
Akt mediates mitochondrial protection in
cardiomyocytes through phosphorylation of
mitochondrial hexokinase-II
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Akt activation supports survival of cardiomyocytes against ischemia/reperfusion, which induces cell death through opening of

the mitochondrial permeability transition pore (PT-pore). Mitochondrial depolarization induced by treatment of cardiomyocytes

with H202 is prevented by activation of Akt with leukemia inhibitory factor (LIF). This protective effect is observed even when

cardiomyocytes treated with LIF are permeabilized and mitochondrial depolarization is elicited by elevating Ca2þ . Cell

fractionation studies demonstrate that LIF treatment increases both total and phosphorylated Akt in the mitochondrial fraction.

Furthermore, the association of Akt with HK-II is increased by LIF. HK-II contains consensus sequences for phosphorylation by

Akt and LIF treatment induces PI3K- and Akt-dependent HK-II phosphorylation. Addition of recombinant kinase-active Akt

to isolated adult mouse heart mitochondria stimulates phosphorylation of HK-II and concomitantly inhibits the ability of Ca2þ

to induce cytochrome c release. This protection is prevented when HK-II is dissociated from mitochondria by incubation with

glucose 6-phosphate or HK-II-dissociating peptide. Finally LIF increases HK-II association with mitochondria and dissociation of

HK-II from mitochondria attenuates the protective effect of LIF on H202-induced mitochondrial depolarization in cardiomyocytes.

We conclude that Akt has a direct effect at the level of the mitochondrion, which is mediated via phosphorylation of HK-II and

results in protection of mitochondria against oxidant or Ca2þ -stimulated PT-pore opening.
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Cardiomyocyte cell death has been suggested to contribute to

cardiac pathophysiology including ischemia/reperfusion injury

and development of heart failure.1,2 The protein kinase Akt

and its downstream signaling cascade, support cell survival in

many systems including the heart.3–6 Receptor stimuli that

have been reported to elicit Akt-mediated cell protection in the

heart include ligands for receptor tyrosine kinases (insulin-like

growth factor-1:IGF-1),3,4 glycoprotein 130 (cardiotrophin-1;

CT-1, leukemia inhibitory factor; LIF)7,8 andG-protein-coupled

receptors (sphingosine 1-phosphate; S1P).9 Sustained ex-

pression of constitutively active Akt (myr-Akt) prevents

cardiomyocyte death induced by ischemia/reperfusion both

in vitro
3,4 and in vivo,4,5 as does expression of nuclear-targeted

Akt, suggesting that transcriptional events mediate the cardio-

protective effects of Akt.10 There is also evidence that more

acute protective effects are mediated through Akt signaling.

For example, Akt activation by insulin or S1P decreases

ischemia/reperfusion damage in isolated perfused heart or

in vivo.9,11 The acute cardioprotective effects of Akt activation,

observed within hours, are unlikely to be mediated through

transcriptional events. Thus post translational effects, asmight

result from Akt-mediated phosphorylation, should be consi-

dered. Akt has been reported to confer mitochondrial protec-

tion through phosphorylation of the apoptotic protein Bad.12

GSK3b, another substrate for Akt, has also recently been

reported to contribute to mitochondrial protection mediated

by Akt.13 Several lines of evidence demonstrate that cardio-

myocyte injury induced by ischemia/reperfusion results from

increased cytosolic Ca2þ and generation of reactive oxygen

species, which subsequently leads to mitochondrial depolari-

zation and initiates a cell death cascade.2,14,15 Ischemic injury

and oxidative stress disrupt mitochondrial integrity through

opening of a mega channel referred to as the permeability

transition (PT) pore. The PT-pore has been suggested to be

composed of VDAC, ANT, cyclophilin D (CypD) andHK-II,16,17

although the molecular constituents of the pore continue to be

disputed.18–21

Hexokinases I and II (HK-I and HK-II) have mitochondrial-

binding motifs and these enzymes have been demonstrated

to localize at mitochondria as well as in cytosol.13,22 A role

for hexokinase in mitochondrial protection was recently

reported.22–26 Interestingly the ability of Akt to protect against

cytochrome c release and apoptosis in fibroblasts was shown

to be decreased by HK-II dissociation from mitochondria.27

The question of whether hexokinase is a mediator of cell

survival in the heart has not been examined, although HK-II is

abundantly expressed in cardiomyocytes. It is also not known

whether PT-pore opening and mitochondrial integrity are
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regulated through the interaction of Akt and HK-II. More

specifically the possibility that the effect of HK-II might

be regulated by its phosphorylation by Akt, has not been

considered. The current study presents evidence that

agonist-induced Akt activation in cardiomyocytes promotes

its interaction with mitochondria and that phosphorylation of

HK-II plays a key role in enabling Akt to protect mitochondria

against Ca2þ -induced mitochondrial depolarization and

cytochrome c release.

