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Doxorubicin (Dox), an anthracycline antibiotic, is one of the most 
effective chemotherapeutic agents and is used to treat a wide 

range of malignancies (1-4). However, cardiotoxic side effects of its use 
remain a major concern (2,4-6). Among different pathological mecha-
nisms, oxidative stress (OS) is widely considered to be the subcellular 
basis of this cardiotoxicity (4,7,8). At the molecular level, OS-induced 
apoptosis has been reported to be influenced by the regulation of pro-
tein kinases such as phosphatidylinositol 3-kinase (PI3K), protein 
kinase B (Akt) and mitogen-activated protein (MAP) kinases includ-
ing apoptosis signal-regulating kinase 1 (Ask1), p38 and c-jun 
N-terminal kinase (JNK) (9-11). 

Akt is a serine/threonine protein kinase and is activated in a PI3K-
dependent manner by a variety of stimuli (12,13). PI3K/Akt is now 
regarded as a major cell survival signalling pathway in modulating 
cardiomyocyte apoptosis (14-16). It has been demonstrated that Dox 
suppresses PI3K/Akt signalling in isolated neonatal cardiomyocytes 
(17). It has also been reported that adenovirus-mediated intracoronary 
delivery of a constitutively active Akt1 gene protects the myocardium 
against Dox-induced cardiomyopathy (18). 

Ask1, a serine/threonine MAP3 kinase, is sensitive to OS and is 
known to be phosphorylated at several sites, which either upregulates 
or downregulates its activity (19). In this regard, in response to cellular 
damage due to OS, Ask1 is phosphorylated at Thr845 and dephos-
phorylated at Ser83, resulting in an increase in its activity (20,21). 
Phosphorylated Ask1 activates downstream MAP2 kinase 4/7 and 3/6, 
which further induce phosphorylation of JNK and p38, respectively 
(22), resulting in cell apoptosis. In contrast, Akt-induced phosphoryla-
tion of Ask1 at Ser83 has been reported to inactivate this kinase and 
promotes cell survival (23). Similarly, selenite-induced phosphorylation 

of PI3K/Akt has also been shown to negatively regulate Ask1 by phos-
phorylation at Ser83 (24). Furthermore, Ask1 is an intermediate step 
between PI3K/Akt and proapoptotic kinases such as p38 and JNK (23). 

Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) 
is a water-soluble derivative of alpha-tocopherol with a carboxylic 
group that enables it to permeate cell membrane (25). This anti-
oxidant has been reported to protect against OS-induced cell damage 
in various cell types, including cardiomyocytes, both in vivo and in 
isolated cells (7,26,27). In the present study, we examined the cross-
talk among AktSer473, Ask1Ser83 and Ask1Th845 in adult rat cardiomyo-
cytes exposed to Dox as well as Trolox. 

METHODS
All experimental protocols were approved by the University of 
Manitoba (Winnipeg, Manitoba) Animal Care Committee, following 
the guidelines established by the Canadian Council on Animal Care. 

