated the effect

of phosphate-lowering agents on the development of vas-

cular calcifications [19]. Also, O’Neill and Riser [8] used

this model to show that peritoneal administration of PPi

(simulating peritoneal dialysis treatment) was able to pre-

vent vascular calcification. However, no experimental

studies have been reported evaluating the effect of seve-

lamer or PPi on the progression or reversal of established

medial calcification in this model.

Animals and Methods

Study Setup

Male Wistar rats were purchased (250 g, Iffa Credo,

Brussels, Belgium) and housed two per cage for the dura-

tion of the study in a temperature-controlled (22 �C) room
with a strict 12-h light/dark cycle. Food and water were

provided ad libitum. After a 2-week equilibration period on

a high phosphate diet (1.03 % P, 1.06 % Ca) (SSNIFF

Spezialdiäten, Soest, Germany), animals were maintained

for 4 weeks on a 0.75 % adenine low protein diet (0.92 %

P, 1.0 % Ca, 2.5 % protein) to induce CKD. Treatments

were started for 3 weeks from stop of adenine treatment on.

Following CKD induction, the animals were randomly

assigned to the following treatment groups (Fig. 1): (1)

CKD rats killed at the stop of adenine treatment (baseline

uremic controls, n = 12), (2) CKD rats receiving peri-

toneal dialysis fluid containing no PPi during 3 weeks via

intraperitoneal catheterization (Vehicle, n = 14), (3) CKD

rats receiving 30 lmol/kg/day of PPi dissolved in peri-

toneal dialysis fluid during 3 weeks via intraperitoneal

catheterization (PPi 30, n = 14), (4) CKD rats receiving

120 lmol/kg/day of PPi dissolved in peritoneal dialysis

fluid during 3 weeks via intraperitoneal catheterization

(PPi 120, n = 14) and (5) CKD rats receiving 1500 mg/
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kg/day of sevelamer carbonate (Renvela�) during 3 weeks

via gavage (Sevelamer, n = 14). For the implantation of

the intraperitoneal catheters, rats were anesthetized by

intraperitoneal injection with 60 mg/kg sodium pentobar-

bital (Nembutal, Ceva Santé Animale, France).

Blood and 24-h urine samples were collected at various

time points for measurement of a series of biochemical

parameters (Fig. 1). At killing, animals were exsanguinated

through the retro-orbital plexus after anesthesia with

60 mg/kg sodium pentobarbital (Nembutal) via intraperi-

toneal injection.

Biochemical Analyses

Serum creatinine was determined according to the Jaffé

method. Total calcium in serum and urine was measured

with flame atomic absorption spectrometry (Perkin-Elmer,

Wellesley, MA, USA) after appropriate dilution in 0.1 %

La(NO3)3 to eliminate chemical interferences. Serum and

urinary phosphorus were measured using the Ecoline�S

Phosphate kit (DiaSys, Holzheim, Germany). Serum iPTH

(Immutopics, San Clemente, CA, USA) levels were

determined by use of an ELISA kit.

Assessment of Vascular Calcification

After isolation of the thoracic aorta, the tissue was fixed in

neutral buffered formalin for 90 min and cut into sections

of 2–3 mm. These sections were embedded upright in a

paraffin block, and 4-lm sections were stained for calcifi-

cation with von Kossa’s method and counterstained with

hematoxylin and eosin. The percentage of calcified area

was calculated using AxioVision image analysis software

(Release 4.5, Carl Zeiss, Oberkochen, Germany) in which,

based on two color separation thresholds, the total tissue

area and the von Kossa-positive area are measured. After

summing both absolute areas, the percentage of calcified

area was calculated as the ratio of the von Kossa-positive

area versus the total tissue area.

The proximal part of the abdominal aorta and the left

carotid and femoral artery were isolated and weighed on a

precision balance. Subsequently, the samples were digested

in 65 % HNO3 at 60 �C overnight. The calcium content of

each artery was measured with flame atomic absorption

spectrometry and expressed as mg calcium/g wet tissue.

Histomorphometric Analysis of Static Bone

Parameters

Sections of the left tibia were Goldner stained for histo-

morphometric analysis of the proximal metaphysis with

AxioVision Release 4.5 software. Out of primary mea-

surements, the following static bone parameters were cal-

culated: bone area, osteoid area, osteoid perimeter, osteoid

width, eroded perimeter, osteoblasts on total perimeter and

osteoclasts on total perimeter [20]. As a result of the severe

secondary hyperparathyroidism, inherent to the CKD rat

model used in the present study, and the chaotic incorpo-

ration of tetracycline labels going along herewith, quanti-

tative measurement of dynamic bone parameters was not

possible.