Results

H2O2 treatment is widely used to mimic the reactive

oxygen species generation that occurs with oxidative stress.

Treatment with H2O2 has been shown to induce PT-pore-

dependent cell death in cardiomyocytes.28 A sequelae and

indicator of PT-pore opening is depolarization of the mito-

chondrial membrane. Mitochondrial membrane potential

can be assessed in cardiomyocytes loaded with TMRE, using

confocal microscopy and fluorescence imaging, as validated

in our previous work.6 As shown in Figure 1a treatment

with 100 mM H2O2 lead to a dramatic decrease in TMRE

fluorescence within 60min, indicative of mitochondrial depo-

larization. This response was inhibited by pretreatment with

EGTA or cyclosporine A (Figure 1b), consistent with involve-

ment of elevated Ca2þ and PT-pore opening in H2O2-induced

mitochondrial depolarization. The decrease in TMRE fluores-

cence induced by H2O2 was also prevented by LIF, a highly

efficacious activator of Akt (Figure 1a and b). To demonstrate

whether the protective effect of LIF is mediated through

Akt activation we used triciribine (Akt inhibitor V), reported to

block Akt activation without inhibiting PI3K or PDK-1.29 The

ability of inhibitor V to block Akt activation was first confirmed

by measuring LIF-induced phosphorylation of the T308 and

S473 sites on Akt, as shown in Figure 1c. Inhibitor V and

the PI3K inhibitor LY 294002 (LY) were determined to block

the protective effects of LIF on H202-induced mitochondrial

depolarization (Figure 1b). A protective effect of LIF on H202-

induced DNA fragmentation (assessed at 18 h) was also

observed and blocked by PI3K inhibition (data not shown).

The data presented in Figure 1 provide evidence that LIF

inhibits H2O2-induced mitochondrial depolarization through

Akt activation. To more directly evaluate the role of Akt

activation on mitochondrial membrane potential we used a

permeabilized cell system, in which mitochondrial membrane

depolarization could be induced by manipulating Ca2þ levels.

Cardiomyocytes were first loaded with TMRE then treated

with LIF or vehicle for 15min, after which time the plasma

membrane was permeabilized by addition of saponin

(50mg/ml) for 60 s. As we have previously reported, mito-

chondrial membrane potential is not perturbed by this

saponin permeabilization protocol.6 The extramitochondrial

Ca2þ concentration was then raised to induce mitochondrial

membrane depolarization (Figure 2). In control cells, raising

Ca2þ to 2mM (from the physiological resting level of 100 nM)

decreased TMRE fluorescence and further elevating Ca2þ to

10 mM fully depolarized the mitochondria (Figure 2a). When

the same experiment was performed in cells pretreated with

LIF, mitochondrial depolarization induced by 2 mM Ca2þ was

largely prevented and the Ca2þ curve was right shifted

(Figure 2b–d). The effect of LIF was inhibited by LY or

inhibitor V (Figure 2d) indicating that PI3K and Akt activation

are required for LIF to protect against Ca2þ -induced mito-

chondrial depolarization.

The finding that the protective effect of LIF treatment is still

evident in permeabilized cells implies that Akt activation

induced a stable change at the level of the mitochondrion.

We hypothesized that Akt, once activated, might localize to

mitochondria and tested this by fractionating control and

LIF-treated cardiomyocytes into cytosolic and mitochondrial

fractions. Immunoblotting for VDAC and Rho-GDI, used as

mitochondrial and cytosolic markers respectively, showed the

cross contamination in these two fractions to be minimal

Figure 1 LIF treatment prevents H2O2-induced mitochondrial depolarization
through a PI3K/Akt pathway. (a and b) Cardiomyocytes were loaded with 50 nM
TMRE for 20min and fluorescence was subsequently visualized by confocal
microscopy. EGTA (2mM) or cyclosporine A (1mM) were added 30min before
H2O2 treatment. LIF (1 nM) was added 15min before H2O2. LY294002 (LY, 10mM)
or the Akt inhibitor triciribine (inhibitor V, 3 mM) were added 30min before LIF
treatment. Values represent averages±S.E. (n¼ 50–60 cells from four different
experiments) ***Po0.001 versus Ctrl; wwwPo0.001 versus H2O2;

# and ##Po0.05,
Po0.01 versus H2O2þ LIF. (c) Akt inhibitor V (3 mM) was shown to block
phosphorylation of Akt at the threonine 308 and serine 473 in response to 1 nM LIF

Akt phosphorylates HK-II and inhibits the PT-pore

S Miyamoto et al

522

Cell Death and Differentiation



(Figure 3a). Some Akt was associated with mitochondria

prior to stimulation, as also demonstrated in neuroblastoma

cells and HEK293 cells.30 Most notably, however, the total

Akt found in the mitochondrial fraction increased following

LIF treatment (Figure 3a and b), suggesting that Akt is

redistributed upon its activation. This was supported by the

concomitant increase in the amount of activated (Ser 473

phosphorylated) Akt in the mitochondrial fraction following LIF

treatment. The increases in total and phosphorylated-Akt

in the mitochondrial fraction were blocked by inhibitor V or LY

(Figure 3a and b). These results suggest that LIF-mediated

Akt activation leads to its redistribution to mitochondria and

to increases in mitochondrial Akt activity.

