European
Journal of
Cancer

PERGAMON European Journal of Cancer 37 (2001) 402-413

www.ejconline.com

Effects of gamma-linolenic acid and oleic acid on paclitaxel
cytotoxicity in human breast cancer cells

J.A. Menéndez?, M. del Mar Barbacid ?, S. Montero?, E. Sevilla®, E. Escrich ¢,
M. Solanas®, H. Cortés-Funes?, R. Colomer **

aDivision of Medical Oncology, Hospital Universitario 12 de Octubre, Avda. de Cordoba Km 5.4, E-28041 Madrid, Spain
®Pharmacy, Hospital Universitario 12 de Octubre, Avda de Cérdoba Km 5.4, E-28041 Madrid, Spain
¢Department of Cellular Biology, Physiology, Immunology, Unit of Medical Physiology, Medical School, Universidad Autonoma de Barcelona, Spain

Received 16 June 2000; received in revised form 29 September 2000; accepted 2 October 2000

Abstract

It has been suggested that dietary interventions may improve the effectiveness of cancer chemotherapy. We have examined the
combined in vitro cytotoxicity of paclitaxel and the fatty acids gamma-linolenic acid (GLA, 18:3n-6) and oleic acid (OA, 18:1n-9) in
human breast carcinoma MDA-MB-231 cells. The effect of fatty acids on paclitaxel chemosensitivity was determined by comparing
1C5¢ and 1C5, (50 and 70% inhibitory concentrations, respectively) obtained when the cells were exposed to ICsq and ICq levels of
paclitaxel alone and fatty acids were supplemented either before or during the exposure to paclitaxel. The 3-4,5-dimethylthiazol-2-
yl-2,5-diphenyl-tetrazolium bromide (MTT) assay was used to determine cell growth inhibition. GLA by itself showed anti-
proliferative effects, and a possible GLA—paclitaxel interaction at the cellular level was assessed by the isobologram and the com-
bination-index (CI) methods. Isobole analysis at the isoeffect levels of 50 and 70% revealed that drug interaction was
predominantly synergistic when GLA and paclitaxel were added concurrently for 24 h to the cell cultures. Interaction assessment
using the median-effect principle and the combination-index (CI) method showed that exposure of MDA-MB-231 cells to an
equimolar combination of concurrent GLA plus paclitaxel for 24 h resulted in a moderate synergism at all effect levels, consistent
with the results of the isobologram analysis. When exposure to GLA (24 h) was followed sequentially by paclitaxel (24 h) only an
additive effect was observed. The GLA-mediated increase in paclitaxel chemosensitivity was only partially abolished by Vitamin E,
a lipid peroxidation inhibitor, suggesting a limited influence of the oxidative status of GLA in achieving potentiation of paclitaxel
toxicity. When OA (a non-peroxidisable fatty acid) was combined with paclitaxel, an enhancement of chemosensitivity was found
when OA was used concurrently with paclitaxel, although less markedly than with GLA. Pretreatment of MDA-MB-231 cells with
OA for 24 h prior to a 24 h paclitaxel exposure produced greater enhancement of paclitaxel sensitivity at high OA concentrations
than the concurrent exposure to OA and paclitaxel. The OA-induced sensitisation to paclitaxel was not due to the cytoxicity of the
fatty acid itself. When these observations were extended to three additional breast carcinoma cell lines (SK-Br3, T47D and MCF-7),
simultaneous exposure to GLA and paclitaxel also resulted in synergism. GLA preincubation followed by paclitaxel resulted in
additivity for all cell lines. Simultaneous exposure to paclitaxel and OA enhanced paclitaxel cytotoxicity in T47D and MCF-7 cells,
but not in SK-Br3 cells, whereas preincubation with OA failed to increase paclitaxel effectiveness in all three cell lines. For com-
parison, the effects of other fatty acids on paclitaxel chemosensitivity were examined: GLA was the most potent at enhancing
paclitaxel cytotoxicity, followed by alpha-linolenic acid (ALA; 18:3n.3), eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic
acid (DHA; 22:6n-3), whereas linoleic acid (LA; 18:2n-6) did not increase paclitaxel toxicity. These findings provide experimental
support for the use of fatty acids as modulators of tumour cell chemosensitivity in paclitaxel-based therapy. © 2001 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Some experimental studies have reported the ability
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mechanism of action of fatty acid modulation of chemo-
therapeutic effectiveness has not been determined, but
two major hypotheses have been proposed. The first
suggests that the enhanced cytotoxicity of anticancer
drugs could result from changes in the biophysical
properties and functions of tumour cell membranes
brought about by fatty acid supplementation [3,4].
Membrane fluidity and drug transport are influenced by
the composition ratio of saturated fatty acids to unsa-
turated: the greater the percentages of unsaturated fatty
acids, the greater membrane fluidity so that the inward
diffusion of drug is increased. This is particularly rele-
vant to many cytotoxic drugs which are thought to enter
the cell by passive diffusion. The second hypothesis is
related to lipid peroxidation, which has been involved in
the modulation of drug efficacy by fatty acids, especially
by polyunsaturated fatty acids (PUFAs). Some anti-
cancer drugs yield oxygen-reactive species that could
react with the PUFA double bounds and induce the
lipid peroxidation process [5]. An increased membrane
unsaturation index would provide more abundant tar-
gets for peroxidation events generated by anticancer
drugs and, thus, increase drug efficacy [1,2].

