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Abstract
Doxorubicin is the anthracycline with the widest spectrum of antitumor activity, and it has
been shown that the antitumor activity is mediated in vivo by selective triggering of
apoptosis in proliferating endothelial cells. We studied cultured human endothelial cells and
observed that doxorubicin-induced apoptosis was mediated by p38 mitogen-activated
protein kinase (MAPK). Doxorubicin-provoked apoptosis was significantly inhibited by
expression of dominant negative p38 MAPK or pharmacological inhibition with SB203580.
Furthermore, blocking phosphatidylinositol-3-kinase/Akt signaling significantly increased
doxorubicin-induced caspase-3 activity and cell death, indicating that Akt is a survival
factor in this system. Notably, we also found that doxorubicin-provoked apoptosis included
p38 MAPK-mediated inhibition of Akt and Bad phosphorylation. Furthermore, doxorubicinstimulated phosphorylation of Bad in cells expressing dominant negative p38 MAPK was
impeded by the inhibition of PI3-K. In addition to the impact on Bad phosphorylation,
doxorubicin-treatment caused p38 MAPK-dependent downregulation of Bcl-xL protein.
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Introduction
Doxorubicin is the anthracycline with the widest spectrum of antitumor activity [1], but the
clinical efficacy of this drug is limited due to severe cardiotoxicity in adult and pediatric
patients [2]. It has been shown that doxorubicin-induced apoptosis in endothelial cells and
cardiomyocytes involves formation of hydrogen peroxide [3,4], and it has also been
reported that antioxidant treatment exerts cardioprotective effects in cancer patients
receiving doxorubicin chemotherapy [5]. It was recently demonstrated that the antitumoral
influence of doxorubicin can be mediated in two ways: either through targeting of the tumor
endothelium or by destruction of both the tumor endothelium and tumor cells [6-8].
Research has revealed that both the cardiotoxicity [9,10] and the antitumoral effect of
doxorubicin involve endothelial apoptosis, thus it is highly important to further elucidate the
underlying signaling mechanisms in order to gain novel information about how to
selectively regulate these two types of doxorubicin-induced endothelial cell death.
The MAPK family consists of extracellular signal-regulated kinase (ERK) 1 and 2, Jun
N-terminal kinase (JNK), and p38 MAPK, which are known to mediate many of the
processes associated with cell growth, survival, and death. JNK and p38 MAPK are
stimulated by stress, ultraviolet light, heat, osmotic shock, and inflammatory cytokines. In
previous studies [11,12] we found that TNF-induced endothelial cell apoptosis requires p38
MAPK activity, which regulates the balance of Bcl-2 proteins in that system. The ERK
pathway is initiated by mitogenic stimuli, such as growth factors, cytokines, and phorbol
esters, and it plays a major role in regulating cell growth and differentiation [13]. However,
ERK signaling has been suggested to be proapoptotic in cells undergoing doxorubicininduced apoptosis [14-16].
Phosphatidylinositol 3-kinase (PI3-K)/Akt is a major cell survival pathway that has
been extensively studied. Direct binding of the PH domain of Akt to PtdIns(3,4,5)P3 permits
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phosphorylation of Akt by a phosphoinositide-dependent kinase (PDK1) at Thr308 [17].
Full activation of Akt requires further phosphorylation at Ser473, which has been suggested
to occur via autophosphorylation [18] or through phosphorylation induced by integrinlinked kinase (ILK) [19]. Activated Akt regulates survival by phosphorylating numerous
cellular proteins, such as caspase-9 [20], Bad [21], the forkhead family of transcription
factors [22], GSK-3β [23], and NF-κB [24]. PI3-K/Akt mediates survival in a variety of cell
types, including endothelial cells [16,25], and there is evidence that sustained activation of
Akt suppresses doxorubicin-induced apoptosis in gastric adenocarcinoma [26].
Members of the Bcl-2 family are key regulators of apoptosis that include both antiapoptotic proteins (e.g., Bcl-2, Bcl-xL, Mcl-1, and A1) and pro-apoptotic proteins (e.g.,
Bak, Bax, Bad, and Bid). Under normal conditions, Bad is phosphorylated and sequestered
in the cytosol by 14-3-3 protein [27]. Upon dephosphorylation, Bad translocates to the
mitochondria, where it associates primarily with Bcl-xL but also with Bcl-2, and thereby
promotes apoptosis [28,29]. Cytokine-dependent phosphorylation of Bad has been reported
to involve several kinases, such as Akt, protein kinase A (PKA), RSK1 (p90 ribosomal S6
kinase1), p70S6 kinase, and PAK1 [21,30-33].
Relatively little is known about the signaling pathways in doxorubicin-provoked
endothelial apoptosis, thus our objective was to investigate the role of p38 MAPK and Bcl-2
proteins in such induced cell death. Our results suggest that p38 MAPK plays a novel role in
this context by downregulating the Bcl-xL protein and inhibiting phosphorylation of Bad in
a PI3K/Akt-dependent manner.
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Materials and methods

