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Adenine triphosphate (ATP) is used in cells as a coenzyme
transporting chemical energy within cells for metabolism.
Metabolic processes using ATP convert it back to its precur-
sors, adenine diphosphate (ADP) and phosphate. Karl
Lohmann discovered ATP at the Max Delbrück Center for
Molecular Medicine (where this journal was founded) in
1929 [1]. In the mitochondria, the pyruvate dehydrogenase
complex oxidizes pyruvate to acetyl CoA, which is then fully
oxidized to carbon dioxide by the citric acid cycle. ATP–ADP
translocase is a transporter protein that enables ATP and ADP
to traverse the inner mitochondrial membrane (Fig. 1). ATP
produced from oxidative phosphorylation is transported from
the mitochondrial matrix to the cytoplasm, whereas ADP is
transported from the cytoplasm to the mitochondrial matrix.
More than 10 % of the protein in the inner mitochondrial
membrane consists of ATP–ADP translocase. The translocase
is an antiporter represented by four isoforms that couples the
transport of the two molecules ATP and ADP.

The dominant adenine nucleotide translocase (ANT) in the
heart is ANT1. As can be imagined, ischemia causes mito-
chondrial dysfunction due to limited oxidative phosphoryla-
tion and thereby compromises cardiac activity. In this issue of
J Mol Med, Klumpe et al. investigated the idea that ANT1
transgenic overexpression might protect ischemic hearts
against oxidative stress [2]. They reasoned that by increasing
the shuttle, the effects of ischemia could be ameliorated. They
relied on an ATN1 cardiac-expressing transgenic rat using the
rat alpha-myosin heavy chain promoter [3]. ATN1 transgenic

rats were subjected to myocardial infarction, and compared to
control rats undergoing the same insult. ATN1 transgenic rats
exhibited decreased infarction size and increased survival.
Their hearts showed reduced mitochondrial cytochrome-C re-
lease and lessened caspase-3 activation. Furthermore, there
was reduced oxidative stress in the transgenic model. Next,
cell-based models were used. ATN1 transgenic cardio
myocytes showed higher, more stable mitochondrial mem-
brane potentials and lower reactive oxygen production, com-
pared to control non-transgenic cells. In addition, the trans-
genic ATN1 cells were more resistant to hydrogen peroxide
treatment, independent of catalase activity. The authors con-
cluded that increased ATN1 expression could compensate the
impaired ATN activity occurring during cellular hypoxia.
Increased ATN1 expression reduces reactive oxygen produc-
tion and lowers oxidative stress.

The mechanisms are complex. The mitochondrial perme-
ability transition pore (MPTP) located on the inner surface of
the mitochondria membrane is a nonspecific pore that opens
when cytosolic Ca2+ is high, especially when accompanied by
oxidative stress, high phosphate and ATP depletion [4]. Such
conditions occur during ischemia and subsequent reperfusion,
whenMPTP opening is known to occur and cause irreversible
damage to the heart. Opening of the MPTP allows antioxidant
molecules such as glutathione to exit mitochondria, lose po-
tential difference (Δψ), and interferes with ATP production.
MPTP opening causes the organelles to swell, release cyto-
chrome C, exude reactive oxygen, and eventually induces
cellular apoptosis. The ANT is closely related to the MPTP
and serves a regulatory function, although less certainty exists
over the composition of the pore itself, with structural and/or
regulatory roles proposed for the ANT, the phosphate carrier,
and the ATP synthase. ANT1 overexpression would appear to
protect the heart by maintaining MPTP integrity and reducing
reactive oxygen release into the cytosol.
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The results appear plausible enough. But perhaps the mat-
ters are not as simple, as they seem. Lynn et al. studied per-
oxisome proliferator-activated receptor-gamma coactivator 1-
alpha (PGC-1α) upregulation in the heart and tested whether
or not such upregulation might protect against ischemia–re-
perfusion injury in an inducible PGC-1α transgenic mouse
model [5]. Contrary to the expected result, they observed that
following 25 min of ischemia and 2 h of reperfusion on a
Langendorff perfusion apparatus, contractile recovery and
the rate pressure product was significantly blunted in mice
overexpressing PGC-1α compared to controls. They also ob-
served that upregulated PGC-1α in turn upregulated ANT1.
We could imagine that ANT1 upregulation could be a protec-
tive self-defense mechanism. However, the detrimental effects
of PGC-1α upregulation were abolished following siRNA
knockdown of ANT1. Lynn et al. suggested that transient
induction of PGC-1α in the murine heart decreased ische-
mia–reperfusion contractile recovery as mediated by ANT1
upregulation [5]. They also observed diminished anoxia-
reoxygenation tolerance in an isolated cell line. The authors
suggested that these adverse results of ischemia appeared to be
mediated, in part, by PGC-1α induced upregulation of ANT1.
Is ANT1 upregulation under these conditions helpful or not?
What could PGC-1α have to do with the story told here?

