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Abstract

Programmed cell death or apoptosis is broadly responsible for the normal homeostatic removal of cells and has been increasingly
implicated in mediating pathological cell loss in many disease states. As the molecular mechanisms of apoptosis have been extensively
investigated a critical role for ionic homeostasis in apoptosis has been recently endorsed. In contrast to the ionic mechanism of necrosis that
involves Ca2+ influx and intracellular Ca2+ accumulation, compelling evidence now indicates that excessive K+ efflux and intracellular K+
depletion are key early steps in apoptosis. Physiological concentration of intracellular K+ acts as a repressor of apoptotic effectors. A huge
loss of cellular K+, likely a common event in apoptosis of many cell types, may serve as a disaster signal allowing the execution of the suicide
program by activating key events in the apoptotic cascade including caspase cleavage, cytochromec release, and endonuclease activation.
The pro-apoptotic disruption of K+ homeostasis can be mediated by over-activated K+ channels or ionotropic glutamate receptor channels,
and most likely, accompanied by reduced K+ uptake due to dysfunction of Na+, K+-ATPase. Recent studies indicate that, in addition
to the K+ channels in the plasma membrane, mitochondrial K+ channels and K+ homeostasis also play important roles in apoptosis.
Investigations on the K+ regulation of apoptosis have provided a more comprehensive understanding of the apoptotic mechanism and may
afford novel therapeutic strategies for apoptosis-related diseases.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Programmed cell death or apoptosis normally contributes
to tissue development and homeostasis but may also mediate
pathological cell loss after chemical, physical, environmen-
tal, or genetic insults (Raff et al., 1993; Thompson, 1995).
Apoptosis was originally defined by morphological charac-
teristics, including cell body shrinkage, nuclear condensa-
tion, chromatin margination, DNA fragmentation (ladder-
ing), and formation of membrane-bound cellular remnants
(apoptotic bodies) (Kerr et al., 1972; Majno and Joris, 1995).
Sub-cellular and molecular regulations of apoptosis such as
release of cytochromec from mitochondria, formation of
the apoptosome, participation of a number of caspases, and
modulation bybcl-2 family genes have been extensively
studied (Jacobson and Evan, 1994; Hengartner et al., 1992;
Johnson Jr. et al., 1995; Li and Yuan, 1999; Adams and
Cory, 2002). However, until a few years ago little attention
had been paid to ionic regulation of apoptosis. Research
from our group as well as others’ groups has established
the novel concept that apoptosis not only is regulated by
a number of molecular genes but is also controlled or reg-
ulated by cellular ionic homeostasis, particularly the K+
homeostasis.

Excellent reviews have summarized the critical role of
K+ in pro-apoptotic cellular and biochemical events such
as caspase activation and mitochondrial alterations (Bortner
and Cidlowski, 1998; Hughes Jr. and Cidlowski, 1999;
Montague et al., 1999). The present review is to provide a
comprehensive inspection on studies implying possible links
between K+ efflux and apoptosis-related events. The focus
of this review is the recent investigations on the mechanism
and pathways of pro-apoptotic K+ efflux and intracellular
K+ depletion. Roles of voltage-gated and other types of K+
channels, ligand-gated glutamate receptor channels, and the
K+ uptake system of Na+, K+-ATPase in apoptosis will
be discussed in detail. The potential clinical significance
of the K+ regulation of apoptosis will also be reviewed. It
is expected that the increasing attention on the ionic basis
of apoptosis, together with investigations on the molecular
basis of apoptosis, will lead to a better and more complete
understanding of apoptotic pathogenesis and may eventu-
ally promote developments of novel therapeutic strategies
for various apoptosis-related diseases.

2. Evidence linking K+ homeostasis to apoptosis

K+ is the predominant ion inside the cell (∼140 mM);
in striking contrast, intracellular Na+, Ca2+, and Cl− con-
centrations are typically one to several orders of magnitude
lower than K+ (Fig. 1). Therefore, intracellular K+ ([K+]i )

Fig. 1. Ionic distributions across the membranes and pathways for K+
fluxes. Driven by their concentration gradients as well as electrical forces,
K+, Cl−, and organic anions flow from the cytoplasm to extracellular
space via ion channels and exchangers. Active ionic movements can be
achieved by corresponding transporters/pumps. K+ may also move into
mitochondria upon activation of mitochondrial K+ channels such as the
mKATP channel. Water moves following the osmolarity changes in the cy-
toplasm and mitochondria. The K+, Cl−, and water efflux are most likely
responsible for apoptotic cell volume decrease. Because of excessive K+
and Cl− efflux over the water movement, there are significant decreases
in intracellular concentrations of K+ and Cl− in apoptotic cells. Moving
of K+ and water into the mitochondrial matrix and intramitochondrial
space may cause mitochondrial swelling, lost of mitochondrial potential,
disruption of the outer membrane, and probably release of some apop-
totic factors such as cytochromec into the cytoplasm (see text for detail).
Activation of Ca2+ and Na+ channels in the plasma membrane results in
influx of Ca2+ and Na+, which is believed a trigger for necrosis. Ca2+
influx into the mitochondrial may also cause damage there related to apop-
tosis. The homeostasis of K+, Ca2+, and Na+ is maintained by balance
between efflux and influx across the membranes. The energy-dependent
Na+, K+-ATPase may play a critical role in K+ and Na+ homeostasis,
and, consequently, affect Ca2+ homeostasis. The cytoskeleton and other
membrane channels/transporters may contribute to the cell volume con-
trol and various apoptotic events, which are not the topics of this review
and are not illustrated in the figure.
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and associated water movement are the major determinants
of cytoplasm volume. The extracellular environment con-
tains low levels of K+ and high levels of Na+; the net
electrochemical gradient across the membrane is favorable
for moving K+ out of the intracellular space. The K+ and
Na+ gradients across the membrane are mainly maintained
by continuous activities of the Na+, K+-ATPase (Robinson
and Flashner, 1979). Accordingly, an excessive K+ efflux
and/or dysfunction of Na+, K+-ATPase will lead to deple-
tion of [K+]i (Fig. 1). The K+ loss-generated osmolarity
alterations are favorable for moving water out from the cell
and believed a major contributor to physiological as well as
pathological cell volume decrease; meanwhile, Cl− move-
ment may also significantly affect cell volume regulation
(Yu and Choi, 2000; Okada and Maeno, 2001).

2.1. K+ homeostasis and cell proliferation

A possible role for K+ in apoptosis may be derived
from its involvement in cellular proliferation. The balance
between proliferation and cell death controls the number
of cells. These two processes, although leading to oppo-
site outcomes, share a number of “Janus genes” such as
p53 and c-myc (Ferrari and Greene, 1994; Kroemer et al.,
1995). From a morphological point of view, apoptosis and
mitosis have a number of similar characteristics such as
cytoskeletal changes, rounding up of the cell, nuclear enve-
lope breakdown, and chromatin condensation. Depending
on the conditions, c-myc can activate either cell prolifera-
tion or apoptosis (Evan et al., 1994), andp53 either arrests
the cell cycle or activates apoptosis (Yonish-Rouach et al.,
1993). These similarities support the speculation that apop-
tosis, or at least some forms of apoptosis, might represent
an aberrant cell cycle, involving out-of-phase expression
of mitotic entities in post-mitotic cells (such as neurons)
with lethal consequence. Thus apoptosis may be regarded
as an abortive or premature mitosis or “mitotic catastrophe”
(Ucker, 1991; Kroemer et al., 1995).

The concept of abortive mitosis is important and relevant
to the K+ regulation of apoptosis because K+ channel activ-
ity plays vital regulatory roles in cell proliferation (Chiu and
Wilson, 1989; Nilius and Wohlrab, 1992; Wang et al., 1997).
DeCoursey et al. (1984)and others (Nilius and Wohlrab,
1992; Ribera and Spitzer, 1992; Pappone and Ortiz-Miranda,
1993) have shown, mainly in the cells of immune system,
that outward delayed rectifier or other K+ channels regulate
mitogenesis and differentiation. Blocking K+ channels or
lack of functional K+ channels usually prevents cells from
proliferation. A decrease in intracellular K+ might be one of
the key events in initiating mitosis in mature central neurons
(Cone Jr. and Cone, 1976), and elevated extracellular K+ in-
hibits cell proliferation (McCabe and Young, 1994). In low
serum media, which stimulated cell differentiation, the de-
layed rectifier K+ (IK) channel was expressed or markedly
up-regulated (Smith-Maxwell et al., 1991; Quidt, 1994). On
the other hand, lack of serum in the culture medium is also

an insult for apoptosis of cortical neurons (Koh et al., 1995),
mediated by increasedIK currents (Yu et al., 1997and see
Section 2.2).

2.2. K+ efflux and cellular K+ depletion induce cell
shrinkage and apoptosis

Early studies, using toxins and selective K+ ionophores,
linked K+ efflux to cell shrinkage and other apoptotic events.
Staphylococcus aureus�-toxin evoked protracted, irre-
versible ATP depletion in both activated and resting human
T lymphocytes (Jonas et al., 1994). The plasma membrane
of toxin-damaged cells became permeable for monovalent
ions but not for Ca2+ and propidium iodide. The perme-
abilization event was followed by internucleosomal DNA
degradation characteristic of programmed cell death. The
data indicated that formation of very small�-toxin pores
might trigger programmed cell death in lymphocytes (Jonas
et al., 1994). Beauvais et al. (1995)tested the hypothesis in
human eosinophils that apoptotic cell shrinkage was linked
to osmotic changes due to leakage of internal ions. They ob-
served that cytokine deprivation-induced apoptotic shrink-
age was inhibited in a dose-dependent manner by several
K+ channel blockers (4-aminopyridin or 4-AP, sparteine,
and quinidine). To induce apoptosis in murine tumor cells,
Duke et al. (1994)found that these cells could tolerate
increases in intracellular free Ca2+ ([Ca2+]i ) approaching
1 mM induced by the Ca2+ ionophore A23187, but they
died from apoptosis induced by valinomycin. Valinomycin
is an antibiotic K+ ionophore produced byStreptomyces.
It is a cyclic polypeptide-like molecule whose folded con-
formation forms an inner cavity that can accommodate K+
but not other ions. Up to now, valinomycin-induced apop-
totic changes have been reported in a variety of cell types
(Table 1). Other K+ ionophores such as amphotericin-B
also enhance K+ efflux and induce apoptosis (Marklund
et al., 2001a).

