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Abcc6 Deficiency Causes Increased Infarct Size and
Apoptosis in a Mouse Cardiac Ischemia-Reperfusion Model

Imran N. Mungrue, Peng Zhao, Yucheng Yao, Haijin Meng, Christoph Rau, Jocelyn V. Havel,
Theo G.M.F. Gorgels, Arthur A.B. Bergen, W. Robb MacLellan, Thomas A. Drake,

Kristina I. Boström, Aldons J. Lusis

Objective—ABCC6 genetic deficiency underlies pseudoxanthoma elasticum (PXE) in humans, characterized by ectopic
calcification, and early cardiac disease. The spectrum of PXE has been noted in Abcc6-deficient mice, including
dystrophic cardiac calcification. We tested the role of Abcc6 in response to cardiac ischemia-reperfusion (I/R) injury.

Methods and Results—To determine the role of Abcc6 in cardioprotection, we induced ischemic injury in mice in vivo by
occluding the left anterior descending artery (30 minutes) followed by reperfusion (48 hours). Infarct size was increased
in Abcc6-deficient mice compared with wild-type controls. Additionally, an Abcc6 transgene significantly reduced
infarct size on the background of a naturally occurring Abcc6 deficiency. There were no differences in cardiac
calcification following I/R, but increased cardiac apoptosis was noted in Abcc6-deficient mice. Previous studies have
implicated the bone morphogenetic protein (BMP) signaling pathway in directing calcification, and here we showed that
the BMP responsive transcription factors pSmad1/5/8 were increased in hearts of Abcc6 mice. Consistent with this
finding, BMP4 and BMP9 were increased and activin receptor-like kinase-2 and endoglin were downregulated in cardiac
extracts from Abcc6-deficient mice versus controls.

Conclusion—These data identify Abcc6 as a novel modulator of cardiac myocyte survival after I/R. This cardioprotective
mechanism may involve inhibition of the BMP signaling pathway, which modulates apoptosis. (Arterioscler Thromb
Vasc Biol. 2011;31:2806-2812.)

Key Words: ABC transporter � apoptosis � cardiovascular disease prevention � genetically altered mice
� reperfusion injury

The ATP-binding cassette (ABC) transporters are a large
family of membrane efflux transporters containing 48

members.1 The substrate specificities of the ABC transporters
are diverse and include lipids, peptides, polysaccharides,
organic molecules, and ions. Based on sequence homology,
ABCC6 is most closely related to ABCC1 and ABCC2, also
known as multidrug resistance transporters, which transport a
variety of substrates having importance for clinically relevant
pharmaceutical agents.1 The endogenous substrate for
ABCC6 is unknown.2,3

ABCC6 mutations underlie the rare human disorder pseu-
doxanthoma elasticum (PXE).4,5 PXE is an autosomal reces-
sive disease, characterized by ectopic mineralization of the
skin, retina, and arteries, leading to the development of skin
papules, blindness, and arterial sclerosis.6 Histologically,
PXE is defined by elastic fiber calcification.7 Abcc6 knockout
mice have been generated on the C57BL/6 background and
display parallel hallmarks of the human disease, suggesting

conserved mechanisms.8,9 Also, a naturally occurring muta-
tion has been identified in several mouse strains, including
C3H, which displays development of calcification consistent
with PXE.10 Reports have shown that Abcc6 is most abun-
dantly expressed in liver and kidney,8 and recent parabiosis
studies indicate that calcification in Abcc6-deficient mice is
complemented by a circulating factor from wild-type mice.11

There is evidence of early cardiac disease in PXE individ-
uals deficient for ABCC612,13 and population studies have
identified the common Arg1141X mutation as associated
with coronary artery disease in a Dutch population.14,15 We
previously identified Abcc6 genetic deficiency in the C3H
mouse strain as the causative mutation conferring an increase
in cardiac calcification.16 Cardiac calcification often accom-
panies cardiomyopathy and follows myocardial infarction,
suggesting an overlapping etiology or related mechanism.17

We aimed to determine the effects of Abcc6 deficiency in
a mouse model of cardiac ischemia-reperfusion (I/R) injury,
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using the previously reported germline knockout and a naturally
occurring Abcc6-deficient strain (C3H). Each model was com-
pared with respective age-, sex-, and strain-matched controls
replete for Abcc6. We also probed the mechanism linking Abcc6
deficiency and the difference in infarct size following I/R,
examining the transforming growth factor-� and bone morpho-
genetic protein (BMP) signaling pathways, and using terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
staining to quantify apoptosis.

