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Abstract

Pseudoxanthoma elasticum (PXE) is a heritable disorder characterized by ectopic mineralization of connective tissues primarily in the
skin, eyes, and the cardiovascular system. PXE is caused by mutations in the ABCC6 gene. While PXE is associated with considerable
morbidity and mortality, there is currently no effective or specific treatment. In this study, we tested oral phosphate binders for treatment
of a mouse model of PXE which we have developed by targeted ablation of the corresponding mouse gene (Abcc6~). This “knock-out”
(KO) mouse model recapitulates features of PXE and demonstrates mineralization of a number of tissues, including the connective
tissue capsule surrounding vibrissae in the muzzle skin which serves as an early biomarker of the mineralization process. Treatment
of these mice with a magnesium carbonate-enriched diet (magnesium concentration being 5-fold higher than in the control diet)
completely prevented mineralization of the vibrissae up to 6 months of age, as demonstrated by computerized morphometric analysis
of histopathology as well as by calcium and phosphate chemical assays. The magnesium carbonate-enriched diet also prevented the
progression of mineralization when the mice were placed on that experimental diet at 3 months of age and followed up to 6 months
of age. Treatment with magnesium carbonate was associated with a slight increase in the serum concentration of magnesium, with
no effect on serum calcium and phosphorus levels. In contrast, concentration of calcium in the urine was increased over 10-fold while
the concentration of phosphorus was markedly decreased, being essentially undetectable after long-term (>4 month) treatment. No
significant changes were noted in the serum parathyroid hormone levels. Computerized axial tomography scan of bones in mice placed
on magnesium carbonate-enriched diet showed no differences in the bone density compared to mice on the control diet, and chemi-
cal assays showed a small increase in the calcium and phosphate content of the femurs by chemical assay, in comparison to mice on
control diet. Similar experiments with another experimental diet supplemented with lanthanum carbonate did not interfere with the
mineralization process in Abcc6~~ mice. These results suggest that magnesium carbonate may offer a potential treatment modality for

PXE, a currently intractable disease, as well as for other conditions characterized by ectopic mineralization of connective tissues.
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Introduction

Pseudoxanthoma elasticum (PXE) is a heritable, multi-system
disorder characterized by ectopic mineralization of peripheral
connective tissues.! The clinical manifestations derive primarily
from the involvement of three organ systems: the skin, the eyes,
and the cardiovascular system. In the skin, histopathology
demonstrates accumulation of pleiomorphic elastic structures
in the mid- and upper reticular dermis with profound, progressive
mineralization. The eye manifestations characteristically consist
of angioid streaks due to mineralization of an elastin-rich Bruch’s
membrane behind the pigmented retina.” Mineralization of this
membrane causes ruptures of blood vessels with subsequent
neovascularization, associated with bleeding to the eye and
leads to loss of visual acuity and occasionally to blindness. The
cardiovascular manifestations result from mineralization of the
arterial blood vessels, and clinically manifest with intermittent
claudication, hemorrhage from the gastric arteries, and
occasionally, early myocardial infarcts.> The mineral deposits in
the affected tissues have been shown by specific histochemical
staining methods (Alizarin Red and von Kossa) to consist of
calcium and phosphate, and this composition has been confirmed
by X-ray diffraction analysis.*

The pathomechanisms of ectopic mineralization in PXE
are currently unknown. It has been established, however, that
the classic forms of PXE are caused by mutations in the ABCC6
gene, which encodes a putative transmembrane transporter
protein, ABCC6, expressed primarily in the baso-lateral surface