A number of studies have explored the relative impor-
tance of intracellular Ca2+, K+, and other ions in apop-
tosis. The K+ ionophore beauvericin induced apoptosis in
cholangiocytes that was accompanied by decreased [K+]i
and increased [Ca2+]i . Because high K+ medium (120 mM),
which was toxic, did not reduce cell death but removal of
extracellular Ca2+ did, the authors suggested that [Ca2+]i
accumulation was responsible for the death (Que et al.,
1997). They also noted, that although Ca2+ was important,
changes in Ca2+ alone were not sufficient to cause apop-
tosis.Barbiero et al. (1995)monitored changes in intracel-
lular Ca2+, H+, Na+, and K+ in L cells undergoing cell
cycle arrest and apoptosis. They found that during the apop-
totic process lasting up to 4 days, there was a transient in-
crease in [Ca2+]i from 97 to 150 nM in the initial 6 h, a
transient decrease in pH by 0.2–0.4 units at 24 h, and a per-
sistent (up to 3 days) increase in intracellular Na+ ([Na+]i )
from 15 to 30 mM. There was a marked reduction in [K+]i
from 110 mM to less than 50 mM in a subpopulation of
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Table 1
K+ efflux-mediated apoptosis in different cell types

Apoptotic insult Cell type Observation References

K+ ionophores:
valinomycin,
nigericin, etc.

Mouse peritoneal macrophages;
rodent lymphocytes/thymocytes and
tumor cell lines; hepatoma cells;
pre-B BAF3 cells; AH-130 cells;
central neurons; human pulmonary
mesothelioma cell line

K+ efflux led to cell volume decrease, IL-1�

maturation, caspase and endonuclease
activation, DNA fragmentation, mitochondrial
damage, and apoptosis

Allbritton et al., 1988; Ojcius et al.,
1991; Deckers et al., 1993; Duke
et al., 1994; Perregaux and Gabel,
1994; Inai et al., 1997; Yu et al.,
1997; Furlong et al., 1998;
Dallaporta et al., 1999; Marklund
et al., 2001a,b

Staphylococcal�
toxin

T lymphocytes The staphylococcal� toxin-formed pores
allowed passage of K+ and Na+ and induced
DNA degradation

Jonas et al., 1994

Cytokine withdrawal Human eosinophils Marked cell shrinkage due to leakage of
internal ions; K+ channel blockers inhibited
the shrinkage

Beauvais et al., 1995

Thymidine or VP-16 L cells Intracellular K+ dropped to≤50 mM in a
subpopulation of cells

Barbiero et al., 1995

Lipopolysaccharide
(LPS)

Human monocytes High K+ medium prevented IL-1� maturation
induced by LPS

Walev et al., 1995

Dexamethasone CEM-C7A lymphoblastoid cells Loss of intracellular K+ in apoptotic cells Benson et al., 1996

Serum deprivation,
�-amyloid, NMDA,
AMPA, kainate,
and glutamate

Rodent cortical neurons Apoptotic insults stimulated K+ efflux and
reduced [K+]i via over-activated K+ channels
or ionotropic glutamate receptors, leading to
caspase activation and apoptosis

Yu et al., 1997, 1998, 1999b

Staurosporine Central neurons; vascular smooth
muscle cells; mouse embryos

Enhanced outward K+ current, increased K+
efflux, caspase activation, DNA laddering, and
apoptosis

Yu et al., 1997; Ekhterae et al.,
2001; Trimarchi et al., 2002

UV irradiation HL-60 cells; human monoblastoid
cell line (U937)

Decreases in cellular Na+ and K+ in apoptotic
HL-60 cells; roles of Na+, K+-ATPase and
Ca2+-dependent K+ channels; low cellular K+
and Cl− content and high Na+ in apoptotic
U937 cells

McCarthy and Cotter, 1997;
Fernandez-Segura et al., 1999

Glucocorticoids,
topoisomerase
inhibition,
staurosporine;
Fas-crosslinking

Lymphocytes/thymocytes, Jurkat
cells, and T cell hybridoma cells

Intracellular K+ depletion (down to 35 mM);
caspase/nuclease activation, and disrupted
mitochondrial potential in shrunken cells,
induction of apoptosis

Hughes Jr. et al., 1997; Bortner
et al., 1997; Dallaporta et al., 1998,
1999; Hughes Jr. and Cidlowski,
1999; Mann et al., 2001

Sorbitol HeLa cells Pro- and anti-apoptotic effect of K+ Bilney and Murray, 1998

Ceramide Central neurons; thymocytes Enhanced outward K+ current, activation of
capsase-3, DNA laddering, mitochondrial
damage and apoptosis

Yu et al., 1999b; Dallaporta et al.,
1999

Anti-Fas/CD95 Jurkat T cells Cell shrinkage and K+ depletion, inhibited K+
uptake due to block of Na+, K+-ATPase;
effect of PKC on cell death through inhibition
of cell shrinkage and K+ efflux

Bortner and Cidlowski, 1999;
Gomez-Angelats et al., 2000;
Bortner et al., 2001

A23187 Jurkat T cells Cell shrinkage, K+ efflux, mitochondrial
damage, DNA damage, and apoptosis

Bortner and Cidlowski, 1999

Thapsigargin Jurkat T cells Cell shrinkage, K+ efflux, mitochondrial
damage, DNA damage, and apoptosis

Bortner and Cidlowski, 1999

TNF Human and rodent T cell;
hybridoma-derived PC60 R55/R75
cells

Nigericin, valinomycin or ouabain enhanced
TNF-induced apoptosis

Penning et al., 2000

Doxorubicin or
trophic hormone
deprivation

Oocytes and granulose cells Significant loss of cellular K+ during
apoptosis; high K+ medium effects;
K+-dependent and independent events

Perez et al., 2000
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Table 1 (Continued)

Apoptotic insult Cell type Observation References

Chemotherapeutic
anti-cancer drugs
(cisplatin,
carboplatin)

Human pulmonary mesothelioma
cells (P31)

Stimulating K+ efflux potentiated caspase
activation and apoptosis

Marklund et al., 2001b

Etoposide Jurkat T cells Cell shrinkage, K+ efflux, phosphatidylserine
externalization, mitochondrial depolarization,
and apoptosis

Thompson et al., 2001

Ouabain Central neurons, thymocytes Cell shrinkage, K+ depletion, mitochondrial
damage, caspase activation, DNA damage,
apoptosis or hybrid death

Mann et al., 2001; Xiao et al., 2002c

Antifungal, antibiotic
amphotericin B

Mesothelioma cells (P31) K+ efflux, K+ depletion and apoptosis Marklund et al., 2001a

Hydrogen peroxide,
diamide

Mouse embryos A pronounced transient K+ efflux through
TEA-sensitive K+ channels accompanied by
apoptotic shrinkage; increases in extracellular
K+

Trimarchi et al., 2002

This table lists representative published studies on the relationship between K+ and apoptosis in a relatively chronological order.

cells in 3 days. The authors proposed that K+ extrusion
possibly played a role in the final loss of cell volume. In
the human monoblastoid cell line U937, ultraviolet (UV)
light-irradiated apoptotic cells showed low intracellular K+
(50% reduction), Cl− (27% reduction), and high intracellu-
lar Na+ (a four-fold increase), but no significant change in
[Ca2+]i as measured by electron probe X-ray microanaly-
sis (Fernandez-Segura et al., 1999). In a separate study on
the role of the three cations, Ca2+, Mg2+, and K+, K+ de-
privation was identified as the most detrimental to cellular
growth and viability. Consistent with this conclusion,bcl-2
over-expression showed less protection in a K+-free medium
(Ishaque and Al-Rubeai, 1999), which facilitated K+ efflux
and intracellular K+ loss.

Intracellular Ca2+ plays important roles in apoptotic
events such as mitochondria damage and activation of cas-
pase and nuclease. The involvement of Ca2+ in apoptosis,
however, has been conflicting and confusing (Yu et al.,
2001), which is not the focus of this review. As for the
intracellular Na+ concentration, in addition to the increases
reported in above studies, decreases in [Na+]i were also
observed in apoptotic lymphoma cells (Bortner et al., 1997)
and Jurkat cells (Gomez-Angelats et al., 2000). Apoptotic
cells are likely to lose intracellular Cl− as well that may
contribute to apoptotic cell volume decrease and some other
events (Yu and Choi, 2000; Okada and Maeno, 2001; and
see Section 8). Limited information is available for the
influence of other ions on apoptosis (Yu et al., 2001).

2.3. Decreased intracellular K+ concentration
in apoptotic cells

Due to the lack of selective K+ imaging dyes for accurate
assays of intracellular K+ concentration, most studies have
measured intracellular K+ content as a reflection of concen-

tration. Since the cell membrane behaves like an osmometer
and water will move out following K+ efflux, it can be
questioned whether a decrease in cellular K+ concentration
occurs during the apoptotic process. Available evidence now
supports the idea that a drastic reduction in [K+]i does take
place in apoptotic cells.Hughes Jr. et al. (1997)estimated
a 95% loss in K+ content associated with only a 33% loss
of cell volume, arguing favorably for a decrease in [K+]i .
The low K+ concentration in apoptotic cells agrees with an
early study that showed intracellular K+ level was reduced
to 50 mM during apoptosis in a fibroblast cell line (Barbiero
et al., 1995). In further studies,Hughes Jr. and Cidlowski
(1999) estimated that intracellular K+ could be as low as
35 mM in shrunken apoptotic thymocytes. Cell volume loss
in dexamethasone-treated apoptotic CEM-C7A lymphoblas-
toid cells was associated with a net loss of cellular K+.
The mean intracellular K+ content of the cells significantly
decreased (∼15% by 24 h,∼40% by 48 h), the cellular wa-
ter volume was unchanged at 24 h but slightly less at 34 h
(∼20% decrease) (Benson et al., 1996), suggesting a re-
duction in intracellular K+ concentration. Supporting a low
K+ concentration in apoptotic cells,Montague et al. (1999)
reported that shrunken cells lost K+ and became hypotonic,
consistent with an excess of K+ efflux over water efflux and
a reduction in [K+]i . In thymocytes and T hybridoma cells,
several apoptotic insults (glucocorticoids, topoisomerase in-
hibition, and Fas-crosslinking) all induced cellular K+ loss
as measured by the K+ dye PBFI (Dallaporta et al., 1998).
After the earliest changes in mitochondrial membrane po-
tential, the loss of cytosolic K+ occurred before cell shrink-
age, consistent with a role for K+ efflux in cell volume
reduction. K+ loss was also seen before the production of
reactive oxygen species (ROS). In these apoptotic models,
the K+ loss exhibited a strong correlation with nuclear
DNA fragmentation (Dallaporta et al., 1998) (Fig. 2).
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Apoptotic
Insult

Activation of
K+ channels

Inhibition of
Na+,K+-ATPase

[K+]i

Cell shrinkage
Membrane
depolarization

Membrane
hyperpolarization

Mitochondrial swollen/
depolarization
Generation of ROS
ATP deficiency

Apoptotic death

Changes in phosphorylation
state, etc. K+ Efflux ↑

Cytochrome c release
Formation of apoptosome
Activation of caspase-9
AIF release

K+ Efflux ↑

Activation of caspase-3, -6, -7
Activation of endonuclease

Bcl-2/Bid
regulation

Cleavage of vital substrates
Degradation of DNA and
nuclear proteins

Activation of

K+ uptake ↓

death receptor

Fig. 2. Chronological events associated with the K+ regulation of apoptosis. A number of apoptotic insults stimulate activation of a variety of K+
channels and/or ionotropic glutamate receptors, likely mediated by signal transduction systems including those that change phosphorylation states of
the targeted channels. Activation of “death receptors” such as TNF� and Fas receptors may also initiate the K+ mechanism for apoptosis. The higher
K+ conductance initially drags the membrane potential towards negative direction of the K+ equilibrium potential. The mitochondrial permeability
transition including inflow of K+ and water into the mitochondria cause mitochondrial swelling and depolarization. This apoptotic process may be
counter-regulated bybcl-2 andBid. The insult and damage to mitochondria lead to ROS generation and deficient energy production, which consequently
block the Na+, K+-ATPase. Most likely, the dysfunction of Na+, K+-ATPase delivers a blow to the already deteriorating situation of excessive K+
efflux, resulting in depletion of intracellular K+, cell volume decrease, and cell membrane depolarization. In the presence of certain minimum level
of dATP/ATP, mitochondrial released cytochromec and Apaf-1 form apoptosome and cleave procaspase-9. Release of apoptosis-inducing factor (AIF)
causes caspase-independent apoptosis that may also be regulated by K+ homeostasis. In reduced intracellular K+ concentration (∼50 mM), activation
of execution caspases such as caspase-3 and nucleases takes place. DNA damage and nuclear collapse eventually lead to apoptotic death. Information
about potential contributions from other ions such as Ca2+, Na+, Mg2+, and Cl− can be found in the text and listed reviews, and are not shown in the
diagram.