Statistical Analysis

Results were expressed as mean ± SD, unless indicated

otherwise. Nonparametric statistical analyses were per-

formed with SPSS 20.0 software. To compare results of

one specific study group obtained at different time points, a

Friedman test was followed by a Wilcoxon signed-rank test

when significance was reached. Comparison among groups

at one specific time point was performed by a Kruskall–

Wallis test, followed by a Mann–Whitney U test when

significant. Bonferroni correction was applied when more

than two groups were compared. A p value \0.05 was

considered statistically significant.

Results

Mortality was relatively low and similar in the different

treatment groups: 9, 10, 11 and 10 animals out of 14 sur-

vived until the end of the study in the CKD group treated

with vehicle, PPi 30, PPi 120 and sevelamer, respectively.

No mortality was noted in the baseline uremic control

group which was killed after 4 weeks of CKD. There were

no differences in food, water consumption and body weight

between the different study groups at the various time

points.

Fig. 1 Study design. CKD—chronic kidney disease

E. Neven et al.: Can Intestinal Phosphate Binding… 527

123



Renal Function and Mineral Metabolism

As indicated by the serum creatinine concentrations

(Fig. 2a), adenine treatment resulted in severe CKD. After

stopping adenine feeding, partial recovery of renal function

was seen due to discontinuation of this renal toxin. How-

ever, serum creatinine levels at the end of the study were

still significantly elevated as compared to normal values at

baseline and no significant differences between treatment

groups were seen. Induction of CKD led to reduced

phosphorus excretion in all groups (Fig. 3a), which in turn

resulted in phosphorus retention. The high dose of PPi

produced a partial blunting of this reduction at the end of

the study as compared to the vehicle group. Serum phos-

phorus levels were in line with the respective serum crea-

tinine values and show that all animals developed serious

hyperphosphatemia after 4 weeks of CKD (Fig. 2b).

Treatment with either PPi or sevelamer between 4 and

7 weeks after CKD induction did not affect serum phos-

phorus levels at the end of the study as compared to

vehicle-treated rats. Inherent to the development of CKD,

serum calcium levels were decreased after 4 weeks of

adenine treatment, which was maintained at week 7 for all

treatment groups with exception of the sevelamer group

(Fig. 2c). Treatment with sevelamer significantly increased

total calcium in the serum at the end of the study. Serum

ionized calcium levels evolved in a more or less similar

way, but no significant differences were seen between the

study groups at any time point (Fig. 2e). Urinary calcium

excretion was significantly increased in the groups treated

with PPi 120 and sevelamer at the end of the study as

compared to baseline levels, and in the sevelamer group as

compared to the vehicle group at week 7 (Fig. 3b). Serum

creatinine, phosphorus and calcium levels of the group that

was killed after 4 weeks of CKD (i.e., the uremic baseline

group) did not differ from the other study groups at base-

line and after 4 weeks of CKD and are shown in a sup-

plementary file (Online Resource 1).

Consistent with the induction of renal failure and the

development of hyperphosphatemia and hypocalcemia, a

six-fold increase in serum iPTH levels was seen in all

groups in comparison with historical values of rats with

normal renal function [21] (Fig. 2d).

Evaluation of Vascular Calcification

Figure 4 shows the total calcium content in the abdominal

aorta and the percentage calcified area, i.e., von Kossa-

Fig. 2 Serum parameters of

renal function and mineral

metabolism: creatinine (a),
phosphorus (b), calcium (c),
PTH (d) and ionized calcium

(e) in CKD rats treated with

vehicle (n = 9), PPi 30

(n = 10), PPi 120 (n = 11) or

sevelamer (n = 10). �p\ 0.05

versus week 0 within the same

group. *p\ 0.05 versus vehicle

at the same time point.
#p\ 0.05 versus normal values
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positive surface, in the thoracic aorta. Both von Kossa

staining and measurement of the total calcium content in

the aorta show the development of distinct vascular calci-

fications in all but one animal of the uremic control group;

i.e., at the stop of adenine treatment. Although there was no

significant progression in the area of calcification of the

aorta, there was a significant increase in the calcium con-

tent of the aorta observed after 3 weeks of vehicle treat-

ment (50 ± 25 mg calcium/g wet tissue) as compared to

rats killed after 4 weeks of CKD (baseline) (20 ± 13 mg

calcium/g wet tissue). Treatment with PPi either at

30 lmol/kg/day (55 ± 28 mg calcium/g wet tissue) or at

120 lmol/kg/day dose (49 ± 28 mg calcium/g wet tissue)

did not halt or reverse this progression of calcification in

the aorta. However, 3 weeks of sevelamer treatment at a

1500 mg/kg/day dose prevented the increase in aortic cal-

cium content (33 ± 19 mg calcium/g wet tissue) between

week 4 and 7. This beneficial effect was not confirmed in

the femoral and carotid arteries where progression of cal-

cification was not observed between weeks 4 and 7 (data

not presented).

