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Abstract

Pseudoxanthoma elasticum (PXE), which demonstrates progressive build-up of calcium phosphate and proteoglycan deposits in skin, eye,
and arteries, has been associated with myocardial infarctions, stroke, and blindness. In a mouse model of PXE, a magnesium-enriched
diet prevents mineralization of the vibrissae capsule, an early biomarker for PXE. However, biomarkers for therapeutic responses in PXE
have not been identified in humans. Because PXE patients have an increased carotid intima-media thickness (CIMT), a risk factor for
cardiovascular disease and stroke, we analyzed the feasibility of CIMT as a treatment endpoint before and after magnesium supplemen-
tation in a mouse model of PXE (Abcc6~). CIMT was measured in 1-year-old Abcc6~/~ and Abcc6+/+ mice fed either standard rodent
diet with or without magnesium oxide supplementation for 2 months. Baseline CIMT in Abcc6 =/~ versus Abcc6*/+ mice was increased
(p value = 0.009), whereas CIMT in magnesium-treated versus untreated Abcc6~/~ mice was reduced (p value = 0.024). CIMT is
a novel treatment endpoint in this mouse model and may serve as a predictive biomarker of therapeutic response in PXE patients.
In that context, magnesium oxide significantly reduced CIMT in PXE mice, and may be useful for disease prevention in PXE patients.
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Introduction

Pseudoxanthoma elasticum (PXE), caused by mutations in the
ABCCE6 gene, is a relatively rare genetic disorder that affects
approximately 1 in 70,000 to 1 in 100,000 persons worldwide.!
Progressive build-up of calcium phosphate deposits in tissues
causes the symptoms associated with this disease, but the severity
of the disease can vary significantly between patients even in the
same family.

PXE patients develop calcification in the dermis, in the
Bruch’s membrane in the eye, as well as in the intima and
media in arteries associated with aberrant elastic fibers. These
manifest clinically with sagging skin,? loss of visual acuity, as
well as intermittent claudication, and hypertension (HTN),**
occasionally resulting in early myocardial infarction and gastric
artery bleeding. It is postulated that alterations observed in skin,
i.e., elastin fragmentation, calcium deposition, and increased
proteoglycan content®” may also occur in arteries of PXE
patients, underlying early development of HTN and arterial
stiffness in these patients.”® It has been suggested that before
calcification, an increased influx of proteoglycans takes place
in the vessels.’

PXE patients under the age of 65 have a 3.6-fold risk of
ischemic stroke compared with the general population.'” They
develop arterial stiffness or reduced aortic compliance,®” which
is also a risk factor for cardiovascular disease." It has been
established that among various risk factors, increased carotid
intima-media thickness (CIMT) is an independent predictor of
stroke and coronary heart disease.'?

In a mouse model of PXE, a diet relatively high in magnesium
(5%) prevented mineralization of the connective tissue capsule
surrounding the vibrissae (an early murine biomarker for PXE),
without causing osteoporosis.”® Dietary magnesium produced a
10-fold increase in calcium and decrease in phosphorus in urine,
without changing their serum concentrations or parathyroid
hormone levels.”® Unfortunately a reliable, safe, and practical
biomarker of therapeutic response for this disease does not exist

in humans. We chose CIMT because of its strong correlation
with morbidity and mortality (cardiovascular disease and
stroke)'>'* and ease of measurement in humans (with carotid
artery ultrasound). Moreover, case reports have noted that PXE
patients have an increased CIMT, an established risk factor for
cardiovascular disease and stroke in the PXE population.®’

In this study, CIMT measurement was analyzed as a treatment
endpoint after the administration of magnesium in a mouse
model for PXE. Feeding regular rodent chow with no added
magnesium, 1-year-old Abcc6™~ mice have an approximately
30% statistically significant increase in CIMT (p = 0.009) versus
wild-type mice matched for age. This correlates with established
human data. Compared to normotensive, age-matched, healthy
patients, individuals with PXE were noted to have a statistically
significant 36% increase in CIMT (0.56 mm in control vs. 0.76 mm
in PXE patients).” Until now, it is not known if magnesium reduces
CIMT in a PXE mouse model and, potentially, in PXE patients.
If magnesium lowers CIMT in Abcc6™'~ mice, CIMT may serve
as a novel treatment biomarker in humans with PXE.