2.4. Intracellular K+ depletion and activation
of key apoptotic enzymes

A puzzling question that has arisen since the emergence
of a possible relationship between K+ and apoptosis is how
might one link a bulky intracellular cation such as K+ to the
delicately and tightly regulated cell death program? Because
of the ample amount of this intracellular cation, it seemed
that a loss of K+ should not be a serious concern for the
survival of a cell.

The answer may ironically be found in the control of sui-
cide activity that is committed by a well-orchestrated inher-
ited program. It is imaginable that such a suicide program
should be designed with high margins of safety and not to
be turned on easily. Potassium, as the most abundant cation
inside the cell, is in a unique position to safely but forcefully
deliver this vital signal to the cell. Because of its abundance,
cells can tolerate loss of tens of millimolar concentrations
of intracellular K+ for up to 20–30% of total cellular K+
without deleterious consequences and continue to live. This
threshold satisfies the necessary safety margin in initiating
the suicide mechanism. On the other hand, when cells lose
unmanageable amounts of intracellular K+, i.e. ∼≥50% of
total cellular K+, the struggling cells have to initiate and
execute the K+-sensitive suicide cascade as a way of cell
elimination.

The clues for the missing link between a massive K+ loss
and induction of apoptosis were scattered in early studies
that showed that in several cell types reagents promot-
ing cellular K+ loss stimulated maturation and release of
the inflammatory factor interleukin 1� (IL-1�) (Perregaux
and Gabel, 1994; Walev et al., 1995). IL-1�, later named
caspase-1, is a member of the signaling family for the in-
duction of apoptosis (Jacobson and Evan, 1994). In human
peripheral blood mononuclear cells, the IL-1� activation
was not affected by Na+ or Ca2+ influx; it was, however,
stimulated by agents that reduce [K+]i such as valinomycin
and nigericin (Walev et al., 1995). IL-1� activation was
blocked when cells were suspended in a high K+ medium
or exposed to the K+ channel blocker, tetraethylammo-
nium (TEA) or 4-AP. It was suggested that a net decrease
in [K+]i was necessary to activate the post-translational
maturation of IL-1� (Walev et al., 1995). This is in line
with earlier studies that K+, like Ca2+, is a regulator
of a number of enzymes in different cell types (Lubin,
1967; Ledbetter and Lubin, 1977; Albano et al., 1977;
Duggan, 1977), and ions can influence protein structure
and profoundly alter the activity of proteases and nucle-
ases (Hughes Jr. et al., 1997). A recent study suggested
that the K+-stimulated IL-1� maturation was mediated
by a Ca2+-independent phospholipase A2 (Walev et al.,
2000).



S.P. Yu / Progress in Neurobiology 70 (2003) 363–386 369

Works from Cidlowski’s group have demonstrated that
K+ inhibited the in vitro activation of pro-caspase-3-like en-
zymes in a dose-dependent manner (Ki ∼= 40 mM) and that
caspase and nuclease activations were totally inhibited at
physiological intracellular K+ concentrations (e.g. 140 mM)
(Hughes Jr. et al., 1997). Several apoptotic insults, dexam-
ethasone, thapsigargin, and staurosporine, induced shrink-
age of lymphocytes due to significant reduction of [K+]i ,
and apoptosis was inhibited when K+ efflux was blocked
(Bortner et al., 1997). DNA fragmentation was detected after
[K+]i was reduced from the normal level of∼140–56 mM,
which was suppressed by KCl with aKi of ∼70 mM (Hughes
Jr. et al., 1997).

Conversely, caspases such as IL-1� may modulate ion
channel activities. Both the A-type and delayed recti-
fier K+ currents were increased by IL-1� in a voltage-
and dose-dependent manner, presumably via a direct
mechanism (Szucs et al., 1992). Possible effects of cas-
pase family members on ion channel function and ion
homeostasis are not well understood and merit further
investigation.

2.5. Is K+ depletion a trigger or consequence
of apoptosis?

A fundamental issue has been whether cellular K+ deple-
tion acts as a trigger for apoptosis or merely a consequence
of the process. The induction of apoptosis in many cell types
by valinomycin alone (Table 1) suggests that disruption of
K+ homeostasis itself is sufficient for causing apoptosis.
Supporting this proposition, overexpression of a K+ chan-
nel in the cell plasma membrane may induce or promote
apoptosis (Yu and Choi, 1999; Nadeau et al., 2000; Pal
et al., 2002). Other studies, however, suggest that additional
factors are needed for activation of caspases and internucle-
osomal cleavage enzymes. Incubation of pro-caspase-3-like
enzymes in a low K+ buffer was ineffective in activat-
ing the enzyme; similarly, placing inactive nuclease in a
K+-deficient buffer was not sufficient in triggering its DNA
degrading properties (Hughes Jr. et al., 1997). Cells placed
in a hypotonic solution lose significant K+ but are not nec-
essarily undergoing apoptosis (Bortner et al., 1997). In a cell
free system of apoptosis, physiological concentrations of K+
(100–140 mM) inhibited chromatin condensation and DNA
fragmentation of HeLa nuclei exposed to mitochondrial
supernatants treated with atractyloside that induced mito-
chondrial permeability transition and cytochromec release.
The apoptosis-inhibitory effect of KCl was dose-dependent,
with an ED50 of ∼80 mM. Lowering K+ concentration it-
self was not sufficient to activate endonucleases; however,
it facilitated their activation by mitochondrial supernatants
(Dallaporta et al., 1998). Thus, it seems although cellular
K+ depletion is necessary and probably universal in apopto-
sis, in many cases separate apoptotic activating signals may
be needed and act together with low K+ to initiate the death
program.

3. Voltage-gated K+ channels and the pro-apoptotic
K+ efflux

3.1. Voltage-gated K+ channels provide a pathway for
pro-apoptotic K+ efflux

To understand the K+ mechanism underlying apoptosis,
it is necessary to delineate the machinery that carries out
the K+ outflow. To accomplish the cellular K+ loss, the
involved channels must be able to allow massive K+ efflux.
A good candidate of such channels is the voltage-gated out-
ward delayed rectifier orIK channel. TheIK channel belongs
to the voltage-gated K+ (Kv) channels and is a big fam-
ily consisting ofShaker, Shab, andShawchannels widely
expressed in many cells (Jan and Jan, 1997). IK channels
are opened in a voltage-dependent manner and conduct
the most K+ efflux due to their high K+ conductance and
non- or slow-inactivating behavior during membrane depo-
larization. Our group reported the first evidence revealing
a critical role of IK channels in the induction of neuronal
apoptosis. We demonstrated that serum deprivation- or
staurosporine-induced apoptosis of cortical neurons (death
in 24–48 h) was associated with an early enhancement (dur-
ing 3–12 h exposures) ofIK current and loss of cellular K+
(Yu et al., 1997). Attenuating the outward K+ current with
TEA or elevated extracellular K+ reduced apoptosis, even
if associated increases in [Ca2+]i were prevented (Yu et al.,
1997). A similar IK enhancement was verified with other
apoptotic insults such as the apoptotic messenger ceramide
and�-amyloid peptides (Yu et al., 1998, 1999b).

Subsequent studies support the role for Kv channels in
apoptosis (Table 2). For example, enhancement of outward
K+ currents may mediate UV light irradiation-induced
apoptosis in myeloblastic leukemia cells (Wang et al., 1999).
Presenilin-1 or -2 increased outward K+ current densities
in HEK-293 cells, suggesting a possible link between pre-
senilin, K+ channel, and cell death in Alzheimer’s disease
(Malin et al., 1998). The Alzheimer’s disease-associated
�-amyloid fragments also enhanced K+ conductance in
neurons and astrocytes (Furukawa et al., 1996; Colom
et al., 1998; Jalonen et al., 1997; Yu et al., 1998; but see
Ramsden et al., 2001for the K+ current enhancement
linked to physiological functions). Infectious bursal dis-
ease virus (IBDV), a member of the familyBirnaviridae,
induced apoptosis in chicken peripheral lymphocytes and
embryo fibroblasts. IBDV incubation of several hours elim-
inated the inactivation of an outward delayed rectifier K+
current and accelerated the opening phase of the current
(Repp et al., 1998). The changes lasted for many hours,
allowing a significant K+ efflux. TNF�-induced apoptosis
in rat liver cell line HTC cells was accompanied by two-
and five-fold increases in K+ and Cl− currents, respectively
(Nietsch et al., 2000). It was suggested that activation of
K+ and Cl− channels is an early response to TNF signal-
ing, participating in pathways leading to TNF-mediated
cell death. Consistently, stimulating K+ efflux by nigericin,
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Table 2
K+ channels and K+ permeable receptor channels indicated in apoptosis

Subtype of K+ channel Cell type Observation References

Outward delayed rectifier
(IK) or IK-like channels

Central neurons;
myeloblastic leukemia cells

Significant increases of K+ currents during
early stage of apoptosis

Yu et al., 1997, 1998,
1999b; Wang et al.,
1999; McLaughlin
et al., 2001

Kv1.1, Kv1.5, Kv2.1 Pulmonary artery
smooth muscle cells

Regulation bybcl-2 Ekhterae et al., 2001

Kv1.3 Porcine granulosa cells;
T-leukemic cells

Block of apoptosis by selective channel
blockers

Manikkam et al., 2002;
Bock et al., 2002

Kv2.1 Cortical neurons; CHO cell Expression of functional channels
increased vulnerability to apoptosis