Methods
Cardiac I/R Injury and Infarct Size Analysis
All breeding, husbandry, and experiments with live animals were
done in an approved vivarium, according to protocols defined by
appropriate regulatory oversight. Ten- to 12-week-old mice (9 mice
each for C57BL/6 versus B6-Abcc6-knockout [KO], and 10 mice per
group for C3H versus C3H-Abcc6-transgenic [tg]) were anesthetized
with sodium pentobarbital (70 mg/kg) intraperitoneal injection,
placed on a heated mouse pad, and prepped for surgery. The neck
was opened to visualize successful endotracheal intubation using a
10-mm plastic tube. Next, mice were placed on a minivent respirator,
and left thoracotomy was performed to expose the heart. The left
anterior descending coronary artery was occluded 2 mm below the
left atrium, using a 2-mm section of PE-10 tubing and anchoring it
in place with an 8-0 silk suture (Fine Science Tools). After 30
minutes of ischemia, the PE-10 tubing was removed, and flow was
restored through the left anterior descending coronary artery. The
chest was closed, and mice were allowed to recover on a warming
pad. Mice were administered topical Buprenex as analgesic and
monitored during the reperfusion period for overt signs of stress.
After 48 of hours reperfusion, mice were euthanized under anesthe-
sia, and hearts were harvested. Evans blue dye was perfused via
cannulation of the aorta, following religation of the left anterior
descending coronary artery, to determine the area at risk (AAR),
which was not stained blue. Hearts were frozen on dry ice, cut into
1-mm slices, and incubated with 1% 2,3,5-triphenyl-tetrazolium
chloride (Sigma-Aldrich) in PBS at 37°C for 25 minutes. 2,3,5-
Triphenyl-tetrazolium chloride stains viable tissue red, whereas
infarcted area remains unstained. Heart slices were fixed with 10%
fomaldehyde (Fisher Scientific) in PBS overnight at 4°C. The infarct
area (a), AAR (b), and total cross sectional left ventricle area (c)
were determined via planimetry using ImageJ software (National
Institutes of Health). Myocardial infarction size is reported as infarct
area divided by AAR (a/b). Percentage AAR (b/c) was also deter-
mined to ensure equivalent cardiac ischemia between experimental
groups. All surgeries and downstream analyses were done by
operators blinded with respect to the genotype of mice.

Mice Used for Experiments
C57BL/6J (#000664) and C3H/HeJ (#000659) mice were purchased
from the Jackson Laboratory. Abcc6-KO mice were provided by Dr
Bergen8 and had been backcrossed for 10 generations on the
C57BL/6 background. C3H-Abcc6-tg mice were previously re-
ported16 and contain an Abcc6 bacterial artificial chromosome
transgene derived from C57BL/6. The C3H-Abcc6-tg allele had been
back-crossed to the C3H/HeJ strain for �15 generations.

Western Blotting
Whole hearts were harvested in 10 mmol/L Hepes (pH 7), 2 mmol/L
NaCl, 2 mmol/L CaCl2, and 1.5% Triton X-100, plus phosphatase
(2 mmol/L Na3VO4) and protease inhibitors (Sigma P8340), and
protein determination was performed using the Bio-Rad Dc Assay.
Protein samples were boiled following addition of Laemmli loading
dye, separated on Invitrogen precast gels, and transferred to polyvi-
nylidene difluoride membrane. Membranes were rinsed in 1�tris
buffered saline with tween 20 (TBST) (#9997, Cell Signaling
Technology), blocked in 5% skim milk–TBST for 1 hour at 23°C,
rinsed in TBST, and incubated with primary antibodies diluted in 5%

skim milk-TBST or 3% bovine serum albumin–TBST for 1 hour at
23°C or overnight at 4°C. Membranes were then washed with TBST
and incubated with secondary antibodies: anti-rabbit (KPL #474-
1516) or anti-goat (sc-2056, Santa Cruz Biotechnology), diluted in
5% skim milk-TBST. Membranes were washed with TBST, and
incubated with ECL Plus for detection and exposed to film or imaged
using a Bio-Rad Chemidoc system.