Little is known about the modulation by fatty acids of
the antitumour activity of drugs usually considered to
be unable to induce in vitro peroxidation events, such as
paclitaxel. Paclitaxel is a microtubule-binding drug that
has antitumour activity against a range of human
tumours and, in particular, breast and ovarian carcino-
mas [6,7]. However, a major difficulty in developing
paclitaxel as a chemotherapeutic agent is its poor water
solubility. Presently, paclitaxel is formulated for clinical
use in ethanol and Cremophor EL (polyethoxylated
castor oil), a solvent system associated with severe
adverse effects. Thus, more extensive clinical use of this
drug is somewhat delayed due to the lack of appropriate
delivery vehicles. Development of alternative treatments
which act by enhancing the effect of paclitaxel itself to
allow the use of lower concentrations of paclitaxel may
alleviate these problems. Thus, the aim of this study was
to assess whether the interactions between a lipid-
soluble antineoplastic drug such as paclitaxel and the
dietary fatty acids gamma-linolenic acid (GLA; poly-
unsaturated fatty acid of the n-6 family, 18:3n-6) and
oleic acid (OA; monounsaturated fatty acid of the n-9
family, 18:1n-9) may improve drug effectiveness. GLA is
a naturally occurring PUFA (it is a major component of
evening primrose oil) reported to be cytotoxic at micro-
molar concentrations for cancer cells in vitro and in vivo
[8—11]. Moreover, the chemotherapeutic efficacy of its
clinically useful form, the lithium salt of GLA, is being
evaluated in Phases II and III clinical trials for a variety
of tumours [12,13]. However, few attempts have been
made in earlier studies to evaluate the efficacy of the
combined use of GLA with some established anticancer
drugs. Several dietary studies have suggested that olive

oil and monounsaturated fat may reduce breast cancer
risk. The strongest evidence comes from studies of
southern European populations, in which intake of oleic
acid, particularly from olive oil, appears protective
[14,15]. Whether this monounsaturated fatty acid may
act as a chemosensitiser is not established. However, the
high liposolubility intrinsic to OA led us to address its
role as a modulator of paclitaxel cytotoxicity.

In this study, we examined the ability of GLA, OA
and other n-3 and n-6 PUFAs such as linoleic acid (LA,
18:2n-6), alpha-linolenic acid (ALA; 18:3n-3), eicosa-
pentaenoic acid (EPA; 20:5n-3) and docosahexaenoic
acid (DHA; 22:6n-3) to modulate the sensitivity of
breast cancer cells to paclitaxel.

In order to determine the best combination of fatty
acids with paclitaxel, different schedules of administra-
tion of the agents were compared to elucidate whether
there was schedule dependency. Since GLA was cyto-
toxic as a single agent, the interactions between GLA
and paclitaxel were evaluated for synergism, additivity,
or antagonism using both isobologram and median
effect plot analyses, two methods employed for assessing
the combined effect of antitumor drugs in vitro as pre-
clinical screening tests. To investigate the relationship
between the oxidative status of GLA and its effect on
paclitaxel-induced cytotoxicity, we examined whether
inhibiting lipid peroxidation altered this effect.

