
MOLECULAR AND CELLULAR BIOLOGY,
0270-7306/99/$04.0010

May 1999, p. 5800–5810 Vol. 19, No. 8

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Akt/Protein Kinase B Inhibits Cell Death by Preventing the
Release of Cytochrome c from Mitochondria

SCOTT G. KENNEDY,† EUGENE S. KANDEL, TORRY K. CROSS, AND NISSIM HAY*

Department of Molecular Genetics, University of Illinois at Chicago, Chicago, Illinois 60607

Received 9 March 1999/Returned for modification 26 April 1999/Accepted 13 May 1999

Growth factors signaling through the phosphoinositide 3-kinase/Akt pathway promote cell survival. The
mechanism by which the serine/threonine kinase Akt prevents cell death remains unclear. We have previously
shown that Akt inhibits the activity of DEVD-targeted caspases without changing the steady-state levels of
Bcl-2 and Bcl-xL. Here we show that Akt inhibits apoptosis and the processing of procaspases to their active
forms by delaying mitochondrial changes in a caspase-independent manner. Akt activation is sufficient to
inhibit the release of cytochrome c from mitochondria and the alterations in the inner mitochondrial mem-
brane potential. However, Akt cannot inhibit apoptosis induced by microinjection of cytochrome c. We also
demonstrated that Akt inhibits apoptosis and cytochrome c release induced by several proapoptotic Bcl-2
family members. Taken together, our results show that Akt promotes cell survival by intervening in the
apoptosis cascade before cytochrome c release and caspase activation via a mechanism that is distinct from
Bad phosphorylation.

Apoptosis is an essential process for the development and
tissue homeostasis of most multicellular organisms. Deregula-
tion of apoptosis has been implicated in the pathogenesis of
many disease states, including neurodegenerative disorders
and cancer (37). One mechanism by which apoptosis is regu-
lated is through the availability of mediators of survival signals,
such as certain growth factors and cytokines and cell-matrix
contact (32, 33).

The activation of growth factor receptors leads to multiple
intracellular effects, including alterations in gene expression,
protein synthesis, mitogenesis, cytoskeletal rearrangements,
differentiation, and cell survival. The pathway leading to the
activation of phosphoinositide 3-kinase (PI 3-kinase) and its
downstream effector the serine/threonine kinase Akt (also
called protein kinase B [PKB]) by growth factor receptors has
emerged as the major mechanism by which growth factors
promote cell survival (reviewed in reference 28). Upon activa-
tion, PI 3-kinase phosphorylates membrane phosphoinositides
at the D-3 position. These phospholipids act as second mes-
sengers that mediate the diverse cellular functions of PI 3-ki-
nase (13). One function of these second messengers is the
activation of Akt. The amino terminus of Akt contains a pleck-
strin homology domain that is thought to directly bind the
phospholipid products of PI 3-kinase. This binding recruits Akt
to the membrane and induces a conformational change that
allows the phosphorylation of Akt by the phosphoinositide-
dependent kinases I (PDKI) and PDKII at residues Thr308
and Ser473, respectively. Phosphorylation of Akt results in full
activation of Akt kinase activity and the subsequent regulation
of multiple cellular processes, including the transmission of
growth factor-dependent survival signal (reviewed in refer-
ences 7 and 28). Recent genetic studies in Drosophila melano-
gaster have corroborated these results and have suggested an

important in vivo role for Akt in the regulation of apoptosis (3,
36).

Although Akt promotes cell survival in a variety of cell types
and blocks apoptosis induced by diverse apoptotic stimuli, the
step at which Akt abrogates the apoptotic cascade is not
known. Because Akt is blocking apoptosis both in mammalian
cells and in Drosophila, it is likely that the mechanism by which
Akt intervenes in the apoptotic cascade is evolutionarily con-
served.

The apoptotic cascade in mammalian cells is a multistep
process (reviewed in reference 15). In most cases, the apopto-
tic cascade is initiated by loss of integrity of the outer mito-
chondrial membrane accompanied by release of cytochrome c.
Following mitochondrial release, cytochrome c is thought to
bind and induce a conformational change in the apoptotic
protease activating factor (Apaf-I) that results in the cleavage
and activation of caspase-9 and a subsequent activation of a
caspase cascade that executes the cell death (reviewed in ref-
erence 38). However, the mechanism of cytochrome c translo-
cation from mitochondria into the cytosol and the regulation of
this translocation remained unclear.

The critical regulators of the apoptosis cascade are the Bcl-2
family members. These family members include antiapoptotic
proteins such as Bcl-2 and Bcl-xL and proapoptotic members
such as Bad, Bid, and Bik (the BH3 subfamily) and Bax, and
Bak (the Bax subfamily) (reviewed in references 1 and 23).
Many members of this family, such as Bcl-2 and Bcl-xL, are
predominantly localized to the outer membrane of mitochon-
dria, while others interact with mitochondria indirectly. For
example, the proapoptotic protein Bad does not contain a
mitochondrial targeting sequence but rather localizes to mito-
chondria, in a phosphorylation-dependent manner, by het-
erodimerization with other Bcl-2 family members (42, 44, 47).
The mechanism by which the Bcl-2 family members regulate
cell death remains unclear but may involve regulation of mi-
tochondrial integrity (23). Bcl-2 family members may function
as ion channels that regulate the osmotic balance of mitochon-
dria and the release of apoptogenic molecules from mitochon-
dria such as cytochrome c. Alternatively, Bcl-2/Bcl-xL may
function by binding and sequestering Apaf-I from interacting
with caspase-9, thus preventing Apaf-I–caspase-9 complex (ap-
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optosome) formation and subsequent caspase activation (re-
viewed in reference 15).

