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Abstract Understanding the molecular basis of doxoru-

bicin (Dox)-induced cardiomyopathy is crucial to finding

cardioprotective strategies. Oxidative stress-mediated

pathways are known to contribute to cardiomyocyte

apoptosis due to Dox. Improving the antioxidant defenses

of cardiomyocytes could be one strategy for cardiac pro-

tection. We tested the effects of vitamin C (Vit C), a potent

antioxidant, on Dox-induced cardiomyocyte apoptosis.

Adult rat cardiomyocytes were incubated for 24 h with

Dox (0.01–10 lM), with and without different concentra-

tions of Vit C (5–100 lM). Exposure to Dox (10 lM)

resulted in a 98% increase in the production of reactive

oxygen species (ROS) and creatine kinase (CK) release,

70% increase in p53 as well as ASK-1 activation, 40%

increase in p38 activation, 30% increase in pro-apoptotic

Bax over anti-apoptotic Bcl-xl ratio and caspase activation,

and about 20% reduction in cell viability. Vit C (25 lM)

was able to mitigate Dox-induced changes by decreasing

ROS and CK release by 50%, reducing p53 activation by

40%. The increase in ASK-1 and p38 was also significantly

mitigated, and apoptosis was reduced while cardiomyo-

cytes viability was improved. This study shows that Dox-

induced cardiomyocyte death is mediated by a direct

membrane effect as well as intracytoplasmic changes pro-

moting the cardiomyocyte apoptosis. These findings sug-

gest a nutritional approach of using Vit C for preventing

Dox-induced cardiotoxicity and better management of

cancer patients.
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Introduction

Anthracyclines (e.g., doxorubicin—Dox) are the most

effective drugs available in the treatment of neoplastic

diseases [1, 2]. However, a major factor limiting their use is

a cumulative, dose-dependent cardiotoxicity resulting in a

permanent loss of cardiomyocytes due to cell injury and

apoptosis, leading to cardiomyopathy and heart failure

[1, 3]. Dox-induced cardiomyopathy still remains an

important clinical problem as there is increasing number of

long-term cancer survivors [4]. Thus, understanding the

mechanism of this cardiomyopathy as well as its prevention

remains an important issue. There is increasing evidence

that oxidative stress plays a role in Dox-induced cardio-

myocyte apoptosis as well as cardiomyopathy [5–7].

Apoptosis signal-regulating kinase 1 (ASK1) is a mem-

ber of the mitogen-activated protein kinase (MAPK) kinase

kinase family, which activates both p38 kinase (p38) and

c-Jun NH2-terminal protein kinase (JNK) pathways [8].

These kinases are activated in various types of stress-

induced apoptosis [9] including Dox-induced cardiomyop-

athy [6, 10]. Another protein, the tumor suppressor p53, has

also been shown to be upregulated in Dox-induced cardio-

toxicity [11]. Upon activation, p53 is phosphorylated at

Ser15 and translocated into the nucleus to induce the

expression of genes associated with cell cycle arrest, DNA

repair, and apoptosis [12]. Inhibition of any one or all of

these signaling proteins has the potential of interfering with

Dox-induced apoptosis.

Since oxidative stress has been suggested to be the major

cause for Dox-induced cardiotoxicity, we investigated the
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beneficial effect of Vit C which is a diet-derived antioxidant

and is a quencher of reactive oxygen species (ROS) [13]. In

a recent review, it has been highlighted that most of western

population are unlikely to benefit from Vit C supplements

because of their adequate nutritional status [14]. However,

in the same study it has been prospected that ‘‘there could be

a large subpopulation with a potential health problem that

remains uninvestigated’’. One such group is comprised of

cancer patients which are generally depleted of Vit C [15]

making them more vulnerable to oxidative stress-mediated

injury. Although experimental studies have shown that Vit

C does not interfere with antitumor activity of Dox and it

prolongs the life of mice, rats and guinea pigs treated with

Dox [16–19], there is no adequate information available

about the downstream pathways involving ASK1, p38, and

p53 leading to increase in such a survival. Thus, the present

study focuses on the effect of Vit C on oxidative stress and

different downstream steps involved in cell death induced

by Dox in isolated cardiomyocytes.