Immunostaining
Fresh frozen sections were thawed, fixed in 3% paraformaldehyde/
PBS, washed in PBS, and permeabilized with 0.2% Triton X-100/
PBS for 5 minutes. Slides were incubated in blocking solution 5%
goat serum in PBS with 0.1% Tween 20 for 30 minutes. Sections
were incubated with primary antibody diluted in blocking serum for
1 hour at 23°C, followed by washes with PBS. Detection was done
using an Alexa 488–conjugated anti-rabbit secondary antibody
(Invitrogen A-11008) diluted in blocking buffer.

TUNEL Staining
Apoptosis quantification was done using the commercial Apoptag-
RED TUNEL kit (#S7165, Chemicon) as previously reported.18 The
number of TUNEL-positive cells was counted per low power field in
n�3 mice per group, averaging 3 sections per mouse and 4 fields per
section.

Antibodies Used for Immunoblotting
and Immunostaining
pSmad1/5/8 (#9511, Cell Signaling Technology), pSmad2/3
(sc11769, Santa Cruz Biotechnology), panSmad (sc7153, Santa Cruz
Biotechnology), CD31 (MAB1398, Millipore), BMP4 (sc6896,
Santa Cruz Biotechnology), BMP9 (AF3209, R&D Systems), BMP2
(sc6895, Santa Cruz Biotechnology), BMP6 (sc7406, Santa Cruz
Biotechnology), NKX2-5 (PAB14394, Abnova), activin receptor-
like kinase (ALK)-2 (sc5671, Santa Cruz Biotechnology), endoglin
(#3290, Cell Signaling Technology), ALK1 (sc19546, Santa Cruz
Biotechnology), ALK3 (sc20736, Santa Cruz Biotechnology), ALK6
(sc25455, Santa Cruz Biotechnology), BMP receptor-II (AF811,
R&D Systems), Matrix Gla protein (MGP) (ALK-804-512, Alexis
Biochemicals), Smad4 (#9515, Cell Signaling Technology),
Smad6/7 (sc7004, Santa Cruz Biotechnology), and troponin1
(sc15368, Santa Cruz Biotechnology).

Results
B6-Abcc6-KO Mice Have Larger Infarcts
Following Cardiac Ischemia Reperfusion Injury
Compared With Controls
To determine the contribution of Abcc6 to cardioprotection,
we examined cardiac infarct size following I/R injury. Wild-
type C57BL/6 mice were compared with age-, sex-, and
strain-matched mice having a targeted germline deletion of
the Abcc6 gene (B6-Abcc6-KO). Infarct size in B6-
Abcc6-KO mice was increased by 30% compared with
controls (P�0.05; Figure 1a). The AAR between these 2
groups of mice was not different, nor was baseline cardiac
function (Supplemental Figures III and V, available online at
http://atvb.ahajournals.org), indicating that the increased in-
farct size could not be explained by differences in perfusion
or function in Abcc6-deficient mice.

Abcc6-Deficient C3H Mice Have Larger Infarcts
Compared With C57BL/6, Which Is Rescued by
Abcc6 Overexpression
We next examined the effect of cardiac I/R injury in C3H
mice that harbor a naturally occurring mutation rendering
them Abcc6 deficient.10 These mice were compared with
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age-, sex-, and strain-matched transgenic mice that have a
complementing wild-type C57BL/6 bacterial artificial chro-
mosome transgene (C3H-Abcc6-tg) under endogenous regu-
lation. Cardiac infarct size in the C3H (Abcc6-deficient)
strain was significantly increased compared with wild-type
C57BL/6 mice (Figure 1b) and was similar to B6-Abcc6-KO
as reported above. Furthermore, Abcc6 proficient C3H-
Abcc6-tg mice had a 30% decrease in cardiac infarct size
compared with the C3H controls (P�0.05; Figure 1b). The
complementing C57BL/6 bacterial artificial chromosome
transgene rescued the phenotype noted in Abcc6-deficient
C3H mice, demonstrating that Abcc6 is the major determinant
of the susceptibility of the C3H strain to I/R injury. AAR and
baseline cardiac function (Supplemental Figures IV and V)
were not different between these 2 groups of mice. Collec-
tively, these data demonstrate an important role for Abcc6 in
modulating cardiac injury after I/R, using 2 different strains
of mice and reciprocal knockout and transgenic lines.