Elucidation of the mechanism by which Akt intervenes in the
apoptotic cascade is important not only for determining growth
factor-mediated cell survival but also for understanding the
genesis of a wide range of human cancers. This is in light of the
observation that the PTEN phosphatase tumor suppressor im-
plicated in a wide range of human cancers is a negative regu-
lator of Akt (16, 27, 35, 43).

It was suggested that Akt inhibits apoptosis, at least in part,
by phosphorylating and inactivating the proapoptotic Bcl-2
family member, Bad (8, 31). Here we provide evidence for a
more general mechanism by which Akt inhibits apoptosis that
is not dependent on Bad phosphorylation. We show that Akt
promotes cell survival by maintaining mitochondrial integrity
and by inhibiting the release of cytochrome c and alterations in
mitochondrial membrane potential induced by multiple apo-
ptotic stimuli, in a caspase-independent manner.

MATERIALS AND METHODS

Retroviral vectors. The puromycin resistance gene of pBabePuro was replaced
with the enhanced green fluorescence protein (eGFP) gene to construct
pBabe(eGFP) (10). pSSFV Bad and pSSFV Bad112/136 (gift from Stanley Kors-
meyer) were digested with EcoRI, and Bad coding sequences were inserted into
the EcoRI site of pBabe(eGFP). pSSFV murine Bax (gift from Craig Thompson,
University of Chicago) was digested with EcoRI, and Bax was inserted into the
EcoRI site of pBabe(eGFP). pCDNA3 HA-Bak and HA-Bik (provided by G.
Chinnandurai, St. Louis University, St. Louis, Mo.) were digested with HindIII
and EcoRI and inserted into the BamHI and EcoRI sites of pBabe(eGFP).

Cell culture and retrovirus production. Cell culture and quantitation of apo-
ptosis by 49,6-diamidino-2-phenylindole (DAPI) staining were performed as
previously described (20). For production of high-titer retroviruses expressing
proapoptotic proteins, Phoenix ecotropic packaging cells were plated at approx-
imately 50 to 75% confluency in 15-cm-diameter tissue culture plates and trans-
fected by a modified calcium phosphate method. After 2 days, viral supernatant
was collected and passed through a 0.22-mm-pore-size filter. Virus was added to
cells in the presence of Polybrene (8 mg/ml). Infected cells were visualized under
an inverted fluorescence microscope. Infected populations exhibiting between 85
and 95% green cells were used as polyclonal cell line for further experimentation.

Antibodies. Bad was detected with a hamster monoclonal anti-Bad antibody
(product no. 13361S, PharMingen, La Jolla, Calif.) used at a concentration of 1
mg/ml. Cytochrome c and cytochrome c oxidase (COX) subunit IV were detected
with anti-cytochrome c clone 7H8.2C12 (1 mg/ml; PharMingen) and anti-COX
clone 20E8-C12 (1 mg/ml; Molecular Probes), respectively. Biotinylated proteins
were detected with horseradish peroxidase-conjugated strepavidin (Zymed, San
Francisco, Calif.) used at a concentration of 1 mg/ml.

Cytochrome c immunostaining. Rat1a cells were plated at a density of 125,000
cells per 3-cm-diameter dish on glass coverslips, fixed in phosphate-buffered
saline (PBS) containing 4% formaldehyde and 0.2% saponin, and then stained
with Hoechst 33258 (1 mg/ml) for 20 min. The fixed cells were incubated in
blocking buffer (PBS containing 10% fetal calf serum [FCS] and 0.2% Triton
X-100) for 30 min and then for additional 30 min in PBS containing 0.2%
saponin, 2% bovine serum albumin (BSA), and 1 mg of anti-cytochrome c
antibody (clone 6H2.B4; PharMingen) per ml. Cells were then washed three
times in blocking buffer and incubated for 30 min in PBS containing 2% BSA,
0.2% saponin, and 1 mg of tetramethylrhodamine isothiocyanate-conjugated
anti-mouse antibody (Jackson ImmunoResearch, West Grove, Pa.) per ml. Cells
were then rinsed three times in blocking buffer, and coverslips were mounted
onto slides.

Microinjection. Cells were microinjected on a Leica DMIRB inverted micro-
scope using an Eppendorf (Madison, Wis.) micromanipulator (5171) and Trans-
jector (5246) microinjection system. Injection needles (femtotips) were pur-
chased from Eppendorf (product no. 5242 942.008). Rat1a cells were plated on
glass coverslips at a density of 125,000 cells per 3-cm-diameter dish. Cells were
injected (pressure, 100 hPa; time, 0.3 s) with a buffer containing 50 mM HEPES
(pH 7.5), 50 mM NaCl, 0.2% Texas red (Mr, 10,000; lysine fixable; (Molecular
Probes), and either BSA (1 mg/ml; FisherBiotech BP1600-100) or cytochrome c
(1 mg/ml; Sigma C7752). Following microinjection, coverslips were fixed for 3
min with PBS containing 4% formaldehyde and the stained with Hoechst (1
mg/ml).

Subcellular fractionation. Cells were scraped into 1 ml of Mito buffer (250
mM sucrose, 20 mM HEPES, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM
EGTA, 1 mM dithiothreitol, 10 mM phenylmethylsulfonyl fluoride, 13 complete
protease inhibitors [product no. 1697498, Boehringer, Mannheim, Germany]).
Cells were then mechanically lysed at 4°C with 40 strokes of a cell homogenizer
(outer diameter, 0.1575 in.; inner diameter, 0.1560 in.). The cell lysate was then
spun at 1,000 3 g for 10 min, and the supernatant was further spun at 13,000 3

g for an additional 20 min. This pellet was resuspended in 100 ml of Laemmli
buffer and termed the mitochondrial pellet. The supernatant was incubated on
ice with 20% trichloroacetic acid to precipitate cytochrome c. After 30 min, the
supernatant was spun at 13,000 3 g for 20 min; the pellet was then rinsed in 1 ml
of diethyl ether on ice and respun at 13,000 3 g for 10 min. The diethyl ether was
removed, and pellet was allowed to dry on ice. The pellet was then resuspended
in 70 ml of Laemmli buffer and termed the supernatant.

