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Exogenous polyunsaturated fatty acids modulate the cyto-
toxic activity of anti-cancer drugs. In this study, we examined
whether lipid peroxidation is a potential mechanism through
which fatty acids enhance drug cytotoxicity. We measured
cell viability in the human breast cancer cell line MDA-MB-
231 exposed to doxorubicin in the presence of non-cytotoxic
concentrations of various polyunsaturated fatty acids for 6
days. To determine the role of lipid peroxidation, the hydro-
peroxide level was measured in cell extracts. Among all
polyunsaturated fatty acids tested, docosahexaenoic acid
(DHA, 22:6n-3) was the most potent in increasing doxorubi-
cin cytotoxicity: cell viability decreased from 54% in the
presence of 10~7 M doxorubicin alone to 21% when cells were
incubated with doxorubicin and DHA. After addition of an
oxidant system (sodium ascorbate/2-methyl-1,4-naphthoqui-
none) to cells incubated with doxorubicin and DHA, cell
viability further decreased to 12%. Cell hydroperoxides in-
creased commensurately. The effect of DHA on doxorubicin
activity and lipid hydroperoxide formation was abolished by a
lipid peroxidation inhibitor (dl-a-tocopherol) or when oleic
acid (a non-peroxidizable fatty acid) was used in place of
DHA. No effect was observed with mitoxantrone, a drug with
a low peroxidation-generating potential. Thus, DHA may
increase the efficacy of oxyradical-producing drugs through a
mechanism involving a generation of lipoperoxides. This may
lead in vivo to a modulation of tumor cell chemosensitivity by
DHA and oxidant agents. Int. J. Cancer 75:578-583, 1998.
© 1998 Wiley-Liss, Inc.

Several experimental studies have shown that exogenous poly
saturated fatty acids (PUFAs) may sensitize tumor cells to an
cancer drugs in cell culture (Burns and North, 1986; Zijlstral.,
1987; Peterseat al.,1992) or in tumors growing in animals (Shao,
et al., 1995). No precise mechanisms of action of PUFA in th
modulation of anti-cancer drug efficacy have been been detgt-
mined. It has been proposed that the enhanced killing effect

agents for cytotoxic processes in neoplastic cells. Aldehydes
supplemented to tumor cell culture (Hauptlorestzal., 1985) or
injected in tumor-bearing animals (Tessiteteal., 1989) decrease
the rate of tumor cell proliferation.

Little is known about the involvement of lipid peroxidation in
the modulation of drug efficacy by PUFAs. The metabolism of
some quinone-containing anti-cancer drugs, such as doxorubicin
and mitomycin C, yields oxygen-reactive species. These in turn
could react with the PUFA double bonds and induce the lipid
peroxidation process (Benchekroun and Robert, 1992). In a doxoru-
bicin-resistant mammary tumor cell line, lipid peroxidation level
was found to be lower than in the wild-type cell line, suggesting a
relationship between lipid peroxidation and sensitivity of tumor
cells to doxorubicin (Benchekrouet al., 1993). The increased
membrane unsaturation index consequently would provide more
abundant targets for peroxidation events generated by the metabo-
lism of doxorubicin or that of mitomycin C and, thus, increase drug
efficacy. In agreement with this hypothesis, a correlation between
doxorubicin sensitivity and the degree of polyunsaturation in
membranes has been reported in L1210 cells (Burns and North,
1986). Similarly, in tumor-bearing animals, a highly unsaturated fat
diet compared to a control low-fat diet exacerbated the responsive-
ness of MX-1 human mammary carcinoma to mitomycin C by
increasing the susceptibility of tumor cells to mitomycin C-induced
oxidative stress (Sheet al.,1995).