Isolation and treatment of adult rat cardiomyocytes
Primary ventricular cardiomyocytes were isolated from male Sprague 
Dawley rats weighing 250±10 g as previously described (10), with slight 
modifications. Briefly, hearts were perfused with a calcium-free Krebs 
buffer containing 110 mM NaCl, 2.6 mM KCl, 1.2 mM KH2PO4, 
1.2 mM MgSO4, 25 mM NaHCO3 and 11 mM glucose (pH 7.4) for 
5 min. The perfusion was then switched to a recirculating mode with 
buffer containing 20 µM calcium, 0.1% w/v collagenase and 0.1% w/v 
bovine serum albumin for 30 min. The collagenase-digested ventricles 
(both left and right) were gently processed to obtain the final isolated 
cardiomyocyte preparation in M199 medium supplemented with 
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OBjECTIvE: To examine the modulatory effects of the antioxidant 
Trolox in the interplay of Akt and apoptosis signal-regulating kinase (Ask) 
1 in doxorubicin (Dox)-induced oxidative stress (OS).
METHODS: Rat cardiomyocytes were treated with Dox (5 µM) or Trolox 
(20 µM) for 24 h, or were pretreated with Trolox (20 µM) for 4 h before 
treatment with Dox (5 µM) for 24 h, and were compared with cardiomyo-
cytes without any treatment. For the Akt inhibition study, cardiomyocytes 
were pretreated overnight with the phosphoinositol 3-kinase/Akt inhibitor 
wortmannin (1 µM) before treatment with Dox, Trolox or Trolox + Dox. 
The gain and loss of Akt gene function with HA-tagged constitutively active 
Akt1 or dominant-negative mutant Akt1 (T308A; S473A) was also studied 
in the cardiomyocytes under all treatment conditions. Cells exposed to vari-
ous treatment conditions were analyzed for OS, apoptotic and antiapoptotic 
proteins, and phosphorylation of Ask1Ser83, Ask1Thr845 and AktSer473.

RESuLTS: Dox caused a decrease in the phosphorylation of AktSer473. 
The phosphorylation of Ask1 was differentially modulated by Dox: Ask1 
phosphorylation was upregulated at Thr845 sites and was downregulated at 
Ser83 sites. The levels of apoptotic proteins were also increased. Trolox 
pretreatment downregulated Dox-induced OS, promoted the activation of 
AktSer473, and modulated Dox-induced changes in the phosphorylation of 
Ask1 and apoptosis-related proteins. Inhibition of phosphoinositol 
3-kinase/Akt using wortmannin and dominant-negative Akt1 adenovirus 
promoted phosphorylation of AskThr845 and attenuated the phosphoryla-
tion of Ask1Ser83. In contrast, upregulation of Akt activity using constitu-
tively active Akt1 promoted phosphorylation of Ask1Ser83 and inhibited 
phosphorylation of Ask1Thr845, respectively.
COnCLuSIOnS: Suppression of the effects of Dox by Trolox in rat car-
diomyocytes occurs through the upregulation of Akt and its consensus site 
Ask1Ser83. 
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antibiotics (streptomycin-penicillin, 100 mg/mL) containing 1.8 mM 
CaCl2. After initial culture of cardiomyocytes on laminin-coated dishes 
(20 µg/mL) for 2 h to remove any dead cells, cardiomyocytes (1×106 per 
dish) were further incubated overnight in serum-free M199 medium at 
37°C in a 5% CO2 and 95% O2 atmosphere. The viability of cardiomyo-
cytes was assessed using 0.4% Trypan blue (1:1). 

Viable cardiomyocytes (>95%) were treated with Dox (5 µM) for 
24 h; Trolox (20 µM) for 24 h; or Trolox (20 µM) for 4 h followed by 
Dox (5 µM) for 24 h; cardiomyocytes without any treatment served as 
controls. The treatment duration as well as concentrations were based 
on the authors’ preliminary studies as well as on the reports in the lit-
erature (28), as described in the results section. At the end of the 
various treatment protocols, the cells were harvested and stored at 
−80°C for biochemical analysis, and were processed fresh for the meas-
urement of reactive oxygen species (ROS) and activity of the apop-
totic protein caspase 3/7. Frozen cardiomyocytes were analyzed for 
phosphorylation of Ask1Ser83, Ask1Thr845 and AktSer473, as well as 
apoptotic (poly-ADP ribose polymerase [PARP], Bax) and antiapop-
totic (Bcl-xL) proteins. 

For the time-course studies, phosphorylated proteins (AktSer473, 
p38, JNK and p53) were detected using a phosphoprotein immuno-
assay kit according to the manufacturer’s protocol (Bio-Rad 
Laboratories, USA). Data acquisition and analysis were performed 
using Bio-Plex Manager software version 4.1.1. Apoptotic (PARP, 
cleaved caspase 3, Bax) and antiapoptotic (Bcl-xL) proteins were 
also analyzed. 