Yu and Choi, 1999; Pal
et al., 2002

Kv3.3 Cerebellar Purkinje cells Expression of the Kv3.3b K+ channel
marked the terminal phase of Purkinje cell
differentiation and was evident in cells
prior to death

Norman et al., 1995

Inward rectifier ROMK1 (Kir1.1) Hippocampal neurons Expression of the channel induced apoptosisNadeau et al., 2000

Ca2+-activated maxi-K channel Human and rat vascular
smooth muscle cells

Carbonyl cyanide
p-trifluoromethoxyphenylhydrazone
(FCCP)-induced channel activation and
apoptosis; antagonism by TEA and
iberiotoxin

Krick et al., 2001

Ca2+-activated IKCa1 channel T lymphocyte Blocking the IKCa1 channel prevented cell
shrinkage, phosphatidylserine translocation
and cell death

Elliott and Higgins, 2003

ATP-sensitive K+ (KATP) channel Cardiac myocytes and
COS-1 cells

Irradiation increased KATP channel activity
resulted from increased maximal open
probability and decreased ATP inhibition

Fan and Neff, 2000

HERG K+ channel Tumor cells HERG channel conductance markedly
promoted H2O2-induced apoptosis

Wang et al., 2002

NMDA receptor channels Cortical neurons NMDA receptor-mediated K+ efflux,
cellular K+ depletion, and apoptosis

Yu et al., 1999a

AMAP/kainite receptor channels Cortical neurons AMPA/kainate receptor-mediated K+
efflux, cellular K+ depletion, caspase
activation, and apoptosis

Xiao et al., 2001

This list is based on published data; it is likely that more channels and transporters or subtypes of channels and their regulatory mechanisms will be
identified in future investigation.

valinomycin, or ouabain enhanced TNF-induced apoptosis
in human and rodent tumor cell lines (Penning et al., 2000).
Conversely, TNF� was protective against the secondary
death of retinal ganglion cells after axotomy of the optic
nerve in vivo as well as in vitro in a mixed retinal cultures
model. In accordance with the protection, TNF� showed
inhibitory action on the outward delayed rectifier-like K+
currents, while a K+ channel opener abolished the neuro-
protection (Diem et al., 2001). TNF� also increased the
A-type transient outward K+ current (IA) in cortical neu-
rons and reducedN-methyl-d-aspartate (NMDA) toxicity
(Houzen et al., 1997). This change in theIA channel may not
affect K+ homeostasis but presumably causes membrane
hyperpolarization responsible for the reduced excitotoxicity.

Additional compelling evidence linking Kv channels to
apoptosis came from a study in which the anti-apoptotic
genebcl-2 was overexpressed in pulmonary artery smooth

muscle cells (Ekhterae et al., 2001). Thebcl-2 overexpres-
sion attenuated staurosporine-induced K+ current increase
as well as apoptosis.bcl-2 decreased the amplitude and cur-
rent density of delayed rectifier K+ currents, accelerated
their inactivation, and downregulated the mRNA expression
of the pore-forming�-subunits of theIK family members
Kv1.1, Kv1.5 and Kv2.1. (Ekhterae et al., 2001).

Transfection and modification of K+ channel genes in
cells provide a way of selectively verifying the involve-
ment of a particular channel in apoptosis. Expression of the
Kv2.1 channel in HEK293 cells increased the vulnerability
of these cells to the apoptotic insult C2-ceramide (Yu and
Choi, 1999); Kv2.1 gene transfection in Chinese hamster
ovary cells enhanced vulnerability to apoptosis induced by
an NO donor 3-morpholinosydnonimine (Sin-1) or oxidative
stress (Pal et al., 2002). In the latter study, the Kv channels
involved in the apoptotic process seemed highly subtype
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specific; mutated A-type channel without fast inactivation,
which should make the channel behave like a delayed rec-
tifier, showed no pro-apoptotic property. The reason for
the subtype specificity is unclear and the impact of the K+
channel modulation on [K+]i was not verified. T-leukemic
cells genetically deficient for the K+ channel Kv1.3 were
resistant to DNA fragmentation, cytochromec release,
mitochondrial membrane potential change, and apoptotic
death initiated by the cytostatic drug actinomycin D, while
transfection of Kv1.3 restored the sensitivity of these cells
to actinomycin D (Bock et al., 2002). In cerebellar Purkinje
cells, lurcher gene-induced apoptosis occurred after expres-
sion of the Kv3.3 channel, implying a pro-apoptotic effect
for these K+ channels (Norman et al., 1995). Overexpres-
sion of the inward rectifier K+ channel ROMK1 (Kir 1.1)
in rat hippocampal neurons induced apoptosis in 48–72 h
(Nadeau et al., 2000). Elevating extracellular K+ from 5.4
to 15.4 mM blocked the apoptotic neuronal death. Interest-
ingly, manipulations of intracellular Ca2+ could not affect
the cell death (Nadeau et al., 2000).

The K+ channels capable of mediating the pro-apoptotic
K+ efflux are not limited to the delayed rectifierIK chan-
nels and, in some cases, the A-typeIA channels (Table 2).
The large-conductance, voltage- and Ca2+-sensitive K+
(maxi-K) channels, may mediate the pro-apoptotic K+
efflux in vascular smooth muscle cells. FCCP, which dissi-
pates the H+ gradient across the inner membrane of mito-
chondria, increased the maxi-K currents in these cells and
induced apoptosis; both of which were blocked by the K+
channel blockers TEA and iberiotoxin (Krick et al., 2001).
This mechanism may also mediate the apoptosis induced
by nitric oxide in these cells (Krick et al., 2002). A recent
study showed in T lymphocytes that the Ca2+-activated K+
channel IKCa1 mediated the apoptotic shrinkage and cell
death induced by the Ca2+ ionophore calcimycin. Blocking
the IKCa1 channel completely prevented cell shrinkage,
phosphatidylserine translocation and cell death (Elliott and
Higgins, 2003). Interestingly, the apoptosis tested in this
study was caspase-independent, suggesting that the K+
mechanism might regulate different forms of apoptosis.

Two-pore domain K+ channels may underlie the K+
efflux related to apoptotic shrinkage in mouse embryos
(Trimarchi et al., 2002). The apoptotic message ceramide
inhibited inwardly rectifying K+ currents in cultured
oligodendrocytes; ceramide reduced K+ influx at negative
membrane potentials (−50 mV or more negative) without
affecting K+ efflux at positive potentials (Hida et al., 1998),
an effect that may cause a pro-apoptotic decrease in [K+]i .

Conflicting data has been reported indicating that apop-
totic insults may inhibit K+ currents instead of enhancing
them. Synthetic N-terminus peptides of Reaper and Grim
pro-apoptotic proteins induced or accelerated inactivation of
K+ currents, and it was suggested that Reaper and Grim
might initiate apoptosis by blocking K+ channels (Avdonin
et al., 1998). Whether the changes in the channel inactivat-
ing kinetics affected [K+]i and directly related to apoptosis

was unclear. Reaper mutations, like F5A and Y6A exam-
ined in this study, had reduced killing ability while retaining
the ability to largely inactivate these K+ currents (Avdonin
et al., 1998).

3.2. Phosphorylation state and pro-apoptotic
modulation of K+ channels

As an important mechanism in cell survival and apop-
tosis, protein phosphorylation may play a principal role
in the pro-apoptotic regulation of K+ channels and K+
efflux. In cortical neurons, we have shown that tyrosine
phosphorylation mediated the modulation ofIK channels
during apoptosis; both theIK current enhancement and
apoptotic death were attenuated by the tyrosine kinase in-
hibitor herbimycin A or lavendustin A (Yu et al., 1999b).
In neuronal apoptosis induced by 2,2′-dithiodipyridine
(DTDP), a compound inducing intracellular zinc release, an
early and robust increase in TEA-sensitive K+ currents was
likely mediated by p38 phosphorylation (McLaughlin et al.,
2001). Interestingly,Holmes et al. (1997)observed that
expression of voltage-gated K+ channels in HEK 293 cells
decreased cellular protein tyrosine phosphorylation; valino-
mycin induced a similar effect. Considering that tyrosine
phosphorylation of certain cellular proteins is critical for
cell survival (Paulson and Bernstein, 1995; Fischer, 1999),
this result may imply that the reduced tyrosine phospho-
rylation may be a mechanism mediating the pro-apoptotic
effect of enhanced K+ efflux and cellular [K+]i depletion.
We have also shown recently that tyrosine phosphorylation
regulates the activity of Na+, K+-ATPase in cortical neu-
rons; an inhibition of tyrosine phosphorylation of the Na+
pump protein substantially suppresses the pump activity,
reduces [K+]i , and leads to neuronal apoptosis (Wang and
Yu, 2002; and seeSection 6for the relationship between
Na+, K+-ATPase and apoptosis).

In addition to tyrosine kinases, protein kinase C (PKC)
may mediate TNF-induced K+ current enhancement
(Nietsch et al., 2000). Fas-induced cell shrinkage of Jurkat
cells and cellular K+ loss were blocked by PKC stimu-
lation (Gomez-Angelats et al., 2000). Conversely, inhibi-
tion of PKC enhanced the anti-Fas-induced cell shrink-
age suggesting an underlying effect of PKC on cellular
K+ loss. PKC exerts an upstream signal in apoptosis and
controls the caspase-dependent proteolytic degradation
of PKC isotypes. On the other hand, the PKC activator
phorbol-12-myristate-13-acetate or bryostatin-1 prevents
the activation of caspase-3 and -8. The authors proposed
that PKC plays a primary role upstream of activation of
caspase-3 and -8 (Gomez-Angelats et al., 2000).

In some peripheral cells, activation of K+ channels may be
responsible for kinase stimulation in apoptosis. The strong
enhancement of K+ currents by UV light irradiation in
myeloblastic leukemia (ML-1) cells subsequently activated
the JNK/SAPK signaling pathway and resulted in apoptosis
(Wang et al., 1999). Suppression of the Kv channel activation
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with specific channel blockers prevented UV-induced apop-
tosis through the inhibition of SEK (SAPK kinase) and JNK
activation. Elimination of extracellular Ca2+ had no effect
on the UV-induced, K+ channel-mediated JNK/SAPK acti-
vation (Wang et al., 1999).

Collectively, these observations are consistent with the no-
tion that protein phosphorylation involving multiple kinases
plays critical roles in apoptotic cascades (Anderson, 1997).
They also imply a close association between phosphoryla-
tion states and the pro-apoptotic regulation of K+ transport
systems.

