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Abstract
Overexpression of the adenine nucleotide translocase (ANT) has been shown to be cytotoxic in
several cell types. Although ANT was originally proposed to be a critical component of the
mitochondrial permeability transition (MPT) pore, recent data have suggested that this may not be
the case. We therefore hypothesized that the cytotoxic actions of ANT are through an alternative
mechanism, independent of the MPT pore. Infection of cultured neonatal cardiomyocytes with an
ANT1-encoding adenovirus induced a gene dosage-dependent increase in cell death. However,
ANT1 overexpression failed to induce MPT, and neither pharmacological nor genetic inhibition of
the MPT pore was able to prevent ANT1-induced cell death. These data suggested that ANT1-
induced death progressed through an MPT pore-independent pathway. Somewhat surprisingly, we
observed that protein levels of Bax, a pro-apoptotic Bcl protein, were consistently elevated in ANT1-
infected cardiomyocytes. Membranes isolated from ANT1-infected myocytes exhibited significantly
increased amounts of membrane-inserted Bax, and immunocytochemistry revealed increased Bax
activation in ANT1-infected myocytes. Co-expression with the Bax antagonist Bcl2 was able to
greatly reduce the degree of ANT1-induced cell death. Furthermore, Bax/Bak-deficient fibroblasts
were resistant to the cytotoxic effects of ANT1 overexpression. Interestingly, ANT1 overexpression
was also associated with enhanced production of reactive oxygen species (ROS), and the antioxidant
MnTBAP was able to significantly attenuate both the ANT1-induced upregulation of Bax and cell
death. Taken together, these data indicate that ANT mediates cell death, not through the MPT pore,
but rather via a ROS-dependent upregulation and activation of Bax.
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INTRODUCTION
The mitochondrion is critical for normal cardiac myocyte function. Mitochondria supply the
energy required for contraction and are essential regulators of ion homeostasis. However, it is
now well established that mitochondrial dysfunction and injury can contribute to the
pathogenesis of several cardiac diseases [1–4]. Cardiac stresses, such as ischemia/reperfusion,
oxidative stress, and cytotoxic drugs induce rapid increases in mitochondrial permeability and
volume [3–7], a phenomenon known as the mitochondrial permeability transition (MPT).
These increases in permeability cause dissipation of the mitochondrial membrane potential
(ΔΨm), inhibition of ATP synthesis, swelling, and rupture of the outer membrane [5,8]. This
in turn releases pro-apoptotic inter-membrane proteins, most notably cytochrome c and Smac,
which in turn activate the caspase system [1,2,8]. Therefore, activation of the mitochondrial
pathway initially induces apoptosis. However, if the stress is severe and/or prolonged, ATP
will be depleted and the cell will instead undergo necrosis. The Bcl2 family members are critical
regulators of this mitochondrial death machinery, and are divided into two subgroups: pro-
survival, e.g., Bcl2, BclXL, and pro-death, e.g., Bax, Bak, [1,2,9]. In the case of the pro-death
proteins, cardiac stimuli cause their translocation and integration into the outer mitochondrial
membrane, causing the release of apoptogenic proteins and activation of the mitochondrial
death pathway [1,2].

One mitochondrial protein that has received a large amount of attention as a potential mediator
of mitochondrial-induced death, both in cardiac and non-cardiac cells, is the adenine nucleotide
translocase (ANT). The ANT family mediates the exchange of ATP and ADP across the inner
mitochondrial membrane. Two homologous isoforms, ANT1 and ANT2 are present in the
mouse, with a third isoform, ANT3, found in humans [10]. The ANT1 isoform is found
primarily in striated muscle, with ANT2 being more ubiquitously expressed. A third mouse
isoform (ANT4) has been recently reported but appears to be restricted to testicular germ cells
[11]. Regarding a specific role in cardiac cell death, biochemical and pharmacological data
have implicated ANT, alongside the voltage-dependent anion channel (VDAC) and
cyclophilin-D (CypD), as a component of the non-specific pore that mediates MPT [5,12,13].
For example, pharmacological manipulation of ANT with either atractyloside or bongkrekic
acid can induce or inhibit, respectively, MPT and cell death in cardiac myocytes [14–18].
ANT1, but not ANT2, interacts with CypD at contact sites between the inner and outer
mitochondrial membranes, where the pore is believed to localize [19], and reconstitution of
ANT plus CypD can yield an MPT-like pore in proteoliposomes [20]. Moreover,
overexpression of ANT1, but not ANT2, can induce mitochondrial-dependent death in non-
cardiac cells [21–24]. However, genetic deletion of both mouse ANT isoforms did not
appreciably alter MPT and cell death [25], and some ANT ligands induce mitochondrial
dysfunction and cell death independent of MPT [26].