Figure 5 presents representative photographs of aortic

sections of untreated CKD rats killed at week 4 (baseline)

and CKD rats treated with vehicle, PPi 30 or sevelamer at

week 7.

Histomorphometric Analysis of Static Bone

Parameters

Static bone parameters are presented in Fig. 6. Vehicle-

treated CKD animals showed no differences in static bone

parameters after the 3-week treatment period versus the

uremic control group at stop of adenine treatment. Treat-

ment with PPi also did not induce significant changes in the

various histological bone parameters during the treatment

period at either dose tested. However, a significant increase

in osteoid and osteoblast perimeter was seen in the seve-

lamer-treated animals (Fig. 6c, e).

Discussion

Vascular calcification is a prominent feature of vascular

disease and is rapidly progressive in CKD patients [22].

Until now, experimental studies have focused on the effect

of therapeutics in the prevention of vascular calcification

[2, 19, 23], which means that compounds are administered

before the onset of calcification in the arteries. However, at

the time patients are being diagnosed with CKD, calcifi-

cation in the vasculature is often present. In nondialysis

CKD patients, the prevalence of vascular calcification has

Fig. 3 Urinary parameters of

mineral metabolism:

phosphorus (a) and calcium

(b) in CKD rats treated with

vehicle (n = 9), PPi 30

(n = 10), PPi 120 (n = 11) or

sevelamer (n = 10). �p\ 0.05

versus week 0 within the same

group. *p\ 0.05 versus vehicle

at the same time point

Fig. 4 The calcium content of

the aorta (a) and the percentage

calcified aortic area (b) in
untreated CKD rats killed at

week 4 (n = 12) and CKD rats

treated with vehicle (n = 9),

PPi 30 (n = 10), PPi 120

(n = 11) or sevelamer (n = 10)

for 3 weeks (from week 4 to

week 7). Data are presented as

individual values. *p\ 0.05

versus CKD at week 4 (Mann–

Whitney U test with Bonferroni

correction for multiple

comparisons)
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been reported to vary between 47 and 64 %, suggesting

that the process of calcification starts at early stages of

CKD [24–26]. As most patients present themselves in

the clinic with a given degree of vascular calcification

which progresses rapidly as renal function deteriorates, it

is of utmost importance to evaluate the effects of (po-

tential) therapeutic agents on the progression or even

regression of preexisting calcification. Few clinical trials

have reported the effect of phosphate binding agents or

calcimimetics on the progression of established calcifi-

cation. Sevelamer has been shown to attenuate the pro-

gression of vascular calcification in predialysis patients

[27], as well as in prevalent [28, 29] and incident [1]

hemodialysis patients in comparison with calcium con-

taining phosphate binders, which caused a significant

progression of coronary and aorta calcification. Lan-

thanum carbonate also inhibited the progression of mild

aortic calcification in hemodialysis patients suffering

from type II diabetes mellitus as compared to calcium

carbonate treatment [30]. In addition, increases in calci-

fication scores were consistently less in the aorta, aortic

valve and mitral valve among hemodialysis patients

treated with cinacalcet plus low-dose vitamin D sterols

as compared to those treated with flexible doses of

vitamin D sterols alone [31], suggesting that cinacalcet

plus low-dose vitamin D sterols might attenuate vascular

and cardiac valve calcification.