3.3. Attenuating K+ efflux and anti-apoptosis effects

Concordant with a key role of K+ channels in apoptosis,
K+ channel blockers are protective against several forms
of apoptosis in many cell types. In addition to the classi-
cal K+ channel blocker TEA or 4-AP, other K+ channel
blockers have been shown to be anti-apoptotic, including
the TEA analog tetrapentylammonium (TPeA) and tetra-
hexylammonium (THA) (Dallaporta et al., 1999; Wang
et al., 2000), clofilium (Yu et al., 1999b), quinine (Gantner
et al., 1995; Elliott and Higgins, 2003), bretylium tosylate
(Nagy et al., 1995), clotrimazole, and charybdotoxin (Pena
et al., 2002; Elliott and Higgins, 2003) (Table 3). The K+
channel blocker TPeA blocked all features of thymocyte
apoptosis induced by dexamethasone, etoposide, irradiation,
and ceramide. The addition of TPeA prevented cellular K+
loss, cell shrinkage, mitochondrial disruption, chromatin
condensation as well as caspase/endonuclease activation
(Dallaporta et al., 1999). The ability of K+ channel block-
ers in preventing apoptotic shrinkage was also shown in
neurons (Yu et al., 1997; Wang et al., 2000). A recent study

Table 3
K+ channel blockers with anti-apoptosis property

K+ channel blocker and concentration Cell type References

Barium (5 mM), TEA (15 mM),
glibenclamide (500�M)

Renal proximal tubules Reeves and Shah, 1994a

4-AP (1–3 mM) Human eosinophils Beauvais et al., 1995

Quinidine (10–100�M), sparteine (3–10 mM) Human eosinophils; liver cell line Beauvais et al., 1995; Gantner
et al., 1995; Nietsch et al., 2000

TEA (1–5 or 10–20 mM) and active
analogs (TPeA, THA, low�M)b

Central neurons, cholinergic septal cell lines Yu et al., 1997, 1998, 1999b; Colom
et al., 1998; McLaughlin et al., 2001

Clofilium (low �M) Cortical neurons, porcine granulosa cell Yu et al., 1999b; Manikkam
et al., 2002

Barium (0.1 mM), quinine (0.1 mM) Liver cell line (HTC) Nietsch et al., 2000

TEA (1 mM) and iberiotoxin (IBTX, 100 nM) Pulmonary vascular smooth muscle cells Krick et al., 2001

Quinine (0.5 mM), clotrimazole (10�M),
charybdotoxin (200 nM)

T lymphocytes Elliott and Higgins, 2003

4-AP and clofilium alone may induce apoptosis. The mechanism for their pro-apoptotic action is elusive. Recent evidence suggests that a potent inhibitory
effect of these compounds on Na+, K+-ATPase may be responsible for the induction of apoptosis (Xiao et al., 2002a; Yang et al., 2002a,b; Wang et al.,
2003a,b).

a The type of cell death was not defined in this study except that DNA damage was assessed.
b TPeA: tetrapentylammonium; THA: tetrahexylammonium.

showed that K+ channel blockers might protect hippocam-
pal neurons by reducing microglia-released diffusible mes-
sengers such as NO, TNF�, and ROS (Fordyce et al., 2002).
In this study, the microglia-released factors in the transwell
chambers treated with lipopolysaccharide induced neuronal
apoptosis. The co-application of 4-AP (5 mM), AgTx-2
(5 nM), or charybdotoxin (50 nM) in the microglia culture
attenuated pro-apoptotic factors and neuronal apoptosis.

In addition to K+ channel blockers, raising extracellu-
lar K+ typically improves the survival of cultured neurons
(Scott and Fisher, 1970; Bennett and White, 1979; Nishi and
Berg, 1981; Gallo et al., 1987; Collins et al., 1991) and at-
tenuates neuronal apoptosis induced by growth factor depri-
vation (Franklin and Johnson Jr., 1992; de Luca et al., 1996),
exposure to staurosporine (Yu et al., 1997) or 50% oxygen
(Enokido and Hatanaka, 1993). The anti-apoptotic effect of
high K+ medium was initially attributed to its ability to in-
crease Ca2+ influx, primarily through voltage-gated Ca2+
channels, thus raising [Ca2+]i towards a “set-point” optimal
for survival (Koike et al., 1989; Johnson Jr. et al., 1992). This
Ca2+ mechanism, however, was excluded from the neuronal
protection of high K+ medium in cortical neurons based on
the evidence that: (1) the effect of high K+ medium cannot
be eliminated by blocking voltage-gated Ca2+ channels and
the increases in [Ca2+]i (Yu et al., 1997, 1998, 1999b), and
(2) high K+ medium retains its effect in conditions where
basal levels of [Ca2+]i are already elevated by an apoptotic
insult such as NMDA (Yu et al., 1999a) or ouabain (Xiao
et al., 2002c). These data suggest that an attenuated K+ ef-
flux due to the diminished K+ gradient across the membrane
is most likely responsible for the anti-apoptotic effect of a
high K+ medium in these cells. Moreover, a recent paper
showed that the high K+ medium required for cerebellar
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granule cultures blocked the pro-apoptotic effect of cytosine
arabinose usually used in the culture procedures; without
cytosine arabinose, high K+ was not required for these cells
to survive (Daniels and Brown, 2002). Therefore, it is pos-
sible that some previous studies on granule cultures might
actually investigate the cytotoxicity of cytosine arabinose.

Conflicting with the data showing the anti-apoptotic ef-
fect of K+ channel blockers, a few reports have shown that
K+ channel blockers 4-AP and clofilium induce apoptosis in
malignant astrocytoma cell lines (Chin et al., 1997), human
promyelocytic leukemia (HL-60) cells (Choi et al., 1999),
human hepatoblastoma cells (Kim et al., 2000), and porcine
granulose cells (Manikkam et al., 2002). A recent study also
showed that K+ channel blockers, dequalinium, amiodarone,
and glibenclamide caused apoptosis in human prostate can-
cer cell lines through an undefined mechanism (Abdul and
Hoosein, 2002). Whether these toxic effects are due to block-
ing the K+ channels or a result from non-specific actions
of these compounds remains to be determined. Our recent
studies show that the cell death induced by 4-AP and clofil-
ium is likely a result from their potent inhibitory actions on
the Na+, K+-ATPase at similar concentrations that inhibit
K+ channels (Yang et al., 2002a,b; Xiao et al., 2002a; Wang
et al., 2003a,b).

4. Mitochondria and K+ regulation of apoptosis

4.1. Mitochondrial K+ homeostasis and apoptosis

The relationship between mitochondrial dysfunction and
apoptosis has been reviewed previously (Jacotot et al., 1999;
Crompton, 1999). In this review, the author evaluates a few
issues that have not been emphasized before.

Induction of apoptosis by valinomycin may not only in-
volve augmented K+ efflux into the extracellular space but
also be associated with the disruption of the K+ gradient
across the mitochondrial membrane. Since the outer surface
of valinomycin is hydrophobic, the molecule, which is sol-
uble in lipid bilayers, can diffuse across the membranes.
When added to intact cells, valinomycin can transport K+
ions both out across the plasma membrane and in across the
mitochondrial membrane, driven by the respective K+ gradi-
ents (Fig. 1). In fact, valinomycin is well known for causing
depolarization and the collapse of the inner mitochondrial
membrane potential (�Ψ ), an effect correlated to DNA frag-
mentation (Ojcius et al., 1991; Inai et al., 1997; Dallaporta
et al., 1998; Bortner and Cidlowski, 1999). Valinomycin de-
creases the�Ψ likely by collapsing the K+ gradient across
the mitochondrial inner membrane (Kovac et al., 1982; Inai
et al., 1997; Scorrano et al., 1997). Simultaneous measure-
ments of the mitochondrial and plasma membrane potentials
in several cultured cell lines showed that valinomycin in-
duced rapid (in minutes) depolarization of the mitochondria
and the cell, as a results from K+ fluxes into the mitochon-
dria and the extracellular space (Farkas et al., 1989).

A recent novel study further revealed a close relation-
ship between mitochondrial K+ homeostasis and apopto-
sis. Eliseev et al. (2003)showed in HL-60 cell lines that
the apoptotic insult etoposide induced an enhanced mito-
chondrial K+ uptake (e.g. influx via the mKATP channel)
preceding cytochromec release, an event associated with
a transient K+ accumulation and swelling of mitochondria.
Overexpression ofbcl-2 in HL-60 cells or adding recom-
binant bcl-2 protein to the isolated rat liver mitochondria
inhibited the K+ influx. Stimulating the K+ influx using
the KATP channel opener diazoxide either in HL-60 cells or
the isolated mitochondria resulted in cytochromec release
and caspase-3 activation, and all events were blocked by
the specific channel blocker 5-hydroxydecanoate as well as
by overexpression ofbcl-2. In searching for the protective
mechanism bybcl-2, the study showed thatbcl-2 increased
removal of K+ from mitochondria via the mitochondrial
K/H-exchanger. The N-terminal truncatedBid that had in-
creased ability to translocate into mitochondria drastically
increased the mitochondrial K+ uptake and cytochromec
release in abcl-2-sensitive manner. Thus, to a great ex-
tent bcl-2 andBid may regulate mitochondrial damage and
cytochromec release by controlling the mitochondrial K+
homeostasis (Eliseev et al., 2003).

4.2. Mitochondrial membrane depolarization and K+
permeable channels

Permeability transition (PT) is the opening of prota-
ceous pores in the inner mitochondrial membrane allowing
free distributions of solutes between matrix and cytosol
(Bernardi, 1999). Isolated mitochondria undergoing PT can
induce apoptotic events in nuclei in a cell free system, sug-
gesting that PT may be a critical event in activating late
stages of apoptosis (Marchetti et al., 1996). The �Ψ de-
crease induced by K+ flux into the matrix may be responsible
for PT (Bernardi et al., 1992). The increase in K+ permeabil-
ity of inner mitochondrial membrane may also be responsi-
ble for an increased permeability of mitochondria to protons,
leading to intracellular acidification (Balakirev and Zimmer,
1998; Furlong et al., 1998). Supporting a close relevance to
apoptosis, changes in the mitochondrial membrane poten-
tial, along with several other characteristics of apoptosis, ap-
pear to be restricted only to the shrunken population of cells
(Bortner and Cidlowski, 1999). The decrease in�Ψ has been
recognized during apoptosis in a number of cells triggered
by different insults (Furlong et al., 1998; Kroemer and Reed,
2000). Activation of caspase-3 occurs after depolarization of
the mitochondria (Inai et al., 1997), which is consistent with
the mitochondria related events of cytochromec release,
Apaf-1 release, and formation of apoptosomes, all occurring
before caspase-3 activation (Adams and Cory, 2002) (Fig. 2).

