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Abstract Pseudoxanthoma elasticum (PXE) is a heritable
disorder characterized by ectopic calcification of connective
tissue in skin, Bruch’s membrane of the eye, and walls of
blood vessels. PXE is caused by mutations in the ABCC6
gene, but the exact etiology is still unknown. While
observations on patients suggest that high calcium intake
worsens the clinical symptoms, the patient organization
PXE International has published the dietary advice to
increase calcium intake in combination with increased
magnesium intake. To obtain more data on this controversial issue, we examined the effect of dietary calcium and
magnesium in the Abcc6−/− mouse, a PXE mouse model
which mimics the clinical features of PXE. Abcc6−/− mice
were placed on specific diets for 3, 7, and 12 months.

Disease severity was measured by quantifying calcification
of blood vessels in the kidney. Raising the calcium content
in the diet from 0.5% to 2% did not change disease severity.
In contrast, simultaneous increase of both calcium (from
0.5% to 2.0%) and magnesium (from 0.05% to 0.2%)
slowed down the calcification significantly. Our present
findings that increase in dietary magnesium reduces
vascular calcification in a mouse model for PXE should
stimulate further studies to establish a dietary intervention
for PXE.
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Pseudoxanthoma elasticum (PXE) is a connective tissue
disease characterized by progressive mineralization and
fragmentation of elastic fibers [1–3]. Clinical manifestations generally appear in the second or third decade of life
and occur mainly in skin, eye, and blood vessels. In the
skin, PXE is characterized by papules and plaques typically
present in the neck and in flexural areas. The eye of PXE
patients can develop angioid streaks, which represent
breaks in Bruch’s membrane. Through these breaks, neovascularization occurs with subsequent hemorrhages, which
lead to acute, irreversible loss of vision. Cardiovascular
symptoms of PXE include calcification of blood vessels
and bleedings in internal organs. The prevalence of PXE is
estimated to be between 1:25,000 and 1:100,000 [4].
PXE inherits in an autosomal recessive fashion [5]. In
2000, the causative gene was identified as ABCC6, a member
of the large family of ATP-binding cassette transporters
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[6, 7]. Mutation analysis [8, 9] and in vitro transport studies
with PXE-related ABCC6 mutants [10] indicate that PXE is
primarily caused by loss of the transport activity of the
encoded protein. ABCC6 is highly expressed in liver and
kidney [11]. In the liver, the protein is located in the
basolateral membrane of the hepatocyte, which suggests that
its substrate is transported from the hepatocyte cytoplasm
into the bloodstream. The physiological substrate of the
transporter remains as yet elusive. Remarkably, the organs
affected in PXE show little or no expression of the protein,
which suggests that PXE is a systemic disease caused by
changes in blood composition when ABCC6 transport
function is deficient [12].
To investigate the biological function of ABCC6, we and
others have disrupted the homologous gene in the mouse
[13, 14]. Abcc6−/− mice readily develop ectopic calcification in the walls of blood vessels. At advanced age, also
Bruch’s membrane of the eye and the skin become
mineralized. Thus, Abcc6 deficiency in the mouse essentially re-creates the clinical features of PXE. This confirms
that mutations in ABCC6 cause PXE. It also indicates that
the Abcc6−/− mouse is a suitable animal model for studies
on etiology and treatment of PXE.
While serum ion balance is not altered in PXE, several
studies on patients suggest that mineral intake influences
disease severity in PXE. First, Renie et al. found, after
examination of 32 unrelated PXE cases, that clinical
severity correlated positively with calcium ingestion [15].
Second, Martinez-Hernandez and colleagues observed
regression of the calcification in the dermis in a PXE
patient upon reduction of calcium intake [16]. Finally, a
case report [17] described that normalization of the serum
calcium–phosphate product resulted in regression of the
skin lesions in a patient with chronic renal failure. These
studies suggested that restriction of dietary calcium intake
may be beneficial for PXE patients. However, this has not
led to a general advice to PXE patients to restrict dietary
calcium intake. Reducing serum calcium levels is difficult
to achieve, as the supply of the calcium from the bones is
practically unlimited. Moreover, reducing calcium intake
may have the negative side effect of osteoporosis. Indeed,
the patient organization PXE International has given PXE
patients the advice to increase calcium intake in combination with increased magnesium intake [18]. While this
dietary advice allegedly has been of value in treatment of
kidney stones [18], there is currently no evidence that this
diet is beneficial for PXE patients.
In the present study, we used the Abcc6−/− mouse model
to obtain experimental data on the putative effects of
dietary calcium and magnesium on PXE pathology. The
results presented here show that dietary magnesium
influences the development of pathology in this animal
model for PXE, whereas calcium does not.