DiOC6 labeling and FACS analysis. Cells were loaded with 50 nM 39,39-
dihexyloxacarbo-cyanine iodide (DiOC6) at 37°C for 10 min. Floating cells were
collected, and attached cells were trypsinized and resuspended in PBS. Cells
were spun at 3,000 3 g, and fractions were pooled and rinsed in PBS. Cells were
resuspended in 1 ml of ice-cold PBS and subjected to fluorescence-activated cell
sorting (FACS) analysis.

RESULTS

Akt inhibits UV light-mediated cell death and caspase acti-
vation in Rat1a cells. To further understand the mechanism by
which Akt mediates cell survival, we examined the ability of
Akt to inhibit UV light-induced cell death. Rat1a cells were
placed in Dulbecco modified Eagle medium (DMEM) contain-
ing no serum and then irradiated with UV light (50 Jo/m2). The
percentage of apoptotic cells was assessed 5 h following UV
irradiation by staining with DAPI as previously described (20).
Fragmented and condensed nuclei were scored as apoptotic.
We observed a marked acceleration of apoptosis following UV
irradiation of Rat1a cells (Fig. 1A; P , 0.005). When 10% FCS
was added to the cells, immediately after irradiation, there was

FIG. 1. Akt inhibits UV-mediated nuclei fragmentation, caspase activation,
and apoptosis in Rat1a cells. (A) Percentage of apoptotic cells scored by DAPI
staining of Rat1a (columns 1 to 4) and Rat1a/MyrAkt (columns 5 and 6) cells.
Cells were either mock treated or treated with 200 nM wortmannin for 30 min
(columns 4 and 6). Cells were then irradiated with UVC light (260 nm) at a dose
of 50 Joules/m2 (lanes 2 to 6). Medium containing either 0% FCS (columns 1, 2,
and 5 to 7) or 10% FCS (columns 3 and 4) was then added. After an additional
4.5 h, cells were DAPI stained and scored for nuclear condensation. Averages (6
standard error) of at least 300 cells from three independent experiments are
shown. (B) Akt inhibits the activation of at least two caspases during UV-
mediated apoptosis. Rat1a (lanes 1 to 3) and Rat1a/MyrAkt (lanes 4 and 5) cells
were deprived of serum for 2 h and irradiated with 50 J of UVC light. The
medium was then changed to DMEM with 0% FCS (lanes 2, 4, and 5) or 10%
FCS (lanes 1 and 3). After an additional 5 h, extracts were made and labeled with
the biotin-conjugated YVAD-AMK (Calbiochem, La Jolla, Calif.). Extracts were
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) on a 12% gel, and the Western blot was incubated with horseradish
peroxidase-conjugated streptavidin (1 mg/ml).

VOL. 19, 1999 INHIBITION OF CELL DEATH BY Akt/PKB 5801



a significant attenuation of this cell death (P , 0.005). Prein-
cubation of Rat1a cells with the PI 3-kinase inhibitor wortman-
nin was sufficient to block the survival signal generated by FCS
(Fig. 1A). These results implicate PI 3-kinase in transmitting
the FCS-generated survival signal and are in agreement with
previous results demonstrating that PI 3-kinase can transmit an
antiapoptotic signal (19–21, 46).

To study the effect of Akt signaling on UV-induced cell
death, we used a polyclonal Rat1a cell line that stably express-
ing an activated form of Akt consisting of the Src myristoyl-

ation signal fused to the c-Akt coding sequence (MyrAkt) (20).
MyrAkt exhibits constitutive kinase activity independently of
PI 3-kinase activity and growth factor stimulation (2, 14, 20).
Rat1a cells expressing MyrAkt (Rat1a/MyrAkt cells) were sig-
nificantly protected from UV-induced apoptosis even in the
presence of wortmannin (Fig. 1A; P , 0.001). Thus, Akt acti-
vation is sufficient to protect Rat1a cells from UV-induced cell
death, consistent with previous results (24).

We have previously established that Akt prevents the induc-
tion of caspase activity that cleaves poly(ADP-ribosyl) poly-