of hepatocytes.> ABCC6 has been shown by in vitro studies to
serve as an efflux pump that transports anionic small molecular
weight conjugates.® However, ABCC6 does not transport calcium
or phosphate, and its physiologic ligands in vivo are currently
unknown. PXE-like cutaneous findings have also been seen
in a select number of patients with mutations in the GGCX
gene.”® This gene encodes a y-glutamyl carboxylase enzyme
necessary for activation of Gla-proteins, including the vitamin
K-dependent coagulation factors within the hepatocytes.”!° In
the peripheral tissues, matrix Gla-protein (MGP) also needs
to be activated by y-glutamyl carboxylation. Since MGP serves
as a powerful anti-mineralization protein, as demonstrated by
extensive mineralization in MGP knock-out mice," and since the
carboxylation reaction requires reduced vitamin K, a hypothesis
has been put forward that a vitamin K conjugate might be a
physiologic substrate of ABCC6,'* thus tying the vitamin K
transport and ABCC6 mutations to the development of PXE
phenotypes.

PXE demonstrates considerable, both intra- and inter-
familial heterogeneity, and genetic modifying factors have been
suggested to play a role in the severity of this disease."*~'¢ At the
same time, early retrospective studies on PXE patients suggested
that variations in the diet may influence the age of onset and
extent of mineralization in these patients.*'” Specifically, it was
suggested that patients who had high consumption of dairy
products, rich in calcium and phosphate, during childhood
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or early adolescence may have more severe PXE phenotype. In
this context, it is important to note that serum concentrations
of calcium and phosphate, as well as urinary output of these
minerals are entirely within normal limits in PXE, and there is
no evidence of perturbations in the parathyroid hormone and/
or vitamin D metabolism.* The prevailing view is that PXE is a
metabolic disease due to lack of critical anti-mineralization factors
in the circulation, and an imbalance between the mineralization/
anti-mineralization factors allow development of late onset, and
slow, yet progressive, mineralization of the peripheral connective
tissues to take place."'®

There is currently no effective or specific treatment for PXE.
However, since the clinical manifestations are clearly a sequela of
aberrant mineralization of connective tissues, prevention of this
process by pharmacologic means would be expected to ameliorate,
and even perhaps cure, PXE. Phosphate binders, a group of drugs
currently in use for treatment of hyperphosphatemia primarily
in patients with chronic kidney disease, could offer a means of
reducing the calcium/phosphate load in patients with PXE.” A
recent study consisting of six patients treated with aluminum
hydroxide-containing oral phosphate binder suggested that
three of these patients showed significant improvement of skin
lesions and revealed histopathologic regression of the disease.
At the same time, no deterioration of the eye disease was seen
in any of the six patients at 1-year follow-up. However, since
aluminum-containing oral phosphate binders are associated
with aluminum toxicity, including cognitive disturbances,
osteomalacia, and anemia, their long-term use in general practice
is not common." In this study, we have explored two alternate oral
phosphate binders, specifically containing magnesium carbonate
or lanthanum carbonate, for counteracting mineralization in
PXE. For this purpose, we treated Abcc6~'~ mice, which we have
developed by targeted ablation of the corresponding mouse
gene, resulting in mineralization which by histopathologic and
ultrastructural means mimics those seen in patients with PXE.*!
Our results suggest that magnesium carbonate-containing oral
phosphate binder may provide an effective way to counteract
the mineralization that causes considerable morbidity and even
mortality in PXE.

Materials and methods

Mice and diets

A PXE mouse model was developed by targeted ablation of the
Abcc6 gene.?! Heterozygous mice (Abcc6™~) were backcrossed
with C57BL/6] mice for five generations to generate Abcc6
knock-out (Abcc67") and wild-type (Abcc6**) mice on C57BL/6]
background. These mice were housed in the Animal Facility of
Thomas Jefferson University where they were maintained in a
climate-controlled environment with free access to water and a
12-hour light/dark cycle.