Materials and methods

The investigation conforms to the guide for the care and

use of laboratory animals approved by the University of

Manitoba Animal Care Committee following the guide-

lines established by the Canadian Council on Animal Care.

Cardiomyocyte isolation

Cardiomyocytes were isolated from normal adult male

Sprague–Dawley rats (250–300 g) using a previously

described procedure [7]. Hearts were excised and mounted

on a modified Langendorff perfusion apparatus. The per-

fusate (modified Krebs buffer) contained 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). The Ca?2 free

perfusion was then switched to recirculating mode with the

buffer containing 25 mM calcium, 0.1% w/v collagenase,

and 0.25% w/v bovine serum albumin, for 30 min. The

collagenase-digested ventricles were chopped into small

pieces and gently passed through pipettes with progres-

sively smaller tip diameters and with an increasing con-

centration of CaCl2. The suspension was filtered through a

nylon mesh (200 lm) and was allowed to settle for 10 min.

The supernatant was discarded and the cell pellet was

resuspended in medium M199 containing CaCl2 (1.8 mM).

Cardiomyocytes (106 per dish) were plated in laminin-

coated (20 lg/ml) polystyrene tissue culture dishes. Plated

cells were incubated in serum-free culture medium M199

supplemented with antibiotics (streptomycin/penicillin,

100 mg/ml) at 37�C under a 5% CO2, 95% O2 air atmo-

sphere. Two hours after plating, the culture medium was

changed to remove unattached dead cells, and the viable

cardiomyocytes were incubated overnight.

Treatment of cardiomyocytes

After initial incubation of 24 h, 95% of cardiomyocytes

were viable and these cells were treated with one of the

following: Control, cardiomyocytes cultured in M199 only;

Vit C (5–100 lM) (Sigma); Dox (0.01–10 lM) (Adria-

mycin�, Pfizer); and combination of Vit C ? Dox for 24 h.

Assessment of cardiomyocyte viability,

ATP production, and cell leakage

Viability of the cultured cardiomyocytes was determined

by trypan blue staining (Sigma), 0.4% (w/v). MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a

tetrazole) (Sigma) assay was also performed to confirm

viability of cells [20]. The yellow MTT is reduced to

purple formazan in the mitochondria of living cells,

therefore providing a measure of mitochondrial function

and viability of cells. Cells were seeded in 96-well mi-

croplates with the same starting cell number per well

(2 9 104 cells/well). After drug treatment, 5 mg/ml MTT

was added to the media in each well and further incubated

at 37�C for 2 h. All the remaining supernatant was

removed carefully and 150 ll of dimethyl sulfoxide was

added to each well and mixed thoroughly to dissolve the

formed crystal formazan. After 10 min of incubation to

ensure all crystal formazan were dissolved, the cytotoxicity

of Dox was detected by measuring the absorbance of each

well at 570 nm using ELISA plate reader. Mean absor-

bance of the treated group was quantified.

Adenosine triphosphate (ATP) was measured in

cardiomyocytes using ViaLight BioAssay kit (Lonza).

Cardiomyocytes (104 cells/well) were seeded into a 96 well

white walled laminin-coated tissue culture plate, and

allowed to settle overnight under normal culture condi-

tions. After different treatments, the plates were incubated

in a humidified atmosphere at 37�C, 5% (v/v) CO2 for

24 h. ATP monitoring reagent plus (100 ll) was added to

each well and incubated for an additional 2 min. The plate

was read on a Molecular Devices Lmax II microplate

luminometer programmed to take a 1 s integrated reading

of each well. Mean luminescence (RLU) of the all treated

groups was quantified.

Cellular leakage was evaluated by measurement of the

release of creatine kinase (CK) in the culture medium

after treatment. A spectrophotometric assay was per-

formed for CK with an ultraviolet-rate assay kit (Stanbio

Laboratory, Boerne, TX). Mean absorbance of the treated

groups was expressed as percentage of the control set as

100%.
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Measurement of ROS

The level of oxidative stress was monitored by the measure-

ment of ROS. Cardiomyocytes from different treatment groups

in the culture dishes were washed with phosphate-buffered

saline (PBS) and incubated with 10 lM solution of fluorescent

probe, 5-(6)-chloromethyl-2070-dihydroflourescein diacetate

probe (DCFDA) (Molecular Probes, Eugene, Oregon, USA) at

37�C for 30 min in a humidified chamber [21]. Fluorescent

images from multiple fields per dish were recorded with the

Olympus BX 51 fluorescent microscope with an excitation

and emission wavelength of 488 and 525 nm, respectively.