A recent study supported a role for a Ca2+-activated K+
channel in mitochondria membrane permeability increase
and neuronal death; blocking the mitochondrial channel with
charybdotoxin significantly delayed cell death in the absence
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of trophic support (Pena et al., 2002). A highly K+ per-
meable channel protein closed by ATP and glibenclamide
named mKATP channel was identified in the inner membrane
of the mitochondria of liver, heart, and recently in neurons
(Diwan et al., 1988; Inoue et al., 1991; Paucek et al., 1992;
Bajgar et al., 2001). The mKATP channel shows similar prop-
erties as the KATP channel in the plasma membrane. Acti-
vation of the mKATP channel leads to a flux of K+ from the
cytosol into the mitochondria, consequently causing depo-
larization of the�Ψ (Kowaltowski et al., 2001; Bajgar et al.,
2001), increase of matrix pH (Garlid and Paucek, 2001),
increase of the matrix volume (Garlid and Paucek, 2001;
Kowaltowski et al., 2001), decrease of the intermembrane
space (Kowaltowski et al., 2001), changes in permeability of
the voltage-dependent anion channel (VDAC) of the outer
mitochondrial membrane to nucleotides (Garlid and Paucek,
2001), and induction of ROS (Obata and Yamanaka, 2000;
Garlid and Paucek, 2001; Forbes et al., 2001). These events
are apparently insults to the cell and may serve as a mecha-
nism for the pre-conditioning effect of KATP channel open-
ers (seeSection 7.2andGarlid et al., 1996; Liu et al., 1999;
Ghosh et al., 2000; Dos Santos et al., 2002; Rajapakse et al.,
2002).

5. Ionotropic glutamate receptor channels and
pro-apoptotic K+ efflux

5.1. K+ permeability of ionotropic glutamate receptor
channels

l-Glutamate acts as a major excitatory neurotransmit-
ter in the CNS (Watkins and Evans, 1981; Mayer and
Westbrook, 1987a; Monaghan et al., 1989; Hollmann and
Heinemann, 1994). Over-activation of ionotropic glutamate
receptors (NMDA, AMPA/kainite receptors) may cause
neuronal death after brain injury, such as ischemia, head
trauma, epileptic seizures, as well as in neurodegenera-
tive diseases (Schwarcz and Meldrum, 1985; Rothman and
Olney, 1986; Choi, 1988b, 1992). Excessive Ca2+ and
Na+ influx has been linked to glutamate, NMDA, and
AMPA/kainate receptor-induced excitotoxicity in the CNS
(Choi, 1988a, 1992; Olney, 1990; Sattler and Tymianski,
2001). The cell death produced by glutamate and glutamate
analogs can produce either necrosis or apoptosis, in vitro
as well as in vivo (Ankarcrona et al., 1995; van Lookeren
Campagne et al., 1995; Du et al., 1996; Qin et al., 1996;
Kawasaki et al., 1997; Lesort et al., 1997; Portera-Cailliau
et al., 1997; Tenneti et al., 1998; Budd and Lipton, 1999;
Gary and Mattson, 2001), yet the mechanism of glutamate
receptor activation-induced apoptosis is not well defined.

In addition to Ca2+ and Na+, ionotropic glutamate recep-
tor channels are highly permeable to K+ (MacDermott et al.,
1986; Mayer and Westbrook, 1987b; Ascher and Nowak,
1988; Iino et al., 1990). In fact, l-glutamate-stimulated
K+ efflux was observed years before the identification of

the Na+ and Ca2+ permeabilities of glutamate receptors
(Eggleston and Krebs, 1950; Harvey, 1968; Anwyl, 1977;
Teichberg et al., 1981; MacDermott et al., 1986; Mayer and
Westbrook, 1987b; Ascher and Nowak, 1988). Eggleston
and Krebs (1950)were the first to report that after 1 h incu-
bationl-glutamate led to an increased extracellular content
of K+ in cerebral tissues in vitro. Later, it was confirmed
that addition ofl-glutamate or NMDA rapidly stimulated
cellular K+ loss, the extracellular K+ increased up to 60 mM
in just a few minutes (Harvey, 1968; Sonnhof et al., 1975;
Buhrle and Sonnhof, 1983). A number of studies showed
that NMDA receptors have at least an equal, if not higher,
permeability to K+ as to Na+ (Jan and Jan, 1976; Anwyl,
1977; Matthews and Wickelgren, 1979; Dekin, 1983; Mayer
and Westbrook, 1987a; Ascher et al., 1988; Ozawa et al.,
1988; Chang et al., 1994; Tsuzuki et al., 1994), though
their permeability to Ca2+ is several folds higher than to
Na+ or K+ (Mayer and Westbrook, 1987a; Ozawa et al.,
1988; Chang et al., 1994). Even though the glutamate re-
ceptor K+ permeability has been known for many years,
little attention has been given to the K+ movement. This
has been ignored to the extent that it is often forgotten that
the K+ efflux through glutamate/NMDA receptor channels
occurs concurrently with Ca2+ and Na+ influx at similar
membrane potentials. This simultaneous two-way traffic is
evidenced by the fact that NMDA currents normally have
a reversal potential of around 0 mV and supported from
calculatedI–V relations based on equilibrium potentials of
Ca2+, Na+, and K+ (Mayer and Westbrook, 1987a).

5.2. Ionotropic glutamate receptor channels-mediated
K+ efflux and apoptosis

We hypothesized a few years ago that under certain patho-
logical conditions where the glutamate receptor-mediated
K+ efflux and intracellular K+ depletion became prominent
then stimulation of these receptors would cause substantial
apoptosis in glutamate/NMDA excitotoxicity. To demon-
strate this possibility, we identified the NMDA outward
current mediated by K+ efflux at negative and positive
membrane potentials (Yu et al., 1999a). Cortical neurons
exposed to NMDA or endogenously released glutamate in
a medium containing reduced Na+ and Ca2+ (as found in
ischemic brain tissues) showed cell body shrinkage, loss of
about 50% of intracellular K+, and other apoptotic features
such as DNA laddering and sensitive to caspase inhibition.
Attenuating K+ efflux by increasing extracellular K+ at-
tenuated both the K+ loss and apoptosis (Yu et al., 1999a).
Similarly, stimulating the AMPA receptor in normal and the
low Ca2+/low Na+ medium, respectively, induced about
60 and 80% cellular K+ losses. In this study, cyclothiazide
was added to prevent desensitization of AMPA receptors.
As expected, the apoptotic component was more apparent
in the low Ca2+/low Na+ solution shown as caspase acti-
vation, cell body shrinkage, and attenuated cell death in the
presence of a caspase inhibitor or protein synthesis inhibitor
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(Xiao et al., 2001). The K+ depletion-induced apoptosis
was also observed with activation of kainate receptors (Xiao
et al., 2001). These investigations illustrate that the K+
permeability of ionotropic glutamate receptors may have
significant impacts on K+ homeostasis and induction of
apoptosis. Of note, even under the low Ca2+/low Na+ con-
dition apoptosis induced by NMDA or non-NMDA receptor
activation accounts for only part (∼20–50%) of excitotoxic-
ity (Yu et al., 1999a; Xiao et al., 2001), suggesting a mixed
form of cell injury (seeSection 6.2for further discussion).

5.3. High homology between ionotropic glutamate
receptor channels and voltage-gated K+ channels:
functional implications

Upon recognizing the putative important role of ionotropic
glutamate receptor-mediated K+ efflux in apoptosis, we
proposed that regulation of the K+ permeability of these
receptors deserved special attention (Yu and Ichinose, 1999;
Ichinose and Yu, 2000; Ichinose et al., 2003a,b). The con-
ventional idea believes that ion permeabilities of glutamate
receptors are uniformly regulated. This assumption has been
challenged by reports that the Ca2+ permeability can be indi-
vidually changed (Burnashev et al., 1992; Schneggenburger,
1998). An evidence making the glutamate receptor K+
permeability unique is the recent discovery of a striking
degree of amino acid homology between the pore-forming
regions of voltage-gated K+ channels and ionotropic gluta-
mate receptors (Wo and Oswald, 1995; Wood et al., 1995;
Tikhonov et al., 1999). A common C-terminal binding
motif of NMDA receptor NR2A, NR2B, andShakerK+
channels for PDZ domains of PSD-95/SAP90 family of
membrane-associated guanylate kinases suggests similari-
ties between the C-termini of NMDA receptor NR2 subunits
and K+ channels (Niethammer et al., 1996). The idea of
structural conservation between K+ channels and glutamate
receptor channels is strongly supported by the discovery of
the novel GluR0 receptor (Chen et al., 1999). GluR0, found
in prokaryotic cells, binds glutamate and forms K+-selective
channels; it is related in amino-acid sequence to both eu-
karyotic ionotropic glutamate receptor channels and K+
channels. It is proposed that GluR0 is the evolutionary pre-
cursor to eukaryotic ionotropic glutamate receptors, provid-
ing the missing link between K+ channels and ionotropic
glutamate receptors. The authors conclude that the M1,
P and M2 pore-forming regions in GluRs and K+ chan-
nels have very similar architecture, and these two channels
share some essential features in gating mechanisms (Chen
et al., 1999). The other ligand-gated channels, including the
acetylcholine, GABA, glycine, and serotonin 5HT3 recep-
tors, show much weaker homology with K+ channels (Wood
et al., 1995), suggesting the selectivity of this homology.

Although the K+ permeability of NMDA receptors has its
inherited root in voltage-gated K+ channels, there was lit-
tle understanding whether this homology may indicate func-
tional similarities. Our recent investigations reveal that the

K+ efflux mediated by NMDA receptors is likely under a
Ca2+-independent but voltage/activity-dependent regulation
different from the regulation of Ca2+ and Na+ influx (Yu
and Ichinose, 1999; Ichinose and Yu, 2000; Ichinose et al.,
2003a,b). Specifically, the NMDA receptor mediated out-
ward NMDA-K current is not subject to Ca2+-dependent
rundown, which is a well known event for the NMDA in-
ward current carried by Ca2+ and Na+ influx. Moreover,
pre-existing membrane depolarization and membrane ex-
citatory activities exhibit a selective up-regulation of the
NMDA-K current (Ichinose et al., 2003a,b). We propose
this selective regulation of the NMDA receptor permeabil-
ity may play a unique role in physiological and pathological
conditions and deserves further investigation.

6. Na+, K+-ATPase and apoptosis

6.1. Na+, K+-ATPase and K+ homeostasis

The Na+, K+-ATPase (Na+, K+ pump) plays a critical
role in maintaining ionic homeostasis as well as other cel-
lular functions, acting as the primary system to move extra-
cellular K+ back into cells and move intracellular Na+ out
into extracellular space against their respective concentra-
tion gradients across the membrane (Gloor, 1997; Schmidt
and Kjeldsen, 1997). Theoretically, K+ homeostasis will not
be disrupted as long as K+ efflux can be balanced by a suf-
ficient K+ uptake. Since the Na+, K+-ATPase is the only
major mechanism for K+ uptake, its activity is likely a de-
cisive factor in controlling K+ homeostasis and induction
of apoptosis. Based on this view, we argued recently that in
order for cells to lose a significant amount of intracellular
K+, in addition to the enhanced K+ efflux via K+ permeable
channels, cells undergoing apoptosis might concurrently suf-
fer from a dysfunction of the Na+, K+-ATPase. Supporting
this hypothesis, recent studies have suggested that although
some apoptotic processes such as formation of the apopto-
some depend on the presence of some minimal level of ATP,
mitochondrial metabolism and ATP level in apoptotic cells
are progressively and significantly lower than that in nor-
mal cells (Nord et al., 1997; Feldenberg et al., 1999; Latta
et al., 2000; Komatsu et al., 2000; Yang et al., 2002a,b). In
our investigation, we have directly demonstrated for the first
time that the Na+, K+-ATPase activity measured as a mem-
brane currentIpumpin cortical neurons was time-dependently
suppressed by apoptotic insults including serum depriva-
tion, staurosporine, and C2-ceramide, concomitant with de-
pletion of intracellular ATP and production of ROS. The
apoptosis-associated Na+, K+-ATPase failure and serum
deprivation-induced neuronal death were antagonized by
pyruvate and succinate in ATP- and ROS-dependent man-
ners (Wang et al., 2003a,b).