In this study, we investigated whether exogenous PUFAs could
enhance the cytotoxic activity of anti-cancer drugs which generate
EQl’dative stress through an increase in the susceptibility of tumor

ells to lipid peroxidation. We quantified the ability of different
PUFAs to modulate the sensitivity of the human breast tumor cell
line MDA-MB-231 to anti-cancer drugs and examined whether
ducing or inhibiting lipid peroxidation altered this effect. Doxoru-

d mitoxantrone, usually considered to be unable to indinice

Q{in was chosen for its ability to generate reactive oxygen species,

anti-cancer drugs could result from alterations in the b|0phy5m@i\£0 peroxidation events, was tested as a control drug. In addition,

properties and functions of membranes brought about by PURQ, eationship between cellular lipid peroxidation products and

supplementation. Indeed, supplementation of growth medium w ug toxicity was investigated.

docosahexaenoic acid (DHA, 22:6n-3) was found to sensitize

resistant human small-cell lung cancer cell lines to doxorubicin by

increasing intracellular drug concentrations (Zijlsétaal., 1987). MATERIAL AND METHODS

In a similar way, the increase of the fatty acid unsaturation level in pitoxantrone was purchased from Lederle (France) and doxoru-

the membrane of the sensitive L1210 cell line was correlated wiglicin from Dakota (France). Stock solutions stored-s20°C

the increase of cellular accumulation of cytotoxic drugs (Burns and x 10-4 M for doxorubicin and 4< 10-3 M for mitoxantrone)

North, 1986). and dilutions of doxorubicin and mitoxantrone were freshly
In addition to PUFA effects on membrane structure, peroxidatigmepared in physiological saline solution, NaCl 0.9%.

of highly unsaturated fatty acids was linked to cytotoxicity in DHA (22:6n-3), eicosapentaenoic acid (20:5n-3), arachidonic

neoplastic cells (Bgin et al., 1988). In response to oxidative stressacid (20:4n-6)y-linolenic acid (18:3n-6)q-linolenic acid (18:3n-

PUFAs undergo free-radical chain reaction breakdown, which

results in the formation of fatty acid hydroperoxides and hydrox-

ides as immediate products and aldehydes, among other en-dc_ontrT@’ant sponsor: Ligue Nationale centre le Cancer; Contract grant

products. Either in cultured tumor cells (Chege al., 1996) or in ¢ J1sor: INSERM: Contract arant number CRE 930301.
tumor-bearing animals (Gonzaletal.,1993), PUFA supplementa- P ’ 9

tion caused a decrease in cell proliferation or in tumor growth———

correlated with a concomitant increase in the level of cellular lipid *Correspondence to: Laboratoire de Biologie des Tumeurs, E.A. 2103,
peroxidation. These observations suggest that PUFAs interfere 'aXRég('o';'ggﬂfg%tgg”E"f‘r‘#aﬁ_bb'gu""ﬂgﬂggﬁglﬂ?\fg&g’% France.
tumor cell proliferatiorin vitro andin vivo due to the formation of ’ ’ -ooug ) :

oxidation products. A number of lipid hydroperoxides and lipid_____

peroxidation-derived aldehydes have been implicated as causativieceived 23 June 1997; Revised 28 August 1997
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3), linoleic acid (18:2n-6) and oleic acid (OA, 18:1n-9399% with 0.15% ethanol and were incubated in parallel. One day after
purity) were purchased from Sigma (St. Louis, MO) and used asipplementation, cells were trypsinized, harvested and washed 3
methyl esters, as already described (Getral., 1994). The fatty times with PBS. After keeping an aliquot for determination of the
acids were dissolved in 99% ethanol and stored as stock solutigmetein content according to Lowrgt al. (1951), total lipid
(20 mg/ml) under nitrogen at20°C. For all experiments, fatty extraction was performed with chloroform/methanol (Bligh and
acids were prepared freshly from stock solutions and diluted witbyer, 1959). The chloroform phase was evaporated under a stream
growth medium. Vitamin E (dk-tocopherol), sodium ascorbateof nitrogen and the dry residue solubilized in 50 pl of ethanol.
and 2-methyl-1,4-naphthoquinone were obtained from Sigma. TBamples were mixed on a vortex mixer with 1.0 ml of the color
color reagent of the commercially available M-CHO kit for theeagent and incubated for 30 min in the dark at room temperature.
enzymatic determination of cholesterol was purchased from Merglbsorbance was measured at 365 nm against the color reagent as
(Darmstadt, Germany). blank. Lipid hydroperoxide measurements were performed in
Cell culture duplicate in 3 independent experiments. Results were expressed as
) ) mean* SE. Cumen hydroperoxide was used as a standard and a
The human breast carcinoma cell line MDA-MB-231 wasinear relationship was observed between the amount of hydroper-