Akt inhibition studies 
Wortmannin treatment: Isolated cardiomyocytes were pretreated 
overnight with and without the PI3K/Akt inhibitor wortmannin 
(1 µM), before treating with Dox, Trolox and Trolox + Dox. 
Akt Adenovirus culture: Cardiomyocytes were infected with 

adenovirus constructs according to previously described methods (29), 
with some modifications. Virus containing enhanced green fluorescent 
protein (Ad.eGFP) was used as a control as well as to optimize viral 
infection conditions. The cardiomyocytes were cultured in M199 
medium containing 10% fetal calf serum overnight. Ad.eGFP was 
added to the cardiomyocytes in the medium containing 2% fetal calf 
serum at different multiplicities of infection (MOI) (20, 50 and 100) 
for up to 48 h. Transfection efficiency of Ad.eGFP was evaluated at 24 h 
and 48 h by measuring GFP expression by fluorescence microscopy. 
Adenovirus vectors containing HA-tagged constitutively active Akt1 
(CA-Akt1) or dominant-negative mutant Akt1 (DN-Akt1) (Vector 
Biolabs, USA) were used at the MOIs and time points indicated in 
Figure 5. The viral suspension was removed and the cardiomyocytes 
were subjected to different treatments as described above. At the end 
of the treatment period, cells were harvested and stored (−80°C) for 
further analysis of Ask1Ser83, Ask1Thr845 and AktSer473 phosphoryla-
tion by Western blotting. 
Protein isolation: Cardiomyocytes from different treatment groups 
were homogenized in RIPA buffer containing protease inhibitor cock-
tail (Sigma Aldrich, USA) and phosphatase inhibitor (Santa Cruz 
Biotechnology, USA). The lysates were centrifuged at 14,000 rpm for 
10 min at 4°C. The upper layer containing protein fraction was frozen 
in liquid nitrogen and stored at −80°C. Total protein concentration 
was determined using bovine serum albumin as the standard according 
to the modified Bio-Rad (Bio-Rad, USA) microassay procedure (30).
Analysis of cell signalling proteins: The protein samples were sub-
jected to one-dimensional 8% to 12% sodium dodecylsulfate poly-
acrylamide gel electrophoresis in a discontinuous system. Equal 
loading of protein was confirmed using Coomassie blue staining and 
antiactin antibody as an internal control (Santa Cruz Biotechnology, 
USA). Separated proteins were transferred to 0.45 µm polyvinyl-
idene fluoride membranes and incubated overnight with phospho- or 
total rabbit antibodies to the cell signalling molecules AktSer473, 
Ask1Ser83 and Ask1Thr845 (Cell Signaling, USA). Primary antibodies 
were detected using a goat antirabbit immunoglobulin G horseradish 
peroxidase-conjugated secondary antibody (Bio-Rad, USA) using 
the BM Chemiluminiscence (POD) kit (Roche Diagnostics, 
Canada). The protein bands were visualized using Flour S-Multi-
Imager MAX system (Bio-Rad, USA) or x-ray films (Thermo 
Scientific, USA) and quantified using image-analysis software 
(Quantity One, Bio-Rad, USA).
Apoptosis: Apoptosis was estimated by analyzing the cleavage of 
PARP and caspase 3, activity of caspase 3/7 and the ratio of Bax to 
Bcl-xL. PARP, caspase 3, Bax and Bcl-xL were analyzed using Western 
blotting. Caspase 3/7 activity was measured using Apo-ONE 
Homogeneous Caspase-3/7 Assay kit (Promega, USA) following the 
instructions provided. Briefly, Apo-ONE Caspase-3/7 reagent was 
added to the wells containing samples, blank and control. Fluorescence 
of each well was measured at 521 nm after incubation of the samples 
for 18 h at room temperature. The amount of fluorescence is propor-
tional to the amount of caspase 3/7 activity. 
Measurement of ROS: OS in isolated cardiomyocytes was assessed by 
quantifying the endogenous production of ROS by incubating the 
cardiomyocytes with 10 µM of 5-(6)-chloromethyl-2’7’-dihydro-
flourescein diacetate probe (CM-H2 DCFDA) (Molecular Probes, 
USA) for 30 min at 37°C in a humidified chamber (30). The study 
was performed in triplicate in small dishes (35 mm2 × 10 mm) for 
each treatment group. Fluorescence of 100 cells from multiple fields 
per dish was recorded using an Olympus BX51 fluorescence micro-
scope (Olympus Corporation, Japan). Fluorescence intensity, which is 
proportional to the level of ROS, was measured using a digital 
imaging processing software (Image Pro Plus). An excitation wave-
length of 485 nm and emission wavelength of 530 nm were used. 
Quantitation was performed by normalizing the fluorescence inten-
sity per unit area to that of the control group. 
Statistical analysis: Data are expressed as mean ± SEM. Groups were 
compared using one-way ANOVA, or two-way ANOVA when more 

