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Differential sensitization of cancer cells to doxorubicin by DHA: a

role for lipoperoxidation

ABSTRACT

Polyunsaturated fatty acids have been reported to enhance the cytotoxic activity of
several anticancer drugs. In the present study, we observed that doxorubicin
chemosensitization of breast cancer cell lines by docosahexaenoic acid (DHA, a long chain
omega-3 polyunsaturated fatty acid) was cell-line selective, affecting MDA-MB-231 and
MCF-7dox (a doxorubicin resistant cell line) but not the parental MCF-7 cell line. DHA
supplementation led to an increase in membrane phospholipid DHA level, but did not induce
changes in intracellular **C-doxorubicin accumulation. In MDA-MB-231, doxorubicin
efficacy enhancement by DHA was linked to an increase in malondialdehyde level, a final
product of lipid peroxidation. DHA elicited by itself a 3.7-fold malondialdehyde level
increase, additive to that induced by doxorubicin. Addition of doxorubicin to DHA further
increased glutathione level, indicative of the generation of an oxidative stress. In contrast to
MDA-MB-231, doxorubicin did not increase malondialdehyde level in MCF-7, although
DHA induced lipid peroxidation. Therefore in MCF-7, lipid peroxidation induced by DHA
itself was not sufficient to trigger an oxidative stress and to subsequently increase sensitivity
to doxorubicin. These data indicate that the differential effect of DHA among cells on drug
toxicity results from a differential oxidative response to doxorubicin. Chemosensitization
through fatty acids appears as a new promising adjuvant therapeutic paradigm, since omega-3

fatty acids are physiological molecules found in food and are non-toxic in vivo.

Key words: Breast cancer ; Fatty acids omega-3 ; Anthracycline ; Drug accumulation,

Oxidative stress.
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INTRODUCTION

Several epidemiological studies have indicated that populations consuming high
amounts of omega-3 (n-3) fatty acids, display a lower breast cancer risk [1, 2]. This effect
seems to be related to specific n-3 polyunsaturated fatty acids and/or to the ratio of n-6 to n-3
fatty acids [3-6]. Long-chain n-3 fatty acids found in fatty cold-water fish, particularly
eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3) have been
shown to inhibit the growth of human breast cells both in culture and in xenografts [7, 8] and
to increase the efficacy of anticancer drugs [9, 10].

Several mechanisms have been proposed to account for the activity of n-3
polyunsaturated fatty acids (n-3 PUFAS) against cancer cells, including: alteration in gene
expression [11, 12], modulation of cellular proliferation, apoptosis and differentiation [13],
increase in drug transport across cell membrane [14, 15], generation of free oxygen radicals
and lipid peroxidation [16, 17]. These biological mechanisms which could explain n-3 fatty
acids-mediated inhibition of mammary carcinogenesis are not independent. For example,
incorporation of n-3 polyunsaturated fatty acids into cell membrane phospholipids can alter
membrane fluidity (and increase intracellular drug accumulation), modulate cell signalling
[18] and enhance the production of free oxygen radicals [19] and lipid peroxidation [20].

Anthracyclines are among the most active anticancer agents, widely used in treatment
of solid tumours and leukaemia. The cytotoxic action of doxorubicin has been mainly related
to inhibition of topoisomerase 11 and to the production of oxygen-reactive species [21, 22].
Among polyunsaturated fatty acids, DHA, with its 6 double-bonds, is very prone to oxidation.
The increased membrane unsaturation index consequently would provide more abundant
targets for oxygen-reactive species generated by doxorubicin metabolism. Products of lipid

peroxidation such as hydroperoxides and aldehydes have been implicated in cytotoxic process



DOXORUBICIN EFFICACY AND DHA 4

and increase the drug efficacy. Thus, conditions favouring an increased lipid peroxidation in
response to doxorubicin would lead to a higher activity of the drug. Among PUFAs studied,
DHA was the most potent to enhance the cytotoxic effect of doxorubicin [9]. In vivo and in
vitro studies on the influence of DHA supplementation have reported higher peroxidation and
oxidative stress, as demonstrated by an increase of thiobarbituric acid-reactive substances,
conjugated dienes or malondialdehydes and a decrease of antioxidant vitamins [23-26].
Protection against oxidative damages is normally ensured by non-enzymatic (especially
vitamins provided by diet) and enzymatic (catalases, superoxide dismutases, and glutathione
peroxidases) defences. Changes in the activity of these antioxidant enzymes have also been
described during PUFA supplementation [27, 28].