cultured in DMEM containing 5% FCS, 1% penicillin/streptomy-oxide and the concentration of tri-iodide produced (slep@.92).
cin. Cells were seeded atX 10* cells per well in 24-well tissue

culture plates (cell viability experiments) or at>3 1(° cells per .. :
well in 6F-)well tigsue culturgplaltoes (lipid h)ydroperoxide detefr)minastat'St!Ca_II analysis . . .
tion). Cells were grown in growth medium at 37°C in a 95% air, 5% Statistical analysis was performed using the non-parametric
CO,-humidified incubator. One day after seeding, the medium wikann-Whitney test. Differences were considered significaptat
removed and fresh medium along with various concentrations @05

cytotoxic drugs, in the presence or absence of fatty acids, oxidant,

anti-oxidant or combinations of compounds, were added to cultures

in parallel. Combined treatments were made using fatty acids, RESULTS

oxidant mixture and anti-oxidant as specified. Solutions of eaétifect of DHA on doxorubicin-induced cell toxicity

cytotoxic drug were freshly diluted with culture medium to give Tq determine the cytotoxic activity of doxorubicin, a dose effect
specified final concentrations. Solutions of each fatty acid @periment was performed. After 6 days of culture,” 10V
ethanol were diluted with medium to give a final concentration Qfpxorubicin caused cell viability to drop to 542%. Therefore, all
34 pM for oleic, linoleic,a-linolenic andy-linolenic acid; 32 UM sypsequent experiments were carried out af Mdoxorubicin.

for arachidonic and eicosapentaenoic acid; and 29 uM for DHA. ; :

Oxidant mixture was made of a combination of sodium ascc.)rbateﬁ-.rgne_)\3/§l Ilg;tg t?c)ewcyla?]tg ;(tlﬁrgftfg g ! (()étAhe ng-Try,_S?S%ﬁ;atZgiégHﬁr;
a final concentration of 16 M and 2-methyl-1,4-naphthoquinone; g o _\vig_231 cells, a dose effect curve was performed. DHA at 29
at 10°¢ M, according to Notcet al. (1989). Anti-oxidant vitamin E M and OA at 34 ui\A had no effect on tumor cell viability during 6

in ethanol was diluted with culture medium to give a fina ays of culture (Fig. 1). Hence, all of the following experiments
concentration of 10 uM. The final ethanol concentration in t ere conducted with 29 UM for DHA and 34 uM for OA. To
med!um was t_)e_low 0'1“?,% (vv). Control cult_ures recel_ved fre odulate the susceptibility of tumor cells to lipid peroxidation, we
medium containing 0.15% ethanol and were incubated in paral ed the oxidant mixture sodium ascorbate/2-methyl-1,4-naphtho-
The medium was changed every 48 hr until day 6. quinone as a lipid peroxidation inducer and the anti-oxidant agent
Cell viability vitamin E as a lipid peroxidation inhibitor. The sodium ascorbate/2-

To evaluate drug activity, we chose to quantify cell viabilityx1 Methyl-1,4-naphthoquinone mixture at concentrations of*10
10* cells in 500 p? of groz//vth medium V\(/qere sgaded in eaébh< welfl/107¢ M or vitamin E at 10 uM induced no cytotoxic effect on
(24-well trays) and incubated as described above for up to 6 daDA-MB-231 cells after 6 days of exposure (Fig. 1).