J Mol Med (2010) 88:467–475

Materials and methods
Mice and diets
Generation and PCR-mediated genotyping of the Abcc6−/−
mice has been described [13]. Abcc6−/− mice were
generated in a hybrid background of C57Bl/6-129/ola and
then backcrossed to C57Bl/6. The genetic background of the
Abcc6−/− and wild-type mice used in the present experiment was backcross number 5. After weaning, female
Abcc6−/− and wild-type mice were fed one of three custom
designed diets, which differed in calcium and magnesium
concentration. We first designed a “baseline” diet, which
contained the Ca and Mg nutrient requirements for health
and maximal growth, which are 0.5% (w/w) Ca and 0.05%
(w/w) Mg [19]. In addition, this Ca and Mg content
corresponds to the formulation of the standard purified
rodent diet AIN-93. Next, in view of the reports which
suggested that high calcium intake aggravates PXE, we
designed a “4×Ca” diet, with four times increased calcium
content: 2% Ca. Finally, following the advice of PXE
International [18], the third diet was supplemented with
both Ca and Mg. This “4×Ca, 4×Mg” diet contained a
fourfold increased calcium and magnesium (2% Ca and
0.2% Mg). All other ingredients were kept the same for all
three diets (Table 1). P for example was kept at 0.5%. Diets
were purchased from Harlan Teklad (Madison, Wi, USA).
In this study, we employed 58 Abcc6−/− mice and 58
wild-type mice, five to nine mice per genotype, diet, and
diet duration. Mice were kept in a controlled environment
with food and water ad libitum and a 12-h light/dark cycle
with light intensity of 70–90 lx. They were checked
regularly for general parameters of well-being, and their
weight was measured. All animal studies were approved by
an independent animal ethical committee (Dutch equivalent
of the IACUC).
The diets were given for 3, 7, or 12 months. At the end
of the diet period, the mice were killed. At 9:00 A.M., the
food was removed, and after fasting for 6–8 h, mice were
killed by CO2/O2 inhalation and decapitated, and blood was
collected in tubes containing heparin. Plasma was obtained
after centrifugation and stored at −80°C. Plasma values
were determined by the clinical laboratory of the Academic
Medical Center, University Hospital of Amsterdam, following standard procedures and assays (Roche Diagnostics).
The following plasma parameters were measured: calcium,
magnesium, phosphate, iron (all by colorimetric assays),
HDL-cholesterol, creatinine, urea (by enzymatic assays), and
total protein (biuret assay).
For histopathology, heart and kidney were collected and
fixed in 2% paraformaldehyde in 0.1 M phosphate buffer and
embedded in paraffin. Sections were stained with hematoxylin–
eosin and von Kossa using standard procedures.
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Table 1 Composition of the diets

Casein
DL-Methionine
Corn starch
Maltodextrin
Sucrose
Soybean oil
Cellulose
Vitamin mix, AIN-93-VX (TD 94047)
Choline bitartrate
Vitamin K, phylloquinone
Tert-butylhydroquinone
Mineral Mix, AIN-93G-MX (TD 94046)
Potassium phosphate, monobasic, KH2PO4
Ferric citrate
Manganous carbonate
Cupric carbonate
Calcium carbonate, CaCO3
Magnesium oxide, MgO

Baseline diet
(0.5% Ca and 0.05% Mg)
g/kg

4×Ca diet
(2% Ca and 0.05% Mg)

4×Ca, 4×Mg diet
(2% Ca and 0.2% Mg)

200.0
3.0
374.83
130.0
130.0
60.0
40.0
15.0
3.0
0.005
0.025
35.0
8.8
0.3
0.03
0.01

200.0
3.0
337.43
130.0
130.0
60.0
40.0
15.0
3.0
0.005
0.025
35.0
8.8
0.3
0.03
0.01
37.4

200.0
3.0
337.43
130.0
130.0
60.0
40.0
15.0
3.0
0.005
0.025
35.0
8.8
0.3
0.03
0.01
37.4
2.55