Consequently, despite a large body of research, the mechanisms by which ANT is capable of
inducing cell death remain unclear. Given that shifts towards the potentially more lethal ANT1
isoform are observed in cardiomyopathic patients [27,28], delineation of the cellular pathways
by which ANT1 invokes cardiomyocyte death could reveal novel molecular targets for the
treatment of cardiac disease. The purpose of the present study, therefore, was to examine the
specific mechanisms that mediate cardiomyocyte death induced by increased ANT1
expression. Surprisingly, we found that ANT1 initiates cell killing, not through induction of
the MPT response, but rather through a mechanism involving a reactive oxygen species (ROS)-
dependent upregulation and activation of the pro-death Bcl2 protein Bax.
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EXPERIMENTAL PROCEDURES
Reagents

Tetramethylrhodamine ethyl ester (TMRE), calcein, 5-(and-6)-chloromethyl-2′,7′-
dichlorodihydrofluorescein diacetate (CM-H2DCFDA), Mitotracker-CMXRos, propidium
iodide, M199 medium, DMEM medium, penicillin/streptomycin, and fetal bovine serum were
from Invitrogen; the In Situ Cell Death Detection (TUNEL) kit was from Roche; the PCR-
based DNA laddering kit was from Maxim Biotech; Cyclosporine-A was from Calbiochem;
Manganese (III) tetrakis (4-benzoic acid)porphyrin chloride (MnTBAP) and bongkrekic acid
were from Alexis Biochemicals. All other chemicals/reagents were from Sigma-Aldrich.

Cell culture
Neonatal ventricular myocytes were isolated from 1–2 day-old Sprague-Dawley rats as
previously described [29]. The cells were then cultured in serum-free M199 medium
supplemented with penicillin (100 U/mL) and streptomycin (0.1 mg/mL). Primary cultured
wildtype, Ppif, and Bax/Bak-null mouse embryonic fibroblasts (MEFs) were obtained from
E13.5–15.5 embryos by trypsin digestion as previously described [30,31]. The MEFs were
then maintained in DMEM medium supplemented with 10%v/v fetal bovine serum, penicillin
(100 U/mL), and streptomycin (0.1 mg/mL).

Adenovirus construction and infection
Replication-deficient adenoviruses for β-galactosidase, mouse ANT1, mouse CypD or a R96G
isomerase-deficient mutant of CypD, mouse mitofilin, and mouse citrin (with a c-terminal
FLAG tag) were generated using the AdEasy adenoviral system (Stratagene). The Bcl2
adenovirus was a generous gift from Dr. Lorrie Kirshenbaum, University of Manitoba, Canada.
Cardiomyocytes and MEFs were typically infected with adenovirus at a multiplicity of
infection (MOI) of 30–120 plaque-forming units for 2 hrs at 37°C [29–31]. Cells were then
cultured for another 48 hrs in virus-free media before analysis.

Membrane fractionation
To examine insertion of Bax into mitochondrial membranes, infected cardiomyocytes were
incubated with 100 mM Na2CO3 (pH 11.5) for 30 min on ice [32]. The precipitated membranes
(and integral proteins) were then pelleted by airfuge (Beckman) operating for 10 min at 30 psi.
Both the membrane pellet and supernatant (soluble proteins) were then subjected to Western
blotting. As a positive control for Bax activation uninfected myocytes were treated with 1 mM
staurosporine for 4 h.