Every 48 hr, the medium was replaced with fresh identical medium Addition of DHA to doxorubicin significantly decreased cell
and detached cells were collected in each well and kept at 4°C.\Aability to 21 = 1%. Addition of the oxidant mixture to cells
indicated times, adherent cells were washed 3 times with PBS aitpplemented with doxorubicin and DHA further decreased cell
detached with 200 pl of trypsin (500 mg/l)/EDTA (200 mg/l). Afterviability to 12 + 1% (Fig. 1). Substitution of DHA by OA or

5 min at 37°C, the reaction was stopped with the respectiggibstitution of oxidant agents by anti-oxidants caused cell viability
medium containing the detached cells previously pooled. Then, tigereturn to the baseline level of doxorubicin (Fig. 1).

cell suspension was incubated with Trypan blue/PBS (1:1) for 10To examine whether oxidative stress was involved, mitoxantrone
additional min. For each well, cell viability was evaluated as th@as selected as a cytotoxic drug with low potential to generate free
number of viable cells< 100/total number of cells. Cell countsradical species and to promote lipid peroxidation. At 10
were performed for all cultures from 3 experiments in whiclnitoxantrone, no significant modification of cell viability was
triplicate measurements were made. Results were expresseclsserved in any experiment under conditions identical to those
mean values: SE. employed with doxorubicin (data not shown).

lodometric assay for the measurement of lipid hydroperoxides

For the peroxide assay, we used the color reagent of tp]'gne cours_e effect of DH_A on doxorubicin cytotoxplty )
commercially available kit for the enzymatic determination of T0examine more precisely the effect of the combination of DHA
cholesterol. The content of lipid hydroperoxides in the total lipitVith _oxidant agents on the cytotoxicity of doxorubicin, cell
extract of tumor cells was determined as previously described f§ability was determined each day during 6 days of culture under
the determination of lipid hydroperoxides in human serum samplgiferent conditions (Fig. 2).

(El Saadanét al.,1989) and in breast tumor cells in culture (Clsaje  Doxorubicin at 107 M induced cell toxicity in a time-dependent

et al., 1996). This assay is based on the conversion of iodide meanner since cell viability decreased from 991% after 1 day to
tri-iodide due to the oxidative capacity of lipid hydroperoxides49 + 2% after 6 days of exposure. DHA enhanced significantly
Tri-iodide can be measured photometrically at 365 nm. MDA-MBdoxorubicin-induced cell toxicity after 6 days. With the DHA

231 breast tumor cells were seeded at 3 cells in 2.5 ml of oxidant mixture, the effect was detectable from 3 days of culture
growth medium per well (6-well trays). After 24 hr at 37°C, celland became significant after 5 days in culture. The enhancing effect
cultures were supplemented with cytotoxic drugs in the presenceaddrDHA + oxidant was abolished when OA was used in place of
absence of fatty acids, oxidants or combinations of fatty acid®HA or when anti-oxidants were used in place of oxidants in the
oxidants and anti-oxidant. Control cultures received fresh mediuecombined treatment (Fig. 2).
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Cell viability ,% (18:3n-6),a-linolenic acid (18:3n-3) and linoleic acid (18:2n-6) at
non-cytotoxic concentration were carried out under conditions
0 0 40 80 i i" identical to those used with DHA (Fig. 3).
] K DHA was the most potent at enhancing the cytotoxic effect of
7 doxorubicin (70%), followed by~-linolenic acid +44%) and
eicosapentaenoic acid+-(@8%). y-Linolenic acid rendered cells
i more sensitive than dig-linolenic acid (p = 0.0005). Oxidants
T enhanced the action of PUFAs on doxorubicin cytotoxicity: the
b

No treatment

Docosahexaenoic acid (DHA, 22:6n-3)

Oxidants

Antioxidants

effect was greater for eicosapentaenoic acid (478618%) or

Oleic acid (OA, 18:1n-9) arachidonic acid (45%s. 11%) than for DHA (94%us. 70%) or

Doxorubicin (Doxo.) A v-linolenic acid (60%vs. 44%) with or without oxidants, respec-
1} tively. Conversely, anti-oxidants abolished the action of PUFA on
doxorubicin cytotoxicity since cell viability returned to the basal
Doxo. +DHA [ e level induced by doxorubicin alone (Fig. 3).
-