FIG. 2. Akt prevents the release of cytochrome c from mitochondria in a caspase-independent manner. (A) Cytochrome c immunostaining and Hoechst staining
of Rat1a and Rat1a/MyrAkt cells. Fixation and staining of the cells was done 3.5 h after treatment as described in Materials and Methods. (I) Rat1a cells were deprived
of serum for 20 min. (II) Rat1a cells were deprived of serum for 20 min and then irradiated with UV light. Arrows indicates diffused cytochrome c staining and nucleus
with condensed chromatin in a cell undergoing apoptosis. (III) Rat1a cells were pretreated with 100 mM zVAD for 20 min, deprived of serum, and UV irradiated.
Arrows indicate diffused cytochrome c staining and the corresponding nucleus of a cell protected from apoptosis. (IV) Rat1a/MyrAkt cells were treated as for panel
III. (B) Quantitation of cells with diffused cytochrome (cyto) c staining. Averages (6 standard error) of at least 100 cells from three independent experiments are shown.
(C) Preincubation of Ra1a cells with zVAD is sufficient to prevent apoptosis as measured by DAPI staining. Cells were deprived of serum for 20 min and then either
mock treated or treated with 100 mM zVAD for 20 min followed by UV irradiation (50 J/m2), as indicated. After an additional 5 h, cells were DAPI stained and scored
for nuclear condensation. Averages (6 standard errors) of at least 300 cells from three independent experiments are shown. (D) Rat1a (lanes 1 to 3 and 7 to 9) and
Rat1a/MyrAkt (lanes 4 to 6 and 10 to 12) cells were deprived of serum for 20 min and then irradiated with 50 J of UV light as described for panel A. Cells were
mechanically lysed and separated into mitochondrial and supernatant fractions 0, 3, and 5 h following irradiation as described in Materials and Methods. Fractions were
subjected to SDS-PAGE (15% gel) followed by immunoblot analysis. Cytochrome c (Cyto. c) and COX IV [Cyto. Ox. subunit (IV)] are indicated by arrows. Positions
of molecular weight markers are indicated on the left.
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merase and a fluorescently conjugated DEVD substrate (20).
Procaspases are converted from inactive zymogens to their
active forms by proteolytic cleavage and assembly into tet-
rameric complexes (reviewed in reference 29). To determine
whether Akt was blocking the activity or the processing and
activation of the procaspases, we used an in vitro system for
detecting and identifying cleaved and activated caspases. This
system uses a nonhydrolyzable caspase recognition peptide
tagged with both a fluoroacyloxymethylketone moiety (which
covalently binds the target proteins) and a biotin tag which
enables their detection by immunoblot analysis (11, 12). Ex-
tracts from Rat1a and Rat1a/MyrAkt cells were labeled and
subjected to immunoblot analysis. After irradiation, we ob-
served the appearance of two species of labeled proteins that

migrated with mobility similar to that of activated caspases, at
approximately 21 and 23 kDa, as previously described (11)
(Fig. 1B, lane 2). FCS and MyrAkt were both sufficient to
prevent the appearance of these bands (lanes 3 and 5). Using
a fluorescently conjugated caspase substrate as previously de-
scribed (20), we observed induction of caspase activity that is
correlated with the appearance of the biotinylated bands (data
not shown). These results suggest that Akt not only inhibits
caspase activity but also blocks the processing of caspases from
inactive zymogens to their active forms.

Akt inhibits the release of cytochrome c from mitochondria
following UV irradiation. The major mechanism of processing
and activation of procaspases in mammalian cells is mediated
by the Ced-4 homologue Apaf-I. Apaf-I is activated by binding
to cytochrome c which is released from mitochondria in the
early stage of apoptosis (reviewed in reference 15). We there-
fore examined whether Akt is capable of regulating the release
of cytochrome c from mitochondria. Immunofluorescence
staining of Rat1a cells with an anti-cytochrome c antibody gave
a punctate staining pattern characteristic of mitochondrial lo-
calization (Fig. 2A, panel I). The mitochondrial dyes DiOC6
and MitoTracker-CMXRos gave indistinguishable patterns of
fluorescence (see below), suggesting that the cytochrome c
antibody did indeed recognize cytochrome c within mitochon-
dria. Treatment of Rat1a cells with UV light induced cytoplas-
mic shrinkage, nuclear fragmentation, chromatin condensa-
tion, and loss of mitochondrial cytochrome c staining (Fig. 2A,
panel II). Quantitation of the percentage of cells with diffuse
cytochrome c fluorescence showed a marked increase in cyto-
chrome c release following UV irradiation (Fig. 2B; P ,
0.001).

To determine whether the observed cytochrome c release is
indeed the trigger of cell death or a consequence of caspase
activation, we used the irreversible broad-range caspase inhib-
itor N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl-ketone
(zVAD). Preincubation of Rat1a cells with zVAD was suffi-
cient to prevent the fragmentation and condensation of nuclei
following UV irradiation (Fig. 2C; P , 0.001). The release of
cytochrome c from mitochondria, however, was not inhibited
by zVAD (Fig. 2A, panel III; Fig. 2B). These results are con-
sistent with previous results showing that translocation of cy-
tochrome c from mitochondria is independent of caspase ac-
tivity (4, 26, 40). A greater percentage of UV-irradiated Rat1a
cells exhibited a loss of punctate cytochrome c immunostaining
when pretreated with zVAD (Fig. 2B). This was not unex-
pected because zVAD prevented Rat1a cells from lifting off
the coverslip following UV exposure (data not shown). In the
absence of zVAD, many irradiated Rat1a cells had lifted off
the coverslip and consequently were not scored. UV induced
accumulation of cells with diffuse cytochrome c staining, and
this was prevented by MyrAkt in the presence and in the
absence of zVAD (Fig. 2A, panel IV; Fig. 2B, P , 0.002 and
0.001 respectively). These results suggest that Akt is sufficient
to prevent the loss of punctate cytochrome c immunostaining
immediately following UV irradiation.

To corroborate the immunofluorescence data, Rat1a and
Rat1a/MyrAkt cells were mechanically lysed and the subcellu-
lar localization of cytochrome c was investigated following
exposure to UV irradiation. Cytochrome c normally resides
within mitochondria between the inner and outer membranes.
In proliferating Rat1a cells, we observed cytochrome c in the
mitochondrial fraction and not in the cytoplasmic fraction (Fig.
2D). The mitochondrial marker COX IV is also localized in
the mitochondrial fraction and is absent from the cytoplasmic
fraction. Following UV irradiation, cytochrome c translocated
from the mitochondrial into the cytoplasmic fraction whereas

FIG. 2—Continued.
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COX IV remained in the mitochondrial fraction. In Rat1a/
MyrAkt cells, cytochrome c did not translocate into the cyto-
plasmic fraction following UV irradiation (Fig. 2D). These
results corroborate our immunofluorescence data and demon-
strate that Akt is sufficient to maintain cytochrome c within
mitochondria following UV irradiation of Rat1a cells.