Fluorescence intensity was measured using digital image-

processing software (Image Pro Plus).

Assessment of cardiomyocyte apoptosis

Apoptosis was determined by Hoescht 33258 (Sigma)

staining of nuclei. For this, cardiomyocytes from different

treatment groups in culture dishes were washed three times

with PBS and incubated with Hoescht 33258 (1 mg/ml) for

10 min in a humidified chamber, protected from light, at

37�C. After staining, the culture plates were examined

using fluorescent microscope (Olympus BX 51). Percent-

age of cells containing fragmented nuclei was counted.

Western blot analysis

Phosphorylated and total protein levels for ASK-1, p53, and

p38, as well as caspase-3 cleavage, Bax, and Bcl-xl were

measured by western blot [22] using specific antibody kits

(Cell Signaling Technology). Proteins were extracted from

control and treated cardiomyocytes in different groups in PBS

containing protease (Roche Diagnostics, USA) and phos-

phatase inhibitor cocktails (Santa Cruz). The quantity of

protein in the samples was measured by a dye-binding assay

(Bio-Rad Laboratories). The protein samples (45 lg) were

then subjected to 12% sodium dodecyl sulfate polyacrylamide

gel electrophoresis and transferred to polyvinylidene difluo-

ride (Roche Diagnostics, USA) membrane. Proteins bound to

the membrane were detected with chemiluminescence blot-

ting substrate kit (Roche Diagnostics, USA). Bands were

visualized with Fluor S-MultiImager MAX System (Bio-Rad

Laboratories, Canada) and quantified by image analysis

software (Quantity One, Bio-Rad Laboratories, Canada).

Mean densitometric units of the ratios (phospho/total/actin,

cleaved/total/actin or Bax/bcl-xl/actin) of the treated groups

were expressed as the percentage of the control set as 100%.

Statistical analysis

All experiments were done in duplicates for each treatment

group and repeated five times (n = 5). For the study of

viability test, ROS, and nuclear fragmentation, a total of 10

dishes (35 9 10 mm2) were prepared for each treatment

group and ten different fields per dish were counted for the

quantitative analysis. Data are expressed as the mean ±

SEM. Groups were compared by one-way analysis-of-

variance (ANOVA), and Bonferroni’s test was performed

to identify differences between groups. P value of B0.05

was considered significant.

Results

Dose–response for Dox and Vit C

Concentration of the Dox as well as of Vit C used in

this study were carefully selected. The dose of Dox

(0.01–10 lM) and treatment protocol is based on our pre-

vious studies [6], as well as the pilot experiments done in

the present study (Table 1). Furthermore, 10 lM of Dox

has been reported to be clinically relevant, as at this dose,

the drug is effective in its antitumor activity [23].

In order to determine the most optimal concentration of

Vit C, in terms of viability of cells and ROS production,

cardiomyocytes were exposed to Dox (10 lM) for 24 h in

the presence of different concentrations of the vitamin (5,

10, 25, 50, and 100 lM) and these results are in Fig. 1.

There was no significant protection at 5 and 10 lM of Vit

C. The most optimal effect was seen at 25 lM and further

increase to 50 and 100 lM of Vit C did not show any

additional benefit. For this reason, 25 lM was chosen as

the concentration of Vit C for further studies.

Cardiomyocyte viability and ATP levels

Trypan blue (0.4%) was used for the visualization of

damaged cells. Intact cardiomyocytes in medium not

stained with Trypan blue were counted along with the dead

cells that picked up the stain. After 24 h of treatment, about

90% of cardiomyocytes were viable in the control and Vit

C groups (Fig. 2a and b). Cell viability was reduced to 73%

with Dox alone, while Dox in the presence of Vit C was

able to significantly (P B 0.05) prevent this decrease in the

cell viability. The conversion of MTT substrate can also be

directly related to the number of viable cells. A decrease in

the ability of the cardiomyocytes to convert the MTT

substrate was seen in a dose-dependent manner for differ-

ent concentrations of Dox, and Vit C was able to counteract

Dox effects, preserving mitochondrial function (Table 1).