Wild-type and Abcc67'~ mice were placed on the control diet
(Laboratory Autoclavable Meal Rodent Diet 5010; PMI Nutrition,
Brentwood, MO) following weaning at 4 weeks of age and
continued for an additional 2 or 5 months on the same diet. The
Abcc67'- mice were divided into different groups and placed on
the control diet supplemented with either magnesium carbonate
or lanthanum carbonate, 5 to 9 mice per group. Three groups
of mice received control diet supplemented with magnesium
carbonate, with a 5-fold increase in magnesium (from 0.22%
to 1.10%). The first and second group of mice were fed the
magnesium carbonate-enriched diet following weaning at 4 weeks
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of age and maintained on that diet for an additional 2 months
or 5 months (Im — 3m and 1m — 6m), respectively. The mice
in the third group were given the control diet following weaning
at 4 weeks of age and continued for 2 months, and then the mice
were switched to the magnesium carbonate-containing diet
for 3 additional months (3m — 6m). Another three groups of
mice were fed the control diet supplemented with lanthanum
carbonate (Fosrenol), 1 g of lanthanum carbonate in 1 kg
of control diet. The first and second group of mice were fed
the lanthanum carbonate-enriched diet following weaning at
4 weeks of age and continued for an additional 2 months or
5 months (Im — 3m and 1m — 6m, respectively). The mice in
the third group were given the control diet following weaning
at 4 weeks of age and continued for 2 months, and then these
mice were switched to a lanthanum carbonate-containing diet
for another 3 months (3m + 6m).

This study was approved by the Institutional Animal Care
and Use Committee of Thomas Jefferson University.

Histological analysis

For histopathological analysis of mineralization, biopsies from
muzzle skin containing vibrissae were fixed in 10% phosphate-
buffered formalin and embedded in paraffin. Paraffin sections
(5 pm) were stained with hematoxylin-eosin, Alizarin Red, or
von Kossa using standard methods.

Quantification of tissue mineralization by computerized
morphometric analysis

Computerized morphometric analysis of hematoxylin and eosin-
stained sections of muzzle skin was performed as described
elsewhere.”” The sections were examined with a Nikon model
Te2000 microscope furnished with an Auto Quant Imaging system
(Watervliet, New York, NY). The number of vibrissae with and
without evidence of mineralization was determined in all sections,
and the extent of mineralization was expressed as the percentage
of area of mineralization per total area of vibrissae examined.

Quantification of calcium and phosphate
To quantify the calcium/phosphate deposition in mouse vibrissae,
the muzzle skin, which contains the vibrissae, was harvested and
decalcified with 0.15 N HCI for 48 hours at room temperature.
The calcium content was determined colorimetrically by the
o-cresolphthalein complexone method (Calcium (CPC) Liquicolor;
Stanbio Laboratory, Boerne, TX). The phosphate content was
determined with Malachite Green Phosphate Assay kit (BioAssay
Systems, Hayward, CA). The values for calcium and phosphate
were normalized to tissue weight. Calcium and phosphorus in the
serum and urine samples were quantitatively assayed as above.
The left femurs of the mice were collected after euthanization
and decalcified in 1 N HCI for 2 weeks at room temperature.
Calcium and phosphorus content in the femur were then
quantitatively assayed as above.

Quantification of magnesium

The magnesium concentrations in the mouse serum and urine
were measured using the QuantiChrom Magnesium Assay Kit
(BioAssay Systems).

Serum parathyroid hormone (PTH) assay
Mouse serum PTH concentrations were measured using Mouse
Intact PTH Elisa Kit (Immutopics Inc., San Clemente, CA).
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Figure 1. Histopathologic evaluation of mineralization of the vibrissae in Abcc6~/~ mice (KO) or their corresponding wild-type (WT) counterparts kept on control, magnesium
carbonate-containing, or lanthanum carbonate-containing diet. The mice were placed on the experimental diet either at 1 month or 3 months of age, and biopsies from the
muzzle skin containing the vibrissae were taken at 3 or 6 months of age. The tissue specimens were processed and stained with hematoxylin and eosin, Alizarin Red or von

Kossa stains (top, middle, and bottom panels, respectively). All figures have the same magnification: bar, 100 ym.

