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Commentaries

Inhibit GSK-3p or there’s heartbreak dead ahead

Elizabeth Murphy

Laboratory of Signal Transduction, National Institute of Environmental Health Sciences, National Institutes of Health,
Department of Health and Human Services, Research Triangle Park, North Carolina, USA.

Numerous signaling pathways have been shown to mediate cardioprotec-
tion, but the end effectors that mediate protection are only beginning to
be elucidated. Numerous cardioprotective drugs are shown to converge on
glycogen synthase kinase-35 (GSK-3[3) (see the related article beginning on
page 1535). The phosphorylation and inhibition of GSK-3f lead to inhibi-
tion or delayed activation of the mitochondrial permeability transition, a

key regulator of apoptosis.

The ability to treat patients with a drug
to reduce cell damage or death following
ischemia/reperfusion or myocardial infarc-
tion has been an elusive goal. A number of
drugs that have been shown to be protec-
tive in animal models have failed to provide
protection in clinical trials. A major reason
for the lack of success is that most cardio-
protective drugs need to be present prior to
ischemia to afford measurable protection.
Unfortunately, patients do not arrive at an
emergency room prior to a heart attack. In
recent years, with improved understand-
ing of cardioprotection and mechanisms
regulating cell death and apoptosis, there
have been several exciting and promising
studies showing that activation of sig-
naling pathways that involve mitochon-
dria-regulated cell death pathways at the
start of reperfusion can reduce ischemia/
reperfusion-related death (1, 2). An
improved understanding of cardioprotec-
tive mechanisms has allowed intervention
downstream in the pathway where drugs
will have fewer nonspecific side effects and
are more targeted to the end effectors of
the cell death pathway. Our understand-
ing of cardioprotection has been enhanced
by studies of preconditioning (PC), the
phenomenon in which brief intermittent
periods of ischemia protect against a sub-
sequent prolonged period of ischemia.
PC has been consistently shown to reduce
cell death (infarct size) in every species
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mitochondrial ATP-dependent K* [channel] (mitoKarp);
mitochondrial permeability transition (MPT); Na*-H*
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examined. Studies have documented a
number of signaling pathways involved in
cardioprotection, but many important
questions remain unanswered. Although
many kinase pathways have been shown
to be necessary for protection, the targets
by which these signaling pathways reduce
cell death, and which pathways can be tar-
geted upon reperfusion, are poorly under-
stood (1). Recent studies have suggested
that mitochondrial channels and proteins,
which regulate apoptosis, are key targets
of cardioprotective signaling pathways (1,
3-8). If significant apoptosis occurs dur-
ing reperfusion (reviewed in ref. 2), then
these mitochondrial death pathways are
an attractive target.

Signaling pathways that mediate
cardioprotection

The mitochondrial ATP-dependent K*
(mitoKarp) channel has been proposed as
an end target of PC signaling pathways,
although some recent studies suggest that
the mitoKarp channel can also initiate
protective signaling pathways. The pre-
cise mechanism by which activation of the
mitoKarp channel results in attenuation
of cell death is not clear, but there are data
suggesting that its activation can reduce
apoptosis (3, 6). There are also data sug-
gesting that PC may involve inhibition of
the mitochondrial permeability transition
(MPT) (4, 5). Additionally, recent data show
that PC can lead to targeting of PKC and
MAPKs to the mitochondria, where they
appear to associate with proteins reported
to be part of the MPT (adenine nucleotide
translocator [ANT] and voltage-dependent
anion channel [VDAC]) (7, 8). One of the
major unresolved issues in cardioprotec-
tion is how the kinase signaling cascades
interact with mitochondrial components
of apoptosis and cell death. Do multiple
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kinases act on multiple targets, or do the
kinases form a linear cascade that converges
on a few kinases and targets? New data on
this important question are provided by an
article in this issue of the JCI (9). Juhaszova
and colleagues show that PC and many
other cardioprotective agents result in
phosphorylation of mitochondrial glyco-
gen synthase kinase-3f3 (GSK-3f3). GSK-3f3
is also shown to cosegregate with VDAC
and ANT, components of the MPT.