Western blotting
Cells were lysed in buffer containing 150 mM NaCl, 10 mM Tris (pH 7.4), 1mM EDTA, and
1% Triton-X100. Proteins were resolved by SDS-PAGE using 10–15% acrylamide, transferred
onto PVDF membranes, and immunoblotted using the following commercially available
antibodies: anti-ANT (1:100), anti-Bax (1:1000), anti-Bak (1:500), anti-Bcl2 (1:1000), anti-
BclXL (1:1000) from Santa Cruz Biotechnology; anti-CypD (1:3000), anti-mitofilin (1:1000),
and anti-VDAC (1:1000) from Mitosciences; anti-actin (1:4000) and anti-FLAG (1:1000) from
Sigma-Aldrich; anti-cytochrome c (1:1000) from BD Biosciences; and anti-cytochrome
oxidase IV (COX-IV, 1:4000) from Invitrogen. Membranes were then incubated with the
appropriate alkaline phosphatase-linked secondary antibody (Santa Cruz) and visualized by
enhanced chemifluorescence (Amersham).
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Cell death assays
Apoptosis was assessed in cardiomyocytes and MEFs using commercially available TUNEL
staining and PCR-based DNA laddering kits according to the manufacturers instructions.
Necrosis was determined by propidium iodide (PI) exclusion as previously described [30,31].

Fluorescence microscopy
ΔΨm, MPT pore opening, and reactive oxygen species (ROS) were assessed by TMRE, calcein/
CoCl2, and CM-H2DCFDA staining, respectively [30,31,33]. Briefly, infected cardiomyocytes
were incubated with either 100 nM TMRE, 1 mM calcein-AM plus 1 mM CoCl2, or 100 nM
CM-H2DCFDA in Hanks buffered saline solution (HBSS) for 30 min at 37°C. Dye-loaded
cells were then washed twice with HBSS and fluorescence images collected using an inverted
fluorescent microscope (Olympus IX70) connected to a digital SPOT camera (Diagnostic
Instruments). For immunohistochemistry, infected myocytes were fixed in 4%
paraformaldehyde, permeabilized, and then incubated overnight with either anti-ANT1 (1:100,
Santa Cruz) or an antibody that recognizes the active form of Bax (clone 6A7, 1:100, BD
Biosciences). The cells were then incubated with the appropriate fluorophore-conjugated
secondary antibody (Alexa, Invitrogen) and visualized. For the co-localization experiments the
myocytes were incubated with 100 nM Mitotracker for 30 min at 37°C prior to fixation.

Statistical analyses
Statistical significance was calculated by the Student’s t test. A P value <0.05 was considered
statistically significant.

RESULTS
ANT1 induces cell death in cardiomyocytes

The purpose of this study was to investigate the mechanisms by which ANT induces cell death.
Myocytes were selected as a primary model system given their known mechanisms of cell
death and prominence of mitochondria. We generated a recombinant adenovirus-encoding
mouse ANT1 to achieve uniform infectivity of all primary neonatal cardiomyocytes in culture,
and a virus encoding β-galactosidase (βGal) was used as a control. Infection with increasing
titres of the ANT1 virus elicited the expected gene dose-dependent increase in ANT1 protein
levels (Fig. 1A). Importantly, protein levels of VDAC and CypD were unaffected by the
changes in ANT1. We also confirmed that the exogenous ANT1 protein was correctly localized
to the mitochondria of the myocytes (Fig. 1B). Concomitant with enhanced ANT1 levels, the
cardiomyocytes exhibited a dose-dependent increase in apoptotic cell death, as determined by
both DNA laddering (Fig. 1C) and TUNEL staining (Fig. 1D) analyses. Moreover, at the higher
levels of ANT1 expression we also began to observe significant increases in cell membrane
failure (Fig. 1E), as determined by propidium iodide exclusion. Translocase activity appeared
to be required, at least in part, for cytotoxicity as co-incubation with bongkrekic acid (25 μM),
an inhibitor of ANT, significantly attenuated ANT1-induced cell death (Supplementary Fig.
1A,B). For the remainder of the experiments we used the highest titre of the adenovirus (MOI
of 120).

