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INTRODUCTION

Despite a declining incidence of cardiovascular 
events over the last decade, atherosclerosis remains the 
leading cause of cardiovascular complications in the 
Western world1. Cholesterol-lowering drugs may offer 
remarkable benefits, even though many patients treated 
with these agents are still at considerable risk2. Novel 
anti-inflammatory therapies or anti-atherosclerotic 
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Objective Pseudoxanthoma elasticum (PXE) is an autosomal recessive disorder, characterized by extensive mineralization of connective tissues 
and fragmentation of elastin fi bres. PXE patients may sporadically suff er from severe cardiovascular complications caused by accelerated atherosclerosis. 
Consistent with this fi nding, recent evidence suggests that elastin fragmentation in arteries of atherosclerotic mice leads to unstable plaques and human-
like complications such as myocardial infarction, stroke and sudden death. Because Abcc6–/– mice manifest the human features of PXE including the 
fragmentation of elastin fi bres, Abcc6–/– mice were crossbred with ApoE–/– mice to investigate the level of plaque formation and potential complications. 

Methods and results ApoE–/–and ApoE–/–Abcc6–/–mice were fed a Western-type diet (WD) for 25 weeks to induce plaque formation. WD-fed 
animals showed neither signs of neurological dysfunction nor sudden death. Cardiac function of ApoE–/–Abcc6–/–mice, as assessed by echocardiography, 
was not diff erent from ApoE–/– control mice. Histochemical analysis did not reveal elastin fragmentation or pronounced mineral deposition in the vessel 
wall. Plaques from the proximal ascending aorta and brachiocephalic artery of ApoE–/–Abcc6–/– mice were similar in size and composition as compared to 
ApoE–/–mice. Moreover, en face oil red O stainings of the aortic arch and descending thoracic aorta did not reveal enhanced plaque formation in ApoE–/–

Abcc6–/– mice as compared to ApoE–/–controls. 

Conclusion ApoE–/–Abcc6–/– mice do not represent an adequate model of accelerated atherosclerosis and therefore are not useful to study ath-
erosclerosis-related complications as observed in PXE patients. 
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compounds (e.g. anti-IL1β, mTOR inhibitors) may be 
promising alternative options3,4. However, to really be 
of value, preclinical studies have to be performed in an 
adequate atherosclerosis model. Hitherto, apolipopro-
tein E deficient (ApoE–/–) mice have been widely used 
in atherosclerosis research, although human-like com-
plications in such mice (e.g. myocardial infarction, 
stroke) occur only sporadically and after a long time5. 

We recently published that ApoE–/– mice containing 
a heterozygous mutation (C1039G+/–) in the fibrillin-1 
(Fbn1) gene represent a unique model of plaque rupture 
with frequent events of stroke, myocardial infarction, 
and sudden death6. Because Fbn1 is a major structural 
component of the extracellular microfibrils in the vessel 
wall, Fbn1C1039G+/– led to disrupted elastin fibres and the 
development of an unstable plaque phenotype7. To fur-
ther investigate the role of elastin in atherosclerosis, and 
to exclude the leverage of Fbn1C1039G+/– in mice, we were 
interested in a different pathway of elastin degradation, 
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parameter for neurological dysfunction20,21. At the end of 
the experiment, transthoracic echocardiograms were per-
formed on anaesthetized mice (sevoflurane 5%). Blood 
samples were taken from the retro-orbital plexus for 
analysis of total cholesterol and lipoprotein profiles with 
a commercially available kit. Plasma lipoprotein profiles 
were determined by fast protein liquid chromatography 
on a Superose 6 column (figure 1). All experiments were 
approved by the Ethics Committee of the University of 
Antwerp. After euthanasia, the brachiocephalic artery 
and proximal part of the ascending aorta were fixed in 
4% formaldehyde for 24 hours and paraffin embedded. 
Total plaque area was measured on haematoxylin and 
eosin-stained slides. Sirius red and orcein stainings were 
performed to detect collagen and elastin, respectively. Von 
Kossa staining and alizarin red staining were performed 
to demonstrate plaque mineralization. The necrotic core 
was defined as a hypocellular cavity, filled with cholesterol 
clefts and necrotic debris. Plaque composition was ana-
lysed by immunohistochemistry using anti-α-smooth 
muscle cell actin (smooth muscle cells, SMCs) and anti-
Mac-3 (macrophages) (table 2, figure 2). En face oil red 
O staining was performed on the aortic arch and descend-
ing thoracic aorta of ApoE–/– and ApoE–/–Abcc6–/– mice 
(figure 3). All data were analysed by SPSS 22.0 software 
(SPSS Inc.). Differences were considered significant at 
P < 0.05. 

