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Abstract Regulation and function of PI 3K/Akt and mitogen-activated protein kinases (MAPKs) in doxorubicin-
induced cell death were investigated in human lung adenocarcinoma cells. Doxorubicin induced dose-dependent
apoptosis of human lung adenocarcinoma NCI-H522 cells. Prior to cell death, both Akt and the MAPK family members
(MAPKs: ERK1/2, JNK, and p38) were activated in response to the drug treatment. The kinetics of the inductions for Akt and
MAPKs are, however, distinct. The activation of Akt was rapid and transient, activated within 30 min of drug addition,
then declined after 3 h, whereas the activations of three MAPKs occurred later, 4 h after addition of the drug and sustained
until cell death occurred. Inhibition of PI 3K/Akt activation had no effect on MAPKs’ activation, suggesting that the two
pathways are independently activated in response to the drug treatment. Inhibition of PI 3K/Akt and p38 accelerated and
enhanced doxorubicin-induced cell death. On the contrary, inhibition of ERK1/2 or JNK had no apparent effect on the cell
death. Taken together, these results suggest that PI 3K/Akt and MAPKs signaling pathways are all activated, but with
distinct mechanisms, in response to doxorubicin treatment. Activation of PI 3K/Akt and p38 modulates apoptotic signal
pathways and inhibits doxorubicin-induced cell death. These responses of tumor cells to cancer drug treatment may
contribute to their drug resistance. Understanding of the mechanism and function of the responses will be beneficial
for the development of novel therapeutic approaches for improvement of drug efficacy and circumvention of drug
resistance. J. Cell. Biochem. 91: 621–632, 2004. � 2004 Wiley-Liss, Inc.
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Doxorubicin (Adriamycin), an anthracycline
antibiotic, is one of themost effective andwidely
used anti-neoplastic agents in cancer chemo-
therapy. They have been used in treating a
broad range of malignancies including hemato-
poietic malignancies and various solid tumors
[Weiss, 1992]. At physiologically relevant con-
centrations, doxorubicin induces apoptosis of
many types of cancer cells in vitro. Although

whether tumor cell apoptosis is the major
therapeutic effect of doxorubicin in vivo
remains to be proven, understanding themolec-
ular mechanism and regulation of doxorubicin-
induced apoptosis is of therapeutic value in
designing more effective and less toxic anti-
cancer drugs. The cytotoxic mechanism of
doxorubicin is uncertain and is complex.
Damage of DNA is generally considered as the
primary cause of doxorubicin-induced cell
death. The exact mechanism and biochemical
events that lead the doxorubicin-induced DNA
damage signal to cell death have not been
defined. Likewise, factors and biochemical
pathways that influence the cytotoxicity of
doxorubicin have not been well-characterized.
A number of studies have shown that two
classes of cell growth and survival/death signal-
ing pathways, the PI 3K/Akt and MAPKs path-
ways, play important roles in regulating DNA
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damage agents-induced cell death [Persons
et al., 1999; Wang et al., 2000]. But the results
of these studies on function and regulation of
these enzymes in the anti-cancer drug-induced
apoptosis have been controversial. There is very
limited information about the regulation and
function of the two signaling pathways in
doxorubicin-induced apoptosis [Yu et al., 1996;
Kang et al., 2000; Guise et al., 2001; Negoro
et al., 2001].