ATP levels were also measured to evaluate mitochondria

function. For this, the highly sensitive ViaLight assay kit

(Lonza) was used to provide accurate analysis with the

advantage of the power of bioluminescent detection of

ATP. ATP levels were significantly reduced in Dox group

Mol Cell Biochem (2012) 360:215–224 217

123



in a dose-dependent manner and this effect was mitigated

in the presence of Vit C.

ROS production and cardiomyocyte membrane leakage

Oxidative stress was monitored in terms of production of

ROS (Fig. 3a, b). The production of intracellular ROS was

increased by 98% in Dox-exposed cardiomyocytes. This

Dox-induced increase in ROS production was significantly

(P B 0.05) mitigated in Dox ? Vit C group. ROS levels

were not different between control and Vit C-treated cells.

Cell injury was evaluated by the measurement of CK

release from cardiomyocytes in the culture medium after

treatment with Dox with and without Vit C (Fig. 4). Dox-

treatment led to an increase in cellular damage shown by a

significant increase (P B 0.05) in CK release. Vit C alone

did not show any significant effect but Dox-induced

increase in CK release was significantly (P B 0.05)

decreased in the presence of Vit C.

Apoptosis

Dox-induced apoptosis and its modulation by Vit C were

studied by staining the cardiomyocytes with Hoescht 33258

and these data are shown in Fig. 5. In the control group, the

cells were rod-shaped, binucleated, and the nuclei had

normal appearance. Exposure to Dox resulted in nuclear

fragmentation (arrows) and the number of apoptotic cells

significantly increased. Treatment with Vit C was able to

significantly (P B 0.05) decrease this change caused by

Dox (Fig. 5a and b).

Pro- and anti-apoptotic proteins Bax and Bcl-xl were

studied using western blot analysis. The ratio of Bax/Bcl-xl

showed a significant increase in the Dox-challenged

cardiomyocytes (Fig. 6a), whereas, Vit C was able to

Table 1 Viability of cells and ATP levels in cardiomyocytes exposed to doxorubicin (Dox) with and without Vit C

Group MTT absorbance value % MTT ATP level RLU value % ATP

Control 1.301 (0.030) 100.0 986.0 (49.3) 100.0

Dox 0.01 lM 1.249 (0.032) 96.1 942.6 (75.4) 95.6

Dox 0.1 lM 1.171 (0.028)* 90.1 887.4 (53.2)* 90

Dox 1 lM 1.092 (0.030)* 84 821.3 (24.6)* 83.3

Dox 10 lM 1.001 (0.027)* 77.7 756.2 (68.3)* 76.7

Vit C 25 lM 1.349 (0.031) 103.8 1003.7 (80.2) 101.8

Vit C 25 ? Dox 0.1 lM 1.309 (0.029) 100.7 960.3 (57.6) 97.4

Vit C 25 ? Dox 10 lM 1.151 (0.032)# 88.5 893.3 (58.0)# 90.6

Mean absorbance and luminescence (RLU) values (±SEM) and percentages as determined by MTT (viability) and Vialight (ATP level) assays,

n = 5/group. Effect of different concentrations of Dox 0.01–10 lM in cardiomyocyte mitochondrial conversion of MTT and ATP levels, and the

protection of Vit C on doxorubicin (0.1 and 10 lM) induced cardiomyocyte toxicity. Cardiomyocytes were exposed to 25 lM of Vit C for 1 h

prior to treatment with 0.1 or 10 lM of doxorubicin and cultured for a total of 24 h

* Significantly different (P \ 0.05) from control
# Significantly different (P \ 0.05) from the related Dox group

Fig. 1 Cardiomyocytes treated with different concentrations of Vit

C (5–100 lM) in the presence of doxorubicin (10 lM): Upper
panel—viabillity of cells evaluated by Trypan Blue staining. Lower
panel—reactive oxygen species (ROS) generation measured by

DCFDA fluorescence. Data expressed as mean percentage ± SEM

of five different experiments. *Significantly different (P \ 0.05) from

5 to 10 lM
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mitigate this change. Additionally, full length as well as

cleaved caspase-3 proteins were examined (Fig. 6b). The

activity of caspase-3 was expressed as the ratio of cleaved

caspase-3 (17 kDa) over full length of caspase-3. When

compared with the control, caspase-3 was activated

(?30%) in Dox-treated cardiomyocytes. Vit C significantly

decreased (P B 0.05) this activation.