Chemotherapy has improved during the last decades, largely due to the introduction of
effective drug combinations and treatment schemes. However resistance is frequently
observed in tumours undergoing primary therapy or, more frequently, is a result of treatment
with various antitumour drugs. This Multidrug resistance, the so-called phenotype MDR,
remains a major obstacle for successful chemotherapeutic cure [29]. Among drug resistance
mechanisms, the most common are : i) an increase in drug efflux, associated with
over-expression of the mdr-1 gene product, a Mr 170 000 plasma membrane glycoprotein
(P-gp) that functions as an energy (ATP)-dependent efflux pump for cytotoxic drugs and ii)
an abnormal redox status developed secondary after drug exposure, in which glutathione and
antioxidant enzyme activities are elevated and protect the cell against free radicals aggression
[30]. Attention has been focused recently on the study of the agents of MDR reversing agents.
Although hundreds of compounds have been found in vitro to be able to modulate the MDR
phenotype, their clinical application was limited owing to high toxicity in vivo such as

cardiotoxicity, nephrotoxicity or immunosuppression [29].
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To determine to what extent an oxidative stress could account for the sensitization of
cancer cells to doxorubicin by DHA, we have used three cell lines : a doxorubicin-resistant
one (MCF-7dox) and two sensitive lines (MCF-7, MDA-MB-231), and took advantage of
their differing properties. We found that DHA was able to enhance doxorubicin cytotoxicity
in MDA-MB-231 or in MCF-7dox cell lines, but not in parental MCF-7 cell line. In order to
understand the differential effects of DHA on these three cell lines, fatty acid composition of
membrane phospholipids, and intracellular accumulation of doxorubicin were examined. The
cellular oxidative status was also evaluated through the measure of two parameters of
oxidative stress, malondialdehyde level (a final product of lipid peroxidation), glutathione

levels, cofactor for major antioxidant enzymes which modulates cell response to redox

changes and vitamin E level.
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MATERIALS AND METHODS

Drugs and chemicals

Unless otherwise stated, all chemicals were purchased from Sigma (Sigma-Aldrich
Chimie, France). Doxorubicin (chlorhydrate de doxorubicine Teva®, 10 mg /5 ml) was
purchased from Teva Pharma S.A. (France) and [14-**C]-Doxorubicin hydrochloride
(2 GBq / mmol) was purchased from Amersham Pharmacia Biotech (France). Stock solutions
of doxorubicin (1 mM) were stored at -80° C and dilutions of doxorubicin were freshly
prepared in Hanks' medium (Hanks' balanced salts without sodium bicarbonate and phenol
red) buffered with 10 mM Hepes (pH 7.2 at 37°C) or in appropriate media.
[14-**C]-Doxorubicin hydrochloride was used at 5 uM (final concentration with isotopic
dilution = 1/11). Oleic acid (OA, 18:1n-9) and docosahexaenoic acid (DHA, 22:6n-3) were
used as methyl esters. The fatty acid was dissolved in 99% ethanol and stored as stock
solution (150 mM) under nitrogen at -80° C. For all experiments, fatty acid was prepared
freshly from stock solution and diluted with growth culture medium (final ethanol

concentration: 0.02%).

Cell culture

The human breast carcinoma cell lines MDA-MB-231 and MCF-7 were obtained from
American Type Culture Collection (LGC Promochem, France) and MCF-7dox cell line was a
gift of Dr K. Cowan (National Cancer Institute, Bethesda, MD). MCF-7 is as drug sensitive,
P-gp negative cell line. The MCF-7dox was originally established by in vitro selection with
increasing concentrations of doxorubicin [31]. Cell lines were cultured in Dulbecco's
modified Eagle's medium (DMEM) containing 5% heat-inactivated fetal calf serum, 50 Ul/ml

penicillin and 50 pg/ml streptomycin (Cambrex, France). MCF-7dox cells were grown in the
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presence of 1 UM doxorubicin to maintain the multidrug-resistant phenotype. Two weeks
before experiments were performed, MCF-7dox cells were removed from doxorubicin-
containing medium and maintained in doxorubicin-free medium as described previously [31].
Cells were seeded at low density (2 x 10* cells/cm?) and one day after seeding the medium
was removed and replaced by the same growth medium containing 0.02% ethanol (Control)
or fatty acid (30 pM). The cells were cultured one week before experiments (37° C in a

humidified incubator with 5% CO,). The culture medium was changed each 24 h.