Failure of the Na+, K+-pump results in depletion of in-
tracellular K+, accumulation of intracellular Na+, and, con-
sequently, leads to membrane depolarization and increases
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in [Ca2+]i due to activation of voltage-gated Ca2+ chan-
nels and a reversed operation of the Na+–Ca2+ exchanger
(Archibald and White, 1974; Lijnen et al., 1986; DiPolo and
Beauge, 1991; Xiao et al., 2002c). Ouabain, the selective in-
hibitor of the Na+, K+ ATPase, may cause apoptosis in dif-
ferent cell types (Olej et al., 1998; Verheye-Dua and Bohm,
2000; Mann et al., 2001). The mechanisms underlying the
ouabain-induced apoptosis were elusive, although Ca2+
influx and K+ efflux have been proposed to mediate the
ouabain effect in human adenocarcinoma cells (McConkey
et al., 2000). We tested the hypothesis in cultured cortical
neurons that a K+ loss might be an essential contributor
to ouabain toxicity especially ouabain-induced apoptosis.
Ouabain (80–100�M) caused cell swelling in minutes as
previously reported (Strange, 1990; Jurkowitz-Alexander
et al., 1992). However, long-term observation revealed that
the cell swelling was followed by gradual cell shrinkage in
the next 24 h accompanied by 80% of intracellular K+ de-
pletion (Xiao et al., 2002c). It is necessary to note that such
a long time period for shrinkage could not be explained
by the mechanism of regulatory volume decrease (RVD),
which typically lasts for several minutes (Guizouarn et al.,
2000). Ouabain-induced cell death is partially prevented
by blocking caspases, implying an apoptotic component in
ouabain toxicity. Moreover, the K+ channel blocker TEA
attenuated ouabain-induced cellular K+ loss, cell shrinkage,
and apoptotic death, confirming that K+ left the cell via K+
channels and K+ loss played a key role in ouabain-induced
apoptosis (Xiao et al., 2002c).

We showed recently that even a slight impairment of the
pump activity could synergistically aggravate ceramide- and
�-amyloid-induced apoptosis in cortical neurons (Xiao et al.,
2002b). A low concentration of ouabain (0.1�M), which
marginally inhibited the pump current and showed no tox-
icity, triggered marked cellular K+ depletion, caspase ac-
tivation, DNA laddering, and apoptotic death when it was
combined with sub-lethal C2-ceramide and�-amyloid 1–42
(Xiao et al., 2002b). This observation may be clinically im-
portant under conditions where slight dysfunction of the
Na+, K+-ATPase and a sub-lethal apoptotic insult could take
place concurrently.

6.2. Na+, K+-ATPase and hybrid cell death

As mentioned above, blocking the Na+, K+-ATPase not
only reduces intracellular K+ but also increases intracellu-
lar Ca2+; the latter event is believed a trigger for excito-
toxicity of necrotic cell death (Choi, 1988a). Interestingly,
under the condition of severe block of the Na+, K+-ATPase
by 80–100�M ouabain, we identified that both necrotic and
apoptotic features coexist in individual neurons, in agree-
ment with the concomitant Ca2+ accumulation and K+ de-
pletion in these cells (Xiao et al., 2002c). This mixed cell
death is identified as a distinct form of ‘hybrid death’ to dis-
tinguish it from ‘pure’ necrosis and ‘pure’ apoptosis. The
hybrid cell death possesses characteristics of apoptosis such

as caspase activation, DNA fragmentation, and morphologi-
cal changes of shrunken nuclei and chromatin condensation;
meanwhile, necrotic changes are apparent in the same cells
including deteriorated membranes and chaotic disruption of
the cytoplasm and cellular organelles (Xiao et al., 2002c).
These findings may have significant clinical relevance as en-
dogenous ouabain-like substances or hypothalamic digoxin
increase in a number of disease states leading to inhibition
of Na+, K+-ATPase (Kumar and Kurup, 2002). This view
is supported by increasing reports showing mixed forms of
cell death in pathological conditions (Portera-Cailliau et al.,
1997; Warny and Kelly, 1999; Takashi and Ashraf, 2000;
Nakajima et al., 2000), dictating reassessment of ‘mixed cell
death’ as a heterogeneous entity combining both active and
passive cell death (Hirsch et al., 1997; Kim et al., 1999; Yu
et al., 1999a; Xiao et al., 2002c) and in line with an in vivo
“apoptosis–necrosis continuum” in excitotoxically lesioned
rat brain (Portera-Cailliau et al., 1997).

7. Clinical implication of the K+ regulation
of apoptosis

7.1. Modulators of K+ homeostasis as potential
therapeutic drugs

Potassium channel blockers have been proposed as a
therapeutic strategy in patients with Alzheimer’s disease
and brought into clinical trials (Wesseling et al., 1984;
Lavretsky and Jarvik, 1992), because of the potential of
improving acetylcholine release. K+ channel blockers have
also been used in treatment of cardiovascular diseases
such as arrhythmia (Duff et al., 1991). Some K+ channel
blockers like 4-AP have been investigated as beneficial
symptomatic treatments for a variety of neurological con-
ditions of demyelination diseases including multiple scle-
rosis, myasthenia gravis, and spinal cord injury (Murray
and Newsom-Davis, 1981; Jones et al., 1983; Targ and
Kocsis, 1985; van Diemen et al., 1992; Blight et al., 1991;
Hayes et al., 1993; Hansebout et al., 1993; Waxman, 1993;
Segal and Brunnemann, 1997; Potter et al., 1998; Halter
et al., 2000). Clofilium, the potent class III anti-arrhythmic
drug, has been used in animals and humans for the treat-
ment of ventricular tachycardia (Greene et al., 1983; Platia
and Reid, 1984; Kopia et al., 1985) and atrial fibrillation
(Borzak et al., 1997).

The K+ mechanism underlying apoptosis and the
anti-apoptotic effects of K+ channel blockers provide new
therapeutic approaches to apoptosis-related disorders. TEA
and clofilium showed the protective effect of reducing in-
farct volume after global and focal brain ischemia in animal
models (Choi et al., 1998; Huang et al., 2001; Wei et al.,
2003), which is consistent with the observation that hy-
poxia/anoxia or ischemia/reperfusion may activate various
K+ currents in central neurons (Cowan and Martin, 1992;
Jiang and Haddad, 1993; Haddad, 1997; Guatteo et al.,
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1998; Mironov and Richter, 2000; Xuan and Xu, 2000).
K+ channel activation and the protective effects of TEA
and glibenclamide were also observed after a hypoxic in-
sult to renal proximal tubules (Reeves and Shah, 1994). K+
channel alterations may be associated with the membrane
depolarization in cells from scrapie-infected mice, and this
depolarization can be prevented by TEA, providing evi-
dence that the scrapie-related membrane depolarization and
some pathological changes may result from activation of
K+ channels and loss of intracellular K+. It is possible that
altered K+ channels might be a pathological mechanism
triggering neurodegenerations in scrapie-related diseases
and that these channels might be targeted as a therapeutic
approach (Johnston et al., 1998).

Because blocking K+ channels induces membrane de-
polarization and increases in [Ca2+]i , confounding side
effects of excitotoxicity have been a major consideration
for clinical uses of these drugs. Being that relatively lower
concentrations of K+ channel blockers (∼30% channel
block) are needed to prevent the pro-apoptotic excessive
K+ efflux, the influence on the normal activity of K+
channels and side effects at therapeutic dosages could be
minimum (Choi et al., 1998; Wei et al., 2003). In fact,
the toxic action of K+ channel blockers may often come
from their non-specific actions on other channels or trans-
porters, particularly the Na+, K+-ATPase. For example,
TEA may voltage-dependently block the Na+, K+-ATPase
by a direct interference with the extracellular K+ binding
site of the pump protein (Eckstein-Ludwig et al., 1998).
Among K+ channel blockers, 4-AP is well known for
its high neurotoxicity at relatively low concentrations. At
similar concentrations, we recently demonstrated a po-
tent inhibitory effect of 4-AP on Na+, K+-ATPase (Xiao
et al., 2002a). These observations call for the development
of more selective K+ channel blockers with the potential
of improving anti-apoptosis efficacy while reducing side
effects.

An alternative anti-apoptotic approach is to enhance K+
uptake. Our recent data show that pyruvate and succinate
attenuate apoptosis by preserving the Na+, K+-ATPase ac-
tivity (Xiao et al., 2002c). A number of means can positively
regulate the Na+, K+-pump activity, including increased
energy supply, phosphorylation, anti-oxidative agents, and
drugs/hormones that augment the pump activity (Clausen,
1996; Cornelius et al., 2001; Lopina, 2001; Pedemont and
Bertorello, 2001). Application of these and other maneuvers
for improving the Na+, K+-pump function and attenuating
apoptosis may prove to be an effective antagonism against
apoptosis.

Since ionotropic glutamate receptors may contribute to
pro-apoptotic K+ efflux, means of reducing activation of
these receptors or that of selectively preventing the K+ efflux
should attenuate apoptosis. Based on the recognition that
the hybrid cell death may occur in pathological conditions
in vivo, a combination of therapeutic approaches appears
necessary to target both necrosis and apoptosis. In this case,

preventing intracellular K+ depletion may be considered an
essential complementary means of treatment.

7.2. K+ channel openers and blockers:
mechanism of protection

In the last few years, a class of drugs with the property of
opening the KATP channels in the plasma membrane or mito-
chondrial membrane has been shown to be protective against
ischemic injury in the heart (Kitamura and Kamouchi, 1993;
Edwards and Weston, 1995; Liu et al., 1998; Gross and
Fryer, 1999; Grover and Garlid, 2000; Akao et al., 2001; Dos
Santos et al., 2002) as well as brain (Murphy and Greenfield,
1991; Rajapakse et al., 2002). Similarly, opening of the
Ca2+-sensitive maxi-K channel was proposed as a therapeu-
tic treatment of ischemic stroke (Gribkoff et al., 2001), al-
though clinical trials were disappointing (Goldberg, 2002).
K+ channel openers can hyperpolarize the membrane as long
as K+ homeostasis remains relatively normal. With a hy-
perpolarized membrane potential, voltage-dependent Ca2+
and Na+ influx will be eliminated or attenuated and thus
prevent ischemia-induced necrotic cell death in the heart
(Grover, 1997; Garlid and Paucek, 2001) or brain (Abele
and Miller, 1990; Fujita et al., 1997; Takaba et al., 1997). In
addition, the KATP channel opener cromakalim attenuated
glutamate-induced apoptosis in hippocampal neurons. The
effect was linked to an inhibition of the delayed increase in
[Ca2+]i (Lauritzen et al., 1997).