Materials and Methods

Mice and diets

The Abcc6~'~ mouse model was developed by targeted ablation
of the ABCC6 gene."® All mice used were from C57BL/6] genetic
background and confirmation of genotyping of tail tip with
polymerase chain reaction (PCR) was done before beginning
the experiments. Two groups of mice were tested. Panel A:
Four 1-year-old Abcc67'~ males, one 1-year-old Abcc67'~ female,
and five 1-year-old Abcc6/* males, all fed standard rodent diet
(Lab Diet 5010). Panel B: Two 1-year-old Abcc67/~ males, four
1-year-old Abcc67- females, and four 1-year-old Abcc6** males,
and four 1-year-old Abcc6** female mice were fed the same
diet as in Panel A but with fivefold magnesium oxide added
(1.85 g/100 g food), for 2 months. Each mouse in Panel B ate
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and 5000 pm mark on each carotid
vessel, right and left, totaling
18 measurements per mouse.
These measurements were then
averaged to represent the final
CIMT measurement for each
mouse. Then, each mouse’s CIMT
was averaged to represent the final
CIMT measurement from either
knockout (Abcc67") or wild-
type (Abcc6*'*) group. This was
calculated separately for Panel A
and Panel B groups. Values from
both Panel A and Panel B were
analyzed for normal distribution
using Hamiltons test. To determine

Figure 1. Carotid artery ultrasounds with the Vevo 770, 30 Hz (VisualSonics). (A): Abcc6*/+ (wild-type), and (B): Abcc67~

(knockout) mice.

about 5 g of food/day and of those 5 g, each mouse consumed
about 92.5 mg elemental magnesium per day, or 55.5 mEq
magnesium/day. Approval for this study was obtained by the
Institutional Animal Care and Use Committee of Thomas
Jefferson University before the start of these experiments.

Ultrasound

Mice from Panel A were anesthetized and depilated in the neck
area, and carotid arteries were visualized with Vevo 770, 30 Hz
(VisualSonics, Toronto, ON, Canada) ultrasound machine.

CIMT measurement and histology

Carotid arteries were harvested from each panel and embedded
in paraffin. Specific areas on each carotid artery were measured
(starting from the bifurcation) to be designated for H&E staining
(at 1,000, 3,000, and 5,000 um), von Kossa staining (calcium
phosphate) (at 2,500 um), alcian blue (pH 2.5; for total proteoglycan)
staining (at 1,500, 3,500, or 4000 um), and alizarin red (calcium)
staining (at 2,000 um). The carotid arteries were submitted on
numbered cassettes, prepared by a collaborating technician, and
the corresponding numbered cassettes to mouse were kept on a
separate document (blinded). Slides were labeled according to
the cassettes to allow for blinding at the time of interpretation
and reading. Slides were read using 40x magnification on a
Nikon Eclipse TE 2000-U microscope (Nikon Instruments Inc.,
Melville, NY, USA) and interpreted with calibrated Image-Pro Plus
software (version 6.1.0.346 for Windows 2000/XP professional,
Media Cybernetics, Inc., Bethesda, MD, USA). The mean of the
measurements done at the 1,000, 3,000, and 5000 pm mark distal
to the bifurcation were used in the statistical analyses.

Vibrissae histology

Muzzle skin containing vibrissae from each knockout and wild-
type mouse in both panels was stained with H&E and with alcian
blue (pH 2.5) for proteoglycans, von Kossa, and with alizarin red
for comparison. Panels A and B are shown in Figure 4.

Statistical analysis
Using 40x magnification, with calibrated software, the CIMT

measurements were measured in triplicate at the 1,000, 3,000,
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the statistical significance between
the untreated and treated groups of
mice, a two-tailed Student’s ¢-test
was used.