Computerized axial tomography (CAT) scan analysis

At the end of each experiment on different diets, wild-type mice
on control diet for 5 months, Abcc6”~ mice on control diet for
5 months, and Abcc6™~ mice on high-magnesium diet for 5 months
were anesthetized with a Xylazine-Ketamine-Acetopromazine
cocktail (160 uL per 25 grams body weight of 10 mg/kg Xylazine,
200 mg/kg Ketamine, 2 mg/kg Acetopromazine). Following
anesthesia the mice were restrained in a perforated 50 mL conical
plastic tube, and scanned by Computerized Axial Tomography
(CAT scan) in a MicroCAT II scanner (ImTek Inc, Oak
Ridge, TN). Bone parameters of the femur were assessed using
Inveon Research Workplace software (Siemens Corporation,
New York, NY).

Statistical analysis

The results in different groups of mice receiving various diets
were first analyzed for normal distribution using Hamilton’s
test. Comparisons of continuous measures across all groups
were completed using two-sided Kruskal-Wallis nonparametric
tests.” The Kruskal-Wallis test is comparable to one-way analysis
of variance, but without the parametric assumptions. For each
of the paired group comparisons, an exact two-sided Wilcoxon’s
test was computed. For some comparisons, Student’s two-tailed
t-test was also used. All statistical computations were completed
using SPSS version 15.0 software.

Results

Magnesium carbonate prevents mineralization in PXE mice

The Abcc6”~ mice show progressive mineralization of the
connective tissue capsule of vibrissae, while their corresponding
littermates (Abcc6*'*) do not show such calcification up to 2 years
of follow-up.?"** These observations were confirmed in this study
by demonstration of mineralization in the vibrissae of 3-month
and 6-month old Abcc6™ mice (Figure 1b and c), while no
mineralization was noted in the wild-type littermates at 6 months
of age (Figure 1a). This mouse model was then used to study the
effect of magnesium carbonate-containing diet. In one set of
experiments, the mice were placed on this experimental diet at
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4 weeks of age after weaning, and mineralization was determined
at 3 or 6 months of age. In both groups, there was no evidence
of the development of mineralization in the vibrissae of these
KO mice (Figure 1d, e). Thus, diet enriched with magnesium
carbonate entirely prevents the development of mineralization
in Abcc6™~ mice, at least up to 6 months of age.

In another set of experiments, the Abcc6™'~ mice were
allowed to develop mineralization up to 3 months of age and
they were then placed on the experimental diet and followed for
an additional 3 months. At this point, at 6 months of age, the
muzzle skin was biopsied and mineralization was determined.
The mice now showed relatively little mineralization, comparable
to that of Abcc6~'~ mice at 3 months of age kept on control diet
(Figure 1f ). In fact, the degree of mineralization, as determined
by computerized morphometric analysis in the mice (Table 1),
was lower than mineralization in age-matched 6-month-old
mice kept on control diet; however, this difference was not
statistically significant by Wilcoxon’s test, but was significant
with Student’s t-test (p < 0.05). Thus, the magnesium carbonate-
containing diet arrests, and may even reverse, mineralization,
in the Abcc6™'~ mice.