The mechanisms by which K+ channel openers reduce
cell death, however, are debatable. K+ channel openers
such as pinacidil may interfere with Ca2+ mobilization
from intracellular stores (Itoh et al., 1992). These open-
ers including diazoxide, levocromakalim, and pinacidil
may also act as antioxidants; they were effective in pro-
tecting neurons against oxidative insults in the presence
of the K+ channel blockers glibenclimide and 4-AP in-
dicating that their protective mechanism involved actions
in addition to activation of K+ channels (Goodman and
Mattson, 1996). The involvement of KATP channels in the
observed effects has been questioned based on the fol-
lowing arguments: (1) the concentrations for cromakalim
and other K+ channel openers to cause the effect (e.g. va-
sodilation or neuroprotection) can be many times lower or
higher than that required to open the K+ channel (Quast,
1993; Goodman and Mattson, 1996), and (2) the observed
protective effects of KATP channel openers may not be
antagonized by a channel blocker selectively targeting the
KATP channel (Quast, 1993; Goodman and Mattson, 1996).
A pre-treatment of these KATP channel openers is usually
required for the protective effect, suggesting that they likely
trigger a pre-conditioning mechanism (Mizumura et al.,
1995; Menasche et al., 1995). In other words, the K+ chan-
nel openers themselves may generate an insult, which is
consistent with the K+ mechanism underlying apoptosis.
Promoting K+ efflux via the plasmalemmal KATP channel
and various consequences in the mitochondria following
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opening the mKATP channel may serve as mediators of
the pre-conditioning effect (seeSection 4.2for effects on
mitochondrial functions). This opinion is supported by a re-
cent report that diazoxide pre-treatment induced a transient
and mild depolarization of the mitochondrial membrane
potential (Ichinose et al., 2003a,b). K+ channel openers
may therefore protect cells via a pre-conditioning effect or
hyperpolarizing the membrane provided K+ homeostasis
has not been significantly altered. In the event that [K+]i
has already been decreased, opening K+ channels will
only further depolarize the membrane due to the positively
shifted K+ equilibrium potential and additional K+ efflux.
Other mechanisms not associated with a pre-conditioning
effect and membrane hyperpolarization may be possible
but remain to be specifically substantiated. Interestingly,
in a coronary occlusion–reperfusion animal model, both
opening and blocking KATP channels increased survival rate
(Baczko et al., 1997), thus K+ channel modulators may be
beneficial via different or even opposing mechanisms.

7.3. The K+ mechanism underlying apoptosis and
potential cancer therapy

In addition to anti-apoptotic applications, the understand-
ing of the role of K+ in apoptosis may add new strategies
for the treatment of cancer and other diseases. K+ channels
play critical roles in cell proliferation including cancer cells
(Schell et al., 1987; Knutson et al., 1997; Gallagher et al.,
1996; Wang et al., 1997; Rouzaire-Dubois and Dubois,
1998). The human ether-a-go-go related gene (HERG) en-
codes a K+ channel that facilitates tumor cell proliferation
and markedly promotes H2O2-induced apoptosis of various
tumor cells (Wang et al., 2002). Recent evidence has shown
that stimulating K+ efflux by the K+ channel modulatory
protein KchAP/PIAS3� induces or enhances apoptosis in
cancer cells (Wible et al., 2002). Supporting that K+ chan-
nels and K+ efflux may regulate carcinogenesis,Coma et al.
(2003)showed that Kv channel expression was impaired in
the brain of tumor-bearing animals. Expression of both de-
layed rectifier (Kv1.1, Kv1.2, Kv1.3, Kv1.5, Kv1.6, Kv2.1,
Kv3.1, Kv4.2) and A-type K+ channels (Kv1.4, Kv3.3,
Kv3.4) was greatly down-regulated in the brain from ani-
mals bearing a Yoshida AH-130 ascites hepatoma. Further
study will be interesting and necessary to evaluate the im-
paired K+ channel expression and K+ channel function in
other cancer cells. Tested in the pulmonary mesothelioma
cell line (P31), caspase activation and apoptosis induced
by the anti-cancer drugs cisplatin or carboplatin was en-
hanced by stimulating K+ efflux using the K+ ionophore
amphotericin B and/or the Na+, K+, 2Cl− cotransporter
blocker bumetanide. It was suggested that drugs stimulating
K+ efflux might be considered alone or in combination for
their potential clinical use in influencing tumor cell apopto-
sis induced by cancer chemotherapeutics (Marklund et al.,
2001b). Using the K+ analogue86Rb+ as the probe for K+
fluxes, these authors confirmed that amphotericin B and

bumetanide indeed stimulated K+ efflux and/or prevented
K+ influx (Marklund et al., 2001a).

8. Final remarks

In addition to the genetic regulation of apoptosis, in-
creasing evidence now endorses the idea of a K+ based
ionic mechanism for apoptosis. The study of the K+ mech-
anism for apoptosis provides an exciting opportunity for a
more complete understanding of the cellular program for
death and survival. Although substantial evidence has been
accumulated, a number of important issues call for further
investigations.

(1) What are possible interactions between K+ and other
ions in the apoptotic process? Ca2+ is likely a regu-
lator in the apoptotic process involving protease activ-
ity, DNA fragmentation, mitochondrial damage, as well
as other Ca2+-dependent events critical for cell death.
Whether K+ and Ca2+ may mutually interact in these
events is unclear. Other divalent cations such as Zn2+
and Mg2+ may also contribute to regulation of apop-
tosis (Sunderman Jr., 1995; Patel et al., 1994; Yoshida
et al., 1998; Chien et al., 1999; Pereira et al., 2002).
In addition to cations, Cl− movement is closely as-
sociated with K+ movement during apoptosis (Maeno
et al., 2000), the exact relationship between K+ and
Cl− homeostasis is not well defined. Moreover, in some
cells such as N1E neuroblastoma cells Cl− movement
may play a more important role in apoptosis (O’Reilly
et al., 2002) and deserves further investigation.

(2) Are there cell specificities for the ionic mechanism
of apoptosis? For example, apoptosis in the cerebellar
granule cells or sympathetic ganglion neurons appears
primarily under the influence of Ca2+ (Koike et al.,
1989; Johnson Jr. et al., 1992), but less affected by the
K+ mechanism (Xia et al., 2002).

(3) Astrocytes and oligodendrocytes play important roles
in K+ homeostasis (Hertz, 1992; Dobretsov and
Stimers, 1996; Chvatal et al., 1999); it is still unex-
plored how these non-neuronal cells may participate
in the K+ regulation of neuronal apoptosis. For ex-
ample, the Na+, K+-ATPase and other transporters
in non-neuronal cells have significant impacts on K+
and Na+ homeostasis (Dobretsov and Stimers, 1996;
Rose and Ransom, 1996) and may thereafter influence
apoptosis and neuron survival.

(4) What are the signal transduction systems that mediate
the pro-apoptotic modulation of K+ channels? The
tyrosine kinase family is likely involved in theIK chan-
nel modulation; specific kinases and other mediators
remain to be identified.

(5) Are there any other apoptotic-related proteins con-
trolled or regulated by intracellular K+? Besides cas-
pases and endonucleases, K+ may influence activities
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of other enzymes, intracellular signals, and even pro-
tein synthesis (Ledbetter and Lubin, 1977; Cahn and
Lubin, 1978). Information about the relationship of
these effects to apoptosis is so far not available.

(6) How may apoptotic genes such as those in thebcl-2
family affect or can be affected by K+ homeostasis?
The excellent study byEliseev et al. (2003)has ad-
dressed this issue showing the counter-regulation of
mitochondrial K+ transport bybcl-2 and Bid. Addi-
tionally, bcl-2 genes form channels that are highly per-
meable to K+ and other ions (Muchmore et al., 1996;
Minn et al., 1997; Antonsson et al., 1997; Schlesinger
et al., 1997), but the significance of the K+ permeabil-
ity is obscure.

(7) It is known that K+ flux can affect the mitochondrial
membrane potential and mitochondrial volume, yet the
subcellular mechanism is still ambiguous. For instance,
what is the exact relationship between K+ homeostasis,
mitochondrial function, and cytochromec release?

(8) K+ channel family is composed of a large number of
subtypes of K+ channels; the type of K+ channels con-
tributing to the pro-apoptotic K+ efflux may differ in
different cells. Whether specific K+ channel expression
and gene mutation may affect induction of apoptosis
and pathogenesis remains to be further clarified.

(9) Selective K+ channel blockers are critical tools in future
investigations on the K+ regulation of apoptosis and
for pre-clinical studies. Available K+ channel block-
ers often have non-specific actions on other channels
and/or transporters especially the Na+, K+-ATPase,
which likely cause or exaggerate undesirable conse-
quences. Depending on the identification of involved
K+ channels in diseases, K+ channel blockers with
higher selectivity may provide a means of treatment
with fewer side effects.

(10) Techniques for accurate measurements of intracellular
K+ concentrations need to be developed in order to
delineate some key parameters such as the threshold
level of intracellular K+ for triggering apoptotic cas-
cade. In this respect, more specific K+ fluorescent dyes
will greatly facilitate the research on the relationship
between K+ homeostasis and apoptosis.

(11) In oocytes and granulosa cells, K+-independent nucle-
ases may exist (Perez et al., 2000), and it will be im-
portant to identify and characterize K+-dependent and
–independent apoptotic events in future investigations.

(12) In addition to K+ channels, ionotropic glutamate recep-
tors, and the Na+, K+-ATPase, how may other mem-
brane channels and transporters directly or indirectly
influence K+ homeostasis and apoptosis? Other pos-
sible players may include voltage-gated Na+ chan-
nels, Ca2+ channels, and ligand-, voltage-gated Cl−
channels.

(13) The ionic mechanism underlying apoptosis may not be
specific to K+; in the studies on lymphocytes, mono-
valent cations such as Na+, Cs+, Li+, Cd+ and anion

Cl− all were effective in blocking DNA degradation,
suggesting that the ionic strength might be relevant to
the DNA damage (Hughes Jr. et al., 1997). Whether
this is true for other apoptotic events in other cell types
remains to be tested.

We are at the early stage of understanding the relationship
between K+ homeostasis and apoptosis. It can be predicted
that continuous investigations in this exciting area will help
us to decode more information in the cell death program and
may delineate possible implications and therapeutic treat-
ments in clinical settings.
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