Results

Poor resolution ultrasound not helpful for CIMT in the
mouse

The Vevo 770, 30 Hz (VisualSonics), ultrasound machine
captured the carotid vessel of each mice from Panel A, however,
the resolution was relatively poor with this device, and accurate
CIMT measurement was not possible. The carotid arteries from
the remaining panels were therefore not measured using this
modality (Figure 1).

CIMT is a useful treatment biomarker in the 1-year-old
Abcc6”- mouse model

Photographs of the H&E carotid sections from Panel A (untreated)
and B (treated) were taken at 40x magnification and the CIMT
was measured with calibrated software (Image-Pro Plus). Figure 2
displays CIMT in untreated, wild-type and knockout (first two
columns) and treated, wild-type and knockout (last two columns)
mice. The first row (A through D) shows H&E staining with
CIMT measurements. The CIMT measurements were averaged
for each panel (as described earlier) and are compared in Figure
3.The differences between the 1-year-old Abcc6™~ and 1-year-old
Abcc6** mice in Panel A were statistically significant, p value =
0.0091 (Student’s t-test).

Magnesium oxide lowers CIMT in 1-year-old Abcc6~
(knockout) mice

Compared to the untreated 1-year-old Abcc6™'- group, the treated
1-year-old Abcc6™~ group showed approximately a 20% reduction
in CIMT (p = 0.02, Student’s t-test). There was no significant
reduction in CIMT in the treated versus untreated Abcc6*'* mice.
(Figure 3).

Magnesium oxide changed total proteoglycan content but did
not change calcium phosphate deposition

The carotid artery sections from Abcc6*+ and Abcc6™'~ groups
in all four panels were also stained for total proteoglycan with
alcian blue (Figure 2E through H) and for calcium phosphate
deposition with von Kossa (Figure 2I through L) and alizarin red
(data not shown). Comparing Panel A and B, there was a respective
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Figure 2. Carotid artery staining and CIMT measurement. Frames (A) through (D): H&E stains and CIMT measurement. Frames (A) and (B) are from untreated wild-type and
knockout mouse carotid sections. Frames (C) and (D) show treated wild-type and knockout mouse carotid sections. The second row shows staining of carotid arteries with
alcian blue (pH 2.5). Frames (E) and (F) are from untreated wild-type and knockout mouse carotid sections. Frames (G) and (H) are treated wild-type and knockout mouse
carotid sections. The last row (J through L) are sections of untreated (wild-type and knockout) followed by treated (wild-type and knockout) mice stained with von Kossa. All

frames have the same magnification bar, 100 ym.
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Figure 3. CIMT in 1-year-old wild-type and treated versus knockout and treated mice. Using 40x magnification and Image-Pro
Plus software, measurements of intima to media were taken after calibration and averaged for each panel. The averages, with
standard deviation, of the five untreated knockout mice (blue), six treated knockout mice (green), five untreated wild-type mice
(red), and eight treated wild-type mice (purple) were calculated. The difference between untreated wild-type and knockout
CIMT s statistically significant, p value = 0.009*. There is a statistically significant difference between the untreated versus
treated knockout groups (p = 0.02)** but not between the untreated versus treated wild-type.
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decrease in total proteoglycan in
the vessel walls because CIMT
was reduced in Panel B. There was
no apparent calcium phosphate
deposition in the carotid artery
wall of either Abcc6™* or Abcc6™~
groups (both panels) at baseline or
after treatment with magnesium as
demonstrated by absence of von
Kossa staining and negative alizarin
red staining (data not shown).
Images at 10x magnification were
captured for the vibrissae for each
group and were placed side by side
for staining comparison (Figure 4)
of Panels A and B. The Abcc6™*
group had no mineralization of
the connective tissue capsule
surrounding the vibrissae noted
by H&E, von Kossa, and alizarin
red staining (data not shown); as
anticipated, this effect remains
the same despite treatment with
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Figure 4. Stained vibrissae in untreated versus treated mice. Frames (A) through (D): H&E stains. Frames (A) and (B) are untreated wild-type and knockout mouse vibrissae
capsules. Frames (C) and (D) show treated wild-type and knockout vibrissae capsule sections. Arrows show mineralization of the connective tissue capsule surrounding the
vibrissae. The second row shows staining of the vibrissae with alcian blue (pH 2.5). Frames (E) and (F) are from are from untreated wild-type and knockout mouse sections.
Frames (G) and (H) are treated wild-type and knockout mouse sections. Arrowheads in the alcian blue row (E through H) show the total proteoglycan deposits in the con-
nective tissue capsule surrounding the vibrissae. The last row (J through L) are vibrissae sections of untreated (wild-type and knockout) followed by treated (wild-type and
knockout) mice stained with von Kossa. Arrows show mineralization of the connective tissue capsule surrounding the vibrissae. Mineralization of the connective tissue capsule