PGC-1α is a transcriptional coactivator that regulates the
genes involved in energy metabolism, mitochondrial biogen-
esis, and function. The protein interacts with the nuclear re-
ceptor PPAR-γ, which permits the interaction of this protein
with multiple transcription factors. For instance, PGC-1α in-
teracts with PPAR-γ, which permits the subsequent interac-
tion of this protein with the cAMP response element-binding
protein (CREB) and nuclear respiratory factors (NRFs). PGC-
1α provides a direct link between external physiological

stimuli and the regulation of mitochondrial biogenesis and is
a major factor influencing muscle fiber type determination.
Endurance exercise activates the PGC-1α gene in human skel-
etal muscle. Thus, PGC-1α could be also involved in control-
ling blood pressure, regulating cellular cholesterol homeosta-
sis, and the development of obesity. Pressure overload hyper-
trophy and heart failure are associated with repressed PGC-1α
and PGC-1β gene expression. In the heart, maintaining ex-
pression of PGC-1α and PGC-1β preserves contractile func-
tion in response to a pathological increase in workload [6]. All
of these effects appear salubrious; however, Lynn et al. sug-
gest that PGC-1α overexpression in the heart is bad and that
the effects could be mediated by ANT1 [5]. Nonetheless, the
effects attributed to PGC-1α are general and connecting these
mechanisms to ANT1 activities is difficult.

Another ANT1 investigation regarding ischemic protection
involves nitroalkenes. Nitroalkenes are functional groups
combining an alkene and a nitro group. Through alkene acti-
vation, the functional group can be useful in various chemical
reactions. Nitroalkenes, such as nitro-linoleic acid (LNO2) and
nitro-oleic acid (OANO2), are electrophiles that trigger a va-
riety of intracellular signaling events. Endogenous nitroalkene
formation takes place in mitochondria that have unsaturated
membrane lipids, readily available nitrite, and high levels of
reactive oxygen/nitrogen species. Ischemia may promote en-
dogenous nitroalkene formation; however, nitroalkenes ap-
pear not to be pathogenic, but instead may play an important
role in endogenous cardioprotective paradigms. Nadtochiy
and colleagues tested the hypothesis that nitroalkenes directly
modify ANT1 and that nitroalkene-mediated cardioprotection
requires ANT1 [7]. They used biotin-tagged LNO2 infused
into intact perfused hearts and obtained mass spectrometric
(MALDI-TOF-TOF) evidence for direct modification
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Fig. 1 The intracellular energy
currency is adenine triphosphate
(ATP). The overall process of
oxidizing glucose to CO2 is
termed cellular respiration and
produces about 20ATPmolecules
from one molecule of glucose via
the citric acid cycle within
mitochondria. ATP is regenerated
from adenine diphosphate (ADP).
The ATP–ADP (adenine
nucleotide) translocase (ANT) is a
transporter protein that enables
ATP and ADP to traverse the
inner mitochondrial membrane.
ATP produced from oxidative
phosphorylation is transported
from the mitochondrial matrix to
the cytoplasm, whereas ADP is
transported from the cytoplasm to
the mitochondrial matrix
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(nitroalkylation) of ANT1 on cysteine 57 (Cys57). Thereafter,
the authors studied a cell model of ischemia–reperfusion inju-
ry. They found that small interfering RNA (siRNA)
knockdown of ANT1 inhibited the cardioprotective effect
of LNO2. Nadtochiy et al. indicated that the molecular
mechanism linking ANT1-Cys57 nitroalkylation and
uncoupling is not yet known. However, they suggested
that ANT1-mediated uncoupling could be a mechanism
for nitroalkene-induced cardioprotection. Their study
would suggest that the more ANT1 activity is present,
the better. The finding is a support for the authors’ hy-
pothesis. In any event, mitochondrial stability appears
crucial for a well-functioning myocardium. Preserved
ANT1 activity seems most important to that end.

Respectfully,
Friedrich C. Luft.
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