Measurement of calcification in the kidney
We quantified the calcification of blood vessels in the
cortex of the kidney with the use of histology. Sagittal
sections of 6 μm were cut from the kidney and stained for
calcification according to von Kossa. For quantification, we
examined five sections per mouse, each separated by
180 μm. We counted the number of von Kossa positive
blood vessel profiles in the kidney cortex and calculated the
average number per section. Von Kossa positive structures
in the pelvis, tubules, or in adjacent adipose tissue were
excluded.
Micrographs were taken with a Zeiss Axioplan 2 (Carl
Zeiss AG, Germany) equipped with an Evolution MP
camera (MediaCybernetics, Bethesda, USA) and Image-Pro
Plus acquisition software (version 6, MediaCybernetics,
Bethesda, USA). A ×5 and a ×20 Plan apo achromat
objective lens with 0.16, respectively, 0.60 numerical
aperture were used. Image processing was done with
Adobe Photoshop (Adobe Systems Inc., USA).
Measurement of calcification in the heart
Calcification of the heart was quantified using µCT scans of
hearts that had been fixed with paraformaldehyde and
embedded in paraffin. The hearts were scanned in a

Skyscan 1072 µCT scanner (Skyscan, Kontich, Belgium)
at X-ray source settings of 80 kV and 100 mA, resulting in
three-dimensional data sets with an isotropic voxel size of
7.8 µm. Noise in the data sets was reduced using Gaussian
filtering with a base of 5 and a standard deviation of one
voxel. Calcifications were separated from the soft tissue of
the heart using a global threshold at a gray value of 190.
Using Matlab (The Mathworks Inc., Natick, MA, USA), all
calcifications were counted and their size was measured.
Calcifications of one voxel were considered to be artifacts
caused by imaging noise and removed from the analysis.
Statistics
A one-way ANOVA was used to determine the independent
effects of genotype, diet, and diet duration on the various
parameters measured. Significance was accepted at p<0.05.
In case of statistical significance, the ANOVA was followed
by a post hoc test of Student–Newman–Keuls. Since the
number of calcifications in blood vessels of the kidney cortex
did not show a normal distribution, we used the nonparametric Kruskal–Wallis test (followed by Mann–Whitney
U test) to analyze the effect of diet on the number of
calcifications in blood vessels of the kidney at 3, 7, and
12 months of diet. In addition, for determining correlation
between parameters, Spearman’s rho was calculated.
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Results
Diet schedule
To examine the effect of dietary calcium and magnesium
concentrations on PXE pathology, we put Abcc6−/− and
wild-type mice on one of three custom diets: the baseline
diet (0.5% Ca and 0.05% Mg), 4×Ca diet (2% Ca and
0.05% Mg), and the 4×Ca, 4×Mg diet (2% Ca and 0.2%
Mg). The diets were started immediately after weaning, at
4 weeks after birth, and lasted for 3, 7, or 12 months. None
of the diets had overt adverse effects on behavior or wellbeing of the mice. In addition, no significant weight
differences were found between the genotypes.
Diet mineral content influences blood vessel calcification
in the kidney
Since calcification of blood vessels is a prominent clinical
feature both of PXE patients [1] and Abcc6−/− mice [13],
we measured this parameter in the mouse as function of the
diets. Histology was used to quantify calcification of small
arteries in the cortex of the kidney (Fig. 1).
Wild-type mice hardly developed calcifications in the
kidney. In only four of the 58 wild-type mice examined, we
detected calcified blood vessels. Two of these mice had
received the baseline diet for 12 months; the other two mice
had received the 4×Ca diet for 12 months. The low number
of calcifications in wild-type mice precluded statistical
analysis of possible differential effects of the diets.
In contrast with wild-type mice, Abcc6−/− mice readily
developed calcifications. When fed the baseline diet,
calcifications were already found after 3 months (about
one per section), and this increased to 18 per section after
12 months (Fig. 2). Surprisingly, supplementation of the
diet with calcium did not increase the calcification. In
contrast, simultaneous supplementation with both Ca and
Mg slowed down the calcification significantly (compared
to baseline diet or 4×Ca diet after 3, 7, and 12 months;
Kruskal–Wallis test, p<0.05). After 12 months of the 4×Ca,
4×Mg diet, the number of calcifications was less than one
third of that in the other diet groups.
MicroCT scans of the heart confirm the effect
of dietary magnesium
To confirm and extend our finding that dietary Mg
modulates ectopic calcification, we employed μCT to
measure calcification in the hearts of the mice. Since the
calcifications were most abundant after 12 months of diet,
we performed this analysis at this time point. The μCT
scans revealed multiple calcifications localized mostly in
the ventricles (Fig. 3b, c). These calcifications had an