2. Materials and methods
2.1. Cell culture

MDA-MB-231, T47D and MCF-7 breast cancer cells
were obtained from the American Type Culture Collec-
tion and they were routinely grown in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco) containing
10% heat-inactivated fetal bovine serum (FBS, Bio-
Whittaker), 1% L-glutamine, 1% sodium pyruvate, 50
U/ml penicillin and 50 pg/ml streptomycin. SK-Br3
breast cancer cells were obtained from Dr H. Riese
(Centro Nacional de Biotecnologia, Madrid, Spain) and
they were passaged in McCoy’s 5 4 medium containing
10% heat-inactivated FBS, 1% L-glutamine, 1%
sodium pyruvate, 50 U/ml penicillin and 50 pg/ml
streptomycin. Cells were maintained at 37°C in a humi-
dified atmosphere of 95% air and 5% CO,. Cells were
in the logarithmic phase of growth at the time of the
drug sensitivity assays.

2.2. Chemicals

Gamma-linolenic acid (GLA; 18:3n-6), oleic acid
(OA; 18:1n-9), linoleic acid (LA; 18:2n-6), alpha-lino-
lenic acid (ALA; 18:3n-3), eicosapentaenoic acid (EPA;
20: 5n-3) and docosahexaenoic acid (DHA;2:6n-3), were
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purchased from Sigma-Chemical and used as methyl
esters (>99% purity). The fatty acids were dissolved in
99% ethanol and stored in the dark as stock solutions (1
g/ml) at —20°C. For experimental use, all fatty acids
were prepared freshly from stock solutions and diluted
with growth medium. Control cells were cultured in
medium containing the same concentration of ethanol
(v/v) as the experimental cultures with fatty acids. The
ethanol solution had no noticeable influence on the
proliferation of the experimental cells. Paclitaxel
(Taxol®) was supplied by Bristol-Myers Squibb and
kept as a stock solution of 6 mg/ml in Cremophor EL,
stored at 4°C. Paclitaxel stock was freshly diluted in
culture medium before any experiment. Vitamin E (dl-a-
tocopherol; Sigma-Chemical) was prepared as a 100
mM solution in ethanol and stored at 4°C and a work-
ing solution in growth medium was prepared at a con-
centration of 100 pM. Wells not receiving vitamin E
received the same concentration of ethanol (v/v).

2.3. Determination of cytotoxicity

Drug sensitivity was determined using a standard
colorimetric ~ MTT  (3-4,5-dimethylthiazol-2-yl-2,5-
diphenyl-tetrazolium bromide) assay. Briefly, cells were
plated out at a density of 10* cells/100 ul/well in 96-well
microtitre plates and allowed an overnight period for
attachment. Then the medium was removed and fresh
medium, along with various concentrations of pacli-
taxel, fatty acids or combinations of compounds, were
added to cultures in parallel. Agents were studied in
combination concurrently (fatty acid plus paclitaxel 24
h) or sequentially (fatty acid 24 h followed by paclitaxel
24 h) with the first agent washed out prior to the intro-
duction of the second drug. Control cells without agents
were cultured using the same conditions with compar-
able media changes. Following treatment, cells were fed
with drug-free medium (100 pl/well) and MTT (10 pl/
well, 5 mg per ml in PBS) and incubation was prolonged
for 3 h at 37°C. After removing the supernatants, the
MTT-formazan crystals were dissolved in dimethyl
sulphoxide (100 pl/well) and the absorbance was mea-
sured at 570 nm in a multi-well plate reader (Model
Anthos Labtec 2010 1.7 reader).

The growth inhibitory effects from exposure of cells to
each compound alone and their combination for a par-
ticular schedule were analysed generating concentra-
tion-effect curves as a plot of the fraction of unaffected
(surviving) cells versus drug concentration. Growth
inhibition was expressed as a percentage of the
untreated controls that were processed simultaneously,
using the following equation: (As;o of treated sample/
As7o of untreated sample)x100. The ICs, (cytostatic
condition) and ICy, (cytotoxic condition) values were
defined as the drug concentrations inhibiting cell growth
by either 50% (50% reduction of absorbance) or 70%

(70% reduction of absorbance), compared with
untreated controls, respectively. It was established that
optical density was directly proportional to the cell
number up to the density reached by the end of the
assay. The degree of sensitisation to paclitaxel by fatty
acids was determined by dividing both ICs, and ICq
values of control cells by those obtained when cells were
exposed to fatty acids before or during exposure to
paclitaxel.

To evaluate whether oxidative stress was involved in
the sensitisation to paclitaxel by GLA, one set of plates
received the antioxidant Vitamin E simultaneously with
GLA. Unsupplemented and GLA-supplemented cul-
tures incubated in the presence or absence of Vitamin E
were examined together after identical incubation peri-
ods. Cell viability was determined according to the pro-
cedure described above.