Figure 1) Effects of Trolox on doxorubicin (Dox)-induced oxidative stress as 
measured by dihydrofluorescein diacetate in rat cardiomyocytes at 24 h after 
treatment. A Representative fluorescence microscopic images of cardiomyo-
cytes. B Fluorescence intensity expressed as mean fluorescence intensity 
(MFI)/unit area. Data represent three to five independent experiments and 
are presented as mean ± SEM; *P<0.05 versus control; †P<0.05 versus Dox
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than one variable was analyzed for different groups. Bonferroni’s test 
was performed to identify differences between groups; P<0.05 was 
considered to be statistically significant. All statistical analyses were 
performed using Origin version 6 (OriginLab, USA). 

RESuLTS
Time-course of Dox effects
The concentration of 5 µM Dox was selected for the present study 
because this concentration has been shown to reproduce plasma peak 
values achieved in patients receiving standard infusion (28). To estab-
lish an optimal time of exposure to Dox, a time-course study of the 
effects of Dox was also conducted. Cardiomyocytes showed time-
dependent changes due to Dox (5 µM) treatment in the phosphoryla-
tion of AktSer473, p53, p38 and JNK as well as in the levels of cleaved 
caspase 3 and the ratio of Bax to Bcl-xL. Because the maximum 
change in all of the parameters studied was observed at 24 h (data not 
shown), the remainder of the study was performed at this time point.

Effect of Trolox on Dox-induced OS 
OS in the cardiomyocytes was analyzed by measuring ROS fluores-
cence of DCF at 24 h (Figure 1A). The fluorescence intensity was 
quantified and the data are presented as mean fluorescence intensity 
per unit area (Figure 1B). Dox-treated cardiomyocytes showed a sig-
nificant (P<0.05) increase in the fluorescence intensity per unit area 
over the control cardiomyocytes at 24 h of treatment (Figures 1A 
and 1B). Trolox was used as an antioxidant to study its protective 
role in Dox-induced OS. ROS production in Trolox treated cardio-
myocytes was comparable with those of control cardiomyocytes, and 
pretreatment with Trolox for 4 h significantly (P<0.05) reduced 
Dox-induced ROS production in the Trolox + Dox group. 