One concern with this approach is that we are simply increasing protein content in an already
protein-saturated inner membrane, and that this will lead to a non-specific perturbation of inner
membrane structure/function. To determine whether this was the case, we overexpressed two
other inner mitochondrial membrane proteins, mitofilin and citrin, and examined their effect
on cardiomyocyte death. Mitofilin is a structural protein that is believed to regulate the
architecture of the cristae [34], whereas citrin is an aspartate-glutamate transporter, which, like
ANT1, is a member of the SLC25 carrier family [35]. Infection of cardiomyocytes with
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adenoviruses encoding either mitofilin or citrin lead to a robust expression of the respective
protein (Supplementary Fig. 2A,B). However, in contrast to ANT1, overexpression of either
mitofilin or citrin was unable to induce myocyte death (Supplementary Fig. 2C). These data
indicate that the pro-death actions of ANT1 are specific to that protein, and are not due to a
generalized disruption of the inner membrane.

ANT1-induced cell death is not dependent on the MPT pore
To test whether ANT1 overexpression induced cell killing through induction of MPT we
stained the infected myocytes with TMRE or calcein plus CoCl2, which measure ΔΨm and
MPT, respectively. Overexpression of ANT1 induced a gene dose-dependent loss of
mitochondrial ΔΨ suggestive of mitochondrial dysfunction (Fig. 2A). However, changes in
ΔΨm are not necessarily indicative of MPT. Therefore, we used the calcein/CoCl2 method to
more directly assess MPT in cardiomyocytes. The combination of these two reagents results
in selective staining of mitochondria (Fig. 2A). MPT allows efflux of calcein out into the
cytosol, where the CoCl2 quenches it. Thus a loss of mitochondrial fluorescence is indicative
of MPT. Increasing levels of ANT1 caused a small loss of calcein fluorescence when compared
to control βGal-infected cells (Fig. 2A). However, the magnitude of the fluorescence decrease
was substantially less than that observed with 200 μM H2O2, an excellent inducer of MPT
[30], possibly suggesting that ANT1 mediated killing maybe distinct from MPT.

To more definitively examine if ANT1 mediates cell death independent of the MPT, we co-
incubated cardiomyocytes with 1 μM cyclosporine-A for 48 hrs, an MPT pore inhibitor [5,
14,30]. Cyclosporine-A failed to abrogate the induction of DNA laddering (Fig. 2B), TUNEL
staining (Fig. 2C), and PI positivity (Fig. 2D) caused by ANT1 overexpression. We further
tested the effects of ANT1 on the MPT pore by co-infecting cardiomyocytes with either
wildtype CypD or a catalytically inactive mutant of CypD (Fig. 3A). If ANT was indeed acting
through the pore then overexpression of CypD should sensitize the cells to ANTs effects.
However, neither the wildtype nor the inactive CypD proteins had any effect on ANT1-induced
myocyte cell death (Fig. 3B–D). Finally, overexpression of ANT1 in CypD-deficient
fibroblasts, which are resistant to MPT (30,36,37), induced the same degree of cell killing as
in wildtype fibroblasts (Fig. 3E,F).

ANT1 causes the upregulation and activation of Bax
Given that the cell death induced by ANT1 was primarily apoptotic in nature, we investigated
whether ANT overexpression lead to alterations in the levels of various pro- and anti-apoptotic
Bcl2 proteins. Somewhat to our surprise we found that levels of Bax were elevated 2-fold in
ANT1 compared to βGal-infected cardiomyocytes (Fig. 4A,B). In contrast, Bcl2 levels were
reduced by nearly half. Neither Bak nor BclXL were significantly affected (Fig. 4A). We next
tested whether Bax was also activated in the ANT1-infected cells. One of the hallmarks of Bax
activation is its physical insertion into the outer mitochondrial membrane [32], which we
subsequently examined by alkali precipitation of membranes and their integral proteins from
cardiomyocytes. The proper separation of membrane and soluble mitochondrial proteins was
confirmed by blotting for COX-IV and cytochrome c, respectively (Fig. 4C). Infection of
myocytes with AdANT1 caused a robust increase in membrane-inserted Bax, similar to the
Bax activator staurosporine (STR), compared to control cells (Fig. 4C). Similarly,
immunocytochemistry of myocytes using an antibody that recognizes the open, active
conformation of Bax [38] further demonstrated a significant increase in the activated form of
this pro-apoptotic protein in ANT1-infected cells (Fig. 4D).