Antibodies and reagents. The following antibodies, reagents, and equipment were used in
the present study (suppliers indicated within parentheses): doxorubicin (Adriamycin;
Pharmacia, Stockholm, Sweden); anti-α-tubulin Ab (Oncogene Research Products, Boston,
MA); Asp-Glu-Val-Asp-aminomethylcoumarin (DEVD-amc), and anti-Akt pAb (Upstate
Biotechnology, Lake Placid, NY); SB203580 (inhibitor of α and β isoforms of p38 MAPK),
LY294002 (PI3-K inhibitor), and Nonidet P-40 (Calbiochem, La Jolla, CA); anti-Bcl-xL
pAb and an enhanced chemiluminescence (ECL) kit (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA); NaVO4 (ICN Pharmaceuticals, Inc., Costa Mesa, CA); leupeptin and Pefabloc
SC (Roche Diagnostics, Mannheim, Germany); Coomassie Plus Protein Assay Reagent
(Pierce, Rockford, IL); anti-PARP mAb (BIOMOL Research Laboratories, Plymouth
Meeting, PA); anti-phospho-p38 MAPK pAb (detects all isoforms of p38 MAPK that have
been activated by dual phosphorylation at Thr180 and Tyr182), anti-p38 MAPK pAb
(recognizes p38α MAPK), anti-phospho- JNK pAb, anti-JNK pAb, anti-phospho-ERK pAb,
anti-ERK pAb, anti-phospho Ser473 Akt pAb, anti-phospho-serine 112 Bad mAb, anti-Bad
pAb, PD98059 (MEK1/2 inhibitor) and SP600125 (JNK inhibitor), (Cell Signaling
Technology, Beverly, MA); trypan blue (Invitrogen, Paisley, UK); reagents and equipment
for SDS polyacrylamide gel electrophoresis and a Fluor-S MultiImager (Bio-Rad, Rockford,
IL). All other reagents were purchased from Sigma Chemicals (St. Louis, MO), unless
otherwise stated.

Cell culture and inhibitor experiments. The permanent cell line EA.hy926 derived from
human endothelium [34] was maintained in Dulbecco’s Modified Eagle’s Medium
supplemented with 2 mM L-glutamine, 50 IU/ml penicillin-streptomycin (all from
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Invitrogen), and 10% heat-inactivated fetal bovine serum (PAA Laboratories, Linz,
Austria). The cells were incubated at 37°C in a humidified 5% CO2 atmosphere, and they
were subcultured every five days in trypsin-EDTA solution for endothelial cells. For
experiments, cells were cultured to 70% confluency, because we found that doxorubicin
triggered apoptosis in proliferating cells, but had no effect on confluent cells (data not
shown), which agrees with the selective effect of this drug observed by Lorenzo and
coworkers [35]. In inhibitor experiments, cells were pre-treated for 1 h with one of the
following: SB203580 (5 µM), PD98059 (25 µM), SP600125 (10 µM), or LY294002 (10
µM). The respective inhibitors were also present during subsequent exposure to
doxorubicin.