Effect of Trolox on Dox-induced apoptotic and antiapoptotic proteins
To study the modulation of Dox-induced apoptosis by Trolox, the cel-
lular extracts were analyzed for PARP cleavage, activity of caspase 3/7, 
and Bax and Bcl-xL protein levels (Figure 2). The ratio of cleaved PARP 
(Figure 2A) was significantly higher in Dox-treated cardiomyocytes 
(P<0.05) and significantly lower in Trolox-treated cardiomyocytes 
(P<0.05) compared with the control. When compared with Dox-only 
treated cardiomyocytes, Trolox treatment significantly lowered the 
cleaved PARP in Trolox + Dox cardiomyocytes (P<0.05). Caspase 3/7 
activity (Figure 2B) was significantly higher in Dox-treated cardiomyo-
cytes (P<0.05). Trolox pretreatment showed a significant reduction in 
caspase 3/7 activity in Dox-treated cardiomyocytes (P<0.05). However, 
the ratio in the Trolox+Dox group was still significantly higher than the 
control group (P<0.05). The ratio of Bax to Bcl-xL was also significantly 
higher in Dox-treated cardiomyocytes (P<0.05), and Trolox treatment 
reduced this ratio significantly compared with Dox treatment (P<0.05) 
(Figure 2C).

Effect of Trolox and interplay of signalling proteins (AktSer473, 
Ask1Thr845 and Ask1Ser83)
Inhibition of PI3K/Akt: To elucidate the molecular mechanism of 
protection against Dox-induced changes by Trolox, its effects on the 
phosphorylation of prosurvival protein Akt at Ser473, and redox 
sensor Ask1 at Thr845 and Ser83 sites with or without the PI3K/Akt 
inhibitor wortmannin were studied (Figure 3).

Figure 2) Effects of doxorubicin (Dox) and Trolox on (A) poly-ADP ribose 
polymerase (PARP), (B) caspase 3/7 activity and (C) ratio of Bax to 
Bcl-xL in rat cardiomyocytes 24 h after treatment. Data represent three to 
five independent experiments and are presented as mean ± SEM. *P≤0.05 
versus control; †P≤0.05 versus Dox  

Figure 3) Effects of doxorubicin (Dox) and Trolox on levels of phosphoryl-
ated (A) AktSer473, (B) apoptosis signal-regulating kinase (Ask)1Ser83 and 
(C) Ask1Thr845 in rat cardiomyocytes at 24 h after treatment with and with-
out wortmannin (a phosphoinositol 3-kinase/Akt inhibitor) pretreatment. 
Data represent three to five independent experiments and are presented as 
mean ± SEM. *P≤0.05 versus respective control; †P≤0.05 versus Dox; 
#P≤0.05 versus no inhibitor
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Akt phosphorylation was significantly (P<0.05) reduced by Dox 
(Figure 3A). A small but significant (P<0.05) increase in Akt phos-
phorylation was recorded in Trolox-treated control cardiomyocytes. 
Furthermore, pretreatment with Trolox also prevented Dox-induced 
decline in Akt phosphorylation (Figure 3A). Treatment with wort-
mannin significantly inhibited the activation of Akt in all the treat-
ment groups (P<0.05), and the inhibition was highest in Dox-treated 
cardiomyocytes (Figure 3A).

Phosphorylation of Ask1Ser83 in Dox-only treated cardiomyocytes 
declined significantly (P<0.05). Trolox-treated control cardiomyo-
cytes exhibited a significantly higher level of Ser83 phosphorylation 
(P<0.05). Trolox also prevented Dox-induced decline in Ask1Ser83 

phosphorylation, such that these values were no longer different 
from the control. However, the level was significantly higher com-
pared with Dox-only treated cardiomyocytes (P<0.05) (Figure 3B). 
Phosphorylation at Ask1Ser83, which is a consensus site for activated 
Akt, was significantly inhibited by wortmannin in all the treat-
ment groups (P<0.05) (Figure 3B). Phosphorylation of Ask1Thr845 
(Figure 3C) was significantly higher in Dox-only treated cardiomyo-
cytes (P<0.05). Phosphorylation in Trolox-treated control and Trolox-
pretreated Dox cardiomyocytes were comparable (P>0.05) with those 
of control cardiomyocytes. However, these values were significantly 
lower compared with Dox-only treated cardiomyocytes (P<0.05) 
(Figure 3C). Phosphorylation levels of Ask1Thr845 (Figure 3C) were 
upregulated significantly in the presence of the PI3K inhibitor in all 
four groups of cardiomyocytes (P<0.05); Dox-treated cardiomyocytes 
were affected to the greatest extent.