2.4. Data analysis for the combination treatments

The interaction between GLA and paclitaxel was
evaluated by the isobologram technique, a dose-orien-
ted geometric method of assessing drug interactions
[16]. In the isobologram method, the concentration of
one agent producing a desired (e.g. 50 or 70% inhibi-
tory) effect is plotted on the horizontal axis, and the
concentration of another agent producing the same
degree of effect is plotted on the vertical axis; a line is
drawn connecting these two points. The experimental
isoeffect points are the concentrations (expressed rela-
tive to the ICsy or IC;, concentrations) of the two
agents which kill 50 or 70% of the cells when combined.
When the experimental isoeffect points fall below that
line, the combination effect of the two drugs is con-
sidered to be supra-additive or synergistic, whereas
antagonism occurs if the experimental isoeffect points
lie above it.

In addition, the multiple drug effect analysis of Chou
and Talalay, which is based on the median-effect prin-
ciple, was used to examine the nature of the interaction
observed between GLA and paclitaxel. Details of this
methodology have been published [17]. Briefly, the log
[fa/fu] (fa and f, are the fractions of cells affected or
unaffected, respectively) was plotted against log (drug
dose). From the resulting median effect lines, the x-
intercept (log ICsg) and slope m were calculated for each
agent. These parameters were then used to calculate
doses of the component agents (and combinations)
required to produce various cytotoxicity levels accord-
ing to Eq. (1). For each level of cytotoxicity, combina-
tion index (CI) values were calculated according to Eq.
(2) where (Dy), is the dose of agent 1 required to pro-
duce x% effect alone, and (D), is the dose of agent 1
required to produce the same x% effect in combination
with (D),. Similarly (D,), is the dose of agent 2 required
to produce x% percent effect alone, and (D), is the dose



J.A. Menéndez et al. | European Journal of Cancer 37 (2001) 402-413 405

required to produce the same effect in combination with
(D),. If the agents are mutually exclusive (e.g. similar
mode of action), then « is 0 (i.e. CI is the sum of the two
terms); if the agents are mutually non-exclusive (e.g.
independent mode of action), @ is 1 (i.e. CI is the sum of
the three terms). If it is uncertain whether the agents act
in a similar or an independent manner, the formula may
be solved both ways.

Dose; = Dose ICso[(1 —f)/f]"™ (1)

Cl = (D), /(Dx); + (D);/(Dx), + a(D),(D),/(Dx),(Dx),

2

CI values of <1 indicate synergy (the smaller the
value, the greater the degree of synergy), values >1
indicate antagonism and values equal to 1 indicate
additive effects. The conformity of the experimental
data to the median-effect principle of the mass-action
law is automatically provided by the computer printout
in terms of the linear correlation coefficient (r value) of
the median-effect plots. In this study, the r values for
GLA, paclitaxel and their combinations were all greater
than 0.95.

2.5. Statistical analysis

Statistical analysis was performed using the Student’s
t-test. Statistical significance levels were P <0.05 and
P<0.001.

3. Results
3.1. Growth effects observed with single agents

To determine the cytotoxic activity of paclitaxel,
dose—effect experiments were performed. The paclitaxel
concentrations needed for 50% inhibition of cell growth
(ICs0) over varying periods of exposure are shown in
Fig. 1a. The results showed a marked time dependency
for the activity of paclitaxel. The ICs, value against
MDA-MB-231 cells after a 6 h exposure to paclitaxel
(135+£2 uM) was 5.4 times higher than that obtained
with a 24 h exposure (25+1 pM). Prolonging the time of
exposure for more than 24 h did not substantially
increase the activity of paclitaxel; the ICs, value after a
continuous 3-day exposure (104+3 puM) was only 2.5
times lower than that after 24 h exposure. These results
were consistent with the known cell-cycle specificity of
paclitaxel.

We also examined the effect of the polyunsaturated
and monounsaturated fatty acids on the growth of
MDA-MB-231 cells. GLA significantly reduced the
growth rate of the tumour cells in a dose-dependent