PI 3K/Akt signaling pathway is the best-
characterized and most prominent pathway in
transmission of anti-apoptotic signals in cell
survival [Dudek et al., 1997; Kauffmann-Zeh
et al., 1997; Kennedy et al., 1997; Kulik et al.,
1997]. Overexpression of PI 3K and Akt protect
cells from cell death, whereas inhibition of the
two enzymes causes increased cell death and
decreased cell survival [Plo et al., 1999; Naka-
shio et al., 2000; Ng et al., 2000, 2001; Yuan
et al., 2000; Page et al., 2000b; Brognard et al.,
2001; Negoro et al., 2001; Tang et al., 2001].
Overexpression and constitutive activation of
Akt have been observed in a number of human
cancers including ovarian [Yuan et al., 2000],
breast [Nakatani et al., 1999;Page et al., 2000a],
prostate [Graff et al., 2000], and lung cancers
[Brognard et al., 2001]. Many studies have
reported that PI 3K/Akt signaling pathway is
involved in regulating chemotherapeutic drug-
induced cell death [Plo et al., 1999; Nakashio
et al., 2000; Ng et al., 2000, 2001; Yuan et al.,
2000; Page et al., 2000b; Brognard et al., 2001;
Tang et al., 2001]. Cytotoxic drugs can either
inhibit or activate Akt under different condi-
tions. Inhibition of Akt potentiates drug-
induced cell death [Plo et al., 1999; Nakashio
et al., 2000; Ng et al., 2000, 2001; Yuan et al.,
2000; Page et al., 2000b; Brognard et al., 2001;
Tang et al., 2001], whereas activation of Akt
delays or decreases drug-induced cell death [Plo
et al., 1999; Brognard et al., 2001; Del Bufalo
et al., 2002; Li et al., 2002]. The function and
regulation of PI 3K/Akt signaling pathway in
tumor cells in response to doxorubicin treat-
ment have not been studied.

Mitogen-activated protein kinases (MAPKs)
are a family of serine/threonine kinases com-
prising extracellular signal-regulated kinase
(ERK), p38MAPK, and c-junN-terminal kinase
(JNK). These enzymes are important compo-
nents of signaling pathways that transduce
extracellular stimuli into intracellular re-
sponses. MAPK family members are involved

in regulating diverse biological functions in-
cluding cell proliferation, differentiation, and
survival/death.

ERK is activated in response to a variety of
mitogenic stimuli. Its major role is to transmit
cell growth and differentiation signals. Activa-
tion of ERK usually confers a survival advan-
tage to cells. Recent studies have shown that
constitutive activation of ERK is associated
with neoplastic phenotypes of a large number
of human tumor cells [Hoshino et al., 1999; Kim
et al., 1999; Morgan et al., 2001]. Many anti-
cancer drugs, such as paxlitaxol, cisplatin, and
doxorubicin, induce activation of ERK [Wang
et al., 2000; Guise et al., 2001; Seidman et al.,
2001]. The same drug can also inhibit ERK
activation in different cells or under different
experimental conditions [Seidman et al., 2001].
The role of ERK in regulating the anti-cancer
drug-induced cell death also varies consider-
ably. In most cases, ERK activation protects
cells from drug-induced cell death [Seidman
et al., 2001], in others, it contributes to cell
death [Wang et al., 2000;Guise et al., 2001]. The
regulation and function of ERK in lung tumor
cells in response to doxorubicin has not been
studied.

JNK is preferentially activated by stress
signals such as UV irradiation, hyperthermia,
inflammatory cytokines, and chemotherapeutic
agents. Its activation is most frequently asso-
ciated with cell death. Many studies have
demonstrated that JNK is activated by cyto-
toxic drugs, and the activation plays a role in
drug-induced cell death [Wang et al., 1998;
MacKinnon et al., 2000; Mandlekar et al., 2000;
Stadheim and Kucera, 2002]. Although there
are evidences showing that JNK can be acti-
vated by doxorubicin [Yu et al., 1996], its role in
regulating doxorubicin-induced cell death is
unclear.