Loss or gain of Akt function
To further substantiate the role of Akt, the gain and loss of Akt gene 
function with CA-Akt or DN-Akt (T308A; S473A) mutant adeno-
viruses was also tested in the cardiomyocytes with all treatments. In a 

dose- (20 MOI, 50 MOI, 100 MOI) as well as time-dependent (24 h or 
48 h) study of virus transfection using Ad.eGFP, a maximum expres-
sion of GFP was observed at 100 MOI and 48 h (Figure 4A). 

Whether the conditions optimized with Ad.eGFP were able to 
overexpress or block Akt phosphorylation levels was confirmed using 
immunoblotting with anti-phospho-Akt antibody. Cardiomyocytes 
infected with CA-Akt showed phosphorylation in all four treatments 
(Figure 4B). AktSer473 phosphorylation in CA-Akt control cardiomyo-
cytes was normalized to one to compare with all other treatment groups 
(Dox, Trolox and Dox + Trolox). Akt phosphorylation levels were 
significantly higher in the Trolox group (P<0.05), but the Trolox + Dox 
group was not significantly different from the Trolox group (P>0.05). 
On the other hand, cardiomyocytes infected with DN-Akt gene did not 
exhibit any phosphorylation at AktSer473 (Figure 4B), although control 
cardiomyocytes infected with DN-Akt showed some basal-level total Akt 
protein expression using Akt antibody (data not shown). 

CA-Akt and DN-Akt adenovirus were used as a tool to examine 
whether Akt regulates Ask1 expression. Ask1 phosphorylation at Ser83 
and Thr845 was assessed in the cardiomyocytes treated with CA-Akt 
and DN-Akt adenovirus (Figure 5). The results showed that in Akt-
overexpressed cardiomyocytes (Figure 5A), Ask1Ser83 phosphorylation 
levels were significantly (P<0.05) upregulated in the Trolox-treated 
control and Trolox + Dox groups compared with the control and Dox-
treated cardiomyocytes. However, cardiomyocytes showed a significantly 
(P<0.05) lower phosphorylation level of Ask1Thr845 in all groups com-
pared with the phosphorylation at Ser83. On the other hand, in DN-Akt 
treated cardiomyocytes, Ask1Thr845 levels were upregulated (Figure 5B). 
The levels were significantly higher in Dox-treated cardiomyocytes 
compared with the control (P<0.05). The levels of phosphorylation 
in the Trolox and Trolox+Dox groups were not significantly different 
from the control (P<0.05). However, there was a small but significant 
decrease in the phosphorylation of the Thr845 of the Trolox+Dox group 
compared with the Dox group (P<0.05). DN-Akt almost completely 

Figure 5) Levels of phosphorylated apoptosis signal-regulating kinase (Ask)1 
at Ser83 and Thr845 in rat cardiomyocytes infected with (A) consitutu-
tively active Akt adenovirus; (B) dominant-negative Akt adenovirus at a 
multiplicity of infection of 100 for 48 h. Data represent three to five 
independent experiments and are mean ± SEM. *P≤0.05 versus control; 
†P≤0.05 versus doxycycline (Dox); #P≤0.05 versus phosphorylation seen in 
Ask1Ser83 (A) or Ask1Thr845 (A)

Figure 4) A Representative green fluorescent protein fluorescence micro-
scopic images for rat cardiomyocytes infected with virus containing enhanced 
green fluorescent protein (Ad.eGFP) at three different multiplicities of 
infection (MOI) (20, 50 and 100) at 24 h and 48 h after virus infection; 
B Phosphorylation levels of Akt in rat cardiomyocytes infected with consiti-
tutively active Akt and dominant-negative Akt adenovirus at a multiplicity 
of infection of 100 for 48 h. Data represent three to five independent experi-
ments and are mean ± SEM. *P≤0.05 versus control. Dox Doxycycline
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inhibited the Ask1Ser83 phosphorylation compared with phosphoryla-
tion at Ask1Thr845 in all four groups of cardiomyocytes (Figure 5B).