surrounding the vibrissae can be best viewed in the knock out columns of untreated or treated groups in the H&E and von Kossa rows.

magnesium (Figure 4A and C, and Jand K). As reported previously,®
magnesium did not reverse the calcium phosphate deposited in
the connective tissue capsule surrounding the vibrissae in these
1-year-old Abcc6™ mice (Figure 4B and D, and I and L).

Discussion

We proposed to determine if there is a difference in the CIMTs
in Abcc6™~ mice compared to Abcc6** matched for age. Mice at
1 year of age were selected because by this time they strongly
express the murine phenotype for the disease: early mineralization
of the connective tissue capsule surrounding the vibrissae. In
addition, because CIMT is a progressive condition, mice at this
age are expected to show the progression of a thicker CIMT, which
is what we found in this case.

Although carotid artery mineralization was not evident in this
study (absence of von Kossa and alizarin red staining), the early
biomarker, i.e., mineralization of the connective tissue capsule
surrounding the vibrissae, for the PXE mouse model was noted
(Figure 4D). In humans with PXE and in the PXE mouse model,

VOLUME 5 « ISSUE 3

mineralization has been demonstrated in the aorta and medium
sized blood vessels of the upper and lower extremities.>* In fact, a
negative von Kossa stain is possible in certain arteries because this
method stains for phosphate or carbonate radicals.? A histological
examination of splenic, thyroid, and uterine arteries from PXE
patients showed a negative von Kossa and positive Prussian blue
stain for iron.* It was postulated that the iron must have been bound
to another anion. Because an abundance of calcium phosphate in
the carotid arteries has been demonstrated in autopsies of PXE
patients” yet no calcium phosphate is seen in the mouse model
for PXE, it is possible that the PXE-associated arteriosclerosis of
these blood vessels in humans is not only due to the mutation
of ABCCS6, but may be influenced by other genes, diet, and/or
environment.'* Abcc6™'- mice do not have mineralization in their
coronary or gastric arteries, whereas humans with PXE do.” To
our knowledge, this is the first study that has examined calcium
deposition in the carotid arteries of PXE mice.

CIMT in Panel B changed significantly with administration
of magnesium. CIMT is a novel treatment endpoint in this mouse
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model for PXE because it can be translated to human PXE data.
Several recent studies®” have observed that patients with PXE
have higher CIMTs than nonaffected individuals, adjusted for
risk factors, and that PXE patients have HTN and decreased
aortic compliance that cannot be explained by traditional risk
factors.®

Distorted arterial elastin,’ elastin fragmentation, and the
abundance of proteoglycans and calcium phosphate’ are found
in the carotid arteries, especially in the media, of patients with
PXE and can be a possible etiologic or contributing factor for
the vascular complications seen in this disease. We did observe
adecreased total proteoglycan deposition throughout the vessels
of the knockout mice in Panel B that corresponded to decreased
CIMT (Figure 2I through L). Further work is necessary to
determine the type(s) of proteoglycans that are represented in
normal versus diseased vessels. It is postulated that the defect in
the ABCC6 gene alters the metabolism of polysaccharides,'® but
exactly how it leads to the excess deposition of proteoglycans
seen in the vessels and the identification of the proteoglycan types
remain to be studied.