Abcc6-Deficient Mice Have Enhanced Cardiac
Myocyte Apoptosis Following Ischemia
Reperfusion Injury, But No Change in
Cardiac Calcification
Because apoptosis is a well-characterized mechanism that
would contribute to adverse outcome following cardiac is-
chemia,19 we quantified TUNEL-positive nuclei in cardiac

sections from Abcc6-deficient B6-Abcc6-KO compared with
age-sex matched controls. There was a 25-fold increase in the
number of TUNEL-positive nuclei in the periinfarct area of
the Abcc6-deficient strain versus the respective controls
(P�0.05; Figure 2). Given the previously reported role of
Abcc6 in regulating calcification, we performed histological
staining on serial sections using our established method.16

There was no evidence of cardiac calcification in either the
Abcc6-deficient strain or the control at the time point exam-
ined (48 hours postischemia) in 10- to 12-week-old mice. We
also scored inflammatory cell infiltration in sections from
Abcc6-deficient mice and noted increased cellularity that was
consistent with the difference noted in infarct size.

Abcc6-Deficient Mice Have Increased Cardiac
pSmad1/5/8, Indicative of BMP
Pathway Activation
Because previous reports show that Abcc6-deficient mice
have increased circulating MGP levels, and there is a large
body of data highlighting the role of transforming growth
factor-� in cardiac I/R models,20–22 we examined the expres-
sion of pSmad2/3 and pSmad1/5/8 in cardiac extracts from
Abcc6-deficient mice. Phosphorylation of Smad2/3 is primar-
ily achieved downstream of activation by transforming
growth factor-� ligands, whereas Smad1/5/8 is a target of
BMPs. There was no difference in pSmad2/3 levels in hearts

Figure 1. Increased infarcts in Abcc6 deficiency following cardiac ischemia-reperfusion (I/R). a and b, Representative cardiac slices
from C57BL/6 vs B6-Abcc6-knockout (KO) (a) and C3H (Abcc6-deficient) vs C3H-Abcc6-transgenic (tg) (b) mice following cardiac I/R
injury. Infarcted area is outlined with dashed lines. c and d, Quantitation of infarcted area and area at risk (AAR) from C57BL/6 vs
B6-Abcc6-KO (n�7 and 6) (c) and C3H (Abcc6-deficient) vs C3H-Abcc6-tg mice (n�5 each) (d). *Student t test P�0.05, infarct size
C57BL/6 vs B6-Abcc6-KO; P�0.05, infarct size C3H vs C3H-Abcc6-tg.
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of Abcc6-deficient mice; however, there was a 10-fold in-
crease in pSmad1/5/8 (Figure 3a and Supplemental Figure I).
To determine the cell type responsible for this increase, we
examined ventricular sections from C57BL/6 versus B6-
Abcc6-KO mice for pSMAD1/5/8 immunostaining after I/R
(Figure 3b). The increased expression of pSMAD1/5/8 in
B6-Abcc6-KO mice colocalized to nuclei of cardiac myo-

cytes costained with troponin and did not overlap with the
vascular marker CD31 (Supplemental Figure II). These data
demonstrate increased cardiac myocyte pSmad1/5/8, a central
component of the BMP signaling axis, in Abcc6 deficiency
following cardiac I/R injury.

Abcc6-Deficient Mice Have Increased Cardiac
BMP4 and BMP9 Expression, Along With
Decreased ALK2, Endoglin, and Vascular MGP
To determine the status of signaling pathways associated with
pSMAD1/5/8, we examined the expression of several BMP
ligands (BMP2, BMP4, BMP6, BMP7, BMP9, and BMP10)
and receptors (ALK1, ALK2, ALK3, ALK6, BMP receptor-
II, and endoglin) in cardiac extracts from Abcc6-deficient
mice and wild-type controls. We noted a significant increase
in cardiac expression of BMP4 and BMP9 (Figure 4) and
downregulation of ALK2 and endoglin (Figure 4) in mice
deficient for Abcc6 compared with controls. Quantifications
of Western blots are reported in Supplemental Figure I.
BMP4 and BMP9 were increased 1.5- and 2-fold, and ALK2
and endoglin were reduced 0.6- and 0.5-fold, in Abcc6-
deficient versus control. We also examined the expression of
the common coactivator Smad4 and inhibitory Smad6 and
Smad7 and noted no change in expression in cardiac extracts
from Abcc6-deficient mice versus controls (data not shown).