We next determined whether interactions of Akt with HK-II

were elicited by LIF treatment (Figure 4). Cell lysates were

immunoprecipitated with an Akt antibody and immunoblotted

for hexokinase-II (HK-II). LIF treatment increased the asso-

ciation of Akt with HK-II and this association was prevented

by PI3K inhibition (Figure 4a). Additional studies were carried

out using an HK-II antibody for the immunoprecipitation. As

shown in Figure 4b, both total and phosphorylated Akt asso-

ciation with HK-II increased following LIF treatment. These

experiments provide further support for the conclusion that

Figure 2 LIF pretreatment inhibits Ca2þ -induced mitochondrial depolarization in permeabilized cardiomyocytes. Cells were loaded with 50 nM TMRE for 20min and
treated with or without LIF (1 nM) for 15min before saponin permeabilization. The plasma membrane was permeabilized by addition of saponin (50mg/ml, 60 s). TMRE
fluorescence was measured by confocal microscopy and mitochondrial depolarization was induced by raising the Ca2þ concentration. (a) Effects of raising Ca2þ

concentration on TMRE fluorescence in permeabilized myocytes. (b–d) LIF pretreatment inhibits 2mM Ca2þ -induced mitochondrial depolarization. In (d), LY294002 (LY;
10mM) or inhibitor V (3 mM) were added 30min before LIF treatment. **Po0.01 versus Ctrl; wwPo0.01 versus LIF. Values represent averages±S.E. (n¼ 45–60 cells from
three different experiments)

Figure 3 Akt redistributes to mitochondria upon its activation. Cells were treated
with LIF (1 nM) plus or minus inhibitor V (3mM) (a) or LY (10 mM) (b), fractionated
into mitochondrial and cytosolic fractions and blotted with VDAC, Rho-GDI,
phosphorylated Akt (S473) and total Akt antibodies. Rho-GDI and VDAC antibodies
were used as cytosolic and mitochondrial markers
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LIF induces a PI3K and Akt activation-dependent association

between HK-II and Akt.

Searching the NCBI database revealed that HK-II contains

an Akt phosphorylation site (consensus sequence;

RXRXXS/T). This sequence, containing threonine at

position 473 (Thr473), is conserved in rat, mouse and human

(Figure 5a). The ability of LIF to enhance the association

between activated Akt and HK-II, and the presence of an Akt

phosphorylation consensus sequence on HK-II, suggested

that LIF might induce Akt-mediated HK-II phosphorylation. To

determine whether HK-II is phosphorylated in response to Akt

activation cells were treated with LIF and whole cell lysates or

mitochondrial fractions prepared. HK-II was immunoprecipi-

tated and the immunoprecipitates were subjected to Western

blotting with a phospho-Akt substrate antibody (PAS anti-

body). This antibody recognizes the phosphorylated Akt

consensus sequence and has been widely utilized to detect

proteins phosphorylated by Akt.30,31 PAS antibody staining

revealed increases in HK-II phosphorylation in both the whole

cell lysate and mitochondrial fraction following LIF treatment

(Figure 5b). These increases in HK-II phosphorylation were

also shown to be blocked by PI3K (LY) or Akt (V) inhibition

(Figure 5b).

A series of studies was then carried out using cardiac

mitochondria from adult mouse heart. Mitochondria were

isolated as described in Materials and Methods and HK-II was

immunoprecipitated from the isolatedmitochondria. The HK-II

immunoprecipitate was then subjected to in vitro phosphory-

lation using recombinant kinase-active Akt (DPH, S473D)

or wild type Akt. The kinase reactions were carried out in

the presence or absence of Akt and ATP, and HK-II phos-

phorylation assessed by Western blotting with PAS antibody.

As shown in Figure 6a, recombinant kinase-active Akt

catalyzed a marked ATP-dependent increase in phosphory-

lated HK-II. Wild-type Akt was, as expected, inactive in this

cell free assay. Similarly HK-II phosphorylation was detected

when Akt treatment was carried out under the conditions used

to examine Ca2þ -induced cytochrome c release (Figure 6b

and c). Cytochrome c release from isolated mitochondria,

assessed as the increase in cytochrome c in the supernatant

and decrease in the mitochondrial pellet, was induced by

raising the extramitochondrial Ca2þ concentration to 30 mM

(Figure 6c). Calcium-induced cytochrome c release was inhi-

bited not only by cyclosporine-A (Cs-A), a PT-pore inhibitor,

but also by pretreatment of the isolated mitochondria with

recombinant kinase-active Akt andATP (Figure 6c). SinceCs-A

sensitive Ca2þ -induced cytochrome c release from isolated

mitochondria is established to result from PT-pore opening,

these data provide additional support for the conclusion

that Akt exerts a direct protective effect at the level of the

mitochondrial PT pore through HK-II phosphorylation.