manner; time dependency was also evident, but less
pronounced than was observed with paclitaxel expo-
sure. The ICsy value after a 6 h exposure to GLA
(277£5 uM) was 2.2 times higher than that obtained
with a 24 h exposure (125+3 uM). Prolonging the time
of exposure for more than 24 h did not substantially
increase the activity of GLA; a continuous 3-day expo-
sure to GLA resulted in an ICs, value of 79+4 pM that
was only 1.6 times lower than that after 24 h exposure
(Fig. 1a). The effect of OA at a variety of concentrations
on the growth rate of MDA-MB-231 cells after a 24 h
exposure is shown in Fig. 1b. A weak cytostatic effect
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Fig. 1. (a) Exposure time dependency of anticellular activity of pacli-
taxel ([J) and gamma-linolenic acid (GLA) (). MDA-MB-231 cells
(10* per well) were plated on day 0, and treated with each agent from
day 1 for the indicated exposure time. Compounds were not renewed
during the entire period of cell exposure. The ICs, values were calcu-
lated as described in the ‘Materials and Methods’. The 1Cs, values for
both paclitaxel and gamma-linolenic acid after a 24 h exposure
allowed a constant ratio combination design (1:5) to be used for
assessment of the drug combination employing the median-effect
principle and the combination-index (CI) method; (b) effect of oleic
acid (OA) on the growth of the MDA-MB-231 cell line. Cells (10* per
well) were plated on day 0, and treated with increasing concentrations
of OA on day 1. After 24 h, cell growth was measured using the (3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium  bromide) MTT
assay and the results were expressed as a percentage of ethanol-only
controls (dotted line). Results in each panel represent the means+
standard deviation (bars) of at least four separate experiments carried
out in triplicate.
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was achieved at the lower concentration used (50 pg/ml;
168.6 uM) while cell growth was slightly stimulated
when higher concentrations of OA (62.5-500 pg/ml;
210.7-1686.3 uM) were used. Longer exposure of the
cells to OA showed a similar trend to that found in the
24 h exposure period (data not shown).

From these results, we decided to use exposure times
for paclitaxel, GLA and OA of 24 h for simultaneous
and sequential exposure.

3.2. Sensitivity of the MDA-MB-231 breast cancer cell
line to paclitaxel in the presence of fatty acids

The effects of a 24-h co-exposure to sub-optimal doses
of GLA (lower than the ICs) on the sensitivity of the
MDA-MB-231 breast cancer cell line to paclitaxel are
shown in Table 1. Both ICsy and I1C;, values were cho-
sen in order to analyse the combination effect of GLA
and paclitaxel in terms of cytostatic conditions as well
as cytotoxic conditions. There were significant differ-
ences between the ICsy and IC;, values determined
either in the presence or absence of GLA. In order to
measure the increase in sensitivity, a ‘sensitisation fac-
tor’ was determined by dividing both the ICsy and I1C7q

Table 1

values for the drug alone by those in the presence of
GLA. GLA enhanced the growth-inhibitory activity of
paclitaxel in a dose-dependent manner. As the con-
centration of GLA increased, the growth-inhibitory
activity of paclitaxel was markedly enhanced. A con-
centration of 5 pg/ml of GLA (17.1 uM) was able to
cause a weak potentiation of paclitaxel activity (1.8-fold
decrease at ICsq; 1.6-fold decrease at 1C,) while 30 pg/
ml of GLA (102.6 uM) exhibited a maximal sensitisa-
tion effect (8.3-fold decrease at ICsq; 7.2-fold decrease at
1Cy).

Since the sensitisation observed using GLA may be
due to the toxicity of the fatty acid itself, we evaluated
the type of interaction between GLA and paclitaxel
performing a series of isobologram transformations of
multiple dose-response analyses. Representative trans-
formations are presented graphically (isobolograms) in
Fig. 2. The dashed line drawn between the I1Csq or IC7,
for paclitaxel alone and the ICs, or IC;, for GLA alone
indicates the alignment of theoretical isoeffect data
points for additive interactions between paclitaxel and
GLA. The true ICsy and IC5, points (the experimental
concentrations of GLA and paclitaxel which combined
for 24 h produced either 50 or 70% reduction in survival

Effects of fatty acids on the sensitivity of MDA-MB-231 breast cancer cells to paclitaxel®

Fatty acid dose (pg/ml) 1Cso (UM) Sensitisation factor® 1C7 (UM) Sensitisation factor
A. Simultaneous schedule
Paclitaxel alone 0 25+1 - 36+1 -
+ Gamma-linolenic acid (GLA) 5 14+£3* 1.8 2342% 1.6
10 9+1F 2.8 17£17 2.1
20 SE17 5.0 717 5.1
30 3£17 8.3 S5+1F 7.2
+ Oleic acid (OA) 62.5 19+1* 1.3 2842% 1.3
125 18+1* 14 2342% 1.6
250 174£1% 1.5 2343%* 1.6
500 17+1* 1.5 20£1* 1.8
B. Sequential schedule
Paclitaxel alone 0 2742 - 38+1 -
+ Gamma-linolenic acid 5 214+2% 1.3 37+£2 1.0
10 17£1F 1.6 3241% 1.2
20 144+2F 1.9 28+1%* 1.4
30 3£17 9.0 S+171 7.6
+ Oleic acid 62.5 2241%* 1.2 304£2%* 1.3
125 1717 1.6 27+1%* 14
250 14+1F 1.9 22+1%* 1.7
500 9+1F 3.0 1942% 2.0