We also examined expression of the BMP antagonist MGP
by immunostaining in cardiac sections from C57BL/6 versus
B6-Abcc6-KO mice subjected to I/R (Figure 5). Interestingly,
we noted dramatically reduced expression of MGP in Abcc6
deficiency. The staining pattern for MGP was similar to that

Figure 2. Increased apoptosis in B6-Abcc6-knockout (KO) hearts following ischemia-reperfusion (I/R). Representative cardiac sections
were stained using the terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) method (red), and 4�,6-diamidino-2-
phenylindole (DAPI) nuclear counterstain (blue) in C57BL/6 and Abcc6-deficient B6-Abcc6-KO mice. Quantification of TUNEL-positive
nuclei is shown in the graph (n�3 each). *Student t test P�0.05.

Figure 3. Increased bone morphogenetic protein (BMP) signal-
ing in Abcc6 deficiency. a, Expression of pSmad1/5/8 and
panSmad by Western blot in cardiac extracts from Abcc6-
deficient mice (B6-Abcc6-knockout [KO] and C3H) and the
respective replete controls (C57BL/6 and C3H-Abcc6-transgenic
[tg]). C57BL/6 vs B6-Abcc6-KO, n�2; C3H vs C3H-Abcc6-tg,
n�3 each. b, Immunostaining of remote zone cardiac sections
from B6-Abcc6-KO vs C57BL/6 controls to detect pSmad1/5/8
(red, top) or panSmad (red, bottom) and the cardiac myocyte
marker troponin (green), n�3 each.
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for CD31, an endothelial cell marker, suggesting that the
normal endothelium, or basement membrane, expression was
reduced in the setting of Abcc6 deficiency. Taken with the
enhanced pSMAD1/5/8 noted above, these data imply dys-
regulation of specific BMP signaling pathways in Abcc6-
deficient hearts.

Discussion
ABCC6 is expressed mainly in liver and kidney, and pheno-
types associated with PXE appear to be complemented by a
circulating factor11; thus, restoration of the natural substrate
of ABCC6 may be of clinical benefit in the setting of PXE.23

Although Abcc6-deficient mice do not develop myocardial
infarction, as noted in some patients with PXE, the data
herein demonstrates a significant increase in infarct size using
the mouse model subjected to cardiac I/R. This was accom-
panied by an increased inflammatory infiltrate but no change
in cardiac calcification or perfusion, reflected by a similar
region at risk following I/R, and no change in baseline cardiac
function as determined by echocardiography. Our results
suggest that the substrate of ABCC6 may have a wider
therapeutic value, including broader use in the setting of
myocardial infarction. Importantly, the consequences of
Abcc6 deficiency on adverse outcomes following cardiac I/R
may occur at the level of the cardiac myocyte, which is a
novel mechanism, in addition to previously defined roles in
arterial sclerosis.12,14,24

The frequency of PXE is �1/25 000, and in population
studies, the ABCC6 Arg1141X mutant haplotype has been
observed in 1.5% of individuals.14 Arg1141X homozygous
mutations account for �25% of PXE cases in the same
population.25 Collectively, ABCC6 minor allele frequencies
are below the cutoff of �5% used in most Genome Wide

Figure 4. Increased bone morphogenetic protein 4 (BMP4) and
BMP9 and decreased ALK2 and endoglin in cardiac extracts
from Abcc6-deficient mice. Expression of BMP4, BMP9, BMP2,
BMP6, NKX2-5, ALK2, endoglin, ALK1, ALK3, ALK6, and BMP
receptor-II, by Western blot, in cardiac extracts from Abcc6-
deficient mice (C3H) and controls (C3H-Abcc6-transgenic [tg]),
n�3 per group. BMP4 and BMP9 expression is also shown for
C57BL/6 and B6-Abcc6-knockout (KO), n�2.