In an effort to understand the underlying mechanisms

involved in Dox-induced cardiotoxicity, phosphorylated

and total ASK-1, p38, and p53 were examined in cardio-

myocytes from different treatment groups, and the data are

shown in Fig. 7a–c. The activity of these proteins was

expressed as the ratio of the phosphorylated to total pro-

tein. The activation of ASK-1, a MAPK kinase kinase, an

upstream regulator of p38 was evaluated along with the

downstream, p38. Phosphorylation and activation of ASK-

1 and p38 in the Dox-treated cardiomyocytes showed a

significant increase by 71 and 40%, respectively of the

control (Fig. 7a and b). Vit C prevented significantly

(P B 0.05) this increase. Total levels of expression of p53

were also significantly higher 70% in the Dox group when

compared to control levels. This increase in p53 activation

was significantly (P B 0.05) less when Vit C was present

(Fig. 7c).

Fig. 2 a, b Protective effects of Vit C on doxorubicin (10 lM)

induced cell death. Cardiomyocytes were exposed to 25 lM of Vit C

for 1 h prior to treatment with 10 lM of doxorubicin and cultured for

a total of 24 h. a Representative images of adult rat cardiomyocytes.

Dead cells are stained with trypan blue. b Percentage of viable

cardiomyocytes: data are expressed as mean ± SEM of five different

experiments. *Significantly different (P \ 0.05) from control and
# significantly different (P \ 0.05) from the Dox group. Control

cardiomyocytes cultured in M199; Dox with 10 lM of doxorubicin;

Vit C with 25 lM of Vit C; and Dox (10 lM) ? Vit C (25 lM)

Fig. 3 a, b ROS generation. a Representative DCFDA fluorescent

microscopic images of adult rat cardiomyocytes. b Fluorescence

intensity (percentage of control): data are expressed as mean ± SEM

of five different experiments. *Significantly different (P \ 0.05) from

control and # significantly different (P \ 0.05) from the Dox group.

Symbols are the same as in Fig. 2

Fig. 4 Cell injury as indicated by CK release in the culture medium.

Data are expressed as mean ± SEM of five different experiments.

*Significantly different (P \ 0.05) from control and # significantly

different (P \ 0.05) from the Dox group. Symbols are the same as in

Fig. 2
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Discussion

In spite of significant improvements in the understanding

of the subcellular basis of Dox-induced cardiomyopathy [1,

24], we still do not have an ideal cardioprotective drug to

prevent this side effect of Dox [25]. Among different

mechanisms for Dox-induced cardiotoxicity, occurrence of

oxidative stress has gained significant support [5–7, 26,

27]. As a result, several different antioxidants have been

tried to mitigate Dox-induced oxidative stress and thus

cardiotoxicity [25, 28]. This study investigated the role of

Vit C, a water soluble antioxidant, on Dox-induced oxi-

dative stress in cardiomyocytes as well as downstream

processes leading to apoptosis. We found that Dox altered

cardiomyocytes permeability, increasing cell injury, and

membrane leakage as indicated by CK release in the cul-

ture medium. This effect may be due to membrane solu-

bility of Dox and its reported direct effects on the

sarcolemma [5, 29]. A significant reduction in Dox-induced

CK release by Vit C suggests maintenance of cell mem-

brane integrity.

It is important to note that Vit C did not appear to

improve cell oxidative stress status as well as its effects in

the baseline situation in the control cells, treated with Vit C

alone. It is likely that the antioxidant effects of Vit C come

into play only under the enhanced oxidative stress condi-

tion such as is imposed by Dox. In this regard, antioxidants

are reported to be beneficial only when oxidative damage

contribute significantly to the disease pathology [30–32].