The degree of mineralization in the same mice analyzed
by computerized morphometric analysis was also determined
by chemical assays of calcium and phosphate in the biopsies
taken from the muzzle skin containing the vibrissae. The results
supported the observations made by computerized morphometric
analyses, and demonstrated that the Ca x P content in the vibrissae
of mice treated with magnesium carbonate-containing diet for
2 or 5months (Im — 3m and 1m — 6m) was very low, essentially
the same as in wild-type mice of 6 months of age (Figure 2). Also,
mineralization in the mice placed on magnesium carbonate-
containing diet at 3 months of age and biopsied 3 months later
at 6 months of age showed statistically significant reduction in
the Ca x P product, as compared to age-matched (6m) mice
kept on control diet (Figure 2). Thus, collectively, our results
derived either from computerized morphometric analyses or
chemical calcium and phosphate assays independently indicate
that magnesium carbonate in the diet is a powerful inhibitor of
ectopic mineralization in the vibrissae of Abcc6™~ mice.
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Diet Mineralized Total vibris- Percent Area of min- Fold*  p-value
started — vibrissae sae examined mineralized® eralization per
diet end (per mouse) (per mouse) total area of
(months) vibrissae (%)*
Wild-type | Control 1-6 9 0 11.0 0 0
Abcc6/- Control 153 8 5.5 10.3 58.1 £ 5.5 0.69 £0.14 1.0 0.0018
Abcc6/~ Control 156 9 6.4 8.8 752 £5.2 2.78 £ 0.76 4.0 0.00158
Abcc6/~ | Magnesium | 1 — 3 6 0 77 0 0 0 0.001!
carbonate
Abcc6/~ Magnesium | 1 — 6 5 0.2 6.8 4.0+ 4.0 0.15 £ 0.15 0.2 0.003ll
carbonate
Abcc6/- Magnesium | 3 — 6 8 4.6 8.4 49.3+12.4 0.97 £ 0.33 1.4 0.0741
carbonate
Abcc6/~ Lanthanum |1 >3 6 2.5 13.2 233+ 159 0.72 £ 0.39 1.0 0.555I
carbonate
Abcc67/~ | Lanthanum |1 — 6 5 5.6 6.0 92.5+5.0 1.92 +£0.28 2.8 0.884l
carbonate
Abcc6/~ Lanthanum |3 —» 6 5 5.0 8.5 60.0 £ 5.7 2.32+0.49 3.4 0.897!
carbonate
* Skin sections containing vibrissae were stained with H&E and examined by computerized morphometric analysis.
*Values presented as mean + S.E.
* Calculated using the 3-month-old Abcc6~/~ mice as 1.0.
§ Compared with the wild type mice.
I'Compared with age-matched Abcc6~/~ mice on control diet.
T Statistical difference by Student's t-test, p = 0.0497.

Table 1. Quantitation of connective tissue mineralization of vibrissae*.
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Figure 2. Quantitation of calcium and phosphate in the vibrissae of mice depicted
in Figure 1 Biopsy specimens were processed as described in the Materials and
methods section, and calcium and phosphate were quantitatively determined by
chemical assays. The Ca x P product was correlated with the weight of the biopsied
tissue. Values are expressed as mean £ S.E. and the statistical significance was
determined by Wilcoxon's test as shown in the inset. Statistical significance: ** = in
comparison with wild-type mice; *, ** = in comparison with 3-month-old Abcc6~
mice on control diet; ## = in comparison with 6-month-old Abcc6~/~ mice on control
diet; NS = the values are not statistically different from those in age-matched mice
on control diet.

Lanthanum carbonate-enriched diet does not alter

the mineralization

Lanthanum carbonate is another oral phosphate binder which is
calcium and aluminum free and has few side effects.”® It has been
demonstrated to be effective in controlling serum phosphate levels
in hyperphosphatemia.?*® To test its efficacy in our preclinical
model of PXE, the Abcc6™'~ mice were similarly placed on
lanthanum carbonate-containing diet either at 1 or 3 months
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of age using a similar experimental design as was used for the
magnesium carbonate diet. Computerized morphometric analysis
of the vibrissae of lanthanum carbonate-treated mice at 3 or
6 months of age showed extensive mineralization (Figure 1g, h, i),
similar to the age-match Abcc6™~ mice kept on control diet. In
fact, the values were not statistically different in any of three
groups of mice treated with lanthanum carbonate from the age-
matched mice kept on control diet (Table 1). These observations
were confirmed by chemical assays of calcium and phosphate
in the muzzle skin containing the vibrissae, which showed no
statistical difference from those in age-matched Abcc67~ mice
kept on control diet (Figure 2).