2 Data represent the effect of exposure schedule on fatty acids-induced sensitisation to paclitaxel. MDA-MB-231 cells were incubated in serial
dilutions of paclitaxel in the absence or presence of a given concentration of fatty acid for 24 h (simultaneous schedule) or incubated with a given
concentration of fatty acid for 24 h and then fatty acid was washed out prior to the introduction of serial dilutions of paclitaxel for 24 h (sequential
schedule). ICsy and IC5 are the concentrations of paclitaxel which inhibit cell growth by either 50 or 70% respectively, measured as described in the
‘Materials and Methods’. Values are means (+standard deviation) of four independent experiments carried out in triplicate. Statistically significant

differences in sensitivity when compared with exposure to paclitaxel alone are shown by the asterisks (¥* P <0.05; P <0.001).

b Sensitisation factors were obtained by dividing either ICsq or IC5, values of paclitaxel alone by those when fatty acids were supplemented either

before or during exposure to paclitaxel.
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of the cell line MDA-MB-231) were plotted and com-
pared with the additive line. The experimental isoeffect
data points fell to the left side of the line in the con-
current exposure experiments, suggesting a supra-addi-
tive or synergistic interaction of GLA and paclitaxel. In
addition, a similar synergistic combined effect was
observed in both the cytostatic (ICsg) and cytotoxic
(IC7p) conditions.

In order to verify this synergistic cell-killing activity,
the combined effect of GLA and paclitaxel was also
assessed using the median-effect plot method. For the
analysis, 1.5-fold dilutions of the paclitaxel (5.062-38.44
puM) and GLA (25.31-192.2 uM) were prepared and
they were combined with each other from the lowest to
the highest concentration. Thus, for two agents in com-
bination (paclitaxel plus GLA), we varied the doses of
the two compounds while monitoring the cell fraction
affected (Fig. 3a). The doses were varied such that a
constant molar ratio paclitaxel to GLA was maintained.
The dose ratio of the drugs was fixed at 1:5 (paclitax-
el:GLA), based on ICsy concentrations determined with
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the single agents so that the contribution of the effect
for each drug in the mixture would be the same (i.e.
equipotency ratio). When cells were exposed to a fixed
1:5 ratio of paclitaxel and GLA, more cells were killed
than when cells were exposed to each agent alone, which
suggested an interaction between GLA and paclitaxel.
Using the mutually exclusive assumption of the combi-
nation-index (CI) method of Chou and Talalay [17], the
CI values ranged from 0.703+0.012 (meanztstandard
deviation) to 0.94940.030 for 5-95% cell kill levels,
suggesting a moderate synergism for cell-killing activity
in the simultaneous combination regimen (circles in
Fig. 3b). These data were consistent with the results of
the isobologram analysis. When the data were calcu-
lated using the mutually non-exclusive assumption, the
CI values ranged from 0.79940.018 to 1.170£0.043 for
5-95% cell kill levels, also suggesting a slight-to-mod-
erate synergism or nearly additive interactions (asterisks
in Fig. 3Db).

To elucidate whether the synergistic interaction of
paclitaxel with GLA was a general phenomenon
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Fig. 2. Isobolograms of concurrent 24 h exposure of MDA-MB-231 cells to paclitaxel and gamma-linolenic acid (a and c) and sequential exposure
to gamma-linolenic acid for 24 h followed by paclitaxel for 24 h (b and d) at 50% (a and b) and 70% (c and d) effect levels. The dashed line indicates
the alignment of theoretical values of an additive interaction between the two compounds. Values above the dashed line indicate an antagonistic
interaction, and values below indicate potentiation of toxicity (synergism). Experimental isoeffective points at 50 and 70% effect levels are signified
as e. Concurrent exposure of paclitaxel and gamma-linolenic acid yielded synergistic effects, whereas a sequential exposure to gamma-linolenic acid
followed by paclitaxel showed no potentiation of toxicity. Results are representative of three independent experiments.
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Fig. 3. (a) Percentage survival as a function of drug concentration for MDA-MB-231 cells incubated for 24 h with gamma-linolenic acid alone (),
paclitaxel alone (Q), or a fixed 1:5 ratio of paclitaxel and gamma-linolenic acid ([J). Cell viability was determined by the MTT assay and data are
expressed as percentages of survival compared with untreated control cultures. Drug concentrations were expressed based on the paclitaxel con-
centration; (b) combination index values employing the results of a were calculated using assumptions for the drug action both mutually exclusive
(circles) and mutually non-exclusive (asterisks) at effect levels ranging from 5 to 95% inhibition of cell growth (fractional inhibition), as described in
‘Materials and methods’. The line across the CI value of 1 indicates additivity; CIs above and below indicate antagonism and synergism, respec-
tively. Results in each panel are meanststandard deviation (bars) of at least three independent experiments made in triplicate (some data points have