Fatty acid analysis

After two rinses with ice-cold PBS, cells cultured in 175-cm? flasks were scraped off
with a rubber policeman. They were collected in ice-cold PBS and centrifuged at 1,000 x g for
5 min. Total lipids were then immediately extracted from the cell pellet according to the
method of Bligh and Dyer [32]. Lipid extract was evaporated under vacuum and lipid classes
were separated by silica gel thin layer chromatography with hexane/diethyl ether/acetic acid
(70/30/1, v/v). Phospholipids spots were scraped and collected in screw-cap glass tubes.
Lipids were dissolved in 2 ml 14 % boron trifluoride in methanol and tubes were closed under
nitrogen. Transesterification was obtained by heating at 100°C for 90 minutes [33]. Fatty acid
methyl esters were extracted with hexane and analyzed by gas chromatography (GC Trace,
Thermo-Finnigan, Les Ulis, France). The column was 60 m long, 0.25 mm internal diameter
with a 0.25 pum thickness BPX70 phase (SGE, Courtaboeuf, France). Fatty acids were
identified by comparing their retention times with those of authenticated fatty acids. Each
fatty acid was quantified by comparing its peak area with that of nonadecanoic acid (internal
standard). Results were expressed as mole of fatty acid per 100 moles total fatty acids

(mole %).
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Cell cytotoxicity

Cells were seeded in standard 96-well plates (7 x 10° cells/well). One day after
seeding, the culture medium was changed and replaced by medium containing different
concentration of doxorubicin (10™° to 10 M) with or without DHA (30 uM) during 7 days.
Viability of cells were measured as a whole by the tetrazolium salt assay [34]. Cells were
incubated at 37°C for 1 hour with the tetrazolium salt (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl tetrazolium bromide) and metabolically active cells reduced the dye to purple
formazan. Formazan crystals were dissolved with DMSO. Cell viability was expressed as
formazan 570 nm absorbance and for each well, the absorbance value was expressed as the
percentage of the absorbance value of control, non treated cells. These values were fitted to
sigmoidal dose-response model (GraphPad Prism®, GraphPad Software Inc):

Y = Min + (Max - Min) / (1 + 10-°9 5" %)
with :

Min = minimum viability
Max = maximum viability
X = Log (doxorubicin concentration, in M)

ICs, = concentration of doxorubicin producing a 50% decrease of viability

Cellular **C-Doxorubicin accumulation

Cells were seeded in standard 6-well plates at 18 x 10* cells/well. One day after
seeding, the culture medium was changed and replaced by medium with or without DHA
(30 uM) during 7 days. The cells were washed twice with 5 ml of Hanks' medium then
[14-**C]-Doxorubicin hydrochloride (1.5 ml of 5 uM doxorubicin solution) was added. After
3 h of incubation the doxorubicin solution was discarded then the cells were washed 3 times
with 5 ml of ice-cold Hanks' medium. Then 1 ml of NaOH 1N was added to the cells, and

then transferred in stoppered tubes for 1 h at 60° C. After keeping an aliquot (100 pl) for the
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determination of the protein content according to Lowry et al [35], 700 ul were placed in
scintillation vials and 3 ml of scintillation liquid (Ultima Gold XR, Packard) were added, then
radioactivity was determined in a liquid scintillation counter Tri-Carb 2100 TR (Packard,

France).

Measurement of malondialdehyde, GSH and GSSG

Malondialdehyde was measured by UV-HPLC, according to Steghens et al [36], as a
diaminonaphtalene derivative which displays a highly specific spectrum, very different from
that of other short chain aldehydes such as formaldehyde or acetaldehyde.
Reduced glutathione (GSH) and disulfide glutathione (GSSG) were measured by a fast new
HPLC/MS method recently described [37] with only a modification for the sample
preparation: as the protein content (and thus the buffering capacity) of cell extracts is very
low in comparison with whole blood, cell extracts (50 pl) were first vortex mixed with a
solution containing N-ethyl-maleimide, EDTA and y-glutamylglutamic acid as an internal
standard, incubated 20 min at room temperature and then deproteinised with sulfosalicilic

acid.