p38, like JNK, is activated primarily by
cellular stresses. The role of p38 in cell death
is somewhat controversial. In some instances,
p38 functions as a cytoprotective kinase
[Zechner et al., 1998; Communal et al., 2000],
in others, it is a cytotoxic kinase [Kang et al.,
2000; Sanchez-Prieto et al., 2000; Deschesnes
et al., 2001; Hu et al., 2001; Nelson and Fry,
2001]. In cardiomyocytes and NIH 3T3 cells,
p38 is activated in response to doxorubicin and
is required for doxorubicin-induced apoptosis
[Jiang et al., 1996; Kang et al., 2000; Sanchez-
Prieto et al., 2000]. The regulation and function
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of p38 in doxorubicin-treated human tumor
cells have not been studied.
In this study, we sought to examine the re-

gulation and function of PI 3K/Akt and MAPKs
signaling pathways in doxorubicin-induced cell
death in human lung adenocarcinoma cells. We
found that although Akt and the three MAPKs
were all activated in response to doxorubicin
treatment, the kinetics of the inductions were
distinct. Furthermore, we found that only PI
3K/Akt and p38 signaling pathways were func-
tionally involved in regulating doxorubicin-
induced apoptosis. The activation of JNK and
ERK1/2 had no apparent effect on the induction
of cell death. These findings are of therapeutic
values in designing new combinational regi-
mens for treating tumors.

MATERIALS AND METHODS

Cell Culture

All human lung adenocarcinoma cell lines
were purchased from America Type Culture
Collection (Manassas, VA) and were main-
tained at 378Cwith 5% CO2 in standard culture
DMEM medium (Gibco, Grand Island, NY)
containing 10% fetal bovine serum (FBS)
(Gibco), 100 U/ml penicillin, and 100 mg/ml
streptomycin.

Chemicals and Antibodies

Doxorubicin, the mitogen-activated protein
kinasekinase (MEK1/2) inhibitorPD98059, p38
inhibitor SB203580, JNK inhibitor II, and the
PI 3K inhibitor LY294002 were purchased from
Calbiochem (La Jolla, CA). Stock solutionswere
prepared in deionized water (doxorubicin) or
DMSO (for inhibitors). The highest concentra-
tion of DMSO used was 0.2%. Annexin V-FITC
Apoptosis Detection Kit was purchased from
Oncogene (Boston, MA). Mouse anti-human
PARP antibody was purchased from Pharmin-
gen (Temecula, CA), anti-phospho-JNK anti-
body, horseradish peroxidase-conjugated anti-
mouse or anti-rabbit secondary antibodies were
purchased from Sigma (St. Louis, MO); the
other antibodies were from Cell Signaling
Technology (Beverly, MA). The antibodies were
used as recommended by the manufacturers.

Drug Treatment

Exponentially growing cells were seeded
1 day before experiments (2� 105 cells per ml).
Cells were incubated in drug-free medium, and

then treated with doxorubicin for various
lengths of time. For experiments using combi-
nations of doxorubicin and other inhibitors,
cells were pre-incubated with the inhibitors
PD98059 (100 mM), SB203580 (20 mM), JNK
inhibitor II (40 mM), or Ly294002 (50 mM) for
1 h before addition of doxorubicin, the same
volumes of corresponding solvents were added
to the controls.

Assays of Cell Survival and Apoptosis

The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-
nyltetrazolium bromide (MTT) test was
employed to measure cell survival as described
[McFadyen et al., 2001]. Briefly, cells were
seeded at 5� 105 per well in 50 ml volume in a
96-well plate (use phenol Red-free media only).
After treatment, 5mlMTT(M5655,Sigma, 5mg/
ml in phenol red-free RPMI) was added to the
cultures and incubated at 378C for 2–4 h (until
livecellsbecameblue).Fiftymicrolitersof0.08N
HCl in isopropanol (1:10 dilution of 0.8 N HCl)
was added and the cultureswere pipeted up and
down vigorously to dissolve all cells. The optical
density (OD) was measured in an EL-312
microplate spectrophotometer (Biotek Instru-
ments, Winooski, VT) at 562 and 650 nm. The
percentage of cell survival was calculated by
dividing the OD of drug-treated cell minus
blank by mean OD of control cell minus blank.
MTT tests were repeated at least three times
from separate cell cultures.