Plasmids. Lentiviral vectors were generated by transient transfection performed as described
by Follenzi et al. [36] using the three-plasmid expression system comprising the following:
the packaging plasmid, pCMV R8.74, designed to provide the HIV proteins needed to
produce the virus particle; the envelope-coding plasmid pMD.G, for pseudotyping the virion
with VSV-G; and the self-inactivating (SIN) transfer vector plasmid
pRRL.sin.PPT.hCMV.Flag-p38 (AF).pre. The transfer vector plasmid
pRRL.sin.PPT.hCMV.Flag-p38 (AF) was obtained by substituting the luciferase reporter
gene fragment in the pRRL.sin.PPT.hCMV.Luci.pre plasmid with the cDNA coding for a
dominant negative Flag tagged p38 containing T180A and Y182F amino acid substitutions
[37] from the mammalian expression vector pcDNA3. The pRRL.sin.PPT.hCMV.Luci.pre
plasmid was digested using XbaI enzyme and then blunted with Klenow enzyme and
dephosphorylated with SAP enzyme, and it was subsequently ligated with the fragment
Flag-p38 (AF) from the digestion and blunting of pcDNA 3 with HindIII-XbaI. The
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transfer vector pRRL.sin.PPT.Ecadpr.Luciferase.pre containing wild-type E-cadherin
promoter was used as control vector [38].

Flow cytometric analysis of LV-transduced cells. To determine the percentage of EA.hy926
cells expressing DNp38, ECDNp38 cells were analyzed using flow cytometry (FACSCalibur,
Becton Dickinson Immunocytometry Systems, San Jose, CA). Briefly, cells were fixed and
permeabilized using a Fix and Perm Kit (Caltag Laboratories, Burlingame, CA) according
to the manufacturer’s instructions. Expression of intracellular FLAG was determined by
analyzing indirect immunofluorescence with a primary unconjugated mAb against FLAG
(IgG1; Stratagene, La Jolla, CA) and a PE-conjugated secondary goat pAb against murine
IgG1 (Southern Biotechnology Associates Birmingham, AL).

Western blot analysis. Cells were incubated in 60-mm culture dishes under various
conditions, after which cells were lysed and proteins were analyzed on western blots as
described previously [12].

Fluorometric assays for caspase-3 activity. Caspase-3 activity was analyzed by fluorescence
spectrophotometry, using the fluorogenic peptide DEVD-amc as a substrate. Cells were
treated as indicated for 21 h, after which adherent cells were harvested on ice by scraping
them into 300 µl of caspase lysis buffer (10 mM Tris-HCl, 10 mM NaH2PO4/Na2HPO4 [pH
7.5], 130 mM NaCl, 0.1% Triton-X-100, and 10 mM NaPPi); floating cells were collected,
pelleted, and pooled with the lysate. The assay was performed as decribed previously [12].

Analysis of cytotoxicity. Cells were incubated in 60-mm culture dishes and treated as
indicated and then trypsinized. Floating cells were collected, pelleted, and pooled with
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trypsinized cells, and viability was assessed by trypan blue exclusion. Briefly, 10 µl of cell
suspension maintained in culture medium, was combined with 90 µl of 0.4% sterile-filtered
trypan blue, after which the cells were counted using a hemacytometer.

Statistical evaluations. All data are expressed as means + SD (n < 5) or SEM (n > 5), and
Student’s t test was used for statistical analysis of the differences (*p < 0.05, **p < 0.01,
***p < 0.001).
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Results