ANT1 cytotoxicity is Bax-dependent
To test whether the upregulation and activation of Bax was necessary for ANT1-induced death,
we co-infected cardiomyocytes with the Bax antagonist Bcl2. Overexpression of Bcl2 itself
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did not affect ANT1 expression (Fig. 5A). However, Bcl2 was extremely effective at
attenuating the increases in DNA laddering, TUNEL, and PI staining induced by the ANT1
adenovirus (Fig. 5B–D, respectively). Perhaps more convincingly, overexpression of ANT1
was unable to induce cell killing in bax/bak-null MEFs as opposed to wildtype cells (Fig.
5E), further confirming a causative role for Bax in ANT1-induced cytotoxicity.

Bax upregulation is mediated by increased ROS production
Previous studies have indicated that increases in mitochondrial ROS production can affect the
transcription of several genes [39–41], including Bax [41,42]. We therefore examined whether
ANT1 overexpression elicited an elevation in ROS production, and whether such increases in
ROS output were responsible for the alterations in Bax expression and subsequent cell death.
Staining of infected cardiomyocytes with the ROS-sensitive dye DCF (Fig. 6A), did indeed
reveal an increase in ROS production in ANT1 versus βGal-infected cells that was gene dose-
dependent (Fig. 6B). Moreover, the ANT1-induced increase in ROS was at least partially
sensitive to 25 μM bongkrekic acid (Supplementary Fig. 1C). We then incubated
cardiomyocytes with the manganese superoxide dismutase mimetic MnTBAP (100 μM) for
the duration of the 48 hr infection period. MnTBAP did not interfere with the increase in ANT1
expression produced by the adenovirus (Fig. 6C). However, the antioxidant significantly
reduced the upregulation of Bax in response to ANT1 overexpression (Fig. 6C,D).
Concomitantly, MnTBAP was able to greatly attenuate cell death induced by ANT1 (Fig.
6E,F). Together, these data suggest that enhanced ROS production is a mechanism by which
ANT1 induces Bax expression and cell death. Indeed, the ANT1-induced ROS production was
still observed in bax/bak-null MEFs (data not shown), further indicating that the ROS are acting
upstream of Bax upregulation and cell death in this mechanism.

DISCUSSION
The role of ANT in cell death has been the subject of considerable controversy. As the concept
of the MPT pore was emerging several years ago, a large number of biochemical and
pharmacological studies implicated ANT as a structural component of the pore [5,12,13].
Originally thought to be consistent with such a hypothesis, direct overexpression of the ANT1
(and human ANT3) isoform dominantly induced mitochondrial dysfunction and apoptosis in
a variety of cell types [21–24]. However, simultaneous ablation of the ant1 and ant2 genes in
mice yielded mitochondria and cells that remained sensitive to MPT and cell death-inducing
stimuli [25]. Moreover, some ANT ligands have been shown to induce cytochrome c release
and apoptosis independently of MPT [26]. Therefore the role of ANT in MPT has been
seriously questioned, raising the possibility that ANT mediates cell death through an alternative
mechanism.