Annexin V assay for apoptosis: after induc-
tion of apoptosis, approximately 5� 105 cells
were transferred to a microfuge tube, washed
with cold PBS, then resuspended in 0.5 ml cold
1�binding buffer, followedbyaddition of 1.25 ml
Annexin V-FITC. The mixture was incubated
for 15 min at room temperature in the dark,
then analyzed by Flowcytometry immediately.

DNA laddering assay for apoptosis: cytosolic
nucleic acids, which contain both fragmented
genomic DNA and RNA, were extracted with a
0.6 ml solution of 0.5% Triton X-100, 10 mM
EDTA, and 10 mM Tris (pH7.4), then phenol–
chloroform extracted three times, ethanol preci-
pitated and analyzed on a 1.5% agarose gel. The
gel was stained with ethidium bromide, and in-
cubated inRNaseA containing solution (5mg/ml)
to digest away the RNAs before photographing.

Immunoblotting

Cells were lysedwithLaemmli buffer (Sigma).
Cell lysates were subjected to 8% SDS–PAGE
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and transferred to nitrocellulose membranes.
The membranes were incubated for 1 h at room
temperature in a blocking solution containing
10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.1%
(v/v) Tween-20, and 3% (w/v) non-fat dry milk.
After preincubation, the membranes were incu-
bated with various primary antibodies at 48C
overnight. The antibodies were used as recom-
mended by themanufacturers. Themembranes
were thenwashed three timeswith the blocking
solution and incubated for 1 h at room tempera-
ture with horseradish peroxidase-conjugated
secondary antibodies, followed by enhanced
chemiluminescence (ECL) detection kit from
Amersham (Aylesbury, UK).

RESULTS

Doxorubicin Induced Dose-Dependent Cell
Death in Human Lung Adenocarcinoma Cells

To understand the regulation and function of
PI 3K/Akt and MAPKs in doxorubicin-induced
apoptosis in lung cancer cells, we screened six
human lung adenocarcinima cell lines for their
sensitivity to doxorubicin-induced cell death.
After 24 h of 2 mM doxorubicin treatment, the
cell death ranged from 19.9 to 99% (Fig. 1).
Among the cell lines screened, the NCI-H522
cell line is themost sensitive cell line in response
to doxorubicin treatment. We then focused on
this cell line for further analysis. Doxorubicin
induced dose-dependent cell death of H522
cells (Fig. 2). At the concentrations above
2 mM, most of the cells were dead after 24 h
doxorubicin treatment. At low concentration,
less than 2 mM, the cells died apparently
through apoptosis, as evidenced by the ap-
pearance of fragmented DNA in the DNA
laddering assay and the cleavage of caspase
substrate PARP (Fig. 2B,C). We chose to use
1 mM doxorubicin for subsequent experiments,
because it is also the initial plasma concentra-
tion in cancer patients undergoing doxorubicin
treatment.

Doxorubicin Induced Activation of Akt
and MAPKs With Distinctive Kinetics

We next analyzed the changes in phosphor-
ylation/activation ofAkt,ERK1/2, p38, andJNK
during doxorubicin-induced cell death. The
phosphorylation of Akt at both Ser-473 and
Thr-308 sites were induced at 30 min after
addition of 1 mM doxorubicin (Fig. 3). The

activation began to decrease after 5–8 h treat-
ment, and then gradually returned to the basal
level. The decrease of Akt phosphorylation
coincided with the onset of PARP cleavage,
which may indicated the onset of apoptosis
(Fig. 3). In contrast, the activation of all three
MAPKs occurred much later, beginning at 4 h
following exposure to doxorubicin (Fig. 3). The
increased levels of the MAPKs phosphorylation
were maintained throughout the rest of the
period of the doxorubicin treatment. The final
decrease of the MAPKs phosphorylation at 24 h
was likely the consequence of cell death because
more than 90%of cells were dead after 24 hdrug
treatment. These data suggest that the PI 3K/
Akt and the MAPKs pathways are all activated
by doxorubicin, but the mechanisms of the in-
duction are distinct.

