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Abstract

Over the past decades there has been considerable progress in understanding the multifunctional roles of
mitochondrial ion channels in metabolism, energy transduction, ion transport, signaling, and cell death. Recent data
have suggested that some of these channels function under physiological condition, and others may be activated in
response to pathological insults and play a key role in cytoprotection. This review outlines our current understanding
of the molecular identity and pathophysiological roles of the mitochondrial ion channels in the heart with particular
emphasis on cardioprotection against ischemia/reperfusion injury, and future research on mitochondrial ion channels.
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Mitochondria play an important role in energy metabolism within
the cell. In addition, the organelles are also involved in regulation
of cell death and survival, a crucial determinant of apoptosis or
necrosis. However, the physiological roles of mitochondrial ion
channels on inner membrane are largely unknown. For example,
K*-selective and/or anion-selective pores are believed to operate to
regulate mitochondrial volume [1], but it is di cult to achieve in vivo
con rmation of this function . Mitochondrial swelling and shrinkage
have been proposed to modulate the rate of substrate oxidation under
normoxic conditions and could be an important factor in determining
the extent of ischemia/reperfusion injury . At a minimum, energy
dissipation due to channel opening will increase the ux through
the electron-transport chain, and if this e ect is uncompensated by
increased substrate production, then net oxidation of the matrix, as well
as a change in reactive oxygen species (ROS) production, will occur.

us one potential physiological role of mitochondrial ion channels
may be redox regulation, which is an important intracellular signaling
mechanism in uencing transcription, translation, phosphorylation
cascade, and cell death [2].

In the cardiovascular system mitochondria are target organelles of
ischemic insults as well as e ectors for cardioprotection. As pointed
out by Jennings and Ganote 30 years ago, the heart is strictly aerobic
and consequently vulnerable to a decrease in oxygen supply.  erefore,
myocardial ischemia causes immediate and deep mitochondrial
derangements.  ese include cessation of ATP synthesis, inhibition of
respiration, and depolarization of mitochondrial membrane (AYm).

is is accompanied by cellular changes, especially an increase in
Ca* and phosphate during ischemia, and large increases in ROS
originating from the respiratory chain during reperfusion . Also from
the therapeutic perspective, with reference to ischemia/reperfusion
injury in the heart and brain, it is important to note that mitochondrial
ion channels especially play a key role. An increase in mitochondrial
K* ux, for example, in hearts treated with K* channel opener
compounds activating mitochondrial ATP-sensitive K* (mitoK ) or
Ca**-activated K* channels (mitoK_), has been found to signi cantly
decrease infarct size and improve functional recovery a er ischemia/
reperfusion. On the other hand, blocking mitochondrial ion channels
such as the mitochondrial permeability transition pore (mPTP) can

prevent the loss of mitochondrial function that leads to necrotic or
apoptotic cell death. Since cardioprotection involves the activation
of mitoK, ., or mitoK_, channels and a decrease in mPTP opening,
it is reasonable to hypothesize that these two phenomena are part
of the same signaling pathway. Indeed, this connection has been

demonstrated in a previous report [3].

In this review we describe our current understanding of the
molecular identity and pharmacological properties of important four
mitochondrial ion channels conferring cardioprotection (see the
property of these ion channels (Figure 1).
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Mitochondrial Ca?* uptake has been recognized for more than

50 years, yet the protein mediating this essential transport process has
still not been clari ed. However, the mitochondrial Ca** uniporter
has perhaps the most well-understood transporter in physiology.
e Ca? uniporter is a relatively fast mechanism and a channel,
which transports Ca?*, Sr2*, Mn?, Ba?, but not Mg? with di erent
selectivity and very low a nity. Because of the low number of
uniporters found per mg protein (around 0.001 nmol/mg protein
reported and the large value of the estimated Vmax [ 1200 nmol
Ca*/(mg min)] the turnover of Ca? per site can be calculated to be
about 2 x 10% Ca?/(site s), in the range of a fast gated pore. Studies
performed on isolated mitochondria allowed the identi cation of some
regulatory molecules acting on Ca?* uniporter, in particular the most
e ective inhibitor is hexavalent cation ruthenium red (RuR).  isRuR-
sensitive Ca?" uptake pathway is the primary route for Ca? entry into
the mitochondrial matrix, and there is strong evidence that an increase
in matrix Ca?" is important for stimulating oxidative phosphorylation
at several sites, including the Ca?-sensitive dehydrogenases of the
Krebs cycle and one or more sites in the electron-transport chain [4].
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is uniporter is modulated by aliphatic polyamines, such as spermine
and aminoglycosides, and by the adenine nucleotides, in the order of
e ectiveness ATP > ADP > AMP (whereas the nucleoside adenosine
isine ective) aswell as several plant-derived avonoids . Recently, an
inwardly rectifying, highly Ca?* selective, low conductance ion channel
that is compatible with mitochondrial Ca?* uniporter was recorded in a
patch-clamp study of intact heart mitoplasts . However, the molecular
structure of this channel has not yet been determined despite a number
of attempts to identify Ca?* uniporter protein over years. Trenker
et al. suggested that the uncoupling proteins UCP2 and UCP3 were
promising candidates for enabling Ca?* uptake in mitochondria since
isolated liver mitochondria from UCP2 knockout mice showed no
RuR-sensitive Ca?* uniporter activity. On the opposite, in new data
submitted by Brookes et al. there was no e ect of UCP2 or UCP3
knockout on either Ca?* uptake or membrane potential depolarization
in mitochondria from liver, skeletal muscle, heart, or kidney [5].

As described below, the inhibition of Ca?* in ux to matrix through
mitochondrial Ca? uniporter by mitochondrial K* cannel opening
results in decrease of mitochondrial Ca* overload. Mitochondrial
Ca?* loading is associated with cell injury although the relative
contributions of cytoplasmic vs. mitochondrial Ca?* overload are 0 en
di culttoassess individually due to their interdependence, and there is
not always a clear correlation between mitochondrial Ca?* and survival.
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Some 25 years ago Lamping et al. showed that pharmacological
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