Vitamin E analysis

Total lipids were extracted from the cell pellet according to Bligh and Dyer extraction
procedure [32]. Delta-tocopherol was added as an internal standard (at 0.625 pg/ml in
hexane) to the lipid extract, which was evaporated to dryness under vacuum, then taken up
with 2 ml hexane, and washed with 1 ml PBS. Lipids were redissolved in 300 ul methanol
and 80 ul were injected for tocopherols separation and quantification by High Pressure Liquid
Chromatography (HPLC) system [38]. Solvent was methanol, which was isocratically

pumped at 1 ml per minute through a 250 x 4.6 mm reverse phase octadecyl-bonded silica
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column (Waters Spherisorb ODS2, Thermo-Finnigan, Les Ulis, France). Detection of
tocopherols was performed with a fluorimeter with excitation wavelength set at 290 nm and
detection at 334 nm, coupled with a SP4270 Integrator (Spectraphysics). Separated
compounds were quantified by comparison of their peak areas with that of delta-tocopherol

used as an internal standard.

Statistics
Statistical analysis was carried out using Student's unpaired t-test, one-way ANOVA
and Newman-Keuls multiple comparison tests (GraphPad Prism®, GraphPad Software Inc);

p < 0.05 was regarded as significant.
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RESULTS

Fatty acid composition of membrane phospholipids

Table 1 shows the composition in mole % of the membrane phospholipids fatty acids
(pooled in series) of MDA-MB-231, MCF-7 and MCF-7dox. In control conditions (ethanol:
0.02%), no statistical difference existed between fatty acid composition of these three cell
lines (ANOVA, p > 0.05). DHA (30 uM) supplementation led to an increased level of total
n-3 fatty acids for MDA-MB-231 and MCF-7dox cell lines (Student's t-test, p < 0.05). This
increase involved both 22:6n-3 and 20:5n-3 fatty acids in MDA-MB-231 whereas only
22:6n-3 was statistically increased in MCF-7 and MCF-7dox. Despite the same basal level in
MDA-MB-231 and MCF-7 sensitive cell lines membranes, DHA supplementation induced a
higher increase of 22:6n-3 incorporation in MDA-MB-231 (by 2.5-fold, p < 0.01) than in
MCEF-7 (by 1.4-fold, p < 0.05). Enrichment ratios of MDA-MB-231 and MCF-7 were
statistically different (Newman-Keuls test, p < 0.05). In MCF-7dox, DHA led to a higher
increase in the level of 22:6n-3 (by 1.7-fold, p < 0.05) than parental MCF-7 cell line.
However, no statistical difference (Newman-Keuls test, p > 0.05) were observed between the

enrichment ratios of MCF-7 and MCF-7dox cell lines.

Doxorubicin cytotoxicity

Breast cancer cells were cultured during 7 days in a medium supplemented without or
with DHA 30 puM along with doxorubicin concentrations ranging from 10° M to 10* M. By
using cell survival assay (blue trypan exclusion), we confirmed that the concentration of DHA

used (30 puM) was not toxic for the three cell lines (data not shown).
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In control conditions, the calculated concentration of doxorubicin inducing 50% cell mortality
(ICsp) were dependent on the cell line (11.8 + 1.0 nM for MDA-MB-231, 111 £ 16 nM for
MCF-7 and 7.0 £ 0.8 uM for resistant cell line MCF-7dox). Figure 1 shows the
dose-response curves obtained with the three cell lines. In MDA-MB-231, DHA
supplementation led to an increase in doxorubicin toxicity at concentrations comprised
between 10 and 107 M (Fig. 1A). The ICs shifted from 11.8 + 1.0 nM to 3.8 + 0.3 nM
when the cells were enriched with DHA. This enhancement of doxorubicin cytotoxicity (= 3
fold) by DHA was statistically significant (p < 0.001). In contrast, supplementation of MCF-7
cells during 7 days with DHA (Fig. 1B) did not modify doxorubicin cytotoxicity : ICso=93
15 nM versus 111 + 16 nM in supplemented versus non supplemented cells, respectively (p >
0.05). In the doxorubicin resistant cell line MCF-7dox (Fig. 1C), ICs significantly shifted
from 7.0 £ 0.8 uM to 3.3 £ 0.5 uM when cells were supplemented with DHA 30 uM (p <

0.001).