To address the question of whether mitochondrial HK-II is

required for Akt-mediated inhibition of cytochrome c release,

mitochondria were treated with either glucose 6-phosphate

(G6P) or an HK-II-dissociating peptide. G6P has been well

documented to release HK-II from mitochondria.32 The HK-II-

dissociating peptide was designed based on themitochondrial-

binding motif in the hydrophobic N terminus of HK-II, which is

critical for mitochondrial binding. This peptide has been

Figure 5 HK-II contains a consensus sequence for Akt-mediated phosphorylation and is phosphorylated by Akt. (a) The Akt phosphorylation consensus sequence is
preserved in rat, mouse and human. (b) Cardiomyocytes were treated for 10min with LIF (1 nM) plus or minus inhibitor V (3 mM) or LY (10mM), added 30min prior to LIF.
Whole cell lysates or mitochondrial fractions were prepared. HK-II was immunoprecipitated and immunoprecipitates were subjected to Western blot with a Phospho-Akt
Substrate (PAS) antibody, which recognizes phosphorylated Akt consensus sequence

Figure 4 Interaction of Akt with HK-II is increased by LIF treatment.
Cardiomyocytes were treated with LIF (1 nM) for 10min. Inhibitor V (3mM) or LY
(10mM) were added 30min before LIF treatment. Whole cell lysates were
immunoprecipitated with an Akt antibody (a) or a HK-II antibody (b), and subjected
to Western blotting with antibodies to HK-II, Akt or phosphorylated Akt (S473)
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previously shown to force dissociation of HK-II from mitochon-

dria in a presumably competitive manner.23,27 As shown in

Figure 6d and e, both interventions caused HK-II dissociation

from isolated mitochondria and the effect

of subsequent addition of recombinant kinase active Akt

on Ca2þ -induced cytochrome c release was markedly

diminished, supporting a critical role for mitochondrial HK-II in

Akt-mediated protection. This conclusion was further sup-

ported by experiments demonstrating that Akt does not show

protective effects when added to liver mitochondria (Figure 6f),

which lack mitochondrial-associated HK-II.33

To determine whether the protective effect of Akt activation

is associated with increases in the amount of HK-II associated

with mitochondria, neonatal rat ventricular myocytes were

stimulated with LIF and fractionated. LIF treatment signifi-

cantly increased mitochondrial-associated HK-II and this

effect was blocked by PI3K or Akt inhibitors (Figure 7a).

Previous reports have shown that the enzymatic activity of

HK-II at mitochondria is increased following Akt activa-

tion.25,27 Our studies support these findings by demonstrating

increases in the amount of HK-II associated with mitochondria

upon LIF treatment of cardiomyocytes. To demonstrate that

Figure 6 Recombinant Akt phosphorylates HK-II and inhibits Ca2þ -induced
cytochrome c release in isolated mitochondria from adult mouse heart.
(a) Mitochondria were isolated from adult mouse heart and HK-II was immuno-
precipitated. Recombinant kinase active Akt (DPH, S473D) or wild type Akt were
added to immunoprecipitated HK-II in the presence or absence of ATP (see
Materials and Methods). After 15min, samples were centrifuged, resuspended in
2� LDS running buffer and boiled for 5min. SDS gels were probed with PAS
antibody or with an antibody to HK-II. (b) Mitochondria were isolated from adult
mouse heart and resuspended in intracellular buffer (see Materials and Methods).
Recombinant kinase active Akt was treated for 10min and mitochondria lysed
in RIPA buffer. HK-II was immunoprecipitated and its phosphorylation was
assessed with PAS antibody. (c) Mitochondria were resuspended in intracellular
buffer and recombinant kinase active Akt or Cyclosporine-A (Cs-A) were added for
10min. Mitochondria were resuspended in buffer containing 30 mM Ca2þ to induce
cytochrome c release. Mitochondrial and supernatant fractions were then collected
and subjected to Western blotting with cytochrome c antibody. (d and e)
Mitochondria were treated with glucose 6-phosphote (G6P, 2 mM) or HK-II-
dissociating peptide (Genemed Synthesis Inc. 50 mM) for 20min, collected, treated
with recombinant active Akt and cytochrome c release was induced by Ca2þ .
(f) Mitochondria were isolated from liver and cytochrome c release was induced
as described in (c)