Doxo.+oxidants

Doxo.+DHAoxidants Dose effect curve of doxorubicin and mitoxantrone in the presence

Doxo.+DHA+antioxidants of DHA and oxidants

&
Doxo. +OA+oxidants h The most effective combination of DHA (29 uM} oxidant
mixture (10 M sodium ascorbate/16 M 2-methyl-1,4-naphtho-
FicurRe 1— Effect of DHA on doxorubicin-induced cell toxicity. 9Uinone) was used, and results are presented at 6 days of culture

MDA-MB-231 tumor cells were cultured for 6 days under differen{Fig- 4)-
conditions in 24-well plates containing 10M doxorubicin (Doxo.), Cell viability decreased from 6% 2% to 32+ 2% at 3 1078
oxidant agents (oxidants, sodium ascorbate/2-methyl-1,4-naphthogui-and from 75+ 2% to 60+ 2% at 108 M for doxorubicin alone
none, 10* M/10~¢ M) or anti-oxidant (anti-oxidant, di=tocopherol, o jn the presence of DHA- oxidants. The calculated concentra-
10°°M), DHA (22:6n-3, 29 UM) or OA (18:1n-9, 34 uM). Cell viability 1o of doxorubicin that induced 50% cell viability (i) shifted

was measured by Trypan blue exclusion after 6 days of exposure, 0.79 to 0.13x 10-7 M when doxorubicin was used in the

results represent meamt SE of 3 separate experiments made i : . h
triplicate. *Significantly different from doxorubicin alonep(< 0.05, Presence of DHA+ oxidants, a more than 5-fold increase in the

Mann-Whitney). sensitivity of MDA-MB-231 to doxorubicin (Fig. &). Such effects
were not observed with mitoxantrone (Fidp)4

Lipid hydroperoxide level of breast tumor cells

The basal level of hydroperoxides in tumor cells was 8 pmol/ug
proteins (Table I). Doxorubicin increased lipid hydroperoxide level
in tumor cells by more than 2-fold. Addition of either DHA or
oxidants to cells cultured with doxorubicin did not significantly

C’\ci change lipid hydroperoxide content in tumor cells. In contrast,
=2 DHA along with oxidant agents significantly increased lipid
a hydroperoxide content in tumor cells. A strong positive correlation
©
> —o— QA+axidants
8 -0~ DHAenicxicerts 100 - .
—a— Contrdl 85 4
O T T T T 1 %= D'-{A ) 70 -
1 2 3 4 5 6 -8 DHAYoddants

55

FIGURE 2 — Time course study of DHA on doxorubicin cytotoxicity B Fatty acid alone

under different culture conditions. MDA-MB-231 tumor cells were5
incubated for 6 days with T3 M doxorubicin either alone (control) or & |
in the presence of DHA (22:6n-3, 29 pM) alone or with oxidant agen 8 ‘ ‘
(sodium ascorbate/2-methyl-1,4-naphthoquinone* 20/10-8 M) or &3 ‘
anti-oxidant (vitamin E, 1065 M) or in the presence of OA (18:1n-9, 34 e 2
uM) with oxidant agents (sodium ascorbate/2-methyl-1,4-naphthoq! 3
none, 104 M/10-¢ M). Cell viability was determined every day by D
Trypan blue exclusion. Each point represents the meaSE of 3 Fatty acids
separate experiments in which triplicate measurements were maage.

*Significantly different from experimental conditions with doxorubicin
alone (p < 0.05, Mann-Whitney).

hange in doxorubicin

Cell toxicity
o
o

[JFatty acid+oxidants

= B Fatty acid+antioxidants

18:3n-6 [y o T

22:6n-3

FiIcurRe 3 — Comparative effect of individual PUFAs on doxorubicin-
induced cell toxicity. MDA-MB-231 tumor cells were cultured for 6
days as described in Figure 1. Cell toxicity of doxorubicin in the
presence of specified PUFA alone or combined with oxidant agents