Expression of dominant negative p38 MAPK inhibits doxorubicin-induced endothelial
apoptosis
It is known that doxorubicin treatment of cultured cells leads to production of reactive
oxygen species (ROS) [39, 40], and that oxidative stress activates p38 MAPK [41], thus we
wanted to elucidate the role of p38 MAPK in doxorubicin-induced apoptosis. To this end,
we used lentiviral transduction of EA.hy926 cells to express a dominant negative mutant
Flag-p38α MAPK harboring T180A and Y182 F amino acid substitutions [37]. Use of
lentiviral vectors ensures the stable and sustained expression of transgenes in any cell type,
because even non-dividing cells are transduced, and transgenes are integrated in multiple
and different DNA regions in each cell. Furthermore, an internal promoter included in the
transgene cassette drives transgene expression, which is not influenced by the integration
site. Therefore, we were able to compare the bulk unselected EA.hy926 cell population
expressing the DNp38 variant (ECDNp38) with EA.hy926 cells that were either not
transduced (ECWT) or were transduced with a control vector (ECCV) containing a nonexpressed cassette. FACS analysis showed that 60% of the ECDNp38 expressed the pDNp38
(data not shown). Treatment with clinically relevant concentrations of doxorubicin resulted
in similar concentration-dependent activation of caspase-3 in ECWT and ECCV, as indicated
by cleavage of poly(ADP-ribose) polymerase (PARP) (Fig. 1A and B). Notably, expression
of DNp38 in the EA.hy926 cells reduced the doxorubicin-provoked activation of caspase-3
(measured as DEVDase activity) by 60% as compared to ECCV (Fig. 1C), and also
decreased cell death caused by the drug by 57% (Fig. 1D). Since 60% of ECDNp38 cells
expressed DNp38 MAPK, this means that virtually all DNp38-expressing cells were
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resistant to death induced by doxorubicin. These findings indicate that p38 MAPK plays a
crucial role in doxorubicin-induced endothelial apoptosis.

Activation of endogenous p38 MAPK in endothelial cells undergoing doxorubicin-induced
apoptosis
To further investigate the role of p38 MAPK in doxorubicin-induced apoptosis, we used an
anti-phospho-p38 MAPK Ab to detect activated endogenous p38 MAPK on Western blots.
We found that activation of p38 MAPK in wild type EA.hy926 cells occurred early (after 30
min) during incubation with 0.5 µg/ml doxorubicin and was sustained for 24 h (data not
shown). Moreover, the stimulation of p38 MAPK (Fig. 1E) was concentration-dependent,
with a peak at 1 µg/ml doxorubicin. That finding agrees well with the concentration-related
activation of caspase-3 and cleavage of PARP (Fig. 1A-C), and, notably, doxorubicininduced p38 MAPK phosphorylation preceded activation of caspase-3 and cell death (data
not shown). These results underline the significance of p38 MAPK in doxorubicin-induced
endothelial apoptosis.

Pharmacological inhibition of p38 MAPK impedes doxorubicin-induced apoptosis
To gain support for our results with ECDNp38 we treated endothelial cells with doxorubicin in
combination with the inhibitor SB203580, which specifically targets the α- and β- isoforms
of p38 MAPK [42]. Such cotreatment reduced PARP cleavage (Fig. 2A) and DEVDase
activity (Fig. 2B) by approximately 50%, and similar results were obtained when analyzing
proteolysis of procaspase-3 (data not shown). By comparison, untreated cells and cells
exposed solely to SB203580 exhibited very little or no detectable caspase-3 activity (Fig.
2A and B). Cotreament with SB203580 also caused a 40% decrease in cell death induced by
doxorubicin (Fig. 2C). Together, these results indicate that pharmacological inhibition of
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p38 MAPK and transduction with DNp38 MAPK reduce doxorubicin-provoked apoptosis in
similar ways.

Participation of other MAP kinases and Akt in doxorubicin-induced apoptosis
Our next objective was to investigate the roles of JNK, ERK, and PI3-K/Akt signaling in
endothelial cells undergoing doxorubicin-induced apoptosis. We stimulated cells with
doxorubicin (0.5 µg/ml) for 21 h in the presence or absence of PD98059 (MEK1/2
inhibitor), SP600125 (JNK inhibitor), or LY294002 (PI3-K inhibitor) and then analyzed
caspase-3 (DEVDase) activity in cell lysates. Untreated cells and cells exposed solely to an
inhibitor exhibited very little caspase-3 activity (Fig. 3A). Cotreatment with SP600125
reduced doxorubicin-induced caspase-3 activity by 65% in ECWT and by 56% in ECDNp38
(Fig. 3A), which suggests that JNK promotes endothelial cell apoptosis caused by
doxorubicin, in accordance with a recent report by Panaretakis and coworkers [43]. In
addition, SP600125 exerted similar protective effects on ECWT and ECDNp38, which implies
that JNK and p38 MAPK act via pro-apoptotic signaling pathways that are at least partly
independent.
Several investigators [25,44] have shown that ERK activity can act as a survival signal
in endothelial apoptosis, and we recently observed that inhibition of ERK potentiated TNFinduced endothelial apoptosis [12]. However, in the present experiments, inhibition of the
MEK-ERK pathway in ECWT decreased doxorubicin-induced caspase-3 activity by 73% and
also curbed the cytotoxicity of the drug by 49%, and the corresponding values for ECDNp38
were 56% and 58%, respectively (Fig. 3B). These results suggest that ERK signaling is
proapoptotic in doxorubicin-treated cells, which agrees with findings reported by other
investigators [14-16]. It seems that this proapoptotic role of ERK is partly independent of
the p38 MAPK pathway.