Figure 7 HK-II association with mitochondria is increased by LIF/Akt
and required for LIF-induced mitochondrial protection. (a) Cardiomyocytes were
treated with LIF (1 nM) plus or minus inhibitor V (3 mM) or LY (10 mM). HK-II in the
mitochondrial fraction was detected by Western blotting. Values represent
averages±S.E. (n¼ 3–6). ***Po0.001 versus Ctrl; w and wwPo0.05, Po0.01
versus LIF. (b) Cardiomyocytes were treated with a cell-permeable HK-II-
dissociating peptide (Genemed Synthesis Inc.) (25 mM), fractionated into cytosol
and mitochondria fractions and subjected to Western blotting for HK-II.
(c) Cardiomyocytes were loaded with TMRE and mitochondrial depolarization
was induced by addition of 100mM H2O2 (see Figure 1 legend). Some cells were
treated with 25mM HK-II-dissociating peptide for 30min prior to addition of LIF
(1 nM). Values represent averages±S.E. (n¼ 40–50 cells from three different
experiments). ***Po0.001 versus H2O2;

wwwPo0.001 versus H2O2þ LIF
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HK-II is necessary for LIF/Akt-mediated mitochondrial protec-

tion in intact cells, NRVMs were treated with a cell permeable

form of the HK-II-dissociating peptide. Mitochondrial HK-II

was decreased by peptide treatment, as shown in Figure 7b.

Treatment of cells with the inhibitory peptide for up to 90min

did not affect the mitochondrial membrane potential (data

not shown). However, in cells pretreated with the inhibitory

peptide, the ability of LIF to protect against H2O2-induced

mitochondrial depolarization was markedly attenuated

(Figure 7c). These data implicate mitochondrial-associated

HK-II as a mediator of the protective effects of LIF and Akt in

cardiomyocytes.

Discussion

Although it is now well accepted that Akt provides a strong

survival signal in many cell types, the mechanisms for Akt-

mediated protection have not been fully elucidated. Recent

studies have suggested the importance of mitochondrial

HK-II in preservation of mitochondrial integrity.24,27 Here

we demonstrate for the first time that Akt associates

with mitochondria upon its activation and that it binds to and

phosphorylates HK-II, concomitantly protecting from Ca2þ -or

H2O2-induced mitochondrial depolarization and cytochrome c

release.

It is well established that H2O2 can induce mitochondrial

Ca2þ overloading, which results in opening of the PT-pore,

mitochondrial depolarization and cytochrome c release in

cardiomyocytes.28 We confirmed a role for Ca2þ in H2O2-

induced cell death in our experiments since chelating

Ca2þ with EGTA inhibited H2O2-induced mitochondrial

depolarization (Figure 1) and DNA fragmentation (not shown).

Cyclosporin-A, a PT-pore inhibitor, blocked mitochondrial

depolarization induced by H2O2, confirming that Ca2þ and

opening of the PT-pore are responsible for the depolarization

of mitochondria induced by H2O2. Our finding that LIF treat-

ment inhibits mitochondrial depolarization elicited by H2O2

(Figure 1) supports the protective role of agonists that activate

Akt. With regard to mechanism, we postulated that the mito-

chondrial PT-pore was a direct target for LIF/Akt-mediated

protection. This was supported by data showing that treat-

ment with LIF inhibits mitochondrial depolarization induced

by H2O2 (Figure 1) or induced by elevating Ca2þ in perme-

abilized cardiomyocytes (Figure 2). The observation that

LIF-mediated Akt activation has a protective effect on

mitochondria, which is preserved after cell permeabilization,

suggests that Akt elicits stable changes in mitochondrial

function, which result in decreased sensitivity of the PT-pore

to Ca2þ . This possibility was supported by the observation

that addition of recombinant active Akt to isolated mitochon-

dria inhibited Ca2þ -induced cytochrome c release (Figure 6).

Mitochondrial Ca2þ overloading and resultant PT-pore open-

ing have been suggested to play a major role in ischemia/

reperfusion injury in the heart. Our results imply that Akt

can confer cardioprotection against ischemia/reperfusion by

directly inhibiting Ca2þ -induced PT-pore opening.

In the unstimulated cell Akt is largely localized in the cyto-

plasmic compartment. In response to receptor-mediated PIP3

formation, Akt translocates to the plasma membrane34 where

it is phosphorylated and activated. We demonstrate here that

Akt activation by LIF/PI3K increases its association with the

mitochondrial cell fraction. That the total mitochondrial Akt

content is increased after 10min of LIF treatment indicates

that there is redistribution of Akt, although a concomitant

decrease in Akt in the larger cytosolic pool cannot be easily

detected (Figure 3). There is also a marked increase in the

amount of phosphorylated Akt at the mitochondria, suggest-

ing that following its activation at the plasma membrane, Akt

redistributes to mitochondria. Furthermore, immunoprecipita-

tion studies show that LIF treatment increases the amount of

Akt associated with HK-II (Figure 4).