Nevertheless, it would be of substantial interest to

integrate this interesting and relevant approach in experi-

mental studies which have the advantage to evaluate the

capacity of different therapeutics in blocking the progres-

sion of calcified lesions in the vessel wall without the

interference of standard medication often prescribed to

CKD patients, and to have the opportunity to quantify

vascular calcification by reliable and precise methods. The

effectiveness of potential therapeutics on the progression of

established vascular calcification has only been reported

very recently by the group of Massy and Riser in the

uremic apolipoprotein E knockout (apoE KO) mouse

model of CKD [32]. Progression of calcification was halted

by PPi and sevelamer hydrochloride. In comparison with

the model used in the current study, the apoE KO in gen-

eral, is primarily considered a model for atherosclerosis-

related intimal calcifications. In the present study, the rat

model with adenine-induced CKD and vascular media

calcification was used. With this model, mortality is limited

and did not differ between the control and treatment groups

indicating that outcomes were not biased by differences in

mortality. In our study, we showed that sevelamer car-

bonate appeared to prevent the further progression of

vascular medial calcification, at least in the aorta. The

calcium content of the aorta did not significantly increase

over a 3-week treatment period with this phosphate binding

agent, whereas a significant progression of aortic calcifi-

cation was observed in the vehicle-treated CKD group.

This beneficial effect of sevelamer was not seen on the

percent calcified surface as measured on von Kossa-stained

aortic sections. However, there was no progression of the

percent calcified area between baseline values of CKD rats

at week 4 and values of vehicle-treated CKD rats at the end

Fig. 5 Von Kossa-stained

aortic sections of untreated

CKD rats killed at week 4 and

CKD rats treated with vehicle,

PPi 30 or sevelamer at week 7
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of the study. Histomorphometric analysis of von Kossa-

stained sections as a measure for aortic calcification is a

less sensitive and less quantitative method than calcium

bulk analysis of the aorta which may explain the absence of

progression in calcified aortic surface found in vehicle-

treated CKD animals. Histomorphometric measurement

only takes into account the surface taken by the calcium

phosphate crystals and does not give any information about

the calcium density. Furthermore, in contrast to the aortic

calcium content, the calcium content of the carotid and

femoral arteries did not significantly progress over the

3-week treatment period in the vehicle-treated rats; there-

fore, no conclusions can be drawn with regard to the effect

of the compounds on the progression of preexisting calci-

fication in these smaller arteries.

Despite comparable doses of PPi as used in the study of

Massy and Riser [32], we could not confirm the beneficial

effect of PPi on the progression of established vascular

medial calcification in the adenine-induced CKD rat

model. In addition, both PPi and sevelamer treatment had

no effect on calcium and phosphorus metabolism as com-

pared to vehicle-treated CKD rats after 3 weeks of

administration, except for a higher total serum calcium

concentration in the sevelamer group. The discrepancy

between both experimental studies is most likely due to the

difference in the time course and severity of vascular

Fig. 6 Static bone parameters

in the groups under study: bone

area (a), osteoid area (b),
osteoid perimeter (c), eroded
perimeter (d), osteoblast
perimeter (e) and osteoclast

perimeter (f) in untreated CKD

rats killed at week 4 (n = 12)

and CKD rats treated with

vehicle (n = 9), PPi 30

(n = 10), PPi 120 (n = 11) or

sevelamer (n = 10) for 3 weeks

(from week 4 to week 7).

�p\ 0.05 versus vehicle-treated

CKD rats
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calcification of the two different CKD models used. Ure-

mic apoE knockout mice develop mild aortic intimal cal-

cification, whereas adenine-induced CKD rats develop

moderate to severe vascular calcification in the tunica

media with arterial calcium concentrations up to 100 times

higher as compared to the uremic apoE knockout mouse

model. The adenine-induced CKD rat model may therefore

reflect the clinical situation of moderate to severe vascular

calcifications to a better extent [33]. It also remains that the

concentrations of PPi required to induce an effect in this

more ‘‘aggressive’’ adenine model could have been greater

than those tested in the current study. Therefore, both

findings suggest that PPi and sevelamer are capable of

blocking at least mild aortic calcification. However, when

calcifications are well established (i.e., in an advanced

stage), it appears more difficult to halt its progression.

The efficiency of phosphate binders on vascular calci-

fication is rather limited because these agents only target

one of the causal factors of vascular calcification, i.e.,

hyperphosphatemia, and suffer from a poor compliance due

to the high pill burden. As such, in a complex disease such

as CKD–mineral and bone disorder (MBD) in which

multiple organs are involved and various factors are known

to play a role in the onset and progression of vascular

calcification, calcifications should be detected in an early

stage and the further expansion of the lesions should be

stopped, preferably by directly and locally acting on the

formation of calcium phosphate crystals in the vessel wall.