In the present study we attempted to address the question of whether ANT induced-cell death
depends on the MPT pore. Moreover, unlike previous studies we utilized a more clinically
relevant cell type, namely primary cardiomyocytes. Mitochondrial dysfunction is a key
mediator of numerous cardiac diseases and elevations in ANT1 are observed in human
cardiomyopathies [27,28]. Consistent with previous studies, we observed a gene dose-
dependent increase in cell death when ANT1 was ectopically expressed in neonatal
cardiomyocytes. Moreover, this effect was specific to ANT1, as overexpression of other inner
membrane proteins, such as mitofilin and citrin, failed to increase cell mortality. Interestingly,
apoptosis was the primary form of cell death, with necrosis only being observed at the highest
levels of ANT1 overexpression. Given that MPT appears to be primarily involved in necrosis
rather than apoptosis [30,36,37], this initial observation suggested that the ability of ANT1 to
elicit myocyte death might well be independent of MPT.
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Using fluorescence-based changes in ΔΨm as their index of MPT, prior studies have concluded
that ANT-induced cell death was MPT-dependent [21–23], consistent with the idea that ANT
was an essential component of the MPT pore complex. Indeed, we too observed a gene dose-
dependent reduction in ΔΨm in cardiomyocytes with ANT1 overexpression. However,
alterations in mitochondrial potential can occur independently of MPT pore opening, and
therefore are not the most reliable way of observing MPT in intact cells. In addition to the
ΔΨm measurements, we also utilized the calcein/CoCl2 fluorescence technique developed by
Paolo Bernardi’s group, which is a more dependable index of MPT [44]. Unexpectedly, we
found that ANT1 overexpression in cardiomyocytes only elicited a small reduction in
mitochondrial calcein fluorescence when compared to H2O2, a well-established inducer of
MPT. Although this suggested that MPT was not required for ANT1-induced cytotoxicity, it
was still conceivable that even the small degree of MPT observed was sufficient to elicit cell
death. However, pharmacological blockade of the MPT pore with cyclosporine-A did not
protect the myocytes. Similarly, genetic inhibition of CypD, by the use of CypD-deficient
fibroblasts, which are resistant to MPT [30,36,37], did nothing to alter the death response to
ANT1. Therefore, contrary to the previously published conclusions, the marked mitochondrial
dysfunction and cell death associated with ANT1 overexpression is mostly independent of the
MPT response, a conclusion consistent with the phenotype of ant1/ant2-null mice [25].

Ruling out MPT as a potential mediator of cell death due to ANT1 left us with the problem of
ascribing an alternative mechanism of this protein’s cytotoxic actions. Subsequent analysis of
known apoptotic regulators revealed a surprising increased in Bax protein levels and activity,
together with a reduction in the pro-survival Bcl2 protein. Thus the Bax/Bcl2 ratio, often used
as a measure of a cell’s apoptotic “potential”, was increased ~4-fold. In fact while this
manuscript was in preparation, another study also reported that ANT overexpression induced
a marked increase in Bax expression in cancer cells [24]. As such changes could easily account
for our results observed with ANT1 overexpression, we resolved to further test the premise
that Bax upregulation (and presumably activation) was a necessary event in ANT1-induced
myocyte death. Upon activation, Bax undergoes a conformational change that enables it to
physically integrate into the outer mitochondrial membrane [32,38]. Indeed, we were able
demonstrate enhanced levels of the active Bax conformer and concomitant increases in
membrane-embedded Bax in myocyte membranes following ANT1 infection. Therefore, in
addition to simply increasing Bax protein, ANT1 expression also causes the activation and
mitochondrial integration of this pro-apoptotic molecule. However, while these data were very
suggestive, they still did not ascribe a causative role for Bax upregulation/activation in ANT1-
induced cell death. The simplest approach to address this question was to replenish the lost
Bcl2 pool with exogenously expressed protein, thereby antagonizing Bax. Co-expression of
Bcl2 almost completely abrogated the cytotoxic effects of ANT1 expression in the myocytes,
indicating that Bax does indeed play a role in this process. Although we cannot rule out that
Bcl2 exerts its protective effects via a direct interaction with ANT1 [45,46] rather than
neutralization of Bax, the fact that ANT1 was ineffective in Bax/Bak-null cells only helps to
confirm a role for Bax as a critical mediator of ANT1-induced cell death.