Akt prevents the release of cytochrome c induced by multi-
ple apoptotic stimuli. We extended these results by testing the
ability of Akt to inhibit cytochrome c release from two addi-
tional inducers of apoptosis, the topoisomerase inhibitor eto-
poside and overexpression of Myc. Treatment of Rat1a cells
with etoposide resulted in a release of cytochrome c, as mea-
sured by loss of punctate cytochrome c immunofluorescence
(Fig. 3A; P , 0.001). Activated Akt was sufficient to prevent
the etoposide-mediated release of cytochrome c (Fig. 3A; P ,
0.001). To study Myc-mediated apoptosis we used a condition-
ally active Myc allele (MycER) that permits conditional acti-
vation of Myc activity upon addition of the b-estradiol analog
4-hydroxytamoxifen (4-HT). Rat1a cells expressing MycER
(Rat1a/MycER cells) and cells expressing MycER and MyrAkt
(Rat1a/MycER/MyrAkt cells) were deprived of serum in the
presence of 4-HT. Activation of Myc induced a large increase
in the percentage of cells exhibiting diffuse cytochrome c im-
munostaining (Fig. 3B; P , 0.001). Activated Akt was sufficient
to prevent this translocation of cytochrome c (Fig. 3B; P ,

0.001). These data demonstrate that in Rat1a cells, cytochrome
c is released in response to a wide range of apoptotic stimuli
and that activation of Akt is sufficient to prevent this release.

Akt prevents alterations in mitochondrial dye uptake fol-
lowing UV exposure. Alterations in the mitochondrial inner
membrane potential (Cm) have been implicated in the execu-
tion of apoptosis (reviewed in references 15 and 23). Pharma-
cological studies have suggested that the loss of inner mem-
brane potential (DCm) is due to alterations in permeability
transition (PT) pores; multiprotein complexes located between
the inner and outer membranes. Artificial induction of PT
pores opening can trigger caspase activation, and pharmaco-
logical inhibition of PT can prevent nuclear DNA condensa-
tion and apoptosis. In many cases, however, DCm collapse is
preceded by cytochrome c release and caspase activation (4,
22, 40, 45). A recent study has presented evidence supporting
a causative role for a hyperpolarization and swelling of mito-
chondria, and the subsequent cytochrome c release, in the
induction of apoptosis (40).

To determine if alterations in mitochondrial potential occur
in our system, we measured the uptake of the mitochondrial
specific dyes DiOC6 and MitoTracker-CMXRos in Rat1a cells
undergoing apoptosis. Proliferating Rat1a cells loaded with
DiOC6 (Fig. 4A) or MitoTracker-CMXRos (data not shown)
exhibited a punctate fluorescence characteristic of a mitochon-
drial labeling pattern indistinguishable from the cytochrome c
immunofluorescence pattern (Fig. 2A). Pretreatment of Rat1a
cells with the protonophore carbonyl cyanide m-chlorophenyl-
hydrazone (ClCCP), which dissipates the mitochondrial inner
membrane proton gradient, substantially inhibited dye uptake,
suggesting that dye uptake requires an intact membrane po-
tential (Fig. 4A). Dye uptake was quantitated by flow cytom-
etry (Fig. 4B). Proliferating Rat1a and Rat1a/MyrAkt cells
took up similar amounts of DiOC6. Five hours after UV irra-
diation, we observed the appearance of a population of cells
that had lost membrane potential (DCm low). Activated Akt
delayed the appearance of DCm low cells until 17 h following
irradiation (Fig. 4B). Five hours after irradiation, .45% of
Rat1a cells exhibited fragmented and condensed nuclei (Fig.
1A), while only less than 10% of the cells had lost membrane
potential. These results strongly suggest that in our system,
DCm low is a late event that occurs as a consequence of
apoptosis. Interestingly, we observe an initial threefold in-
crease in dye incorporation following irradiation (DCm high),
which is also significantly attenuated by MyrAkt (Fig. 4B).
Thus, Akt activation, like Bcl-xL overexpression (40), is suffi-
cient to delay increases in mitochondrial dye uptake and hy-
perpolarization. We obtained virtually identical results when
these experiments were repeated using the mitochondrial dye
MitoTracker-CMXRos (data not shown). The initial increase
in dye uptake may reflect swelling of the mitochondria which
precedes cytochrome c release. Thus, Akt inhibits cytochrome
c release by delaying the early changes in the mitochondria
immediately after the exposure to the apoptotic stimulus.

We found that ectopic expression of Bcl-2 delay mitochon-
drial changes for longer time than Akt (data not shown). This
is likely because the MyrAkt kinase activity declines with time
upon growth factor withdrawal due to the limited pool of the
D-3 phosphoinositides that are required for full activation of
Akt by PDKI and PDKII. As we have previously shown, the
ability of Akt to promote cell survival is dependent on its
kinase activity (20).