For this purpose, PPi should reasonably be considered an

ideal compound as it exerts its effect by binding to

hydroxyapatite crystals to prevent further crystal growth

[4]. An additional advantage of this promising molecule is

the route of administration. In contrast to the orally pre-

scribed current therapies, PPi can be added to the dialysate

in patients on peritoneal dialysis or hemodialysis thereby

avoiding gastro-intestinal side effects whilst dramatically

increasing therapeutic compliance. Apart from its preven-

tive effect on the development of vascular calcification and

its beneficial effect on the progression of limited calcified

lesions, further studies using higher PPi doses are needed to

evaluate whether this compound can also halt the pro-

gression of more aggressive calcification in the tunica

media of the aorta and peripheral vessels.

Targeting the calcification process itself in the vessel

wall entails the possible interference of the compound with

bone mineralization. For the therapeutic evaluation of

compounds on CKD-related pathological vascular calcifi-

cation, it is a prerequisite to examine and exclude whether

or not these agents negatively affect physiological bone

mineralization which is already compromised in CKD.

Vascular calcification and bone pathology are both hall-

marks of CKD and highly interconnected [34], as disorders

in bone mineralization are key determinants of the severity

of vascular osteogenesis. Although the adenine-induced

CKD rat model has been proven a valuable model of CKD-

induced vascular (medial) calcifications, it does not allow

quantitative histomorphometric measurement of dynamic

bone parameters because of the chaotic incorporation of

tetracyclines into the woven bone inherent to the high bone

turnover and the development of severe osteitis fibrosa.

Hence, in the present study, only static bone parameters

were measured. Whereas PPi treatment did not affect any

of the bone parameters under study, a significant increase

in the amount of osteoid was seen in the CKD animals

treated with sevelamer. This is likely due to the phosphate

binding capacity of sevelamer and in line with previous

findings of our group showing that strong intestinal phos-

phate binding can induce disturbances in bone mineral-

ization either because of an insufficient supply of

phosphate to be incorporated in the bone and/or an

increased efflux of phosphate out of bone to allow systemic

restoration of phosphate homeostasis [35, 36]. Whether the

increased urinary calcium excretion was due to a con-

comitant efflux out of bone, or results from an increased

calcium absorption inherent to the use of phosphate bind-

ing agents cannot be deduced from the present data.

However, this in line with previous observations [37] and

requires further investigation to determine the effect of

overall bone health. The concomitant increased osteoblast

perimeter in sevelamer-treated uremic rats also supports

the fact that the increased osteoid was not caused by a

direct toxic effect on the bone forming cells. Like our study

here, an absence of overt harmful consequences on bone by

PPi treatment was also reported in apoE KO mice [38] and

adenine-induced CKD rats exposed to calcitriol [8].

In conclusion, we found that sevelamer carbonate was

able to reduce the further progression of moderate to severe

calcification in the aorta. However, in the present study,

PPi, at the concentrations tested, was unable to induce

significant attenuation and neither drug was able to reverse

the established calcification. Based on these observations,

previously reported effects of drug treatment on the pre-

vention of vascular calcification are a starting point to our

understanding, but are difficult to extrapolate in humans

when considering established arterial calcifications. It

remains, however, that the preexisting vascular calcifica-

tions in the present study might have been too severe to

allow the observation of subtle effects, which could be

enhanced with longer treatment time or alternative dosing.

In view of the latter, a model with both a milder degree of

CKD and vascular calcifications which also allow evalua-

tion of dynamic bone parameters has recently been devel-

oped and further characterized [39, 40]. Collectively, these

data indicate that future studies to determine whether

compounds are capable of directly intervening with the

calcification process to halt or reverse the progression of
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established vascular calcification are likely to be fruitful,

but may require examination in multiple animal models.

Acknowledgments We especially thank Hilde Geryl, Ludwig Lam-

berts and Simonne Dauwe for their excellent technical assistance and

Dirk De Weerdt for his help with the graphics. Ellen Neven and Anja

Verhulst are postdoctoral fellows of the Fund for Scientific Research-

Flanders (FWO).

Funding This work was supported by a research Grant from Baxter

Healthcare, USA (A10/0650).

Compliance with Ethical Standrds

Conflict of Interest At the time of the study, Bruce L. Riser was an

employee of Baxter Healthcare, USA, a company with potential

commercial interest in this research. Presently, Dr. Riser is the

President and CEO of BLR Bio, a biotechnology company focused on

the treatment of fibrosis and cancer. This focus does not presently

include the use of the technology described in this publication. Ellen

Neven, Britt Opdebeeck, Annelies De Maré, Rida Bashir-Dar, Geert
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