Doxorubicin accumulation

Figure 2B shows the levels of intracellular accumulation of **C-doxorubicin (5 uM)
after 3-hours incubation in MDA-MB-231, MCF-7 or MCF-7dox cells with or without DHA
supplementation, in comparison with the DHA enrichment within cell membranes (Fig. 2A).
No relation was found in any cell line between DHA enrichment and the accumulation of
doxorubicin inside the cells. The basal level of doxorubicin was similar in MDA-MB-231 and
MCF-7 cells and was not modified by DHA supplementation. In control condition (0.02%
ethanol), accumulation of **C-doxorubicin in MCF-7dox was 3-fold lower than that of the
parental MCF-7 cell line (170 £ 30 versus 546 + 70 pmol/mg proteins, respectively) and
remained unchanged after DHA supplementation. Furthermore, measure of P-gp activity by

rhodamine 123, a fluorescent substrate, did not show any changes in rhodamine 123 efflux in
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DHA-treated cells (data not shown). Thus, DHA incorporation in cellular membrane did not
lead to any changes in doxorubicin accumulation, whatever the breast cancer cell type

studied.

Malondialdehyde, glutathione and alpha-tocopherol levels

We studied lipid peroxidation in cells supplemented or not, with DHA or oleic acid
(18:1n-9) a monounsaturated fatty acid. In control conditions, basal levels of
malondialdehyde were not statistically different (ANOVA, p > 0.05) : 45 + 15, 32 + 10 and
38 £ 4 nmol/g proteins in MDA-MB-231, MCF-7 and MCF-7dox cell lines, respectively
(Fig. 3) and oleic acid supplementation did not lead to any change in these levels (data not
shown). In contrast, DHA supplementation led to a marked (= 4-fold) increase of the
malondialdehyde in the three cell lines. At 30 uM DHA, under conditions where no
cytotoxicity was detectable, malondialdehyde reached 165 nmol/g proteins in MDA-MB-231,
a similar level in MCF-7, and 242 nmol/g proteins in MCF-7dox (p < 0.01). Doxorubicin,
used at its ICs concentration, led to a 3.3-fold malondialdehyde level increase in MDA-MB-
231. No such change was found in MCF-7 or in MCF-7dox cells.

Co-treatment with doxorubicin and DHA further increased cumulatively
malondialdehyde (303 + 49 versus 166 + 45 nmol/g proteins, p < 0.01) in MDA-MB-231
compared to DHA alone. In MCF-7 cells, there was also an increase in malondialdehyde,
although the extent was much lower (203 £ 12 versus 165 + 23 nmol/g proteins, p < 0.05). In
resistant cell line MCF-7dox, despite a 3.7-fold higher level in cells treated both with
doxorubicin and DHA, this level remained lower than that induced by DHA supplementation
alone.

Figure 3 indicates that basal glutathione was in the same order of level in the three

cell line (= 50 umol/g proteins) and was increased by DHA (2.2-fold, p < 0.05) only in
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MDA-MB-231. GSH level was slightly increased (by 1.3- and 1.8-fold) in doxorubicin-
treated MDA-MB-231 and MCF-7 cells compared to control conditions. By contrast,
doxorubicin led to a weak GSH level decrease in MCF-7dox. During co-treatment with DHA
plus doxorubicin, a higher increase of GSH level was observed only in MDA-MB-231
compared to control conditions (167 + 39 versus 53 + 7, p < 0.05).

Glutathione disulfide (GSSG) was also measured. Its level is very low or undetectable.
When GSSG level was measurable, GSSG level was increased by DHA in MDA-MB-231 by
1.5-fold compared to control cells (2.4 + 0.2 versus 1.6 + 0.2 umol/g proteins, p < 0.001). Its
level was unchanged with DHA in MCF-7 compared to control conditions (0.7 + 0.4 versus
0.5 + 0.4 pumol/g proteins). GSSG level was undetectable in DHA-treated MCF-7-dox
compared to control (0.3 + 0.1 umol/g proteins).

Finally, alpha-tocopherol, measured in each of the three cell lines, was found to be
undetectable (< 5 ng per 10° cells) whatever the condition explored: ethanol, DHA (30 pM),
doxorubicin (ICsq concentration for each cell line) or doxorubicin plus DHA, (n = 6 for each
condition). Alpha-tocopherol was also undetectable in the culture medium although trace of

gamma-tocopherol was found.