When mitoxantrone was used in place of doxorubicin, nsodium ascorbate/2-methyl-1,4-naphthoquinone/2/10-¢ M) or
modulating effect of DHA+ oxidant was found at any time (dataanti-oxidant (dle-tocopherol, 10 M) was measured in 3 separate
not shown). experiments performed in triplicate and compared to cell toxicity of

107 M doxorubicin alone (0% of variatios: cell viability measured
i i icin-i for condition with doxorubicin alone). Results expressed as percent of
geo”nggzgailtt;/ve effect of different PUFAs on doxorubicin-induced change of doxorubicin-induced cell toxicity. PUFAs are DHA (22:6n-
. . 32], eicosapentaenoic acid (20:5n-3), arachidonic acid (20:4n-6),

The effects of other PUFAs with unsaturation degrees lower thafjinolenic acid (18:3n-6)e-linolenic acid (18:3n-3) and linoleic acid
DHA were examined on doxorubicin-induced cell toxicity. Experi{18:2n-6). *Significantly” different from experimental condition and
ments using eicosapentaenoic acid (20:5n-BJinolenic acid doxorubicin alone jp < 0.05, Mann-Whitney).
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TABLE | —LIPID HYDROPEROXIDE CONTENT IN THE LIPID EXTRACT OF

A MDA-MB-231 TUMOR CELLS
= Hydroperoxides
= Culture conditions (pmol/ug proteins)
= mean+ SE
Q
< —— Control No treatment 7.9- 0.3
3 Doxorubicin (107 M) 174+ 1.0
© —o— DHA+oxidants Doxorubicin+ DHA 225+ 0.9
Doxorubicin+ oxidants 20.7+ 1.4
o) P — S—— Doxorubicin+ DHA + oxidants 31.1+ 0.92
0.0001 0.001 0.01 0.1 1 Doxorubicin+ DHA + anti-oxidants 14.5- 0.4
- Doxorubicin+ OA + oxidants 14.0+ 0.6
Doxorubicin, M Mitoxantrone (167 M) 6.3+ 0.5
Mitoxantrone+ DHA + oxidants 8.3 0.8
100 Mitoxantrone+ DHA + anti-oxidants 3.5- 0.3
B Mitoxantrone+ OA + oxidants 7.65 0.4

801 MDA-MB-231 cells were cultured in 6-well plates for 24 hr under

specified conditions containing 10 M doxorubicin or 107 M
mitoxantrone, oxidant agents (sodium ascorbate/2-methyl-1,4-naphtho-
quinone, 104 M/10-¢ M) or anti-oxidants (dla-tocopherol, 10% M),
DHA (29 pM) or OA (34 pM). The content of lipid hydroperoxides in
—s— Control the lipid extract of tumor cells was measured by an iodometric assay
) and protein content determined according to Loetral. (1951). In the
=5 —— DHA+oxidants  ghsence of tumor cells, lipid hydroperoxides were undetectable in the

60 4

40

Cell viability, %

20 A

0

00001 0001 oot o medium containing 10 M doxorubicin and remained below 0.01
) pmol/ug protein when DHA was added. Results are expressed as
Mitoxantrone, M mean= SE from 3 separate experiments in which duplicate measure-

ments were madelValues significantly different from unsupple-
Ficure 4 — Dose-response curve of doxorubicin and mitoxantron@ented cells p < 0.05, Mann-Whitney).2Values significantly differ-

in the presence of DHA and oxidant agents. MDA-MB-231 tumor cellsnt between anti-cancer drugs and cells supplemented with drugs
were incubated with specified concentrations of doxorub{einor different combined treatmentp (< 0.05, Mann-Whitney).
mitoxantrone(b) either alone (Control) or in the presence of DHA
oxidant agents (sodium ascorbate/2-methyl-1,4-naphthoquinone) for 6
days. Cell viability was measured by Trypan blue exclusion. Showné s 100 -
fitted curves and meart SE from 3 separate experiments in whick®
triplicate measurements were made. *Significant difference betwe =3
experimental condition and doxorubicin alore< 0.05). =