Serum and urine metabolic analysis
To potentially gain insight into the mechanisms of the oral
phosphate binders and to gauge potential side effects in our
mouse model system, we determined calcium, phosphorus, and
magnesium concentrations both in serum and urine. Assay of
serum calcium and phosphorus in mice either on magnesium
carbonate or lanthanum carbonate-containing diet did not show
values different from those in mice kept on control diet, and the
calcium/phosphate ratio remained unaltered (Table 2). Assay of
magnesium in the serum of mice kept on magnesium carbonate-
enriched diet revealed slight, but statistically significant, increase
in mice kept 5 months on this experimental diet, in comparison
to the age-matched (6m) mice kept on control diet (Table 2). Mice
kept on magnesium carbonate-enriched diet for 2 or 3 months
(Im - 3m and 3m — 6m) showed normal magnesium levels.
Assay of urinary calcium and phosphorus in mice kept on
magnesium carbonate-enriched diet demonstrated dramatic
changes (Table 3). First, the urinary calcium concentration
was elevated up to over 10-fold in mice kept on magnesium
carbonate-containing diet when measured at 3, 4, 5, or 6 months of
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Parameter Concentration (mean + S.E.) in groupt
Control diet Magnesium carbonate-containing diet Lanthanum carbonate-containing diet

Im—-3m Im - 6m Tm—>3m Im - 6m 3m - 6m Tm— 3m Im - 6m 3m - 6m
Calcium 10.70 £ 0.69 | 11.54 £ 0.42 | 10.94 £ 0.30 | 12.72 £ 0.62 | 10.95 £ 0.28 | 11.25+0.32 | 11.26 £ 0.22 | 11.27 £ 0.11
(mg/dL)
Phosphorus 1429+ 187 | 1555+ 1.38 | 16.03 £ 0.50 | 16.28 £ 0.95 | 13.59 £ 1.89 | 15.72 £ 0.23 | 15.46 £ 0.91 | 13.98 + 1.28
(mg/dL)
Ca/P ratio 0.75+0.06 |0.78+0.08 |0.68+0.02 |0.78+0.02 |0.91*0.11 0.72+0.02 | 0.74£0.05 |0.84 £0.06
Magnesium 3.07 £ 0.31 3.11+£0.14 | 3.00£0.12 3.94 £ 0.18F | 3.06 £ 0.21 ND ND ND
(mg/dL)
*Abcc6~/~ mice at 1 or 3 months of age were placed on different diets. Serum concentrations of calcium, phosphorus and magnesium were determined at either 3 or 6 months
of age.
TStatistical significance in comparison to the Abcc6~/~ mice on control diet is indicated: ¥ p < 0.05 (n = 5-9).
ND = not determined.

Table 2. Calcium, phosphorus and magnesium concentrations in the serum of Abcc6~~ mice placed on different diets*.

Parameter

Concentration (mean * S.E.) in groupt
Lanthanum carbonate-containing diet

Control diet Magnesium carbonate-containing diet

Tm — im — Tm— Tm— Tm — Im-— 3m—> Tm— im — Im-— Tm— 3Im—>
3m 6m 3m 4m 6m 6m 3m )] 5m 6m 6m

Calcium 9.16 + 115.42 + [132.89 + [119.04 + 10.13+ [2153+ [686+ |1022+
(mg/dL) 1.45 16.48* |16.13* [15.35+ 0.89 5.51 2.93 2.90
Phosphorus |443.31 +(334.78 + 126+ |0+0* 370.94 +[194.68 + | 165.93 +|244.30 +
(mg/dL)  [118.42 [110.23 1.26% 82.15 [56.75 |16.07 |86.43
Magnesium |28.49 + |28.78 + 3090+ [30.64 + ND ND ND ND
(mg/dL)  [1.10 0.44 0.16*  |0.53

*Abcc6~/~ mice at 1 or 3 months of age were placed on different diets. Urine concentrations of calcium, phosphorus and magnesium were determined at 3, 4, 5 and 6 months

of age.

ND = not determined.

tStatistical significance in comparison to the Abcc6~/~ mice on control diet is indicated: ¥ p < 0.05; * p <0.01 (n = 5-9).