Along with the membrane damage caused by Dox, this

study also showed a sharp increase in oxidative stress,

MAPK and p53 activation followed by apoptotic cell death.

There is evidence supporting oxidative stress as a major

player in Dox-induced cardiomyopathy [5, 26]. Increase in

oxidative stress can also lead to an activation of ASK-1,

which activates c-Jun N-terminal kinase and p38 [9]. In this

regard, we observed an increase in the activation of ASK-1

as well as p38 in Dox-challenged cardiomyocytes.

Although Dox-induced increase in p38 has been reported

earlier [7, 33], to the best of our knowledge this is the first

time that the upstream MAPKKK, ASK-1, is reported to be

activated in Dox-induced cardiotoxicity. The antioxidant

effects of Vit C were evident from a significant decrease in

ROS production in the cardiomyocytes exposed to Dox in

the presence of this vitamin. Furthermore, this decrease

in oxidative stress was associated with a decrease in ASK-1

and p38 activation. Antioxidants have been reported to

reduce the activity of MAPKs in myocardial ischemia-

reperfusion [34], further supporting a functional role of

MAPKs in the oxidative stress-induced myocardial dam-

age. Trolox, a water soluble antioxidant, was also able to

decrease p38 activation and apoptosis in isolated adult

cardiomyocytes challenged by Dox [7]. In addition, Vit C

treatment of H9c2 (cardiomyocyte-like) cells has been

reported to preserve endogenous antioxidants (superoxide

dismutase, catalase, glutathione) in the presence of Dox

[35]. Besides, Vit C is an important cofactor in many

biological reactions [36].

Another important protein involved in Dox-induced

cardiotoxicity is the tumor suppressor p53 [11]. Our results

showed overexpression and activation of p53 in Dox-

treated cardiomyocytes. One can speculate that the increase

in apoptosis may be associated with the increase in p53. Vit

C not only decreased Dox-induced p53 activation but there

was also a decrease in apoptosis. In agreement with our

findings, pitavastatin and quercetin were able to attenuate

the Dox-induced cardiotoxicity by decreasing p53 activa-

tion and apoptosis [37, 38]. In addition, a reduction of p53

activity via genetic deletion [39] or chemical inhibition

[40] was also found to be cardioprotective against Dox-

induced apoptosis. Furthermore, a significant increase in

the apoptotis may also have been supported by an increase

in the expression of Bax/Bcl-xl ratio, caspase 3 cleavage,

and DNA fragmentation. It has been reported that Dox can

induce DNA damage, inhibit DNA and protein synthesis,

inhibit transcription of specific gene programs, and induce

Fig. 5 a, b Nuclear fragmentation as seen by Hoechst 33258

staining. Representative images (a) and quantitative analysis (b) of

the nuclear fragmentation in adult rat cardiomyocytes. Data are

expressed as mean ± SEM of five different experiments. *Signifi-

cantly different (P \ 0.05) from control and # significantly different

(P \ 0.05) from the Dox group. Symbols are the same as in Fig. 2
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cardiomyocyte apoptosis via a caspase-3-dependent

mechanism [41]. This increase in pro-apoptotic proteins

was mitigated by Vit C demonstrating that apoptosis can be

partially prevented by this vitamin.

Considerable data indicate that cardiomyocyte death

through apoptosis, necrosis, and other forms is a primary

contributor to the progression of Dox-induced cardiomy-

opathy [42]. In our study, after Dox treatment, about 20% of

the cells were dead as determined by trypan blue staining.

Since the results showed more cardiomyocytes dying (20%)

compared to 12% undergoing nuclear fragmentation and

actual apoptotic cell death, it can be suggested that necrosis

is also taking place. In addition, MTT assay and ATP levels,

representing mitochondrial activity, showed a 22% reduc-

tion in Dox-treated cells when compared to control. The

different types of cell death may result from the activation

of various pathways that include oxidative stress, mito-

chondrial damage, DNA damage, and induction of pro-

apoptotic proteins and cell membrane injury. Mitochondria

have been suggested to play an important role in cell death

due to autophagy, apoptotis, and necrosis [26, 42, 43]. From

these data, it appears that Vit C was able to protect the

cardiomyocytes from Dox-induced necrosis by rescuing the

mitochondria thus preserving cell viability.