RESULTS

To determine a potential role of ABCC6 in atherogen-
esis, Abcc6 deficient mice were crossbred with 
ApoE–/– mice. Offspring was analysed by PCR to select 

namely progressive mineralization of the vessel wall as 
obvious in the autosomal recessive disorder pseudoxan-
thoma elasticum (PXE)8-10. 

PXE is caused by mutations in the ATP-binding cas-
sette subfamily C member 6 (ABCC6) gene and is char-
acterized by the mineralization and fragmentation of 
elastin fibres in connective tissues, particularly the skin, 
retina and vasculature8,11-13. A growing body of evidence 
suggests that PXE patients may sporadically suffer from 
severe cardiovascular complications caused by accelerated 
atherosclerosis8,11,14-17. Because Abcc6–/– mice develop 
similar features as observed in humans18,19, including the 
calcification of arterial vessels, these animals were bred 
on ApoE–/– background in order to evaluate the level of 
plaque formation and potential complications.

METHODS

Abcc6–/– mice (Jackson, stock number 013787) were 
crossbred with ApoE–/– mice (Jackson, stock number 
002052) to generate double knockout animals (ApoE–/–

Abcc6–/–) on C57BL/6 background. Offspring was geno-
typed for Abcc6 and ApoE deficiency by PCR analysis 
using the standard PCR protocols and primers provided 
by the Jackson Laboratories. At the age of 6 weeks, ApoE–/–

Abcc6–/–mice and ApoE–/– mice (50% male, 50% female) 
were fed a Western-type diet (WD; AB diets, The Neth-
erlands; table 1) for 25 weeks. All mice were daily inspected 
for neurological symptoms and sudden death. Prior to 
sacrifice, track width of the hind legs was analysed as a 

Table 1 Composition of Western-type diet

Substance (%)

Casein 19.5

Methionine synth. DL 0.3

Sugar/sucrose 33.95

Corn starch gel inst 15.0

Milk fat 21.0

Cholesterol (USP) 0.15

DICACEL2+4/cellulose 5.0

Calcium hydrogen phosphate dihydrate, CaHPO
4.

2H
2
O 1.30

Calcium carbonate, CaCO
3

1.00

Potassium chloride, KCl 0.70

Potassium phosphate, monobasic, KH
2
PO

4
0.70

Magnesium sulphate heptahydrate, MgSO
4
.7H

2
O 0.40

Sodium chloride, NaCl 0.30

Magnesium oxide, MgO (heavy) 0.20

Standard vitamin premix 0.25

Standard trace elements premix 0.25
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Fig. 1 Fast protein liquid chromatography of plasma lipoproteins 
from ApoE–/– and ApoE–/–Abcc6–/– mice. Proteins were separated by 
fast-flow gel filtration on a Superose 6 column. Very low-density, 
low-density and high-density lipoprotein levels, respectively, were 
measured.
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 analysed. Despite a statistically significant difference in 
total cholesterol (male 593 ± 49 mg/dl, female 
324 ± 61 mg/dl; P < 0.01), differences in plaque develop-
ment could not be observed. Both male and female mice 
developed atherosclerotic plaques with similar plaque 
area and composition (data not shown). 