Function of PI 3K and MAPK in
Doxorubicin-Induced Apoptosis

To determine whether the activations of Akt
and MAPKs are functionally involved in doxo-
rubicin-induced cell death, we inhibited the

Fig. 1. Induction of cell death by doxorubicin in human lung
cancer cells six different human lung cancer cell lines were
treated with 2 mM of doxorubicin for 24 h, cell viability was
measured by the MTT assay as described in ‘‘Materials and
Methods.’’ The experiment was repeated three times and the data
were the average of triplicates from one experiment.
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activation of Akt andMAPKs by pretreating the
cells with their respective inhibitors or in-
hibitors to their upstream kinases before addi-
tion of doxorubicin. Quantitation of cell death
with FITC-labeled Annexin V reveled that 24 h
after drug treatment, 51% of cells were dead
by doxorubicin treatment alone; 92% of cell
death with LY294002 co-treatment; and 83%

with SB203580 co-treatment. LY294002 alone
induced 8% of apoptosis; SB203580, MEK, or
JNK inhibitors alone had no apparent effect on
cell death, nor did they affect the doxorubicin-
induced cell death (Fig. 4A). Cell death induced
by doxorubicin alone, as indicated by the cleav-
age of caspase substrate PARP in Figure 4B,
occurred around 12 h. With addition of PI 3K
inhibitor Ly294002, which inhibit phosphoryla-
tion/activation of its substrate Akt, cell death
began to occur as early as at 6 h (Fig. 4B).
Addition of p38 inhibitorSB203580also advanc-
ed and increased the induction of cell death by
doxorubicin, but to a less extent (Fig. 4B). These
results indicate that activations of Akt and p38
function to protect cells from doxorubicin-
induced apoptosis. Inhibition of Akt or p38
activation accelerates and increases doxorubi-
cin-induced cell death.

PI 3K/Akt and MAPKs Signaling Pathways
Were Independently Regulated

Since that Akt activation proceeds the activa-
tion of MAPKs and that crosstalk between PI
3K/Akt and MAPKs have been reported pre-
viously [Souza et al., 2001; Laprise et al., 2002],
we tested whether PI 3K/Akt played a role in
regulating the MAPKs activation in response
to doxorubicin. We examined the induction of
MAPKs phosphorylation by doxorubicin in the
presence of the PI 3K inhibitor LY294002.
Inhibition of PI 3K had no apparent effects on
the doxorubicin-induced phosphorylation of the
MAPKs (Fig. 5), suggesting that activation of
Akt and the MAPKs were independent events
and are through distinct mechanisms.

It has been reported that a late induction
of the MAPKs by cisplatin requires de novo
protein synthesis [Persons et al., 1999]. We,
therefore, tested whether the induction of the
MAPKs by doxorubicin also depended on de

Fig. 2. Induction of cell death by doxorubicin in H522 cells
H522 cells were treated with different doses of doxorubicin, as
indicated, for 24 h. Cells without drug treatment were used as a
control (0). A: Cell viability was measured by MTT assay. The
experiment was repeated three times and the data were the
average of triplicates from one of the experiments. B: DNA
fragmentation assay for apoptosis. Cytoplasmic DNAs were
isolated from the doxorubicin-treated cells and analyzed
by agarose gel electrophoresis as described in ‘‘Experimental
Procedures.’’ Equal amount of DNA was loaded in each lane.
M: The 1-kb DNA marker. C: PARP cleavage was analyzed by
Western blotting with an anti-PARP antibody, which detects the
intact (116 kDa) and cleaved (85 kDa) products.