A previous study using neuroblastoma and HEK293

cells reported that there is Akt localized in mitochondria

under resting condition and that mitochondrial Akt increases

dramatically in response to stimulation with insulin.30 Our

fractionation studies also show a low basal level of Akt in

cardiomyocyte mitochondria (although cytosolic contamina-

tion cannot be ruled out) and most remarkably that mito-

chondrial Akt is increased with LIF treatment. Prior evidence

has suggested that the nucleus is a target for activated Akt.

Thus in cardiomyocytes 17-b estradiol treatment was found

to increase nuclear Akt and transgenic overexpression of

nuclear-targeted Akt has been shown to protect the heart

against ischemia/reperfusion injury through activation of

transcriptional targets.10 A study using a FRET-based Akt

activity reporter in NIH3T3 cells clearly shows that Akt

activated at the plasma membrane translocates to other

compartments including the nucleus.34 It appears, therefore,

that activated Akt can translocate to multiple cellular compart-

ments, includingmitochondria and the nucleus, to afford acute

and chronic protective effects on cells.

In considering the possibility that the association of Akt with

mitochondrial proteins could reflect their role as Akt substrates,

we searched the NCBI database for consensus phosphory-

lation sites. This analysis revealed that HK-II contains an Akt

phosphorylation consensus sequence (RxRxxS/T) (Thr473).

Results presented here demonstrate that Akt activation by

LIF leads to phosphorylation of HK-II in intact cardiomyocytes,

as detected using the PAS antibody directed against Akt

phosphorylation consensus sequences (Figure 5). Further-

more, we demonstrated that recombinant kinase active Akt

(DPH, S473D) phosphorylates HK-II immunoprecipitated

from isolated mitochondria (Figure 6a and b). This is, to our

knowledge, the first experimental evidence that HK-II serves as

a substrate for phosphorylation by Akt.

The ability of elevated Ca2þ (30 mM) to induce cytochrome

c release from isolated mitochondria is inhibited by cyclo-

sporine-A (Figure 6c), an established PT-pore inhibitor,

as previously shown. Strikingly, pretreatment of mitochondria

with recombinant kinase-active Akt not only leads to HK-II

phosphorylation but also, like Cs-A, significantly inhibits

Ca2þ -induced cytochrome c release (Figure 6c). The finding

that recombinant Akt added to isolated mitochondria can

inhibit Ca2þ -induced cytochrome c release, a sequelae

of opening of the PT-pore, indicates a direct effect of Akt on

PT-pore function.

Several recent seminal studies have established that Akt

increases mitochondrial HK-II kinase activity and that mito-

chondrial HK-II protects against apoptotic Bcl-2 proteins such

as Bax and Bak.23,25,27 How Akt affects HK-II function, and
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whether mitochondrial HK-II regulates the PT-pore are

questions that have not been hitherto addressed. A recently

published study demonstrated that Akt and HK-II were not

protective against apoptosis induced by thapsigargin.27 In

contrast, ectopic HK-I has been reported to prevent Ca2þ -

induced mitochondrial swelling and cytochrome c release

from isolated liver mitochondria,22 consistent with a role for

HK-I in preventing PT-pore opening induced by Ca2þ . In this

study, we show that dissociation of HK-II from mitochondria,

induced by either G6P or a peptide that blocks the HK-II

mitochondrial interaction, attenuates the protective effect

of Akt on Ca2þ -induced cytochrome c release (Figure 6d).

We also demonstrate that Akt is unable to prevent cytochrome

c release from mitochondria purified from liver (Figure 6f),

a population of mitochondria that lack HK-II.33 Finally, we

demonstrate dependence on HK-II in living cardiomyocytes in

which a cell permeable HK-II-dissociating peptide markedly

attenuates the ability of LIF/Akt activation to inhibit mito-

chondrial depolarization induced by H2O2. (Figure 7). Thus

HK-II appears to be a critical target in Akt-mediated inhibition

of mitochondrial damage.

As mentioned above, previous studies have shown that

mitochondrial HK-II activity is increased in cells treated with

agonists known to activate Akt.25,27,35Our experiments reveal

that the total amount of HK-II found in the mitochondrial

fraction is increased by Akt activation (Figure 7a). The current

study also shows that activated Akt redistributes to mito-

chondria and that it associates with and phosphorylates

mitochondrial HK-II. While this suggests that Akt phosphory-

lates HK-II in the mitochondria and decreases its dissociation,

it is also possible that HK-II phosphorylation by Akt occurs in

the cytoplasm and that this facilitates HK-II association with

mitochondria. Indeed, as shown in Figure 5, LIF treatment

increased the phosphorylation of HK-II in whole cell lysate as

well as in mitochondria, suggesting that cytosolic HK-II can be

phosphorylated by Akt. Interestingly ischemic precondition-

ing, as well as insulin and morphine (interventions known to

activate Akt) were recently reported to increase mitochondrial

hexokinase activity in the heart.35 Thus it will be of interest to

determine in future studies whether HK-II phosphorylation by

Akt leads to changes in the avidity with which HK-II associates

with cardiac mitochondria.