Fig. 1 Light micrographs of sections of the kidney cortex of a wildtype (a) and an Abcc6−/− mouse (b, with detail in c), stained for
calcification with von Kossa. The mice were killed after 12 months of
a diet supplemented with Ca (4×Ca diet). Extensive calcification
(black deposits) is present in arteries in the kidney cortex of the
Abcc6−/− mouse (b). Please notice that the calcification is located
within the wall of the artery (arrows in b and c, which shows a detail
of b). Bar represents 100 μm
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Fig. 2 Effect of diet on the number of calcifications in blood vessels
in the kidney cortex of Abcc6−/− mice. Histograms represent the
average number of calcifications per kidney section as function of diet
and diet duration. At each diet duration, the diet supplemented with
Ca and Mg (4×Ca, 4×Mg diet) caused less calcifications than the other
diets (Kruskal–Wallis test, P<0.05)

average size of 105 μm3. Histology localized them in walls
of blood vessels (Fig. 4). In agreement with the findings in
the kidney, the 4×Ca, 4×Mg diet reduced calcification as
compared to the 4×Ca diet (on average 17 vs. 51 per heart;
Fig. 5). This underscores that dietary magnesium modulates
calcification in this PXE mouse model.
Analysis of plasma parameters
In order to assess possible systemic consequences of the
diets, we collected fasting blood of the mice at sacrifice and
measured several plasma parameters. Using ANOVA, we
analyzed the influence of genotype, diet, and diet duration
(cq. age) on these parameters. In addition, we determined
whether there was a correlation of these values with disease

Fig. 3 Calcification in the heart
analyzed by μCT. a, b
Reconstructed μCT crosssection of the heart of a wildtype (a) and an Abcc6−/− mouse
(b) killed after 12 months of
4×Ca diet. Please notice in the
Abcc6−/− mouse the white dots
(arrows) representing the X-ray
opaque calcifications in the
ventricle wall. c Threedimensional reconstruction of
the μCT scan of this Abcc6−/−
mouse, showing the distribution
of the calcifications (white dots)
in the heart
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severity as reflected in the number of calcifications in
kidney blood vessels.
The plasma levels of the minerals examined (Ca, PO4,
Mg, and Fe) did not significantly depend on genotype. In
contrast, the choice of diet caused significant changes in
plasma Ca and Mg levels. Mice fed with extra calcium had
higher plasma levels of calcium. Extra magnesium in the
food led to higher plasma Mg levels. However, these
changes were small and were not statistically significant at
all time points (see Table 2 for Abcc6−/− mice after
7 months of diet). In addition, no correlation was observed
between the levels of these minerals and the extent of
calcification in the kidney. For example, Spearman’s
correlation coefficient between plasma Mg levels and
kidney calcification in Abcc6−/− mice was −0.189 (P value
0.501) after 7 months of diet and 0.228 (P value 0.320)
after 12 months of diet. PO4 and Fe levels did not change
significantly by diet.
Since calcifications in kidney blood vessels may affect
kidney function, we measured plasma indicators of kidney
function. Chronic renal dysfunction is among others
associated with elevated plasma levels of urea, creatinine,
and total protein. We found no significant effect of
genotype on the levels of these parameters. Apparently, in
none of the diet groups, the kidney calcifications caused a
measurable decrease in kidney function. In addition, no
correlation was found between these plasma values and
kidney blood vessel calcifications.
In a previous study, we found that HDL-cholesterol
levels were decreased in Abcc6−/− mice. In the present
study, Abcc6−/− mice again had reduced plasma HDLcholesterol levels (for all Abcc6−/− mice vs. wild-type mice:
8.55 vs. 11.57 mmol/L, p=0.04). However, the HDLcholesterol levels did not depend on the diet, and no
correlation existed between decreased HDL-cholesterol
levels and increased kidney calcification.
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Fig. 4 a Micrographs of
paraffin sections of the ventricle
of the heart of a wild-type (a)
and an Abcc6−/− mouse (b). Von
Kossa staining demonstrates
calcifications (black deposits;
arrows) in walls of arteries in
the Abcc6−/− mouse. Bar is
50 μm