DISCuSSIOn
Using adult rat cardiomyocytes, the present study demonstrated the 
interplay between Akt and Ask1 in the expression of the effects of Dox 
mediated through OS, along with the mitigating effects of Trolox. The 
study reports two major findings: Trolox prevents Dox-induced OS and 
apoptosis through the upregulation of PI3K/Akt signalling; and Trolox- 
induced Akt phosphorylation leads to a decrease in Ask1 MAP kinase 
activity by downregulating phosphorylation at the Thr845 site and 
upregulating phosphorylation at the Ser83 site. Ask1 phosphorylation at 
Ser83 is known as a consensus Akt phosphorylation site that promotes 
cell survival (31).

Dox-induced cardiotoxicity has been extensively reported in the lit-
erature (3,4,32,33); however, its precise mechanism remains unclear. This 
has hampered the development of an effective clinical treatment for the 
prevention of Dox-induced cardiotoxicity. The present study demon-
strates that Dox leads to a time-dependent increase in cardiomyocyte 
apoptosis and a decrease in the Akt cell survival signal. This was accom-
panied by Dox-induced upregulation of Ask1 activity by the phosphoryla-
tion at the Thr845 site. Pretreatment with Trolox decreased PARP 
cleavage, caspase 3/7 activation and the ratio of Bax to Bcl-xL, and res-
cued the cardiomyocytes from Dox-induced OS as well as apoptosis. 

OS is a well-documented mediator of Dox-induced cardiotoxicity 
(3,4,7,34). Trolox has been reported to be protective against OS- 
induced cell damage in various cell types including cardiomyocytes, 
both in vivo and in cultured cells (26,27,35,36). We previously 
reported the protective effect of Trolox in Dox-induced OS and apop-
tosis (7). The antioxidant Trolox is readily available to cardiomyocytes 
under in vitro conditions and, thus, is able to efficiently scavenge free 
radicals. Furthermore, increased OS has been implicated in the process 
of apoptosis in the cardiomyocytes under multiple stress conditions 
(37-40). In the current study, we report that Trolox induces a decrease 
in apoptotic proteins (PARP, caspase 3, Bax) and an increase in 
antiapoptotic protein (Bcl-xL). 

Trolox pretreatment increased the phosphorylation of Akt at 
Ser473 and decreased the phosphorylation of Ask1 at Thr845 in Dox-
treated cardiomyocytes. On the other hand, phosphorylation of Ask1 
at Ser83 was upregulated by pretreating cardiomyocytes with Trolox. 
Furthermore, cardiomyocytes pretreated with the PI3K/Akt inhibitor 
wortmannin showed decreased phosphorylation of Akt at Ser473 in 
all treatment groups. Akt inhibition led to the downregulation of the 
phosphorylation levels of Ask1Ser83, whereas the phosphorylation lev-
els of Ask1Thr845 were upregulated. Because Akt inhibition prevented 
the Trolox-induced upregulation of Ask1Ser83 as well as promoted the 
upregulation of phosphorylation at Ask1Thr845, it is likely that Akt 
signalling is essential for Trolox protection in Dox-induced apoptosis 
in cardiomyocytes in vitro. Furthermore, we propose that Trolox-
induced Akt phosphorylation leads to Ask1 inactivation in adult rat 
cardiomyocytes, thus affecting downstream cell signalling molecules. 
Trolox-induced protection in other biological systems has also been 
shown to be due to an increase in Akt phosphorylation (41,42). A sup-
pression of JNK and p38 activities has also been linked with increased 
Akt activity (43). Conversely, inhibition of Akt by PI3K inhibitors 
has been shown to activate p38 and JNK (23). Furthermore, a novel 
functional link between Akt and stress kinases p38 and JNK has been 
suggested through Ask1 in human embryonic kidney cell lines (23). 
It has been reported that Akt phosphorylates its substrate Ask1 at 
Ser83, which caused a decrease in Ask1 kinase activity that lead to the 
decrease in p38 and JNK activities (23). 