12
Interestingly, using the inhibitor LY294002 to block the PI3-K/Akt pathway restored
the caspase-3 activity in doxorubicin-treated ECDNp38 to a level comparable or higher to that
observed in ECWT exposed to doxorubicin (Fig. 3A). Moreover, LY294002 increased the
cytotoxicity of doxorubicin to nearly the same levels in ECDNp38 and ECCV (44% and 47%,
respectively; Fig. 3B).
In a previous study [12], we detected crosstalk between p38 MAPK and the MEK/ERK
signaling pathway in TNF-induced endothelial apoptosis, thus in the current investigation
we analyzed doxorubicin-induced activation of ERK in ECDNp38 and ECWT by Western
blotting. The results show that doxorubicin treatment for 24 h caused similar concentrationdependent increases in ERK activity in ECCV and ECDNp38 (Fig. 3C). Furthermore, we did
not detect any significant difference in JNK activity upon treatment of ECCV and ECDNp38
with increasing concentrations of doxorubicin (data not shown), which agrees with our
observation that SP600125 had similar effects on apoptosis in the two cell sublines.
Together, these findings imply that, in doxorubicin-induced endothelial cell apoptosis, PI3K/Akt is an important survival factor, whereas ERK and JNK seem to have proapoptotic
functions.

p38 MAPK-mediated downregulation of Bcl-xL induced by doxorubicin
In a previous investigation [11], we found that TNF-induced apoptosis in endothelial cells
involved p38 MAPK-mediated phosphorylation and degradation of anti-apoptotic Bcl-xL.
To determine whether p38 MAPK can regulate the levels of Bcl-xL protein during
doxorubicin-induced apoptosis, we treated ECDNp38and ECCV for 24 h with increasing
concentrations of doxorubicin and then analyzed Bcl-xL in the cells by Western blotting.
We found that treatment with doxorubicin significantly decreased the level of Bcl-xL in
ECCV, whereas the amounts of this protein in ECDNp38 remained stable upon exposure to
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different concentrations of the drug (Fig. 4A and B). These results indicate that doxorubicin
induces p38 MAPK-dependent downregulation of Bcl-xL protein in endothelial cells.