DOXORUBICIN EFFICACY AND DHA 15

DISCUSSION

Our study demonstrates that sensitivity of breast cancer cells to doxorubicin can be
increased when an oxidative stress is triggered, a condition brought about by a
supplementation with DHA. We have taken advantage of the differential sensitivity of three
breast cancer cell lines to doxorubicin and DHA in order to investigate mechanisms
responsible for the chemosensitization induced by DHA. We found it to be cell-line selective,
affecting MDA-MB-231 and resistant MCF-7dox cells but not the parental cell line MCF-7.
MCEF-7 is the cell line with the lower incorporation of DHA in phospholipids after 7 days
supplementation. However, when the DHA supplementation was applied during 10 days in
MCEF-7, the greatest DHA enrichment obtained did not lead to any change in doxorubicin
sensitivity (data not shown), thus showing the lack of relation between drug toxicity and the
level of membrane DHA. In MDA-MB-231, sensitization to doxorubicin by DHA was
associated with an increase in malondialdehyde and in GSH levels, indicating that an
oxidative stress took place. In MCF-7 cells, the slight increase in malondialdehyde observed,
although indicative of lipid peroxidation, was not sufficient to trigger a noteworthy oxidative
stress since there was no change in GSH. This suggests the need for a threshold in
lipoperoxidation products for amplification of doxorubicin cytotoxic action to occur.
Alternately, the fact that EPA was increased substantially in MDA-MB-231 compared to
MCEF-7 subsequent to DHA treatment indicates that this fatty acid may also plays a role in the
phenomenon. The absence of alpha-tocopherol in all cell lines rules out the hypothesis that
lipid antioxidants influenced our results [39].

We considered the possibility that DHA might alter the pharmacokinetics parameters
of doxorubicin, since DHA may cause greater membrane permeability, thus increasing

doxorubicin accumulation [14, 40, 41]. In our study, doxorubicin accumulation was similar in
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the two drug-sensitive cell lines MDA-MB-231 and MCF-7 in basal conditions. It was 3-fold
lower in MCF-7dox, which are resistant cells with a membrane glycoprotein (P-gp) that
functions as an efflux pump for cytotoxic drugs, accounting for the low doxorubicin
accumulation. After DHA supplementation, the greater incorporation of DHA into
MDA-MB-231 cell membranes (2.5-fold) compared to MCF-7 (1.4-fold), contrasted sharply
with the similar accumulation level of doxorubicin between MDA-MB-231 and MCF-7. This
indicates that the steady state level of doxorubicin is not influenced by membrane lipid
composition in these two sensitive cell lines. Despite the modification in DHA level of
MCF-7dox membrane phospholipids (1.7-fold), DHA supplementation did not change
apparently drug diffusion or P-gp drug efflux. Since DHA enhanced sensitivity of
MDA-MB-231 and MCF-7dox to doxorubicin, then chemosensitization induced by DHA
cannot be correlated to anti-cancer drug intracellular concentration.

Reactive oxygen species (ROS), which are continuously produced in cells can
stimulate lipid peroxidation and contribute for example to cell multiplication or differentiation
through generation of biologically active lipid peroxidation products such as malondialdehyde
and 4-hydroxyalkenals, which are physiologically present in cells at low concentration [42,
43]. The level of malondialdehyde was significantly higher after DHA supplementation than
in control conditions in the three cell line studied. The increased malondialdehyde level
observed in sensitive cells treated with DHA alone (166 and 165 nmol/g proteins in
MDA-MB-231 and MCF-7 cells, respectively) or in MCF-7dox resistant cells (242 nmol/g
proteins) may not be sufficient to alter cell viability, although it might be sufficient to slightly
decrease cell proliferation, as observed during DHA supplementation (data not shown).