Table 3. Calcium, phosphorus and magnesium concentrations in the urine of Abcc6~/~ mice placed on different diets*.

age, as compared to the mice kept on control diet (Table 3). At the
same time, the urinary phosphorus concentration was markedly
reduced and in fact, mice kept 3 to 5 months on magnesium
carbonate-containing diet showed essentially undetectable levels
of phosphorus. In this group of mice, very small (~5%) increases
in the urinary magnesium concentration were noted (Table 3).

Examination of calcium and phosphorus in mice kept on
lanthanum carbonate-containing diet showed considerable
variability in the values, and the overall mean values were not
statistically different from the mice kept on control diet (Table 3).

Finally, we measured the parathyroid hormone (PTH)
concentration in the sera of mice kept on either control diet for
5 months (WT and KO mice) or on magnesium carbonate-
enriched diet for 3 months (3m — 6m) or 5 months (1m — 6m)
(KO mice). All mice were examined at 6 months of age. Assay of
PTH by an ELISA revealed that values in WT and KO groups kept
on control diet were not statistically different, 97.25 + 11.03 versus
86.72 + 7.01 pg/mL (mean + S.E.; p > 0.05). Similarly, the PTH
concentrations in the sera of Abcc6~/~ mice kept on magnesium-
rich diet either for 3 or 5 months were not statistically different
from the wild-type mice or those Abcc6™~ mice kept on control
diet (72.57 + 6.62 and 95.14 + 7.49 pg/mL, respectively).

Computerized axial tomography (CAT) scan and mineral
content of bones in mice on magnesium carbonate-enriched
diet

Although the precise role of dietary magnesium on integrity and
composition of bones is somewhat unclear (see Discussion),
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there are suggestions that long-term excessive magnesium
supplementation may be deleterious to the functional integrity
of the bones.”” Therefore, we determined the bone density and
calcium and phosphorus content of bones in mice kept 5 months
on magnesium carbonate-enriched diet (1m — 6m). First, bone
density in selected mice (2 to 3 per group) was determined by
CAT scan including WT mice on control diet, KO mice on control
diet, and KO mice on magnesium carbonate-enriched diet for
5 months. As shown in Figure 3, there were no gross differences
in the morphology of femurs of these mice and the bone densities
were statistically not different. We also determined the calcium
and phosphorus content in the left femur of the same animals by
quantitative chemical assays. As shown in Table 4, KO mice kept
on control diet for 5 months (and analyzed at the age of 6 months)
demonstrated calcium and phosphorus values which were not
different from WT mice kept on control diet for the same time period.
However, KO mice kept on experimental magnesium carbonate-
enriched diet for 5 months showed a statistically significant increase
in both calcium and phosphorus content as compared to their
KO counterparts kept on control diet for the same time period
(Table 4). Thus, there is no apparent deleterious effect on the bone as
aresult of 5-month treatment with magnesium carbonate-enriched
diet, and in fact, our findings support the view that magnesium
intake may be beneficial for bone integrity.

Discussion
The results of our study clearly demonstrate that magnesium
carbonate, when added to the mouse diet in amounts that increase
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A control diet does not contain any lanthanum,
; and the dose for enrichment of the food with
lanthanum carbonate (Fosrenol) was based
on recommended maximum human dose
(1,500 mg per day),” but increased again by
5-fold. The inclusion of the lanthanum carbonate
in the mouse diet did not have an effect on the
mineralization process and did not change
serum or urinary calcium and phosphorus
levels. It is unclear, therefore, why lanthanum
carbonate is not effective for treatment of mice
for ectopic mineralization but might elicit an
effect in humans. Nevertheless, magnesium
carbonate clearly had a major impact on the
mineralization process and should have similar
effects on patients with PXE. It should be noted
that the daily dose of magnesium administered
to the mice was higher than the recommended
daily dose for humans (500 mg per day). Thus,
B the efficacy in humans should be tested in
carefully controlled clinical trials.