Doxorubicin-induced p38 MAPK activation negatively regulates phosphorylation of Akt and
Bad
We subsequently examined the effect of doxorubicin on phosphorylation of Bad in
endothelial cells. Interestingly, upon treatment with the drug, Bad Ser112 phosphorylation
was significantly increased in ECDNp38, but remained unchanged in ECCV (Fig. 5A).
Considering our observation that doxorubicin-induced ERK activity displayed similar
kinetics in ECDNp38and ECCV, and that ERK seems to play a proapoptotic role in this system,
it is unlikely that the downstream target of ERK (RSK1) is involved in phosphorylation of
Bad. Therefore, we next used an anti-phospho-Ser473 Akt Ab to study activation of Akt in
ECDNp38 and ECCV exposed to increasing concentrations of doxorubicin. The results indicate
that Akt activation was significantly elevated in ECDNp38 treated with 0.5 µg/ml
doxorubicin, whereas the drug had no effect on Akt activity in ECCV. Western blotting with
a total Akt Ab showed that the levels of this protein remained stable (Fig. 5B). According to
these observations, the ECDNp38 exhibited concurrent increases in phosphorylation of Akt
and Bad in response to doxorubicin treatment, suggesting that p38 MAPK-mediated
inhibition of Akt leads to activation of Bad during doxorubicin-induced apoptosis. To
ascertain whether p38 MAPK-mediated regulation of Bad phosphorylation occurs via a PI3K-dependent pathway, we exposed cells to both doxorubicin and LY294002 for 18 h (Fig.
5C). This shorter treatment period was chosen because we had found that the inhibitor
strongly increased caspase-3 activity and cell permeability after 21 h (Fig. 3A and B).
LY294002 inhibited the doxorubicin-induced phosphorylation of Bad in ECDNp38 (Fig. 5C),
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suggesting the occurrence of doxorubicin-provoked, p38 MAPK-mediated inhibition of Akt
signaling, which in turn blocked phosphorylation of Bad.
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Discussion
Doxorubicin is a major antitumor agent used to treat a variety of human cancers [1]. This
drug induces apoptosis in endothelial cells, which is a desirable event that leads to the
regression of tumor vessels. However, the cardiotoxicity of doxorubicin also involves
endothelial cell apoptosis, which is an undesirable effect. Consequently, it is essential to
unravel the endothelial signaling events that mediate doxorubicin-induced apoptosis.
We provide several lines of evidence supporting an important role for p38 MAPK in
doxorubicin-induced endothelial apoptosis. First, we found that expression of DNp38
MAPK and pharmacological inhibition of p38 MAPK with SB203580 led to severe
attenuation of both the caspase-3 activating and cytotoxic effects of doxorubicin. Second,
stimulation of p38 MAPK by doxorubicin preceded caspase-3 activation by this drug and
occurred in a concentration- and time-dependent manner. These findings agree well with
recent studies showing that p38 MAPK is activated by doxorubicin and is required for
doxorubicin-induced apoptosis in fibroblasts and cardiomyocytes [45-47], although possible
involvement of Bcl-2 proteins was not considered in those investigations. Nevertheless,
other researchers [48] found no change in p38 MAPK activity in breast cancer cells treated
with doxorubicin, and it has been suggested that p38 MAPK protects lung cancer cells from
apoptosis caused by doxorubicin [49]. Our data show that p38 MAPK mediates
doxorubicin-induced endothelial apoptosis by inhibiting phosphorylation of Bad in a PI3K/Akt-dependent manner and by downregulating Bcl-xL. These results concur well with our
previous study [11] showing that p38 MAPK mediates TNF-induced endothelial apoptosis
via phosphorylation and degradation of Bcl-xL in the proteasomes. Lorenzo and coworkers
[35] have reported that doxorubicin-induced apoptosis includes a downregulation of Bcl-2
protein and involvement of the mitochondrial pathway. Overexpression of Bcl-xL has been
observed to protect cardiomyocytes from doxorubicin-provoked apoptosis [50,51], and bcl-
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2/bcl-xL bispecific antisense treatment has been found to sensitize breast carcinoma cells to
doxorubicin [52], suggesting an important survival function for Bcl-2 and/or Bcl-xL in cells
exposed to doxorubicin.
In earlier studies [11,12] we noted that TNF-induced p38 MAPK-mediated endothelial
apoptosis comprised suppression of the MEK/ERK survival pathway. In contrast, our
present results suggest that doxorubicin-induced MEK/ERK signaling is proapoptotic,
which agrees with other investigations [14-16], and we found that the PI3-K/Akt pathway
plays an important role in endothelial cell apoptosis caused by doxorubicin. Of particular
interest, our results reveal a previously unreported inhibition of the PI3-K/Akt pathway by
p38 MAPK. In addition, we observed that both the caspase-3 activity induced by
doxorubicin and the cytotoxicity of this drug were increased by treatment with LY294002,
and the inhibition of PI3-K/Akt signaling in ECDNp38 amplified those two effects to levels
comparable to the levels seen in ECWT and ECCV. Another type of crosstalk between PI3K/Akt and p38 MAPK has been described, where p38 MAPK is inhibited either by Akt1 via
phosphorylation and blocking of MEKK3 [53] or by Akt2 through phosphorylation and
inhibition of Apoptosis signal regulating kinase1 (ASK1)[54].
Importantly, we found that ECDNp38 displayed a significant increase in Bad Ser112
phosphorylation during doxorubicin-induced apoptosis. This increase was not observed in
ECCV, which suggests that p38 MAPK prevents phosphorylation of Bad in endothelial cells
undergoing apoptosis provoked by doxorubicin. In support of our results, other investigators
[50] have reported that phosphorylation of Bad induced by leukemia inhibitory factor blocks
doxorubicin-induced apoptosis in myocytes. In our experiments, phosphorylation of both
Akt and Bad was stimulated in ECDNp38 which implies that the p38 MAPK-effected
regulation of Bad phosphorylation is mediated by Akt. Indeed, the doxorubicin-induced
increase in Bad phosphorylation was reduced in ECDNp38 cotreated with doxorubicin and
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LY294002, indicating that Akt inhibition is central to the p38 MAPK-induced decrease in
Bad phosphorylation.
The inhibitory effect of LY294002 on the level of Bad Ser112 phosphorylation is
noteworthy, because it indicates that Akt-mediated phosphorylation of Ser136 precedes the
phosphorylation of Ser112, the latter of which is assumed to be caused by RSK1, PAK1 or
PKA [30-32]. PAK1 has been found to phosphorylate Bad at Ser136 and 112 and to protect
fibroblasts and FL5.12 lymphoid progenitor cells from apoptosis [32]. PAK1 can be
activated by the small GTPases Rac and Cdc42, and either of those GTPases can be
activated by inhibition of PI3-K, which may explain the weak effect of LY294002 treatment
on phosphorylation of Bad. It has been suggested that protein phosphatase 2A is the major
pSer112 phosphatase [55]. Thus, the p38 MAPK-mediated activation of Bad seen during
doxorubicin-induced apoptosis may occur directly via protein phosphatase 2A, as we have
previously shown for TNF-induced apoptosis [12], and/or through inhibition of PI3-K/Akt
activity.
In summary, it appears that p38 MAPK can transduce a strong death signal in
doxorubicin-induced apoptosis by simultaneously decreasing the concentration of Bcl-xL
and increasing the activity of Bad.
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Figure legends