Several mechanisms have been proposed to explain doxorubicin cytotoxic action.
These include intercalation into DNA, initiation of DNA damage via the inhibition of

topoisomerase Il. Doxorubicin is also an anti-cancer drug known for its ability to generate
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ROS and to increase lipid peroxidation [21]. Lipid peroxidation is commonly regarded as a
deleterious mechanism, leading to structural modification of complex lipid protein
assemblies, such as biomembranes, and is usually associated with cellular dysfunction [20,
44, 45]. In our study, lipid peroxidation induced by doxorubicin treatment was cell-line
selective since this drug led to a 3-fold increase in malondialdehyde level in MDA-MB-231
but not in MCF-7 cells. So, lipoperoxidation could damage MDA-MB-231 cells and
strengthen the effect of other mechanisms involved in doxorubicin cytotoxicity. This
observation might explain why doxorubicin toxicity, in control conditions, was greater in
MDA-MB-231 than in MCF-7, with an 1Csg at 11.8 nM and 111 nM, respectively. In the
present study, we observed that the enhancement of the sensitivity to doxorubicin by DHA
affects MDA-MB-231 but not MCF-7 cell line. Since MDA-MB-231 was the only
chemosensitive cell line where malondialdehyde level increased with either DHA or
doxorubicin treatment, the cumulative increase of malondialdehyde level observed with co-
treatment might be sufficient to trigger a noteworthy oxidative stress for amplification of
doxorubicin cytotoxicity. By contrast, in MCF-7 cells, the slight increase in malondialdehyde
observed with co-treatment, although indicative of lipid peroxidation, might not have been
sufficient for cytotoxic substances to reach the threshold required for cytotoxicity. Existence
of a cytotoxic threshold has already been described by others using 4-hydroxynonenal as a
marker of lipid peroxidation [42].

Furthermore, the increase in glutathione level induced by either treatment occurred
only in MDA-MB-231. Similar to GSH, GSSG level increased after DHA supplementation in
MDA-MB-231 but not in MCF-7 cells. GSH plays a major role in detoxification of a variety
of electrophilic compounds and peroxides via catalysis by antioxidant enzymes such as
glutathione peroxidase and glutathione S-transferase [46], resulting in formation of its

oxidized form, disulfide glutathione (GSSG). It has been reported that initial depletion of
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GSH subsequent to its consumption by antioxidant enzymes during the first hours of oxidant
exposure is followed by an increased activity of y-glutamyl-cysteine synthetase, the key
enzyme of GSH synthesis [47-50]. It should be stressed that in this study the level of GSH
was measured 7 days after DHA exposure, and therefore represents steady-state level and not
acute response to a primary oxidative stress. Both increased level of GSH and GSSG in
MDA-MB-231 suggests that an oxidative stress has been operating for several days. Elevated
intracellular GSH providing a reducing environment could indicate adaptation of cells against
an oxidative stress, potentially contributing to drug resistance [51, 52]. However, in
MDA-MB-231, the hypothesis that increased GSH protects cells against doxorubicin-induced
oxidative stress is not supported by the increased chemosensitivity found after DHA
treatment. So, alternatively to an activation of enzyme in GSH biosynthesis, increased
glutathione could be also the consequence of its lower utilization in relation to an inhibition of
consuming enzyme such as glutathione peroxidase or glutathione S-transferase. Such an
hypothesis has already been explored by others, who reported that DHA decrease glutathione
peroxidase in endothelial cells [26].

Despite the lack of an oxidative stress the reasons why DHA chemosensitizes
MCF-7dox to doxorubicin are not clear. The resistance is associated with gene amplification
such as, for example, increased expression of antioxidant enzymes, increased expression of
the drug transporter P-glycoprotein, elevated cytosolic pH [30, 53]. We may therefore
contemplate the possibility that DHA modified one of these resistance pathways, leading in
turn to enhanced sensitivity of these cells to doxorubicin. Additional studies on antioxidant
enzyme regulation by DHA in three cell types should allow a better understanding of
differential sensitivity to doxorubicin and DHA.

In conclusion, we suggest that the differential effect of DHA on the sensitivity of the

two different cell lines MDA-MB-231 and MCF-7 to doxorubicin results from their
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differential oxidative response to doxorubicin, but not to DHA. MDA-MB-231 seems to be

the only cell line where a cumulative effect of DHA and doxorubicin could lead to a level of
lipid peroxidation sufficient enough to induce cell death. In MCF-7, doxorubicin did not lead
to such an oxidative stress. Consequently, although DHA was equally peroxidized in the two

cell lines, this effect was not sufficient to induce an increased cytotoxicity in MCF-7.

Abbreviations used:

DHA: docosahexaenoic acid ; GSH: glutathione (reduced); GSSG: glutathione (oxidized) ;
MDR: multidrug resistance ; P-gp: P-glycoprotein ; PUFA: polyunsaturated fatty acid ;

ROS : reactive oxygen species
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