Inhuman and these animal studies, magnesium administration
has been shown to reduce CIMT."” Some of the possible indirect
and direct mechanisms of action of magnesium on CIMT can
be from a relaxation of vascular smooth muscle by magnesium’s
effects on reducing angiotensin-induced aldosterone synthesis,
and by acting as a mild physiologic calcium blocker (inhibiting
calcium depolarizing effects and calcium-related excitation-
contraction coupling).”® In fact, magnesium is often used in
obstetrics as a tocolytic. In this study, the decrease in CIMT
and total proteoglycan can simply be secondary to magnesium’s
direct effects on the myocyte: myocyte relaxation, as described
earlier, can lead to a reduced myocyte proliferation, and thus,
reduced proteoglycan production. Finally, magnesium has been
shown to inhibit hydroxyl-methyl-glutaryl-coenzyme A reductase
(HMGCoA reductase), which is the same enzyme inhibited with
statin administration.'® Use of statins have been proven to reduce
CIMT in humans.”*' To our knowledge this is the first study
to show that magnesium reduces CIMT in a mouse model of
PXE.

Although we were limited in the technology of the ultrasound
machine used in this experiment (Figure 1), it is possible that with
a high-resolution ultrasound device, the CIMT of PXE mice can
be measured in the mouse model.” In a study where the Vevo
770, 30 Hz (VisualSonics), was used® the plaque inside the vessel
was able to be viewed but the measurement of CIMT was done
histologically. We feel that there is potential future use of the
ultrasound to measure CIMT.

The data generated from the carotid histology (H&E)
(Figure 3) showed that there was a statistically significant difference
in CIMT in PXE mice untreated versus treated. A review of the
literature suggests that CIMT measurements in normal C57BL/6
mice are within the 30-40 um range, however, the mice in that
study were 8 weeks old and the section that was measured was
very close to the bifurcation.” Our baseline wild-type values were
higher (average of 101.5 um) possibly due to the fact our design
calculated the average from each vessel's CIMT measurement
at 1000, 3000, and 5000 um from the bifurcation and our mice
were 1 year old.

Because CIMT has direct implications on morbidity and
mortality in humans,'** its measurement in the mouse model
for PXE can be an endpoint and can have future implications in

WWW.CTSJOURNAL.COM

determining treatment efficacy in this disease. This study examined
the reduction of the CIMT measurements after treatment with
magnesium oxide in Abcc67/~ mice. Although humans with PXE
have complications of arteriosclerosis and subsequent myocardial
infarction and stroke, the PXE mice, even at 22 months, were
relatively healthy with some sporadic deaths due to cardiovascular
complications." As is often the case, the etiology of cardiovascular
and cerebrovascular disease may not only be due to genetics (in
this case, the mutation of the ABCC6 gene), indicating that the
environment or diet may also play a role in the comorbidities
seen in humans with PXE." Further studies will determine the
impact of CIMT reduction in PXE mice in terms of morbidity
and mortality.

Dietary magnesium is already being administered to PXE
patients to determine drug efficacy. According to one study,'” the
CIMT of patients on hemodialysis who were treated with 610 mg
of magnesium citrate every other day for 2 months significantly
improved compared to controls. In a recent study,” demonstrated
a clinical improvement of PXE patients when randomized to
sevelamer hydrochloride or placebo (both contained magnesium
stearate). This study demonstrates that a diet with magnesium
oxide reduces CIMT in PXE mice of 1 year in age, which may
be comparable to older PXE patients; CIMT is a progressive
condition and older patients with PXE demonstrated higher
CIMTs compared to younger patients with PXE.” Although
administration of magnesium did not reverse mineralization in
the biomarker in these older mice (Figure 4)" it did reverse the
CIMT. This shows that magnesium may provide some benefit
to reduce the morbidity and mortality associated with PXE and
provides a platform to establish a therapeutic biomarker that is
easy to measure in humans (with carotid artery ultrasound). We
feel that, via the measurement of CIMT in PXE we will be able to
ascertain the efficacy of treatment with magnesium, or with other
antimineralization compounds, in PXE patients in the future.
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