Fig. 1. Caspase-3 activation, cell death and p38 MAPK phosphorylation caused by
doxorubicin in EA.hy926 cells. (A) and (B) ECWT, ECCV and ECDNp38 were treated with
increasing concentrations of doxorubicin for 24 h, and then subjected to Western blotting.
Cleavage of PARP (116 kDa) and production of the 85-kDa fragment were detected with an
anti-PARP mAb. (B) The optical density (OD) of PARP bands on Western blots was
scanned, and the results are shown as means of 4-8 experiments + SD (for n<5) or SEM. (C)
Cells were treated with doxorubicin (0.5 µg/ml) for 21 h and caspase-3 activity was
measured as cleavage of DEVD-amc in a fluorescence plate reader assay. The level of
activity induced by doxorubicin is shown as fold increase compared to untreated cells, and
the values given are means + SD or SEM of 3-5 experiments. (D) Cells were treated with
doxorubicin (0.5 µg/ml) for 24 h and then harvested for trypan blue exclusion. The
illustrated data represents means of six separate experiments + SEM. The black, grey, and
white bars in diagrams B, C, and D represent ECWT, ECCV, and ECDNp38, respectively. (E)
ECWT were treated with increasing concentrations of doxorubicin for 24 h and thereafter
subjected to Western blotting with an anti-phospho-p38 MAPK Ab to detect the
phosphorylated form of p38 MAPK (p38-P). The PVDF membrane was subsequently
stripped and reprobed with an Ab against total cellular p38 MAPK as a loading control. The
illustrated blot is representative of three independent experiments.