Akt cannot inhibit apoptosis induced by microinjection of
cytochrome c. Microinjection of holo-cytochrome c can induce
apoptosis in some cell lines (9, 25). We tested whether micro-
injection of holo-cytochrome c was able to induce cell death in

FIG. 3. Akt prevents the release of cytochrome c induced by multiple apo-
ptotic stimuli. (A) Akt inhibits etoposide-mediated cytochrome c release. Rat1a
(columns 1 and 2) and Rat1a/MyrAkt cells (columns 3 and 4) were either mock
treated (columns 1 and 3) or treated with 10 mM etoposide (columns 2 and 4) for
3 h in the presence of 100 mM zVAD. Cells were then fixed and immunostained
for cytochrome (cyto) c as described in Fig. 2. Averages (6 standard errors) of
at least 100 cells from four independent experiments are shown. (B) Akt inhibits
Myc-mediated cytochrome c release. The percentage of cells demonstrating
diffuse cytochrome c immunostaining was quantitated. Rat1a/MycER (columns 1
and 2) and Rat1a/MycER/MyrAkt cells (columns 3 and 4) were incubated over-
night in DMEM with 2.5% FCS with (columns 2 and 4) or without (columns 1
and 3) 1 mM 4-HT. The next day, cells were placed in DMEM with 0.5% FCS
and 100 mM zVAD for 3 h. Cells were then fixed and immunostained for
cytochrome c as described for Fig. 2. Averages (6 standard errors) of at least 100
cells from four independent experiments are shown.
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Rat1a cells and whether Akt could prevent cytochrome c-
induced cell death. Rat1a cells were injected with 0.1 to 10 mg
of horse heart holo-cytochrome c per ml together with the dye
Texas red. We observed a dose-dependent induction of apo-
ptosis, as judged by fragmentation of nuclei beginning with 0.3
mg of cytochrome c per ml (data not shown). Because 1 mg/ml
was the lowest concentration of cytochrome c that reproduc-
ibly induced apoptosis, we used this concentration for further
experiments. Injection of 1 mg of cytochrome c per ml induced
Rat1a cells to undergo apoptosis within 60 min of microinjec-
tion (Fig. 5; P , 0.001). Injection of 1 mg of BSA per ml did
not induce any significant fragmentation of nuclei (Fig. 5B).
Preincubation with zVAD was sufficient to prevent nuclear
fragmentation induced by cytochrome c microinjection (Fig. 5;
P , 0.001). Cells expressing MyrAkt were not protected from
cytochrome c-induced cell death (Fig. 5). Taken together,
these results demonstrate that although Akt can prevent cyto-
chrome c release, it is unable to inhibit apoptosis after cyto-

chrome c has accumulated in the cytoplasm. Therefore, the
inhibition of cytochrome c release from mitochondria is a
major mechanism by which Akt prevents cell death.

Akt inhibits apoptosis induced by overexpression of the pro-
apoptotic Bcl-2 family members. We have presented evidence
that Akt prevents the disruption of mitochondrial integrity
following apoptotic stimuli. As Bcl-2 family members also con-
trol mitochondrial integrity (reviewed in reference 1), it is
possible that Akt functions by regulating this family of pro-
teins. We have shown previously that Akt does not change the
steady-state expression levels of the Bcl-2 and Bcl-xL proteins
(20). We therefore examined the ability of Akt to inhibit ap-
optosis mediated by the proapoptotic members of the Bcl-2
family. Overexpression of Bax, Bak, Bik, and Bad induced a
significant increase in apoptosis in Rat1a cells upon serum
deprivation that was significantly attenuated by activated Akt
(Fig. 6A).

Bad is phosphorylated in hemapoietic cells treated with in-

FIG. 4. Akt is sufficient to prevent alterations in mitochondrial dye uptake. (A) DiOC6 labeling of mitochondria requires an intact inner membrane potential. (B)
FACS analysis of UV-irradiated Rat1a and Rat1a/MyrAkt cells incubated with DiOC6. Rat1a and Rat1a/MyrAkt cells were subjected to UV irradiation as described
for Fig. 1, either mock treated or treated with 100 mM ClCCP for 5 min, and then loaded with DiOC6 as described in Materials and Methods. Proliferating Rat1a cells
loaded with DiOC6 were defined as having a fluorescence of 500 arbitrary units.
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terleukin-3 at two sites, serine 112 (S112) and serine 136
(S136) (41, 47). Akt has recently been shown to phosphorylate
and inactivate Bad in primary neurons and in vitro (8, 31).
Indeed, in Rat1a cells, activated Akt was unable to efficiently
inhibit apoptosis mediated by a mutant of Bad (Bad*) in which
the two serine residues were converted to alanine (Fig. 6A).
Immunoblot analysis of Rat1a cells expressing Bad and Bad*
demonstrated that activated Akt was sufficient to induce a
mobility shift of Bad indicative of phosphorylation. In prolif-

erating Rat1a cells, Bad existed as a doublet (data not shown).
The slower- and faster-migrating bands were termed a and b,
respectively. In Rat1a cells deprived of FCS, the majority of
Bad existed as the faster-migrating b species (Fig. 6B, lane 1).
Treatment of the cells with FCS resulted in a shift in mobility
of Bad to the slower-migrating a species (lane 2). Pretreatment
of the cells with wortmannin prevented this serum-induced
mobility shift (lane 3). In Rat1a/MyrAkt cells, Bad migrated
predominantly as the a species, irrespective of the presence or

FIG. 5. Akt cannot block apoptosis induced by microinjection of cytochrome c. (A) Hoechst staining and Texas red fluorescence of microinjected cells. Rat1a
(panels I, II, and IV) and Rat1a/MyrAkt (panel III) cells were mock treated or treated with 100 mM zVAD (panel IV) for 20 min and then microinjected with 0.2%
Texas red and 1 mg of cytochrome (cyto.) c per ml. After the time indicated on the left, cells were fixed. (B) Time course of apoptosis in Rat1a and Rat1a/MyrAkt
cells microinjected with cytochrome c. Cells exhibiting fragmented and condensed nuclei were scored as apoptotic. Rat1a and Rat1a/MyrAkt cells were injected with
1 mg of cytochrome c per ml and scored for nuclear condensation 0, 20, 60, and 90 min after microinjection. Alternatively, Rat1a cells were either mock treated or
treated with 100 mM zVAD, then injected with BSA (1 mg/ml) or cytochrome c (1 mg/ml), fixed, and scored after 90 min. Averages (6 standard errors) of at least 50
cells from three independent experiments are shown.
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absence of serum or wortmannin (lanes 5 to 7). Bad* migrated
exclusively as the b species irrespective of the presence or
absence of serum and/or wortmannin (lanes 7a and 8). The
presence of MyrAkt was unable to induce a mobility shift in
Bad*-expressing cells (data not shown). Thus, in Rat1a cells,
Akt is sufficient to induce a mobility shift of ectopically ex-
pressed Bad that is dependent on S112 and S136.