Discussion
The clinical expression of PXE is remarkably variable even
between patients that share exactly the same ABCC6
mutation [8]. This implies that other factors contribute to
PXE pathology, including perhaps dietary factors [20]. The
aim of the present study was to investigate in our mouse
model for PXE whether we could influence age of onset,
progression, and severity of the pathology by mineral
intake. The clinical relevance of this research question is
obvious as presymptomatic DNA diagnosis for PXE is
possible, and mineral intake can be easily modified by PXE
patients themselves.
The use of the animal model has the advantage that all
experimental factors can be controlled. The Abcc6−/−
mouse develops calcification in the skin, eye, and cardiovascular system and thus essentially recapitulates all

clinical features of PXE [13, 14]. While in PXE patients
the involvement of the various organs (skin, eye, and
cardiovascular system) is highly variable [8], in the
Abcc6−/− mouse, the vascular calcification is the most
prominent feature. The skin and eye pathology develop in
the Abcc6−/− mouse only at advanced age. In the present
study, we therefore focused on the cardiovascular aspect of
PXE, which we quantified in the kidney by histology and in
the heart by μCT scan.
In addition to the Abcc6−/− mouse, another mouse model
recently became relevant for PXE as well. A number of
inbred mouse strains are very susceptible to dystrophic
cardiac calcinosis (DCC), which refers to a spontaneous
peri/myocardial calcification. This calcification occurs in
the presence of normal calcium and phosphate levels [21].
In 2007, Meng and coworkers demonstrated that Abcc6 is
the major causative gene for DCC as they rescued the
calcification phenotype in DBA mice by transgenic
complementation with a BAC uniquely containing Abcc6.
DCC susceptible strains reportedly have an alternative
splice variant, which leads to ABCC6 protein deficiency
[22]. Interestingly, a number of studies have already been
done on the influence of diet on DCC.
Ca intake does not influence vascular calcification
in the Abcc6−/− mouse

Fig. 5 Histogram of the number of calcifications (±SD) in the heart,
determined by μCT, as function of the diet. The 4×Ca diet caused
more calcifications than the 4×Ca, 4×Mg diet (t test, P<0.05). Diet
duration was 12 months

The first factor which we investigated was the calcium
concentration in the food. Previous observations on PXE
patients suggested that high calcium intake increased the
severity of disease [15–17]. We examined the effect of a
fourfold increase in dietary calcium over a period of up to
1 year. In this period, we noticed small increases in plasma
calcium concentration. Most importantly, however, severity
and pace of soft tissue calcification did not change. This
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Table 2 Plasma minerals (mmol/L ± SD) in Abcc6−/− and wild-type mice after 7 months of diet

Baseline diet
4×Ca, 4×Mg diet
4×Ca diet

Calcium

Phosphate

Ca×PO4

Ca/PO4

Magnesium

2.62±0.10a
2.85±0.12a
2.96±0.33a

3.49±0.47
3.97±0.52
3.75±0.56

9.12±1.30a
11.35±1.74a
11.16±2.77a

0.76±0.10
0.73±0.08
0.79±0.07

1.23±0.12b
1.46±0.20b
1.31±0.18b

Data of wild-type and Abcc6−/− mice were pooled since there was no difference between the genotypes
a

Significant (P<0.05) differences between the baseline diet and the other two diets