PI 3K/Akt and MAPKs in Doxorubicin-Induced Apoptosis 625



novo protein synthesis. We treated cells with
doxorubicin in the presence of protein synthesis
inhibitor cycloheximide. As shown in Figure 6,
cycloheximide inhibited the phosphorylation of
ERK whether or not doxorubicin was present,

but it did not affect the induction of phosphor-
ylation of Akt and MAPKs by doxorubicin.
These data suggested that induction of Akt
and MAPKs phosphorylation by doxorubicin
does not require new protein synthesis.

Fig. 3. Induction of Akt and mitogen-activated protein kinases
(MAPKs) activation by doxorubicin H522 cells were exposed to
1 mM doxorubicin for indicated time periods. Cells were lysed
and the cell lysates were resolved by SDS–PAGE. Akt and
MAPKs activation was analyzed by Western blotting with anti-

phospho-Akt, anti-phospho-Erk, anti-phospho-p38, or anti-
phospho-JNK specific antibodies as indicated. Equal protein
loading was confirmed by probing the membranes with anti-
bodies detecting the respective unphosphorylated proteins.
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DISCUSSION

Doxorubicin is one of the most effective and
widely used anti-neoplastic agents in cancer
chemotherapy. It has been used in treating
leukemia, lymphomas, and a variety of carcino-
mas. Its effect on lung cancer cells has not been
well studied. One of the notable consequences
of doxorubicin treatment is the induction of
apoptosis. A number of studies indicate that the
range of dose of doxorubicin inducing apoptosis
varies depending on the types of cancer cells.
In general, doxorubicin induces apoptosis at
low concentrations, less than 5 mM, but induces

necrosis at higher concentrations [Ling et al.,
1993; Skladanowski andKonopa, 1993; Zaleskis
et al., 1994]. Our data are consistent with the
previous reports. Apoptosis in the doxorubicin-
treated lung carcinoma cells is more prominent
at low concentrations than that at higher
concentrations.

The effects of chemotherapeutic agents on
ERK phosphorylation vary considerably de-
pending on the cell types as well as the types
of agents. They can increase, decrease, or have
no effect on the activation of ERK [Osborn et al.,
1996; Yu et al., 1996; Persons et al., 1999; Wang
et al., 2000; Guise et al., 2001; Liu et al., 2001].

Fig. 4. Effects of PI 3K inhibitor and MAPKs inhibitors on
doxorubicin-induced cell apoptosis in H522 cells (A). H522 cells
were treated with either PD98059 (100 mM), SB203580 (20 mM),
JNK inhibitor II (JNKi) (40 mM), or LY294002 (50 mM) alone for
24 h, or pretreated with the signaling molecule inhibitors for 1 h,
then treated with doxorubicin (1 mM) for 24 h. Cell death was
analyzed by Annexin V binding assay as described in ‘‘Experi-
mental Procedures.’’ Percentages of cell death (Annexin V

positive cells in the second peak) are indicated. Cells without
drug treatment were used as a control. B: PI 3K inhibitor and p38
inhibitor accelerated cell death caused by doxorubicin. H522
cells were treated with doxorubicin (1 mM) for the indicated time
periods in the absence or presence of pretreatment of SB203580
(20 mM) or LY294002 (50 mM) for 1 h, then analyzed by Western
blotting with anti-PARP antibody.
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Likewise, the functions of ERK activation in the
drug-induced cell death also differ from experi-
ments to experiments [Persons et al., 1999;
Wang et al., 2000; Liu et al., 2001]. There are
very limited studies on the regulation and
function of ERK in doxorubicin-induced cell
death [Osborn et al., 1996; Yu et al., 1996; Guise
et al., 2001]. Two reports showed that doxor-
ubicin had no effect on ERK activation in KB-3
carcinoma cells and H9 leukemia cells, respec-
tively [Osborn et al., 1996; Yu et al., 1996]. In
our experiments, doxorubicin induced a delayed
activation of ERK in human lung adenocarci-
noma H522 cells. Inhibition of ERK had no
significant effect on the doxorubicin-induced
cell death. Doxorubicin has also been reported
to induce ERK activation in neuroblastoma SK-
N-SH cells [Guise et al., 2001]. But the activa-
tion of EKR in the neuroblastoma cell line
appeared to enhance apoptosis since inhibition
of ERK reduced the doxorubicin-induced apop-