We next investigated whether Bad-induced apoptosis in-
volves cytochrome c release and whether Akt is capable of
preventing this release. Cytochrome c release was measured in
UV-treated Rat1a and Rat1a/MyrAkt cells expressing Bad or
Bad*. Under these conditions, ectopic expression of Bad and
Bad* increased the percentage of cells with diffuse cytochrome
c immunostaining (Fig. 6C; P , 0.002 ,0.001). Akt was able to
prevent release of cytochrome c induced by Bad and to a lesser
extent by Bad* (Fig. 6C; P , 0.001). We then determined
whether the mechanism by which Akt inhibits apoptosis medi-
ated by other proapoptotic members of the Bcl-2 family is also
through the inhibition of cytochrome c release. Because Bak is
a potent accelerator of apoptosis in Rat1a cells, we examined
the ability of Akt to inhibit the cytochrome c release induced
by overexpression of Bak, as a representative of the Bax sub-
family. Overexpression of Bak also elicited an increase in cy-
tochrome c release that was significantly inhibited by Akt (Fig.
6D). These results show that Akt inhibits apoptosis and cyto-
chrome c release induced by both the BH3 subfamily and the
Bax subfamily of the proapoptotic Bcl-2 family. Furthermore,
these results suggest that Bad is not the only target for Akt
upstream of cytochrome c release (see discussion below).

DISCUSSION

In mammalian cells, the serine/threonine kinase Akt/PKB is
widely recognized as the major mediator of growth factor-
promoted cell survival, but the step at which it abrogates the
apoptosis cascade remained unknown. A critical early step is
initiated by loss of integrity of the outer mitochondrial mem-
brane accompanied by release of cytochrome c. Cytochrome c
then binds to and activates the Ced-4 homologue Apaf-I, which
in turn activates caspase-9, resulting in the execution of a
caspase cascade culminating in caspase-3 and caspase-7. In the
present study, we demonstrated that Akt can prevent the ac-
tivation and the processing of the caspases by maintaining
mitochondrial integrity and by preventing the critical early step
of cytochrome c release. The data for dye uptake (Fig. 4)
suggest that Akt can block also the swelling of the mitochon-
dria which preceded cytochrome c release, as was shown for

Bcl-xL (40). While mitochondrial step of apoptosis is at least in
part controlled by Bcl-2 family of proteins, we failed to de-
tected changes in the levels of such proteins upon introduction
of constitutively active Akt (20). One possible candidate that
may mediate the regulation of mitochondrial integrity by Akt is
the proapoptotic Bcl-2 family member Bad. Bad has been
shown to be directly phosphorylated and inactivated by Akt.
Our results are consistent with Bad being a downstream target
of Akt-mediated mitochondrial integrity in cells overex-
pressing Bad. Although this phenomenon is important for
Akt-mediated survival of cells overexpressing Bad, we have
presented evidence for the existence of a more general, Bad-
independent mechanism of Akt action. First, in this study we
have demonstrated that Akt can overturn effects of proapop-
totic Bcl-2 family members (Bik, Bak, and Bax) that lack Akt
phosphorylation sites. Second, Akt showed small yet reproduc-
ible and statistically significant protection from the effects of an
overexpressed Bad mutant that is insensitive to Akt phosphor-
ylation (Fig. 6A). Moreover, Akt can completely protect from
a certain threshold level of unphosphorylated Bad, because
there is always a significant fraction of unphosphorylated Bad
when wild-type Bad is overexpressed (Fig. 6B, lanes 4 to 6).
Importantly, these phenomena were observed in Rat1a cells
that lack any detectable Bad protein (19a). Third, Akt pro-
motes survival of cells of various tissues origins and in response
to diverse stimuli. Bad-deficient mice, however, lack major
apoptotic defects (22a), and their primary fibroblasts are as
sensitive to serum withdrawal as the wild-type cells (19a). Fi-
nally, while this report was in review, it was shown that Akt is
unlikely to be the major kinase that phosphorylates Bad in vivo
(18).

An alternative route of Akt action was suggested by the
finding that Akt can directly phosphorylate and inactivate
caspase-9 (6). The latter is expected to have an effect analo-
gous to that of the caspase inhibitor zVAD. In contrast, our
data indicate that Akt (but not zVAD) blocks release of mi-
tochondrial cytochrome c in a caspase-independent manner
(Fig. 2), while zVAD (but not Akt) attenuates cell death upon
cytochrome c microinjection (Fig. 5). Noteworthy, caspase-9
deficiency interferes with apoptosis without preventing cyto-
chrome c release (17).

Taken together, our findings demonstrate that Akt inter-
venes in the apoptotic pathway independently of caspases by
inhibiting mitochondrial changes prior to cytochrome c re-
lease. In addition, to this mechanism that counteracts the ef-
fects of diverse apoptotic stimuli and proapoptotic proteins,
there are more specific mechanisms such as phosphorylation of
Bad and caspase-9 (Fig. 7). Although our results do not sup-
port Akt-mediated cell survival through inhibition of cas-
pase-9, we cannot completely rule out the possibility that in
addition to preventing cytochrome c release, Akt phosphory-
lates and inactivates caspase-9 and other caspases. This mech-
anism together with the phosphorylation of Bad could be al-
ternative or safeguard mechanisms for Akt-mediated cell
survival.