80

1

toxic

was found between doxorubicin activity and the level of hydrope%
oxides in tumor cells (Fig. 5). Other conditions (substitution ¢ ¢ 60
oxidants by anti-oxidants or DHA by OA) led to no increase o
hydroperoxide content (Table I).
When mitoxantrone was used in place of doxorubicin, n=2
increase in hydroperoxide content was observed (Table I).

ce

40 A

DISCUSSION

bicin-ind

20 A

The ability of PUFASs to increase the cytotoxic activity of severe 2
anti-cancer drugs has been documented well. The involvement §
lipid peroxidation as a potential mechanism through which PUF/ © o)
modulate the efficacy of those cytotoxic drugs has been suggeso 0 r T T 3
from experimental studies in tumor-bearing animals (Séiaal.,

1995) or in cell culture (Peterseat al., 1992). In this report, we 0 10 20 30 40
present data showing that PUFAs in conjunction with oxidan . .

strongly increase the activity of a cytotoxic drug that generates hydroperoxides, pmol/ug proteins
oxidative stress and that lipid peroxidation may be involved in this

effect. Ficure 5— Relationship between doxorubicin-induced cell toxicity

To explain the effect of PUFAs on the sensitivity of tumor cell%d lipid hydroperoxide content in MDA-MB-231 breast tumor cells.

r=0.91

: : Il viability was estimated by Trypan blue exclusion after 6 days of
té) CytOtOX'CPSrEES' severﬁ!l mechanlsrPsd ha;veb beetn explor osure, and lipid hydroperoxide content was measured with the
X0genous S are readily incorporated Into breast cancer ¢gjhjjable cholesterol color reagent after 1 day of exposure, as described

membranes (Goret al., 1994). Biochemical modifications of jn “Material and Methods”. Regression line with 95% confidence
membrane fatty acids result in changes in the physical propertiesiafits is shown.

cell membranes. This may lead to alteration in drug transport and,

hence, may modulate cell sensitivity. Actually, the cellular concen-

tration of doxorubicin increased in L1210 cells treatgd Wlth. DH/&S metabolism and Subsequenﬂy induces peroxidative processes,
(Burns and North, 1986). Whether such a mechanism might Gfereas mitoxantrone does not (Doroshow, 1983). We found that
operating in the MDA-MB-231 cell line is not known. doxorubicin increased lipid hydroperoxide content in tumor cells,

To study lipid peroxidation as a mechanism through whictvhile mitoxantrone did not. This finding is in agreement with

PUFAs modulate the chemosensitivity of tumor cells, we selectegPevious studies carried out in subcellular fractions comparing lipid
anti-cancer drugs which exhibit different potencies in inducingeroxidation stimulation (Kharasch and Novak, 1985; Vile and
oxyradical formation: doxorubicin generates oxyradicals througinterboun, 1989) and in intact tumor cells comparing redox-



582 GERMAIN ETAL.

cycling activation by these 2 drugs (Fisher and Patterson, 199ayer, lipid peroxides could act as mediators of programmed cell
Therefore, the comparison of the effect of PUFAs on doxorubiciheath (Sandstromet al.,1995). This result, in conjunction with our
vs. mitoxantrone efficacy in our model is suitable for the study obbservations, supports the hypothesis that lipid peroxidation prod-
the involvement of oxidative stress and lipid peroxidation. ucts may contribute to an additional cytotoxic activity of doxorubi-