tosis [Guise et al., 2001].Wenoticed a difference
in the timing of induction in the two cell lines.
The induction of ERK activation in the neuro-
blastoma cells occurred as early as 2 h after
the addition of doxorubicin (earlier time points
were not analyzed in that study). In our study,
the activation of ERK did not occur until 4 h
after the drug addition. This difference may
indicate different induction mechanisms and
different factors that are involved in the two cell
lines. Therefore, the effects of the ERK activa-
tion on the drug-induced cell death in the two
cell lines may differ. This is again another
example that the activation and function of
ERK in response to anti-cancer agents are cell-
type and agent dependent.

JNK is activated bymany cytotoxic drugs and
the activation generally plays a role in mediat-
ing the drug-induced cell death [Wang et al.,
1998; MacKinnon et al., 2000; Mandlekar et al.,
2000; Stadheim and Kucera, 2002]. Although

Fig. 5. Effect of inhibition of PI 3K on the phosphorylation of the
MAPKs H522 cells were treated with doxorubicin (1 mM) for 10 h
with or without LY294002 pretreatment. The cell lysates were
then analyzed by Western blotting analysis using antibodies

against phosphorylated (pho-) or unphosphorylated MAPKs as
indicated. The anti-phospho-JNK and anti-JNK antibodies re-
cognize both JNK1 and JNK2.
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there have been reports showing that JNK is
activated by doxorubicin [Osborn et al., 1996;
Yu et al., 1996], its role in regulating doxor-
ubicin-induced cell death is unclear. Our data
showed that both JNK1 and JNK2 were acti-
vated by doxorubicin. But inhibition of JNK
activation did not affect the doxorubicin-
induced apoptosis. Similar to ERK, the activa-
tion of the JNKs induced by doxorubicin was
delayed. It has been suggested that the activa-
tion time course of JNK and the status of
other survival factors are important for deter-
mining the outcomeof JNKactivation [Barr and
Bogoyevitch, 2001]. The simultaneous induc-
tion of ERK, p38 and perhaps other unidentified
pro-survival factors by doxorubicin may play a
role in affecting the function of JNK in doxor-
ubicin-induced cell death.
p38 was also activated, with the same in-

duction kinetics as the other two MAPKs, by
doxorubicin. Inhibition of p38 activation in-
creased doxorubicin-induced apoptosis, sug-
gesting that p38 plays an anti-apoptotic role
in the doxorubicin-induced cell death. p38 has

been shown to either stimulate or inhibit apop-
tosis in various cell lines under different stimuli
[Nemoto et al., 1998; Zechner et al., 1998;
Communal et al., 2000; Kang et al., 2000;
Sanchez-Prieto et al., 2000; Deschesnes et al.,
2001; Hu et al., 2001]. The reason for the con-
tradictory roles of p38 is not clear. Distinct
functions of different isoforms of p38 have been
suggested to explain the seemingly contradic-
tory role of p38 [Nemoto et al., 1998]. The
differential effects of p38 inhibition onapoptosis
in various cell types may be due to the hetero-
geneity of the expression and/or activation of
various p38 kinase isoforms [Wang et al., 1998;
Dashti et al., 2001]. Activation of p38 by
doxorubicin has been reported in cardiomyo-
cytes and NIH 3T3 cells [Kang et al., 2000;
Sanchez-Prieto et al., 2000]. In both cases, the
activation of p38 by doxorubicin played pro-
apoptotic roles [Kang et al., 2000; Sanchez-
Prieto et al., 2000], which are contradictory to
our observation. It is possible that different
isoforms of p38 were activated in different cell
types. On this notion, it is worth mentioning