The fact that overexpression of ANT1 specifically in the mitochondria induces the upregulation
of the nuclear encoded Bax suggests that a mitochondrial-nuclear signal is being generated.
One prominent way mitochondria communicate with other subcellular compartments is
through the generation of ROS, and the release of sub-lethal amounts of oxygen radicals has
been shown to influence the transcription of a variety of nuclear genes [39–43]. In the present
study, we found that ANT1 overexpression in cardiomyocytes elicited a small but significant
rise in ROS production. Moreover, the degree of oxidant generation correlated with the amount
of ANT1 protein, suggesting that this phenomenon is specific to ANT1 and not just a
generalized perturbation of the mitochondrion. One might expect that increased ROS could
induce a robust MPT response, but since this was not observed it suggests that the level or
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micro-domain of the ROS generated by ANT1 expression served a signaling function instead.
Importantly, scavenging this ROS significantly reversed the ability of ANT1 to upregulate Bax
levels, and consequently reduced the degree of cardiomyocyte mortality. Therefore, ROS
appear to be a relevant signaling mechanism by which ANT1 crosstalks with Bax. How exactly
this ANT1-induced ROS production specifically alters Bax expression is still unclear, although
it has been reported that ANT1 expression can inhibit NFκB signaling [24,47], which would
relieve suppression of the Bax gene [48,49]. Alternatively, the possibility that ANT1 increases
Bax levels through reduced protein degradation (as opposed to increased production) cannot
be ruled out at this juncture.