VDAC has been suggested to serve as the mitochondrial

binding site for HK-II16,17,36 and a recent report has shown

that mitochondrial HK-II is significantly decreased in VDAC-1

knockout mice.36We observed that immunoprecipitated HK-II

was associated with VDAC (data not shown) consistent with

VDAC involvement in binding HK-II in cardiac mitochondria.

VDAC was also associated with immunoprecipitated Akt;

however, unlike HK-II, VDAC did not appear to serve as

a substrate for phosphorylation by Akt (data not shown).

We interpret these data as suggesting that Akt binds to its

substrate HK-II, which is associated with VDAC at mitochon-

dria. VDAC may be an effector of the protective function of

HK-II, sensitive to its Akt-mediated phosphorylation state.

However, while VDAC has been implicated by many previous

studies as a component of the PT-pore,15–17 recent genetic

evidence brings its involvement into question.18,21 Indeed,

our understanding of the molecular composition of the PT-

pore is rapidly evolving since the role of ANT has also been

questioned.18 Interestingly, Cyp D, which genetic evidence

shows to be critical for PT-pore induction,19,20 was recently

reported to suppress apoptosis via stabilization of HK-II

binding to mitochondria.26 While our data demonstrate that

mitochondrial HK-II is a key inhibitor of PT-pore (Ca2þ -

mediated and Cs-A sensitive) induced cytochrome c release,

and previous papers show that overexpression of HK is

protective against stress.37,38 Much additional study will be

required to elucidate the mechanisms by which HK-II keeps

PT pore opening in check.

The heart is enriched in mitochondria. The idea that mito-

chondrial death pathways are involved in cardiomyocyte loss

in the heart, and that cell death plays a critical role in ischemic

injury and the transition from compensatory hypertrophy

to maladaptive heart failure, is well accepted. The studies

presented here delineate a mechanism by which Akt can

acutely protect cardiomyocytes against cell death. Our find-

ings indicate that activated Akt translocates to mitochondria,

phosphorylates HK-II and inhibits mitochondrial PT-pore

opening in cardiomyocytes. We suggest that this protective

pathway play a critical role in Akt-mediated protection of the

heart against oxidative stress and Ca2þ overload.

Materials and Methods
Cell culture. Neonatal rat ventricular myocytes were isolated and cultured as
described previously.1 Briefly, hearts were obtained from 1–2-day-old Sprague–
Dawley rat pups, digested with collagenase, and myocytes purified by passage
through a Percoll gradient. Myocytes were maintained overnight in 4 : 1 Dulbecco’s
modified Eagle’s medium/medium199, supplemented with 10% horse serum, 5%
fetal calf serum, and antibiotics (100 units/ml penicillin and 100mg/ml streptomycin).
Cells were then serum starved for 24 h prior to intervention.

Confocal imaging of mitochondrial membrane potential. Cells
were loaded with 50 nM TMRE for 20min at room temperature in the medium
composed of 121mM NaCl, 5 mM NaHCO3, 10 mM Na Hepes, 4.7 mM KCl, 1.2 mM
KH2PO4, 1.2 mM MgSO4 and 1.8 mM CaCl2 and 10mM glucose (pH¼ 7.4).
Confocal imaging was carried out using a Bio-Rad MRC1024ES imaging system as
described and validated previously.6 TMRE was excited at 568 nm and fluorescence
was recorded using a photomultiplier and emission filter of HQ598/40. Fluorescence
values were background-subtracted and expressed as a relative value (100F/F0,
where F is the measured fluorescence and F0 is that at the beginning of the
experiment). Experiments were analyzed using Scion Image (Scion Corporation).
Data were collected from 40–60 cells from at least three different experiments and
averaged. Mitochondrial regions were chosen as the ‘area of interest’. Changes in
fluorescence in these areas were evaluated to determine mitochondrial membrane
potential.

Ca2þ induced loss of mitochondrial membrane potential in
permeabilized cells. Cells were loaded with TMRE and permeabilized with
saponin (50mg/ml, 60 s) as described previously.6 An intracellular buffer containing
magnesium methansulphonate (5.25mM), potassium methansulphonate (40mM),
potassium chloride (75mM), ATP (5.3 mM), PIPES (20mM), E-64 (1 mg/ml), and
EGTA (10mM). Thapsigargin (1 mM) was also added to block sarcoplasmic
reticulum function and succinate (5 mM) was added to energize mitochondria.
The ionic strength was adjusted to 0.2 M, and the pH was adjusted to 7.1 at 201C.
Free Ca2þ concentration was changed by adding an appropriate amount of
Ca2þ -methansulphonate.6,39