The side effects of magnesium include
gastrointestinal disturbances, and evaluation
of long-term effects on vascular calcification
and bone integrity has been suggested.” In
our study, no overt side effects were noted in
the mice. We also examined the bone density
by CAT scan as well as the mineral content

Bone density (mg/cn?, mean £5.E)

KO mice on magnesium carbonate-

KO mice on control diet . .
containing diet

WT mice on control diet

left fermur 1374.21 £16.06 1464.57 £ 13.37 1497.49 = 37.06

right femur 1385.55 £13.80 1465.80 £12.01 1497.71 £31.06

Figure 3. Evaluation of bone integrity in mice treated with magnesium carbonate-containing diet. (A) 2-Di-
mensional images of computerized axial tomography (CAT) scan from a WT mouse on control diet (left); KO
mouse on control diet (center); and KO mouse on magnesium carbonate-enriched diet (right) for 5 months;
all mice are imaged at the age of 6 months. (B) Bone density assays of the groups of mice represented in A.
The values in KO mice on control diet are not statistically different from the WT mice on control diet or from
KO mice on magnesium carbonate-containing diet.

(Ca and P) in the femurs of mice treated
for 5 months (Im — 6m) with magnesium
carbonate. No changes in the bone density by
CAT scan and a slight increase in the calcium

and phosphorus contents by chemical assays
were noted. These observations in the mineral
content do not exclude any changes in the
functional quality of long bones, such as those related to collagen
multimer composition. These observations are consistent with

No. of mice Ca (mg/g)t P (mg/g)

examined

WT on control diet | 6 279%2 + 62.18 + 3.90 early suggestions that magnesium deficiency in the rat alters bone
| di : . . and mineral metabolism resulting in bone loss.*® In addition,
KO on control diet 4 ;5433 - >715 £ 4.28 magnesium intake has been associated with greater bone mineral
. ' density at the hip for both men and women and in the forearm

K 106.91 £ 73.93 + 4.36¢ . . . s 1
cgb%nngrtlg-gcr:)istl:imng > 7%6”9 393 £4.36 of men in a both cross-section (baseline) and 4-year longitudinal

diet study of a cohort of the Framingham Heart Study individuals.”
These beneficial events were tied to the hypothesis that alkaline
producing dietary components, such as potassium, magnesium,
and fruit and vegetables, contribute to the maintenance of bone
mineral density.

It should be noted that control of mineralization by dietary
magnesium may have broader implications beyond PXE. A
study by investigators at the Centers for Disease Control and
Prevention (CDC) in the United States, based on a National
Health and Nutrition Examination Survey 1999-2000, concluded
that substantial numbers of US adults failed to consume adequate
amounts of magnesium in their diets.*® These observations
suggested that assessment of dietary magnesium, not only in
patients with PXE, but also in other conditions with ectopic
mineralization of connective tissues, such as arteriosclerosis,”
may be warranted.

* Wild-type (WT) and Abcc6~/~ mice (KO) at 1 month of age were placed on different
diets for 5 months. Calcium and phosphorus content were determined at 6 months
of age and expressed as mean * S.E.

T Statistical significance in comparison to the KO mice on control diet is indicated:
+p<0.05.

Table 4. Calcium and phosphorus content in the left femur of the mice*.

the magnesium concentration by 5-fold, is able to prevent the
ectopic mineralization noted in Abcc6'~ mice, an animal model
for PXE. The observations of our study suggest, therefore, that
dietary magnesium might also be helpful for treatment of patients
with PXE, a notion that could be tested in controlled clinical
trials. The efficacy of dietary magnesium carbonate is most
likely due to the magnesium ion because another oral phosphate
binder tested, lanthanum carbonate, was ineffective in eliciting
changes in the mineralization of the PXE mouse model. The
control mouse diet contains 0.22% magnesium, and enrichment
with magnesium carbonate increased the magnesium content
of the mouse food to 1.10%, i.e., a 5-fold increase. The mouse
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