deviation bars that are concealed by the symbol in both a and b).

applicable to other human breast cancer cell lines, the
combination effect was further assessed in SK-Br3,
T47D and MCF-7 breast cancer cells using the Chou—
Talalay analysis (Table 2). In all three breast cancer cell
lines, simultaneous exposure to both agents at their
equipotent ratios for 24 h resulted in synergism. The
maximum degree of synergism was achieved in SK-Br3
cells (CI=0.27640.022 at the ICsq level and 0.678+0.061
at the 1Cy level). For T47D cells, simultaneous 24 h
exposures to the two agents produced moderate syner-
gism at low effects levels (CI=0.78340.070 at the ICs,
level) or nearly additive interactions at higher levels of
cell kill (CI=1.2431+0.123 at the ICy, level). Similar
results were observed in MCF-7 cells (CI=0.81610.048
at the ICsq level and 1.17140.115 at the 1C5 level).

Table 2

When OA was used in combination with paclitaxel in
MDA-MB-231 cells, more modest changes in both
cytostatic and cytotoxic values of paclitaxel against
MDA-MB-231 breast cancer cells were found (Table 1).
In contrast to GLA, the sensitising effect induced by OA
was very similar over a 62.5-500 pg/ml concentration
range (1.3- to 1.5-fold decrease at ICsq; 1.3- to 1.8-fold
decrease at IC,,) showing that the potentiation of the
growth-inhibitory activity of paclitaxel by OA is not
dose-dependent. There was no significant potentiation
of paclitaxel sensitivity when tumour cells were exposed
to OA concentrations lower than 50 pg/ml (data not
shown).

The potentiating effect exerted by the highest con-
centration used of OA (500 pg/ml) was examined in the

Combination index (CI) values of the interaction between paclitaxel and GLA in human breast cancer cells®

Cell line Simultaneous exposure Sequential exposure

Combination index at Combination index at

1Cso 1C7o Interpretation 1Csp 1Cyo Interpretation
MDA-MB-231 0.776* 0.812* Synergism 1.071 1.215 Additivity
SK-Br3 0.276F 0.678%* Strong synergism 1.167 1.316* Moderate antagonism
T47D 0.783* 1.243 Moderate synergism 1.031 1.113 Additivity
MCEF-7 0.816* 1.171 Moderate synergism 1.035 1.167 Additivity

2 The combination index values (mutually exclusive case) were calculated on the multiple drug effect equation derived by Chou and Talalay.
CI<1, =1 and >1 indicate synergism, additive effect and antagonism, respectively. Each value represents the mean of at least four experiments
carried out in triplicate. Student ¢-tests were computed to evaluate whether significant differences in the mean CI values occurred as compared with a
null hypothesised CI of 1 (*P<0.05; +P<0.001). For simplicity the standard deviations (< 10%) were omitted.



J.A. Menéndez et al. | European Journal of Cancer 37 (2001) 402-413 409

breast cancer cell lines SK-Br3, T47D and MCEF-7. The
24 h ICsy value of paclitaxel against MCF-7 cells
decreased from 2144 to 1243 pM (P <0.05) when
paclitaxel was used in the presence of OA. For T47-D
cells, co-addition of OA for 24 h significantly decreased
the ICsy value of paclitaxel from 23+4 to 1542
(P<0.05). Such effects were not observed in SK-Br3
cells.