Fig. 6. Effects of inhibition of de novo protein synthesis on
activation of Akt and MAPKs induced by doxorubicin in
H522 cells H522 cells were treated with 1 mg/ml of cyclo-
heximide for 1 h prior to doxorubicin (1 mM) exposure for 1 h (for

Akt analysis) or 10 h (for MAPKs analysis). The cell lysates were
then analyzed by Western blotting analysis using antibodies
against phosphorylated (pho-) or unphosphorylated Akt or
MAPKs as indicated.
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that both the cardiomyocytes andNIH 3T3 cells
are non-transformed cells, whereas the H522
cell line in the present study is a tumor cell line.
There could be a difference in the expression
of different isoforms of p38 between non-
transformed versus transformed cells. Alterna-
tively, the differences in the presence and level
of other cell survival factors in tumor versus
non-tumor cells may influence the function of
p38 in the drug-induced apoptosis.

Akt is a key player in mediating cell survival
signals from extracellular stimuli. The function
and regulation of Akt in cell death control have
been extensively studied. Overexpression and/
or constitutive activation of Akt have been
observed in a number of cancer cells [Graff
et al., 2000; Yuan et al., 2000; Brognard et al.,
2001]. Inhibition of Akt activation generally
enhances anti-cancer drug-induced apoptosis in
the cancer cells [Plo et al., 1999; Nakashio et al.,
2000; Ng et al., 2000, 2001; Yuan et al., 2000;
Page et al., 2000b; Tang et al., 2001]. There are
only limited studies on the regulation of Akt in
response to anti-cancer drug treatment [Plo
et al., 1999; Nakashio et al., 2000; Negoro et al.,
2001; Tang et al., 2001]. Two of them showed
an increase of Akt activation in response to
daunorubicin [Plo et al., 1999], staurosporine,
and etoposide [Tang et al., 2001], whereas the
other two showed an inactivation of Akt by
doxorubicin [Negoro et al., 2001] and topotecan
[Nakashio et al., 2000]. By comparing these
studies, we noticed a difference in the time
points at which the phosphorylations of Akt
were analyzed. In the studies that showed an
increase of Akt phosphorylation in response to
the drug treatment, the increased phosphoryla-
tions ofAkt occurred transiently. Itwas induced
within minutes after addition of the drugs, and
was then decreased prior to cell death. On the
other hand, in the studies that showed an
inhibition of Akt phosphorylation by the drugs,
the phosphorylation of Akt were only analyzed
at late stages of the drug treatment, 12 and 16 h
after drug addition, respectively. The status of
Akt phosphorylation at earlier time points was
not analyzed in these two studies. In the present
study, we also observed a transient activation of
Akt in response to doxorubicin, which lasted
less than10h.After 10h, the phosphorylation of
Akt returned to its basal level and cell death
began. Inhibition of the Akt activation acceler-
ated and increased the doxorubicin-induced cell
death. Therefore, these seemingly contradic-

tory observations may in fact not be different
from each other. It is likely that in all of these
cases, the activation of Akt is a transient
response of the cells to an apoptotic stimulus,
which functions as a self-defense mechanism to
protect cells from cell death. An eventual de-
crease in theAkt phosphorylationmaybeneces-
sary for the induction of apoptosis in these cells.

The mechanisms that regulate the induction
of the Akt and the MAPKs in response to
doxorubicin treatment are not clear at present.
But the mechanisms that regulate the Akt
induction are apparently distinct from that of
the MAPKs. Induction of Akt was quick, within
minutes of drug addition,whereas the induction
of the MAPKs was a delayed response and was
not regulated by PI 3K/Akt. A better under-
standing of the signal transduction pathways
that modulate the doxorubicin response will be
beneficial in the development of novel thera-
peutic approaches for improvement of doxoru-
bicin efficacy and circumvention of doxorubicin
resistance.
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