Western blotting and immunoprecipitation. Myocytes were washed
with ice-cold PBS and lysed with lysis buffer (RIPA buffer; composed of 150mM
NaCl, 50mM Tris (pH 7.4), 1% NP-40, 1% of sodium deoxycholate, 0.1% of SDS,
0.2 mM EDTA, 50mM NaF, 1 mM Na3VO4, 10mg/ml aprotinin, 10mg/ml leupeptin,
0.5 mM PNPP and 1mM PMSF). Invitrogen NuPage system was used for Western
blotting. Cell lysates were mixed with LDS sample buffer and reducing agent,
heated at 801C for 10min and loaded into gels. Gels were run on ice and proteins
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were transferred to PVDF membranes (Millipore). Total and phosphorylated Akt
antibodies (Cell Signaling technology, rabbit, polyclonal), PAS antibody (Cell
Signaling technology, rabbit, polyclonal), HK-II (Santa Cruz biotechnology, rabbit,
polyclonal), VDAC (Calbiochem, rabbit, polyclonal), cytochrome c (BD Pharmingen,
mouse, monoclonal) and rho-GDI (BD transduction laboratories, mouse,
monoclonal) were all used at 1 : 1000 dilution in 5% BSA/TBS tween.

Cell lysates were precleared with Protein G-Sepharose for 30min at 41C and
800mg of total protein was then incubated with 20 ml of Akt-beads (Millipore, mouse,
monoclonal antibody conjugated to protein G agarose) or 4 mg HK-II antibody
(Santa Cruz, goat, polyclonal) in the presence of 30 ml of 50% slurry Protein
G-Sepharose, at 41C overnight. Immunocomplexes were washed with ice-cold
RIPA buffer, and beads were boiled in 2� LDS buffer to elute captured protein.

Cytosol/mitochondria fractionation. Cytosolic and mitochondrial fractions
were prepared from neonatal rat ventricular myocytes as described previously40

(Calbiochem, Cytosol/Mitochondria Fractionation Kit). Briefly, cells were collected in
ice cold PBS, spun down, resuspended in Cytosol Extraction Buffer Mix, vortexed and
incubated on ice for 10min. Samples were centrifuged at 2600 r.p.m. (700� g) for
10min and supernatant transferred and spun at 9600 r.p.m. (10 000� g) for 30min
to precipitate mitochondria. Supernatant was removed as the cytosolic fraction
and the pellet was resuspended in Mitochondrial Extraction Buffer Mix as the
mitochondrial fraction.

Isolation of mitochondria. Hearts were removed from adult mice (Charles
River, C57, male 2–4 months old) and perfused with PBS at room temperature for
5min to remove blood. The ventricle was homogenized in isolation buffer containing
70mM sucrose, 190mM mannitol, 20 mM Hepes and 0.2 mM EDTA. For immuno-
precipitation experiments, the isolation buffer also contained 1 mMNa3VO4, 10mg/ml
aprotinin, 10mg/ml leupeptin, 0.5mM PNPP and 1mM PMSF. The homogenate
was centrifuged at 600� g for 10min to remove nuclei and debris. The resulting
supernatant was then centrifuged at 5000� g for 15min. The resulting mito-
chondrial pellet was resuspended in 500ml isolation buffer and centrifuged three
times at 5000� g for 15min, to wash the pellet. Liver was homogenized in buffer
containing 250mM sucrose, 10mM Tris (pH 7.4) and 1mM EGTA. The homogenate
was centrifuged at 1000� g for 5 min and the resultant supernatant was centrifuged
at 13 000� g for 10min. The pellet was washed twice and resuspended.

Functional studies on mitochondria. To examine mitochondrial HK-II
phosphorylation, the pellet was resuspended in RIPA buffer, HK-II immuno-
precipitated, and the immunoprecipitate resuspended in kinase reaction buffer34

containing 20mM Hepes, 2mM DTT and 5mM MgCl2 with or without 200mM ATP
and recombinant Akt (Upstate). Incubations were carried out at 301C for 15min,
spun down, resuspended in 2� LDS running buffer (Invitrogen) and boiled for
5min. Western blots used PAS antibody (Cell Signaling).

For cytochrome c release experiments, the mitochondrial pellet was re-suspended
in the same intracellular buffer used in cell permeabilization experiments (see above)
(50mg mitochondria in 50ml buffer), incubated with or without recombinant Akt or
cyclosporine-A for 10min and centrifuged to collect mitochondria. The pellet was
resuspended in the same buffer containing either 0 (o10 nM) or 30mM Ca2þ , and
incubated for 20min at room temperature. After centrifugation, the supernatant and
pellet were run on SDS gels and blotted with a cytochrome c antibody. To dissociate
HK-II,23,32 glucose 6-phosphate (G6P) (2mM) or HK-II-dissociating peptide (50mM)
were added to mitochondria for 20min at room temperature prior to Akt treatment.

Statistical analysis. Results are reported as averages ±S.E.M. Statistical
significance was determined using ANOVA followed by the Tukey post hoc test.
A P-value of o0.05 was considered statistically significant.
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