Vitamin C is considered to be one of the most potent and

least toxic antioxidants for humans [44]. Although earlier

studies on animals have shown that Vit C reduces cardio-

toxicity [16–19], there is no adequate information about

subcellular mechanisms of this beneficial effect. Vit C,

which is readily soluble in water, can be seen to serve as an

antioxidant in the water phase. However, Vit C is also

known to regenerate Vit E from its reduced form [45].

Because of its solubility in lipids, Vit E serves as antiox-

idant in the lipid phase. Thus, our in vitro studies provide a

strong basis for the design of further animal and clinical

studies using Vit C.

This study suggests that physiological doses of Vit C

could be beneficial as cardioprotective strategy to cancer

patients. Some clinical studies did not find significant

positive results with Vit C supplementation and a reduction

of other cardiovascular diseases [46, 47]. The reason is

likely to be related to the fact that these studies were

performed in well-nourished populations and/or it could be

simply due to the failure of these compounds to decrease

oxidative damage in the subjects tested [48]. Therefore, it

is imperative to have more studies like ours to determine

the amount of the single agent that should be given to

individuals. From our study, we can conclude that

Fig. 6 a, b The effects of

different treatments on the Bax/

Bcl-xl ratio (a) and Caspase 3

cleavage (b). In both figures,

upper part is the western blot

analysis and the lower part
shows densitometric analysis.

Data are expressed as

mean ± SEM of five different

experiments. *Significantly

different (P \ 0.05) from

control and # significantly

different (P \ 0.05) from the

Dox group. Symbols are the

same as in Fig. 2

Mol Cell Biochem (2012) 360:215–224 221

123



oxidative stress is a major player in Dox-induced cardio-

toxicity, and effective antioxidant therapy can rescue the

injury. Clinical trials often use oral administration in a

single dose of the therapeutical strategy. Comparatively, in

our study, Vit C was delivered in its active form directly to

cells. Thus, titration of an appropriate oral dose to achieve

target blood levels of Vit C appears to be of paramount

importance. Due to its short half life [49], a frequent oral

intake of physiological doses may be one alternative to

achieve high plasma levels of Vit C. And cancer patients

who generally present low concentrations of ascorbic acid

in plasma [50] could benefit from Vit C supplementation.

The Recommended Dietary Allowance (RDA) for Vit C is

90 and 75 mg/day for males and females, respectively.

This recommendation continues to be based primarily on

the prevention of deficiency diseases such as scurvy, rather

than promotion of optimum health or the prevention of

chronic diseases. In this regard, complete plasma saturation

occurs at oral doses of C400 mg daily, achieving physio-

logical blood concentrations of 60–100 lM [51]. In adults,

there is significant evidence that Vit C is safe at a dose of

1 g/day [52]. We believe that doses within the RDA and

Fig. 7 a–c The effects of

different treatments on the

ASK-1 (a), p38 (b), and p53

(c) activities. In each figure,

upper part is the western blot

analysis and the lower part is

densitometric analysis. Data are

expressed as mean ± SEM of

five different experiments.

*Significantly different

(P \ 0.05) from control and
# significantly different

(P \ 0.05) from the Dox group.

Symbols are the same as in

Fig. 2
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1 g/day taken in smaller amounts at frequent intervals

could be tried as a cardioprotective adjunct therapy in the

design of in vivo studies in order to benefit cancer patients.

In conclusion, Dox-induced cell death appears to be

mediated by a direct membrane effect as well as intracy-

toplasmic changes and Vit C seems to offer protection

against both changes. At the membrane level, this vitamin

must detoxify peroxyl radicals in the aqueous phase before

they can reach the lipid-rich membranes and initiate lipid

peroxidation, protecting biomembranes against primary

peroxidative damage [53, 54]. In the intracytoplasmic

compartment, the cardioprotective effects of Vit C may

also be associated with a decrease in oxidative stress as

well as a decrease in the activation of ASK-1, p38, and

p53, reducing apoptosis. Randomized clinical trials and

epidemiological studies should be designed to evaluate

whether patients receiving antioxidant therapy concomi-

tantly with chemotherapy are less prone to Dox-induced

cardiotoxicity.
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