Our data regarding the pharmacological inhibitor was further 
supported by studies in which cardiomyocytes were infected with 
virus containing the DN-Akt gene. There was insignificant Ser83 
phosphorylation and a significant increase in Thr845 phosphorylation 
when cardiomyocytes were incubated with adenovirus constructs con-
taining DN-Akt mutants. This increase was further substantiated by 
Dox treatment, which was significantly different from Trolox-treated 

cardiomyocytes. Furthermore, when the Akt gene was overexpressed 
in cardiomyocytes, the phosphorylation levels of Ser83 were not 
affected by Dox treatment and, in fact, Ser83 phosphorylation levels 
were upregulated in cardiomyocytes pretreated with Trolox, con-
firming that Trolox activates the Akt survival signal. Akt gene transfer 
in the heart has also been shown to ameliorate Dox-induced contract-
ile dysfunction (38). Akt-induced Ask1 inhibition has also been sup-
ported by the studies of heat shock proteins (21,40). Similar to Trolox, 
selenite-induced suppression of Ask1/JNK through the activation of 
PI3K/Akt pathway during reperfusion has also been reported (44). 

The mechanism of action of Trolox against Dox-induced OS and 
apoptosis in cardiomyocytes as supported by the data in the present 
study is presented schematically in Figure 6. Dox impaired cardiac 
cell survival through increased OS followed by the upregulation of 
Ask1Thr845 phosphorylation that further activated JNK, p38 and p53. 
This ultimately lead to mitochondrial dependent cell apoptosis by acti-
vating PARP, caspase 3 and Bax, and downregulating Bcl-xL. Trolox 
treatment ameliorated nearly all these changes caused by Dox via the 
activation of PI3K/Akt that lead to the activation of Akt consensus site 
at Ask1Ser83 and inactivating Ask1Thr845 and its downstream signalling 
molecules, as shown in the proposed scheme (Figure 6). The key find-
ing of a switch of Akt regulation from Ask1Ser83 to Ask1Thr845 or vice 
versa determines the fate of the cardiomyocytes vis-à-vis cell survival 
or cell apoptosis. Inhibition of the prosurvival protein Akt using a 
PI3K/Akt inhibitor (wortmannin) and DN-Akt adenovirus caused the 

Figure 6) Schematic representation of doxorubicin (Dox) and Trolox- 
induced differential regulation of apoptosis signal-regulating kinase (Ask)1 at 
Thr845 and Ser83 sites. Dox-induced oxidative stress (OS) phosphorylates 
Ask1Thr845 and downregulates phosphorylation of AktSer473 and Ask1Ser83. 
Ask1Thr845 phosphorylation leads to phosphorylation of p38 and c-Jun 
N-terminal kinase (JNK) that upregulates: p53; the ratio of apoptotic pro-
tein Bax to antiapoptotic protein Bcl-xL; poly-ADP ribose polymerase 
(PARP); and caspase 3, resulting in cardiomyocyte apoptosis. Trolox 
reduces OS and enhances the phosphorylation of AktSer473, which upregu-
lates Ask1Ser83 and blocks apoptotic signals by inhibiting Ask1Thr845. 
Inhibition of Akt using a phosphoinositol 3-kinase/Akt inhibitor (wortman-
nin), and dominant-negative adenovirus (DN-Akt) causes activation of 
Ask1 by phosphorylation at Thr845. Constitutive activation of Akt using 
Akt overexpression adenovirus (CA-Akt) negatively regulates Ask1Thr845 
and positively regulates Ask1Ser83
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