b

Significant differences (P<0.05) between 4×Ca, 4×Mg diet and other two diets

indicates that, within the range of the calcium concentrations used, the vascular calcification in the Abcc6−/−
mouse does not depend on Ca intake. These results
certainly do not provide a justification to diminish PXE
patient Ca intake.
Mg intake does influence vascular calcification
in the Abcc6−/− mouse
The next dietary mineral we tested was magnesium, since
there are indications that this mineral influences soft tissue
calcification [23]. Moreover, a dietary advice has been
given to PXE patients to increase magnesium intake along
with increased calcium intake [18]. In agreement with this
advice, we found that a fourfold increase in both Ca and
Mg concentration reduced blood vessel calcification in our
PXE mouse model. This effect was clearly caused by the
magnesium concentration since the fourfold increase of
calcium alone did not produce this effect.
Recently, LaRusso and coworkers [24] evaluated the
effect of dietary magnesium in a different, but highly
comparable Abcc6 knockout mouse [14]. Their experimental setup consisted of a diet period of 8 weeks, and
calcification was measured in the capsule surrounding the
vibrissae. Three Mg concentrations were used: 0.04%,
0.22%, and 1.10%. The lowest two Mg concentrations
resembled the concentrations of our baseline diet (0.05%)
and of our 4×Ca, 4×Mg diet (0.2%). In contrast to our
study, they did not find a significant difference in
calcification between these two concentrations. This may
be due to the relative short duration of their diet period,
compared to our study. An important finding was that their
highest Mg concentration (1.10%) completely prevented
calcification during the 8-week diet period. Since our
highest concentration was 0.2%, this extends our findings.
It underscores the importance of further studies to establish
the optimal Mg concentration and to determine the
dependence of the effect on other factors, such as calcium
and phosphate levels, as well as diet duration. In addition to
these findings on Abcc6 knockout mice, also diet studied on
DCC susceptible mice demonstrated an influence of dietary
Mg on ectopic calcification [25].

The mechanism by which dietary magnesium exerts its
influence on ectopic calcification is currently unclear.
Magnesium ions function as co-factor in over 300 enzymatic reactions [23]. For a number of obvious mechanisms,
we found no support in our data: For example, magnesium
can bind phosphate, but we did not observe changes in
plasma phosphate levels as result of higher magnesium
intake. Alternatively, magnesium is a competitor of calcium
and may substitute for Ca2+ in the crystal lattice, causing
crystal poisoning [26]. For such a direct effect, the local
magnesium concentrations clearly are of importance. We
found indeed that the high Ca high Mg diet increased the
plasma magnesium level, but no correlation between
plasma magnesium levels and calcifications in the kidney
was apparent. Finally, magnesium may also influence
calcification by suppressing parathyroid hormone (PTH)
secretion. As PTH is an important regulator of calcium
homeostasis, LaRusso et al. [24] measured plasma PTH
concentrations in Abcc6−/− mice in their dietary intervention study. However, high magnesium intake apparently did
not change PTH levels.
While the present study shows that dietary magnesium
modulates PXE severity in Abcc6−/− mice, it should be
pointed out that we have no indications that a disturbed
magnesium level is cause or part of the etiology of PXE.
The present study as well as a previous study revealed no
difference in plasma Mg levels between Abcc6−/− and wildtype mice [13]. Therefore, we have no concrete indications
that the ABCC6 protein is directly involved in (co-)transport
of magnesium.
Other dietary factors and PXE
The effect of dietary phosphorus has been studied in Abcc6−/−
mice as well as in DCC susceptible mice. In Abcc6−/− mice,
no significant effect was demonstrated, nor did the use of
phosphate binders produce a clear effect [24, 27]. However,
a high phosphorus diet exacerbated the DCC phenotype [25].
Probably, the combination of minerals in the food plays an
important role as the most severe calcifications were found in
DCC mice that received the combination of low magnesium
and high phosphorus [25]. Interestingly, a study on PXE
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patients suggested that the use of aluminum hydroxide as
oral phosphate binder may halt or reverse calcification in
some patients [28].
Other dietary factors that have been studied in relation to
DCC are dietary fluoride and dietary fat concentrations.
Excessive fluoride consumption reduced pathological calcifications in the DCC mice [29]. The involvement of
dietary fat in the DCC pathology is controversial. In one
study, a high fat diet apparently did not affect calcification
[30], but other studies suggest that a high fat content in the
diet aggravates this phenotype [31, 32]. The possible effect
of dietary fat is particularly interesting since we noticed that
HDL-cholesterol level was decreased in the Abcc6−/− mice.
We have found this before [13], but failed to reproduce this
observation in plasma of PXE patients (unpublished
results), so the relation with PXE pathology is at present
unclear. The mouse model may differ in this aspect from
the human situation.
In conclusion, while serum mineral balance in PXE is
not altered, the findings on the Abcc6−/− mouse and on the
DCC susceptible mouse suggest that cardiovascular features of PXE can be effectively modulated by dietary
minerals. The task ahead of us now is to elaborate the
formula of the optimal diet: a diet which maximizes the
reduction of ectopic calcification while minimizing adverse
effects of toxicity and osteoporosis. The Abcc6−/− mouse
can be of great value for testing and design of such a diet.
In addition, by examining old mice and extending the diet
duration to more than 1 year, this animal model may also
give an indication of the effect of dietary minerals on the
calcification that occurs in the skin and eye of PXE
patients.
Acknowledgments Financial support of the Algemene Nederlandse
Vereniging ter Voorkoming van Blindheid, the Stichting BlindenPenning, the Rotterdamse Vereniging Blindenbelangen, and the
Landelijke Stichting voor Blinden en Slechtzienden is gratefully
acknowledged.
Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which permits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.