Figure 5. MGP detection by immunostaining in cardiac sections following ischemia-reperfusion (I/R) and quantitative polymerase chain
reaction (qPCR). a, Immunostaining for MGP (red) and endothelial cell CD31 (green) in the remote region of cardiac sections from
C57BL/6 vs B6-Abcc6-knockout (KO) mice subjected to I/R, n�3 per group, and C3H vs C3H-Abcc6-transgenic (tg), n�2. 4�,6-
Diamidino-2-phenylindole (DAPI) counterstain to visualize nuclei (blue) is shown in right panels. b, qPCR detection of MGP RNA expres-
sion in cardiac RNA from Abcc6-deficient C3H mice and controls, n�3, and C57BL/6 vs B6-Abcc6-KO, n�3. *Student t test P�0.05.
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Association Studies; however, our data suggest that a broader
examination of ABCC6 polymorphisms in cardiovascular
disease is warranted. We hypothesize that ABCC6 mutations
contribute to an increased propensity for cardiovascular
disease with aging in heterozygotes based on defects in
vascular as well as cardiac myocytes. These data imply that
studying the effects of Abcc6 deficiency on cardiac myocyte
function may be of importance especially because of the
correlation between coronary artery disease and ABCC6
polymorphism as previously reported,14,15 along with absence
of association with incidence of stroke.15

We noted increased apoptosis in hearts of Abcc6-KO mice
following cardiac I/R, accompanied by increased BMP4 and
BMP9 and downregulation of ALK2 and endoglin. BMP4 is
proapoptotic when administered to cardiomyocytes26 and
BMP9 to PC-3 cells.27 Apoptosis accompanies ALK2 defi-
ciency,28 whereas endoglin expression can prevent apopto-
sis.29 Collectively, these data imply that the end result of
Abcc6 deficiency on the heart is a perturbation of the BMP
signaling pathway and increased propensity for apoptosis, an
established mechanism that would lead to poor outcome
following ischemia and contribute to heart failure.19

These data also support involvement of the BMP signaling
pathway, via SMAD1/5/8 phosphorylation, as being impor-
tant in cardioprotection. GDF5-KO (a BMP-related ligand)
mice have been shown to develop larger infarcts following
left anterior descending coronary artery occlusion, with
associated increase in cardiac pSmad1/5/8.30 Interestingly,
BMP4 het-KO mice had smaller infarcts and decreased
apoptosis following I/R, which was accompanied by de-
creased pSmad1/5/8 and blocked by BMP inhibitors.26 These
data point to a consistent role for increased cardiac pSmad1/
5/8 expression as being detrimental in cardiac I/R or myo-
cardial infarction, and this complex pathway represents an
emerging area of study in the setting of cardioprotection.

Components of the BMP pathway altered in Abcc6-
deficient mice play roles in cardiac morphogenesis,31–38

differentiation from embryonic stem cells,36,39–41 and myo-
cardial infarction.26 ALK2 genetic mutations in mice lead to
congenital heart defects.42,43 Endoglin mutations underlie
type 1 hereditary hemorrhagic telangiectasia in humans char-
acterized by the presence of arteriovenous malformations
(arterial-venous connections lacking connecting capillar-
ies),44 and display high output cardiac failure likely secondary
to liver arteriovenous malformations.45 Although plasma
MGP levels are decreased in Abcc6-deficient mice46 and
humans with PXE,47 plasma MGP levels are increased in
humans with ischemic heart disease,48 and an MGP poly-
morphism may be associated with plaque calcification and
myocardial infarction.49 Collectively, the data herein suggest
complex roles for ligands and receptors of the BMP pathway
in affecting cardiac physiology and contributing to adverse
outcome following I/R accompanying Abcc6 deficit.

The BMP signaling cascade plays diverse roles in devel-
opment, and the hallmark of this pathway is induction of
osteoblast differentiation, which is important for bone forma-
tion.50 Although we did not see cardiac calcification at the
time point examined (48 hours post-ischemia) in 10- to
12-week-old mice, our previous reports show that Abcc6-

deficient mice develop cardiac calcification following 4
weeks of treatment with a high-phosphate diet or with aging
(12 months old).16 Importantly, these data implicate the
shared BMP signaling mechanism as underlying the correla-
tion between outcomes following myocardial infarction and
cardiac calcification, and they suggest that further study may
provide insight. Additionally, this work suggests that exam-
ining the BMP pathway may be of importance in the study of
PXE, as a mechanism to explain ectopic calcification of
arteries, retina, and skin noted in this human disease.

Our data highlight the contribution of Abcc6 gene defi-
ciency in cardiac I/R injury. Increased apoptosis resulting
from deregulation of the BMP signaling pathway, evidenced
by increased pSMAD1/5/8, is implicated as the molecular
mechanism of this phenotype. Future studies examining these
complex pathways may lead to important clinical therapeutic
benefit. This work highlights the testable hypothesis exam-
ining the role of the natural substrate of ABCC6, when
identified, in ameliorating adverse effects of myocardial
infarction.
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