Although the present study provides new molecular insight into the role ANT1 may be playing
in the regulation of cardiac myocyte mortality, it is limited by the fact the experiments were
conducted in cultured cells. Therefore, caution should be exercised when extrapolating these
findings to the in vivo situation. Schultheiss’ group has reported that there is an increase in the
ANT1 to ANT2 ratio in cardiomyopathic patients [27,28]. Ours, and others, data would suggest
that this is deleterious because ANT1 is cytotoxic whereas ANT2 appears to be innocuous
[21,23]. However, this is complicated by the fact that an ANT2 to ANT1 shift also decreases
net ANT activity, which in of itself would be detrimental and potentially precipitate heart
failure. Indeed, at least in a model of renin-induced cardiomyopathy, transgenic overexpression
of ANT1 in mice was cardioprotective rather than cardiotoxic [50]. The discrepancy between
these and our findings is not entirely clear. The different metabolic demands of the myocyte
in vitro versus in vivo could certainly play a role. It is also conceivable that the chronic
expression of ANT1 during development of the transgenics leads to compensatory changes
that suppress ANT1’s detrimental facets. It may simply be that the role of ANT in
cardiomyocyte death in vivo is context-specific. Further study is clearly warranted.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. ANT1 overexpression induces cell death in cardiomyocytes
A, Western blotting for ANT, VDAC1, and CypD in neonatal cardiomyocytes infected with
βGal (control)- or increasing amounts of ANT1-expressing adenoviruses. Actin was used to
demonstrate equivalent loading. B, Immunocytochemistry in AdβGal and AdANT1-infected
cardiomyocytes. Mitochondria were stained using Mitotracker CMXRos (Red), whereas
ANT1 was visualized using an anti-ANT polyclonal antibody (Green). The images were then
overlapped to show co-localization (orange/yellow). C, DNA laddering in AdβGal and
AdANT1-infected cardiomyocytes. D, TUNEL staining in AdβGal and AdANT1-infected
cardiomyocytes. E, Propidium iodide (PI) staining in AdβGal and AdANT1-infected
cardiomyocytes. All results represent the average values of at least 4 independent experiments
performed in duplicate. Error bars indicate s.e.m, and * denotes P<0.05 versus βGal.
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FIGURE 2. Pharmacological inhibition of MPT does not prevent ANT1-induced myocyte death
A, Mitochondrial ΔΨM and MPT determined by TMRE (red) and calcein/CoCl2 (green)
fluorescence, respectively, in AdβGal and AdANT1-infected cardiomyocytes. Exposure to
H2O2 (200 μM for 1hr) was used as a positive control for MPT induction. B, DNA laddering
in AdβGal and AdANT1-infected cardiomyocytes co-incubated with either vehicle or 1 μM
cyclosporine-A (CsA). C, TUNEL staining in AdβGal and AdANT1-infected cardiomyocytes
treated with either vehicle or CsA. D, Propidium iodide (PI) staining in AdβGal and AdANT1-
infected cardiomyocytes treated with either vehicle or CsA. The results shown are
representative of at least 3 independent experiments performed in duplicate. Error bars indicate
s.e.m, and * denotes P<0.05 versus βGal.
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FIGURE 3. Genetic manipulation of CypD does not affect ANT1-induced myocyte death
A, Western blotting for ANT and CypD in neonatal cardiomyocytes infected with AdβGal or
AdANT1 adenoviruses in conjunction with viruses expressing either wildtype (CypWT) or
dominant-negative (CypDN) CypD. Actin was used as a loading control. B, DNA laddering
in AdβGal and AdANT1-infected cardiomyocytes co-incubated with the AdCypWT or
AdCypDN viruses. C, TUNEL staining in AdβGal and AdANT1-infected cardiomyocytes co-
incubated with the AdCypWT or AdCypDN viruses. D, Propidium iodide (PI) staining in
AdβGal and AdANT1-infected cardiomyocytes co-incubated with AdCypWT or AdCypDN
viruses. E, Western blotting for ANT and actin in wildtype and CypD-deficient MEFs infected
with AdβGal or AdANT1. F, PI staining in wildtype and CypD-deficient MEFs infected with
AdβGal or AdANT1. The results shown are representative of at least 3 independent
experiments performed in duplicate. Error bars indicate s.e.m, and * denotes P<0.05 versus
βGal.
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FIGURE 4. ANT1 increases Bax expression and activation
A, Western blotting for Bax, Bak, Bcl2, and BclXL in neonatal cardiomyocytes infected with
AdβGal or AdANT1. Actin was used to demonstrate equivalent loading between samples. B,
Quantification of the changes in Bax and Bcl2 expression following ANT1 adenoviral
infection. C, Western blotting for Bax, COX-IV, and cytochrome c (CytC) in alkali-extracted
membrane and soluble fractions from AdβGal or AdANT1-infected cardiomyocytes. D,
Immunocytochemistry for activated Bax in AdβGal and AdANT1-infected cardiomyocytes.
Treatment with 1 mM staurosporine (STR) for 4 h was used as a positive control for Bax
activation. The results shown are representative of at least 3 independent experiments
performed in duplicate. Error bars indicate s.e.m, and * denotes P<0.05 versus βGal.
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FIGURE 5. ANT1-induced myocyte death is inhibited by co-expression of Bcl2
A, Western blotting for ANT and Bcl2 in neonatal cardiomyocytes infected with AdβGal or
AdANT1 in conjunction with an adenovirus expressing Bcl2. Actin was used as a loading
control. B, DNA laddering in AdβGal and AdANT1-infected cardiomyocytes co-incubated
with the AdBcl2. C, TUNEL staining in AdβGal and AdANT1-infected cardiomyocytes co-
incubated with AdBcl2. D, Propidium iodide (PI) staining in AdβGal and AdANT1-infected
cardiomyocytes co-incubated with AdBcl2. E, PI staining in wildtype (WT) and Bax/Bak-
deficient (DKO) MEFs infected with AdβGal or AdANT1. The results shown are
representative of at least 3 independent experiments performed in duplicate. Error bars indicate
s.e.m. * denotes P<0.05 versus βGal and † denotes P<0.05 versus ANT1 alone.
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FIGURE 6. ANT1-induced Bax upregulation and cell death are blunted by ROS scavenging
A, ROS production determined by DCF fluorescence in AdβGal or AdANT1-infected neonatal
cardiomyocytes. B, Quantification of changes in DCF fluorescence in myocytes following
infection with increasing MOI of AdANT1. C, Western blotting for ANT, Bax, and actin in
AdβGal or AdANT1-infected neonatal cardiomyocytes treated with either vehicle or the ROS
scavenger MnTBAP (100 μM). D, Quantification of the changes in Bax expression following
AdANT1 infection with or without MnTBAP. E, DNA laddering in AdβGal and AdANT1-
infected cardiomyocytes co-incubated with MnTBAP. F, Propidium iodide (PI) staining in
AdβGal and AdANT1-infected cardiomyocytes co-incubated with MnTBAP. The results
shown are representative of at least 3 independent experiments performed in duplicate. Error
bars indicate s.e.m. * denotes P<0.05 versus βGal alone and † denotes P<0.05 versus ANT1
alone.
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