We examined the influence of different PUFAs on doxorubicirein. In contrast to doxorubicin, we found that none of the tested
induced cell toxicity. Among all methods available to assess dn__?nditions modulated mitoxantrone efficacy and lipid hydroperox-
activity, we chose to measure cell viability rather than ceifle cellular contents. These results strongly suggest that the
proliferation. Although we did not evaluate cell clonogenicity, th€ytotoxicity of mitoxantrone is not related to lipid peroxidation.
Trypan blue exclusion test is less prone to pitfalls associated witlie enhancing effect of PUFAs on anti-cancer drug activity may be
the interpretation of cell proliferation assays. In agreement witlestricted to drugs that induce oxidative stress.
previous studies (Burns and North, 1986; Zijlséteal., 1987), we In humans, little is known about the involvement of lipid
observed that DHA was the most potent of all tested PUFAs géroxidation in drug efficacy. An increase in lipid peroxides
enhancing doxorubicin efficacy. For most of the PUFAs, the effegieasured after chemotherapy in plasma samples of patients with
on drug activity increased with the double bond index. The onlyancer has been reported (Faleeral., 1995). Furthermore, in a
exception was 18:3n-6, which was more potent than 18:3n-3 as@idy conducted on humans who had received neoadjuvant chemo-
than fatty acids with 4 or 5 unsaturations (20:4n-6 or 20:5 n-3herapy for locally advanced breast cancer, a positive correlation
This may be related to specific properties of 18:3n-6, as alreagii4s found between DHA level in adipose breast tissue and
documented in other cell lines (Bim et al.,1988). subsequent sensitivity of the primary tumor to chemotherapy

We examined the involvement of lipid peroxidation as #&Bougnouxet al.,1995). Because fatty acids stored in the adipose
potential mechanism by which PUFAs may modulate anti-cancéssue influence tumor cell membrane composition (Chejeal.,
drug activity. Various methods are available for measuring tH995), this observation suggests that abundant targets for free
extent of lipid peroxidation. We chose to quantify hydroperoxideadicals, such as highly unsaturated PUFAs, may generate lipid
and hydroxy-PUFAs, which are the primary oxidation products iperoxidation products from the primary radicals after action of
the lipid peroxidation process. We found that the increase ytotoxic drugs. These products in turn could act as “second
doxorubicin-induced cell death due to DHA was concomitant witbytotoxic messengers.” Hence, cell death commitment signals
an increase of lipid hydroperoxides. This suggests that lipmbuld be locally strongly concentrated, leading to an enhanced
peroxidation could be involved. To further study the involvemertumor drug sensitivity and, therefore, to improved treatment
of lipid peroxidation as a mechanism through which PUFAsfficacy. We are presently investigating the relevance of our
modulate doxorubicin efficacy, we examined doxorubicin activitpbservationn vivo. Our results suggest that a nutritional interven-
under conditions promoting or inhibiting lipid peroxidation. Thetion based on highly unsaturated PUFAs along with pro-oxidants
potentiating effect exerted by PUFA alone was enhanced byguld improve the response of tumors to several anti-cancer agents
conditions promoting lipid peroxidation: DHA along with anin breast cancer patients. It remains to be determined to what extent
oxidant mixture was the most effectivig @t increasing doxorubi- the toxic side effects of these drugs (such as hematological or
cin cytotoxicity and ii) at generating lipid hydroperoxides in breastardiac toxicity) would be affected. This condition is required
tumor cells. We finally found that the sensitivity of MDA-MB-231before any intervention trial involving such a strategy can be
to doxorubicin was 5-fold higher in the presence of DHA alongonsidered in patients.

with oxidant agents. Conversely, in DHA-supplemented cells, |n conclusion, when the MDA-MB-231 cell line is cultured in

substitution of the oxidant mixture by thfe. antl-o>§|(1ant vitamin Ehe presence of DHA and oxidants, lipoperoxides arise after the

abolished the effect and led both cell viability and lipid hydroperoxgction of oxyradical-producing anti-cancer drugs, such as doxorubi-

ide content to return to baseline level. Thus, conditions favoring gfh. This may endow tumor cells with metabolic characteristics that

increased lipid peroxidation in response to doxorubicin led to afbcrease their propensity to survive the effects of doxorubicin.

increased activity of the drug. Conversely, inhibition of lipidywhether PUFAs may modulate other anti-cancer drug activities

peroxidation suppressed this additional activity of doxorubicin. and whether our observation might extend to other cell types
Although evidence suggests that lipid peroxidation could bemains to be investigated.

involved in the cytotoxic activity of doxorubicin, the precise

product of lipid peroxidation responsible presently is not known.

Various data suggest a role for 4-hydroxyalkenal, an end-product of
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