DISCUSSION

Cardiovascular complications observed in PXE 
patients are most often the result of accelerated plaque 
formation8,14-17,22. Yet, the exact contribution of the Abcc6 
gene in atherosclerosis is unknown. Previous studies dem-
onstrated that Abcc6–/– mice exhibit a phenotype that 
recapitulates the aberrant mineralization of arteries and 
elastin fragmentation in connective tissues as observed 
in PXE patients18,19. Elastin fragmentation in ApoE–/–mice 
owing to a mutation (C1039G+/–) in the fibrillin-1 gene 
leads to large and unstable atherosclerotic plaques as well 
as serious human-like complications such as myocardial 
infarction, stroke and sudden death6,7, suggesting that 
ApoE–/–Abcc6–/– mice could represent an interesting 

the correct genotype. After feeding a WD for 25 weeks, 
body weight and total plasma cholesterol of ApoE–/–

Abcc6–/– mice and ApoE–/– controls were not different 
(table 2), though a trend toward increased VLDL and LDL 
levels was observed in FPLC lipoprotein profiles (figure 
1). HDL-cholesterol levels were not different between 
both groups. Moreover, both groups did not show neu-
rological symptoms or sudden death. Track width of the 
hind legs did not differ between both groups (table 2). 
Histochemical analysis demonstrated that plaques from 
the proximal ascending aorta and brachiocephalic artery 
of ApoE–/–Abcc6–/– mice were similar in size and compo-
sition as compared to ApoE–/– mice (table 2, figure 2). 
Moreover, en face oil red O stainings of the aortic arch 
and descending thoracic aorta did not reveal enhanced 
plaque formation in ApoE–/–Abcc6–/– mice as compared 
to ApoE–/–controls (figure 3). Neither elastin fragmenta-
tion nor pronounced mineral deposition was observed 
in the vessel wall of ApoE–/–Abcc6–/– mice (table 2, figure 
2). In addition, ApoE–/–Abcc6–/– mice did not develop left 
ventricular dysfunction or cardiac hypertrophy (table 2). 

Given that both male and female mice were used, 
potential differences between both genders were 

Table 2 Characteristics of ApoE-/-and ApoE-/-Abcc6-/- mice after 25 weeks of Western-type diet

ApoE-/- ApoE-/-Abcc6-/-

Body weight (g) 30.3 ± 1.1 28.1 ± 1.1

Total plasma cholesterol (mg/dL) 437 ± 52 486 ± 56

Track width hind legs (mm) 31 ± 0.1 31 ± 0.1

Plaques in proximal ascending aorta 
Plaque area (× 103 μm2)
Necrotic core (× 103 μm2)
Collagen (%)
α-SMC actin (%)
Macrophages (%)
Calcium deposition (%)
External elastic lamina area (× 103 μm2)
Medial area (× 103 μm2)

275 ± 48
24 ± 9
29 ± 5
20 ± 2
13 ± 1

8 ± 5
800 ± 51
417 ± 30

276 ± 28
18 ± 7
21 ± 5
17 ± 3
13 ± 2

6 ± 3
839 ± 75
406 ± 44

Plaques in brachiocephalic artery 
Plaque area (× 103 μm2)
Necrotic core (× 103 μm2)
Collagen (%)
α-SMC actin (%)
Macrophages (%)
Calcium deposition (%)
 Area within external elastic lamina (× 103 μm2)
Medial area (× 103 μm2)

293 ± 21
42 ± 5
39 ± 2

5 ± 1
21 ± 1

1 ± 1
508 ± 46
161 ± 16

288 ± 44
40 ± 8
38 ± 1

4 ± 1
23 ± 2

2 ± 1
429 ± 30
126 ± 28

Echocardiography 
LV end-diastolic diameter (mm)
LV end-systolic diameter (mm)
LV diastolic posterior wall thickness (mm)
LV systolic posterior wall thickness (mm)
Fractional shortening (%)

3.3 ± 0.1
2.0 ± 0.1
1.7 ± 0.1
1.4 ± 0.1
39 ± 1

3.4 ± 0.1
2.2 ± 0.2
1.7 ± 0.1
1.5 ± 0.1
37 ± 2

N = 13-15 (body weight, track width, echocardiography) or n = 8 (histology). Data are expressed as mean ± SEM. Groups were compared by using unpaired Student t-test.
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Fig. 2 Histological analysis of atherosclerotic plaques in the brachiocephalic artery of ApoE–/– and ApoE–/–