References
1. Hu X, Plomp AS, van Soest S, Wijnholds J, de Jong PT, Bergen
AA (2003) Pseudoxanthoma elasticum: a clinical, histopathological, and molecular update. Surv Ophthalmol 48:424–438
2. Finger RP, Charbel IP, Ladewig MS, Gotting C, Szliska C, Scholl
HP, Holz FG (2009) Pseudoxanthoma elasticum: genetics, clinical
manifestations and therapeutic approaches. Surv Ophthalmol
54:272–285

J Mol Med (2010) 88:467–475
3. Gheduzzi D, Sammarco R, Quaglino D, Bercovitch L, Terry S,
Taylor W, Ronchetti IP (2003) Extracutaneous ultrastructural alterations in pseudoxanthoma elasticum. Ultrastruct Pathol 27:375–384
4. Chassaing N, Martin L, Calvas P, Le Bert M, Hovnanian A (2005)
Pseudoxanthoma elasticum: a clinical, pathophysiological and
genetic update including 11 novel ABCC6 mutations. J Med
Genet 42:881–892
5. Plomp AS, Hu X, de Jong PT, Bergen AA (2004) Does autosomal
dominant pseudoxanthoma elasticum exist? Am J Med Genet
126A:403–412
6. Bergen AA, Plomp AS, Schuurman EJ, Terry S, Breuning M,
Dauwerse H, Swart J, Kool M, van Soest S, Baas F, ten Brink JB,
de Jong PT (2000) Mutations in ABCC6 cause pseudoxanthoma
elasticum. Nat Genet 25:228–231
7. Le Saux O, Urban Z, Tschuch C, Csiszar K, Bacchelli B,
Quaglino D, Pasquali-Ronchetti I, Pope FM, Richards A, Terry
S, Bercovitch L, De Paepe A, Boyd CD (2000) Mutations in a
gene encoding an ABC transporter cause pseudoxanthoma
elasticum. Nat Genet 25:223–227
8. Hu X, Peek R, Plomp A, ten Brink J, Scheffer G, van Soest S,
Leys A, de Jong PT, Bergen AA (2003) Analysis of the frequent
R1141X mutation in the ABCC6 gene in pseudoxanthoma
elasticum. Invest Ophthalmol Vis Sci 44:1824–1829
9. Hu X, Plomp A, Wijnholds J, ten Brink J, van Soest S, van den
Born LI, Leys A, Peek R, de Jong PT, Bergen AA (2003) ABCC6/
MRP6 mutations: further insight into the molecular pathology of
pseudoxanthoma elasticum. Eur J Hum Genet 11:215–224
10. Ilias A, Urban Z, Seidl TL, Le Saux O, Sinko E, Boyd CD,
Sarkadi B, Varadi A (2002) Loss of ATP-dependent transport
activity in pseudoxanthoma elasticum-associated mutants of
human ABCC6 (MRP6). J Biol Chem 277:16860–16867
11. Scheffer GL, Hu X, Pijnenborg AC, Wijnholds J, Bergen AA,
Scheper RJ (2002) MRP6 (ABCC6) detection in normal human
tissues and tumors. Lab Invest 82:515–518
12. Uitto J, Pulkkinen L, Ringpfeil F (2001) Molecular genetics of
pseudoxanthoma elasticum: a metabolic disorder at the environment–genome interface? Trends Mol Med 7:13–17
13. Gorgels TG, Hu X, Scheffer GL, van der Wal AC, Toonstra J, de
Jong PT, van Kuppevelt TH, Levelt CN, de Wolf A, Loves WJ,
Scheper RJ, Peek R, Bergen AA (2005) Disruption of Abcc6 in
the mouse: novel insight in the pathogenesis of pseudoxanthoma
elasticum. Hum Mol Genet 14:1763–1773
14. Klement JF, Matsuzaki Y, Jiang QJ, Terlizzi J, Choi HY, Fujimoto
N, Li K, Pulkkinen L, Birk DE, Sundberg JP, Uitto J (2005)
Targeted ablation of the abcc6 gene results in ectopic mineralization of connective tissues. Mol Cell Biol 25:8299–8310
15. Renie WA, Pyeritz RE, Combs J, Fine SL (1984) Pseudoxanthoma elasticum: high calcium intake in early life correlates with
severity. Am J Med Genet 19:235–244
16. Martinez-Hernandez A, Huffer WE, Neldner K, Gordon S, Reeve
EB (1978) Resolution and repair of elastic tissue calcification in
pseudoxanthoma elasticum. Arch Pathol Lab Med 102:303–305
17. Sapadin AN, Lebwohl MG, Teich SA, Phelps RG, DiCostanzo D,
Cohen SR (1998) Periumbilical pseudoxanthoma elasticum
associated with chronic renal failure and angioid streaks—
apparent regression with hemodialysis. J Am Acad Dermatol
39:338–344
18. Dorfman K (2002) Pseudoxanthoma elasticum: what to do while
waiting for progress in research. PXE International, Washington
19. Subcommittee on Laboratory Animal Nutrition CoANBoANRC
(2009) Nutrient Requirements of Laboratory Animals, Fourth
Revised Edition, 1995. http://www.napedu/openbookphp?isbn=
0309051266&page=8080-102
20. Li Q, Jiang Q, Pfendner E, Varadi A, Uitto J (2009) Pseudoxanthoma elasticum: clinical phenotypes, molecular genetics and
putative pathomechanisms. Exp Dermatol 18:1–11