Juhaszova et al. (9) have performed a
comprehensive study of cardioprotective
agents and divided them into those with
memory (those that still provided protec-
tion an hour after addition) and those
without memory. They present data sug-
gesting that cardioprotective drugs with
memory cause mitochondrial swelling
while those without memory do not. They
hypothesize that memory is due to a swell-
ing-induced increase in electron transport
leading to increased reactive oxygen species
(ROS), which in turn activates PKC, which
phosphorylates GSK-3f and leads to pro-
tection. Cardioprotection without mem-
ory is due to direct activation of kinases.
Memory is conferred because of a feed-for-
ward mechanism in which mitochondrial
swelling leads to activation of PKC, which
results in further activation of the mito-
Karp channel and continued mitochondrial
swelling. It is not clear how this feed-for-
ward mechanism is turned off, and it is also
not clear why activation of PKC by agents
that do not confer memory does not initi-
ate such a feed-forward cascade. In fact the
distinction between agents with memory
and those without memory can differ in
different models.

Cardioprotective signaling pathways
converge on GSK-3p

One of the key findings of the paper is
that both classes of cardioprotective
drugs ultimately mediate protection by
phosphorylation of GSK-3p (9). Previous
studies have suggested that PC results in
phosphorylation and inhibition of GSK-3f
(10), and that drugs that inhibit GSK-3[ are
cardioprotective (10, 11). As shown in Fig-
ure 1, GSK-3p is regulated by a number of
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signaling pathways (see ref. 12). Data pre-
sented by Juhaszova et al. suggest a central
role for GSK-3f in the signaling pathways
of a wide variety of cardioprotective drugs
(9). The data show that insulin, diazoxide,
and the Na*-H* exchange (NHE) inhibi-
tor HOE694 all increase phosphorylation
of GSK-3f. Additional elegant studies are
provided showing that mice that possess
a constitutively active mutant form of
GSK-3, in which serine 9 is replaced by
alanine, do not exhibit cardioprotection
when treated with PC, diazoxide, NHE inhib-
itors, insulin, or GSK inhibitors. Whereas
either PC or these drugs all increase the
time to laser-induced mitochondrial
depolarization in myocytes from wild-type
hearts, these drugs did not show this pro-
tection in myocytes from hearts with con-
stitutively active mutant GSK-3f. It may
appear surprising that the GSK-3f inhibi-
tor Li* is not protective in myocytes with
constitutively activated GSK-3p, since one
would expect that Li* would still inhibit
GSK-3, even if inhibition can no longer be
achieved by phosphorylation. However, it
has been reported that Li* can inhibit GSK
activity directly as well as by inhibiting
phosphorylation, and the relative impor-
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tance of these modes of inhibition is not
clear (13). In further support of a role for
GSK-3p in cardioprotection, studies were
performed in which GSK-3f was decreased
using short interfering RNA targeted
against GSK-3f. Reduction of GSK-3f3 lev-
els would be expected to be protective, since
inhibition of GSK-3 with phosphorylation
is protective. Reduction of GSK-3p by
75% resulted in protection similar to that
observed with insulin. Based on the obser-
vation that inhibition of GSK-38, as occurs
with phosphorylation of GSK-3f, delays
the time to laser-induced depolarization,
it is suggested that GSK-3f regulates the
MPT. In agreement with Juhaszova et al.
(9), another recent study using a similar
model of laser-induced ROS-mediated
opening of the MPT showed that a variety
of cardioprotective drugs such as diazoxide,
nicorandil, and cyclosporin increase the
time between ischemic insult and ROS-
induced loss of mitochondrial membrane
potential (14).

Unresolved issues

The mechanism responsible for targeting
proteins to the proper cellular location
is an emerging unresolved issue. How is
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Figure 1

GSK-3p is phosphorylated and inhibited by a
number of kinases. In the absence of upstream
kinases, unphosphorylated GSK-3f is active,
and it phosphorylates and inactivates down-
stream targets such as glycogen synthase
to modulate metabolism or phosphorylates
transcription factors and targets them for
degradation. Juhaszova et al. (9) suggest
that phosphorylation and inactivation of
GSK-3p also reduce activity of the MPT.
Most GSK-3p substrates are phosphorylated
by another kinase prior to phosphorylation
by GSK-3p (12). GS, glycogen synthase;
p70s¢k p70 ribosomal S6 kinase; RSK, p90
ribosomal S6 kinase; ILK, integrin-linked
kinase; WNT, homologues of Wingless; P,
phosphorylation.