Abcc6–/– mice (n = 8 mice in each group). Macrophages and smooth muscle cells were detected via 
immunohistochemistry using Mac-3 and alpha-SMC actin antibodies, respectively. Plaque size was measured on 
haematoxylin and eosin (HE) stained sections. Collagen deposition, elastin fragmentation and calcification was 
analysed after staining with Sirius red, orcein and alizarin red, respectively. Scale bar = 100 μm.
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 pronounced calcification in the vessel wall without any 
guarantee for substantial elastin fragmentation, suggest-
ing that this animal model does not provide any additional 
value in atherosclerosis experiments.

Consistent with the lack of both extensive calcifica-
tion, elastin fragmentation and formation of unstable 
plaques, ApoE–/–Abcc6–/– mice did not reveal atheroscle-
rosis-related complications such as stroke-like neuro-
logical symptoms or sudden death. In contrast, PXE 
patients often die suddenly due to accelerated athero-
sclerosis and acute myocardial ischaemia8,14,15,17,22,28. 
Recently, cardiac hypertrophy was observed in 24 months-
old Abcc6–/– mice, albeit without any sign of declined 
heart function16. Along these lines, we observed neither 
cardiac hypertrophy nor left ventricular dysfunction in 
ApoE–/–Abcc6–/– mice after feeding a WD for 25 weeks, 
suggesting that ApoE–/–Abcc6–/– mice may require much 
more time to develop structural cardiomyopathy. 

In conclusion, ApoE–/–Abcc6–/–mice do not represent 
an adequate model of accelerated atherosclerosis and 
therefore cannot be used to study atherosclerosis-related 
complications as observed occasionally in PXE patients.
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 alternative model for accelerated atherosclerosis.  However, 
despite previous reports showing aberrant elastocalcino-
sis in Abcc6–/– mice18, we could not observe disruption of 
elastin fibres in the vessel wall of ApoE–/–Abcc6–/– mice. 
These findings confirm recently published data that elas-
tin fragmentation in Abcc6–/– mice is absent, despite the 
presence of mineralization of elastic fibres23. 

Plaques in the proximal ascending aorta and bra-
chiocephalic artery of ApoE–/–Abcc6–/– mice fed a WD 
for 25 weeks were similar in size and composition as 
compared to plaques from WD-fed ApoE–/–mice. In 
addition, the distribution of plaques in the aorta as 
assessed by oil red O staining was not different between 
both groups. It is particularly striking that we could not 
observe more extensive deposits of calcium in the plaque 
of ApoE–/–Abcc6–/– mice, usually considered to be a dis-
tinctive feature of the Abcc6–/– mouse. It is conceivable 
that the absence of extensive calcification in the media 
of ApoE–/–Abcc6–/– mice explains the unaffected elastin 
fibres in the vessel wall. 

Previous studies showed that a change in the genotype 
(e.g. by cross-breeding Abcc6–/– mice with ApoE–/– mice) 
can have a substantial influence on calcium deposition in 
the vessel wall24,25. Moreover, recent studies revealed that 
dietary magnesium not only inhibits the mineralization 
of connective tissue but also modifies the extent of calci-
fication25-27. It is also noteworthy that Abcc6–/– mice have 
minor calcification of the arterial tree at 6 months, but 
develop extensive mineralization at 24 months 16. Thus, 
also ageing plays a major role in the development of 
elastocalcinosis. A possible strategy to accelerate the pro-
cess may include restriction of dietary magnesium. How-
ever, even under these conditions a considerable time 
period (at least 6 months) seems required to obtain 

ApoE-/- ApoE-/- Abcc6-/-

Fig. 3 En face oil red O staining of the aortic arch and descending thoracic aorta of ApoE–/– and ApoE–/–Abcc6–/– 
mice (A). Quantitative analysis of the oil red O-positive area is shown by a scatter plot, with the horizontal line 
representing the median (B) (n = 8 mice in each group). Unpaired Student t-test was performed to analyse the 
statistical significance between both groups. Scale bar = 1.5 mm.
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