J Mol Med (2010) 88:467–475
21. Korff S, Riechert N, Schoensiegel F, Weichenhan D, Autschbach
F, Katus HA, Ivandic BT (2006) Calcification of myocardial
necrosis is common in mice. Virchows Arch 448:630–638
22. Aherrahrou Z, Doehring LC, Ehlers EM, Liptau H, Depping R,
Linsel-Nitschke P, Kaczmarek PM, Erdmann J, Schunkert H
(2008) An alternative splice variant in Abcc6, the gene causing
dystrophic calcification, leads to protein deficiency in C3H/He
mice. J Biol Chem 283:7608–7615
23. Tzanakis IP, Oreopoulos DG (2009) Beneficial effects of magnesium in chronic renal failure: a foe no longer. Int Urol Nephrol
41:363–371
24. LaRusso J, Li Q, Jiang Q, Uitto J (2009) Elevated dietary
magnesium prevents connective tissue mineralization in a mouse
model of pseudoxanthoma elasticum (Abcc6(−/−)). J Invest
Dermatol 129:1388–1394
25. van den Broek FA, Beynen AC (1998) The influence of dietary
phosphorus and magnesium concentrations on the calcium content
of heart and kidneys of DBA/2 and NMRI mice. Lab Anim
32:483–491
26. Blumenthal NC (1989) Mechanisms of inhibition of calcification.
Clin Orthop Relat Res 247:279–289

475
27. LaRusso J, Jiang Q, Li Q, Uitto J (2008) Ectopic mineralization of
connective tissue in Abcc6−/− mice: effects of dietary modifications and a phosphate binder—a preliminary study. Exp Dermatol
17:203–207
28. Sherer DW, Singer G, Uribarri J, Phelps RG, Sapadin AN, Freund
KB, Yanuzzi L, Fuchs W, Lebwohl M (2005) Oral phosphate
binders in the treatment of pseudoxanthoma elasticum. J Am Acad
Dermatol 53:610–615
29. van den Broek FA, Ritskes-Hoitinga J, Beynen AC (2000)
Influence of excessive fluoride consumption on the severity of
dystrophic cardiac calcification in DBA/2 mice. Biol Trace Elem
Res 78:191–203
30. van den Broek FA, Beynen AC (1998) Effect of dietary fat level
on the calcium content of heart and kidney in DBA/2 and C57BL/
6 mice. Lab Anim 32:206–213
31. Eaton GJ, Custer RP, Johnson FN, Stabenow KT (1978)
Dystrophic cardiac calcinosis in mice: genetic, hormonal, and
dietary influences. Am J Pathol 90:173–186
32. Everitt JI, Olson LM, Mangum JB, Visek WJ (1988) High
mortality with severe dystrophic cardiac calcinosis in C3H/OUJ
mice fed high fat purified diets. Vet Pathol 25:113–118