GSK-3f targeted to the mitochondria?
It is suggested that the mitoKarp chan-
nel might serve as a scaffolding protein
or receptor for PKC, but it is unclear how
GSK-3f is targeted to the mitochondria.
It is important to determine which PKC
isoform is involved in phosphorylating
GSK-3, since different PKC isoforms have
been shown to have opposing effects on
cardioprotection. Inhibition of PKCJ at
the start of reperfusion is protective (15).
Since multiple kinases can phosphorylate
GSK-3f, why does inhibition of a single
kinase (such as PKC or MAPK) inhibit
protection? The hypothesis that most car-
dioprotective agents converge on GSK-3f3
would suggest that phosphorylation of
GSK-3 is sufficient to inhibit the MPT
and provide protection. It will also be
important to define the precise target
of GSK-3f. Data are presented showing
that GSK-3f cosegregates with VDAC
and ANT, but, given the abundance of
these proteins in the mitochondria, this
may not be surprising (9). Based on data
showing that phosphorylation of GSK-3f
increases the time between laser-induced
generation of ROS and depolarization of
mitochondria, Juhaszova et al. conclude

June 2004 1527



commentaries

that GSK-3p regulates the MPT (9). The
MPT is poorly understood, and the pre-
cise molecular composition of the MPT
needs to be defined (16). Advancement
in cardioprotection and apoptosis will
require a better understanding of the
composition and regulation of the MPT
and its role in apoptosis. Perhaps the most
important issue is whether inhibition of
GSK-3p is protective if it is initiated upon
reperfusion. Inhibition of several kinases
upon reperfusion has been reported to
block protection afforded by insulin
or other protective drugs administered
upon reperfusion. Since these kinases
phosphorylate GSK-3p, it is plausible that
GSK-3f is a target during reperfusion.
Consistent with this, a recent study by
Gross et al. (11) showed that addition of
GSK-3f inhibitors 5 minutes before the
start of reperfusion resulted in a signifi-
cant reduction in infarct size.
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A fork in the road of cell differentiation
in the kidney tubule

Qais Al-Awqati' and George J. Schwartz2

Departments of Medicine and of Physiology and Cellular Biophysics, College of Physicians and Surgeons, Columbia University, New York, New York, USA.
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The collecting ducts of the kidney are composed of intercalated cells
(responsible for acid/base transport), principal cells (mediating salt and
water absorption), and inner medullary cells, which mediate all three types
of transport. Forkhead box (Fox) genes are a large family of transcription
factors that are important in cell-type specification during organogenesis. In
this issue, Blomqvist et al. find that mice lacking Foxil have no intercalated
cells in the kidney (see the related article beginning on page 1560). The col-
lecting ducts of the null mice contained primitive cells that expressed both
intercalated cell and principal cell proteins, yet the acid/base transport func-
tion of the kidney was disrupted and the mice exhibited distal renal tubular
acidosis. These findings suggest that Foxil plays a critical role in determin-
ing cell identity during collecting duct development.

The mechanism of generation of the 400 or
more cell types of mammals from a single cell
remains the principal problem of develop-
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mental cell biology. Classical embryologists
discovered that progenitor cells first undergo
specification before they become determined to
form a differentiated cell type. Under certain
conditions, specified cells can differentiate in
a reversible manner, whereas determined cells
autonomously differentiate even if placed ina
different location in the embryo. The molec-
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ular mechanism of these changes in cell fate
depends on signals received from the niche or
“ecosystem” in which the cell is located, but
ultimately it must involve the activation of a
network of transcription factors that is spe-
cific for each tissue and cell type.

Renal collecting duct

Each nephron of the adult mammalian kid-
ney is composed of 12 epithelial segments.
The collecting duct has three segments,
some of which have more than one cell type.
These tubular segments begin to develop
when the ureteric bud (an outgrowth of
the wolffian duct) invades the metanephric
mesenchyme. The tip of each ureteric bud
induces the conversion of this mesenchyme
into an epithelial structure that undergoes
morphogenetic transformation to form the
nephron from the glomerulus to the end
of the distal tubule, while the ureteric bud
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