Fig. 2. Doxorubicin-induced endothelial apoptosis is impeded by inhibition of p38 MAPK
with SB203580. Cells were exposed to doxorubicin (0.5 µg/ml) for 24 h (A and C) or 21 h
(B) and were or were not cotreated with SB203580 (5 µM); some dishes of cells were
treated solely with SB203580. (A) Cleavage of PARP and production of the 85-kDa
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fragment were detected with an anti-PARP mAb. The Western blot shown is representative
of five separate experiments with similar results. The PARP bands from Western blots were
scanned for OD, and the illustrated data represents the ratios of 85-kDa PARP to total (116
kDa plus 85 kDa) calculated for five separate experiments + SEM. (B) Caspase-3 activity
was measured as cleavage of DEVD-amc using a fluorescence plate reader assay. The
activity induced by doxorubicin was assigned a value of 1 and all other responses were
calculated in relation to this value. The results given represent means + SEM of five
experiments. (C) Cells were processed for trypan blue exclusion and the illustrated data
represent means + SD of three independent experiments.

Fig. 3. The role of other MAPKs and Akt in doxorubicin-induced endothelial cell apoptosis.
Cells were or were not pretreated for 1 h with 10 µM SP600125, 25 µM PD98059, or 10
µM LY294002 before exposure to 0.5 µg/ml doxorubicin for 21 h (A) or 24 h (B), or they
were treated solely with one of the inhibitors. (A) Caspase-3 activity was measured as
cleavage of DEVD-amc, and the activity in untreated cells was assigned a value of 1 and all
other responses were calculated in relation to this value. The results given represent means +
SD (for n<5) or SEM of 3-7 experiments. (B) Viability of the cells was assessed by trypan
blue exclusion, and the illustrated data represent means + SD or SEM of 3-6 separate
experiments. (C) ECCV and ECDNp38 were treated with the indicated concentrations of
doxorubicin for 24 h and thereafter lysed and subjected to Western blotting with an antiphospho-ERK Ab to detect the phosphorylated form of ERK (ERK-P). The PVDF
membrane was subsequently stripped and reprobed with an Ab against total cellular ERK.
The blots shown are representative of three independent experiments.
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Fig. 4. Downregulation of Bcl-xL in endothelial cells treated with doxorubicin is mediated
by p38 MAPK. ECCV and ECDNp38 were exposed to increasing concentrations of
doxorubicin for 24 h. (A) Levels of Bcl-xL in the doxorubicin-treated cells were analyzed
by Western blotting with an anti-Bcl-xL Ab. The PVDF membranes were subsequently
stripped and reprobed with an anti-α-tubulin Ab. (B) The Bcl-xL and α-tubulin bands from
western blots of samples treated with or without 0.5 µg/ml doxorubicin were scanned for
OD, and the results shown are calculated ratios (ODBcl-xL/ODtubulin) from 3-5 separate
experiments. The black and white bars in diagram B represent ECCV and ECDNp38,
respectively.

Fig. 5. The activity of Bad in endothelial cells is regulated by p38 MAPK via inhibition of
Akt. (A) ECCV and ECDNp38 cells were either left untreated or exposed to 0.5 µg/ml
doxorubicin for 24 h. Western blotting was performed with an anti-Bad Ab specific for
phosphorylation at Ser112 (Bad-P), and the PVDF membranes were subsequently stripped
and reprobed with and anti-total Bad Ab (Bad). The blots shown are representative of five
separate experiments. The Bad-P and Bad bands were scanned for OD, and the results
shown are calculated ratios (ODBad-P/ODBad) from five independent experiments (ECCV,
black bars; ECDNp38, white bars. (B) Cells were treated with the indicated concentrations of
doxorubicin for 24 h and then analyzed by Western blotting with an anti-phospho-Akt Ab to
detect the activated form of Akt (Akt-P). Thereafter, the PVDF membrane was stripped and
reprobed with an Ab against total cellular Akt. The Akt-P and Akt bands from samples
treated with 0.5 µg/ml doxorubicin were scanned for OD, and the results shown are
calculated ratios (ODAkt-P/ODAkt) from 4-6 separate experiments. (C) ECDNp38 cells were
exposed to 0.5 µg/ml doxorubicin fort 18 h; some dishes of cells were pretreated with
LY294002 (10 µM) before exposure to doxorubicin. Western blots were analyzed with an
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anti-Bad Ab specific for phosphorylation at Ser112 or anti-total Bad Ab. The blots shown
are representative of three separate experiments.
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