The exact mechanism by which Akt maintains mitochondrial
integrity is not clear. It is possible that Akt is antagonizing the
initial damage to the mitochondria induced by the apoptotic
stimuli. Because the nature and the identity of this early event
are not known, it is unclear how Akt regulates the integrity of
the mitochondria. However, it is likely that this mechanism is
evolutionarily conserved because Akt exhibits antiapoptotic
effects in both mammalian and Drosophila cells (3, 36).

The mechanism by which Akt maintains the integrity of
mitochondria is likely to be similar to the effect of growth
factors on mitochondria. It has been recently shown that

FIG. 5—Continued.
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growth factor deprivation decreases the accessibility of mito-
chondrial matrix to ADP, which in turn elicits hyperpolariza-
tion of the inner mitochondrial membrane and matrix swelling.
Bcl-xL prevents cell death upon growth factor withdrawal by
bypassing the inaccessibility of mitochondria to ADP, thereby
inhibiting hyperpolarization and swelling of mitochondria (39).
Because activated Akt can prevent the initial swelling and
hyperpolarization of mitochondria, it is likely that it inhibits
cell death by maintaining accessibility of mitochondria to ADP.

While this report was in review, another possible mechanism
by which Akt promotes cell survival was suggested: Akt
prevents the expression of Fas ligand upon growth factor
withdrawal (5). This implies that in serum-deprived cells,
the apoptotic signal is relayed to mitochondria via a caspase-
8-dependent pathway which is sensitive to zVAD (26). Our
observations, however, do not support this prediction because
zVAD fails to prevent cytochrome c release, although it is
capable of inhibiting the onset of subsequent apoptotic
changes.

Both the apoptotic cascade and Akt are conserved in Caen-
rhabditis elegans and in Drosophila. Thus, it is expected that
Akt will also have a role in regulating apoptosis in nematodes
and flies. Indeed, Akt was shown in C. elegans to be a down-
stream effector of insulin-like growth factor receptor and PI
3-kinase (30). Thus far, there is no evidence that Akt plays a
role in regulating apoptosis in C. elegans. In this regard, it is
worth noting that although the fundamental apoptotic machin-
ery is conserved between C. elegans and mammals, no role in
apoptosis has been attributed to cytochrome c in C. elegans.
Because Akt inhibits apoptosis by preventing cytochrome c
release, it may not have a role in the regulation of apoptosis in
C. elegans. Interestingly, in mammalian cells, Bcl-2 can inter-
vene in two steps of apoptosis: it can prevent cytochrome c
release and can also physically interact with Apaf-I to inhibit its
function similar to the interaction between Ced-9 and Ced-4 in
C. elegans (reference 1 and Fig. 7). This may explain the ability
of Bcl-2, at least in some cases, to inhibit apoptosis after cyto-
chrome c release (34). It was shown that Akt is required in

FIG. 6. Akt inhibits apoptosis and cytochrome c release induced by overexpression of the proapoptotic Bcl-2 family members. (A) Akt inhibits apoptosis accelerated
by overexpression of Bax, Bak, Bik, and Bad. Rat 1a and Rat1a/MyrAkt cells were infected with eGFP retroviruses expressing Bax, Bak, Bik, Bad, and the Bad* (see
Materials and Methods). Apoptosis was scored by DAPI staining 16 h following serum deprivation, a time point at which Rat 1a cells do not exhibit significant apoptosis.
Cells were seeded at a density of 50,000 cells/3-cm-diameter dish. The next day cells were placed in DMEM containing 0% FCS for 16 h. Averages (6 standard errors)
of at least 300 cells from three independent experiments. (B) Akt induces a mobility shift of ectopically expressed Bad in Rat1a cells. Rat1a (lanes 1 to 3, 7, and 8)
and Rat1a/MyrAkt (lanes 4 to 6) cells were infected with retrovirus expressing Bad or Bad*. Forty-eight hours following infection, cells were deprived of serum for 2 h.
Cells were either mock treated (lanes 1, 2, 4, 5, 7, and 8) or treated with 200 nM wortmannin (Wort; lanes 3 and 6) for 30 min. Cells were then either mock treated
(lanes 1, 4, and 7) or stimulated with 20% FCS for 30 min (lanes 2, 3, 5, 6, and 8). Cells were lysed, and extracts were subjected to SDS-PAGE (12% gel). Bad was
detected with a hamster monoclonal anti-Bad antibody (PharMingen clone 13361S), and the different phosphorylation states are indicated with arrows. Positions of
molecular weight standards are indicated on the left. (C) Akt prevents cytochrome c release accelerated by overexpression of Bad. Rat1a (columns 1 to 3) and
Rat1a/MyrAkt (columns 4 to 6) cells demonstrating diffuse cytochrome c immunostaining were quantitated. Cells were treated as described for Fig. 2. Two hours (a
time point at which there is no significant cytochrome c release in Rat 1a cells) after UV irradiation cells were fixed and immunostained for cytochrome c localization.
Averages (6 standard errors) of at least 100 cells from three independent experiments are shown. (D) Akt prevents cytochrome c release accelerated by overexpression
of Bak. Cells were treated and scored for cytochrome c release as described for panel C.
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Drosophila for blocking apoptosis in the embryos but has only
modest effect on apoptosis in the Drosophila eye (3, 36). It
remains to be seen whether Drosophila has also adopted cyto-
chrome c as an apoptosis cofactor.
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