3.3. Effect of pre-incubation of MDA-MB-231 cells with
fatty acids on the sensitivity to paclitaxel

The effects of a 24 h pre-incubation with GLA on the
sensitivity of the MDA-MB-231 breast cancer cell line
to paclitaxel are shown in Table 1. The lower con-
centrations of GLA used (5-20 pg/ml; 17.1-68.4 uM)
had little effect on paclitaxel sensitivity (1.3- to 1.9-fold
decrease at ICso; 1.0- to 1.4-fold decrease at ICy).
However, pre-exposure to 30 pg/ml GLA (102.6 puM)
for 24 h sensitised MDA-MB-231 cells to paclitaxel by
9.0-fold at the ICsq level and by 7.6-fold at the I1Cq
level. This magnitude of potentiation was greater than
that with a concurrent 24 h exposure. The type of
interaction between GLA and paclitaxel was again ana-
lysed by the isobologram method (Fig. 2). Under this
experimental condition, most of the isoeffect data points
fell near the theoretical additive line, suggesting that
sequential exposure to GLA followed by paclitaxel
produced additive effects. In addition, analysis of the
combination by the Chou-Talalay method indicated
only additive effects (CI=1.071£0.040 at the ICs, level
and 1.215+0.120 at the ICy, level).

Based on these results, the effect of a 24 h pre-expo-
sure to GLA on the sensitivity to paclitaxel was exam-
ined in the three additional breast cancer cell lines.
Similarly to what happened in MDA-MB-231 cells, the
sequential exposure to GLA and paclitaxel in SK-Br3,
T47D and MCF-7 produced additive interactions only,
with CI values significantly higher (loss of the syner-
gism) compared with those for simultaneous exposure
(Table 2).

Sequential exposure with 24 h OA treatment prior to
that of paclitaxel for 24 h produced a significant
potentiation of the paclitaxel-induced cytotoxicity
(Table 1). Interestingly, the degree of sensitisation
achieved using OA concentrations ranging from 62.5 to
500 pg per ml was higher at the higher concentrations
than the potentiation observed when OA was supple-
mented concurrently (1.2- to 3.0-fold decrease at 1Csg;
1.3- to 2.0-fold decrease at IC,, for the whole con-
centration range). Furthermore, OA enhanced the
growth-inhibitory activity of paclitaxel in a dose-
dependent manner. There was no noticeable effects on
paclitaxel sensitivity when tumor cells were pre-incu-
bated with OA concentrations lower than 50 pg/ml
(data not shown).

The pre-incubation with OA for 24 h followed by
paclitaxel for 24 h failed to increase paclitaxel effective-
ness in SK-Br3, T47D and MCF-7 breast cancer cell
lines (data not shown).

3.4. Effect of Vitamin E on GLA-induced paclitaxel
sensitisation

To examine whether oxidative stress was involved in
the GLA-induced paclitaxel sensitisation, three inde-
pendent experiments were performed using the anti-
oxidant agent Vitamin E (dl-a-tocopherol) as a lipid
peroxidation inhibitor. First, we measured cell viability
in the MDA-MB-231 cells exposed to paclitaxel in the
presence or absence of a non-cytotoxic concentration of
Vitamin E. At 10 uM Vitamin E, a concentration pro-
posed previously by Bégin and colleagues [18], no sig-
nificant effect on paclitaxel cytotoxicity was observed in
any experiment (data not shown). Secondly, we mon-
itored the antioxidant role of Vitamin E in the cytotoxic
effect of GLA. Thus, one set of plates received 10 pM
Vitamin E at the time of fatty acid treatment. Vitamin E
completely blocked the growth-inhibitory effects of low
concentrations of GLA (5 and 10 pg/ml) and sig-
nificantly prevented the cytotoxic effects of higher con-
centrations of GLA (Fig. 4a and c¢). Finally, if lipid
peroxidation is associated with GLA-induced paclitaxel
sensitisation, antioxidants like Vitamin E should inhibit
it. Fig. 4b shows the changes in cell toxicity of 15 uM
paclitaxel after a 24 h co-exposure to increasing con-
centrations of GLA alone (5-40 pg/ml) or combined
with 10 uM Vitamin E. The dose-dependent enhancing
effect of GLA on paclitaxel cytotoxicity was sig-
nificantly reduced in the presence of Vitamin E only
when low concentrations of GLA were tested (5-10 pg/
ml). With higher concentrations of GLA (20-40 ng/
ml), addition of the antioxidant agent did not sig-
nificantly change the GLA-induced increase in pacli-
taxel toxicity. Interestingly, the effect of a 24 pre-
exposure to GLA on paclitaxel cytotoxicity was more
profoundly abolished when Vitamin E was used in the
pre-treatment, being significant from 5 to 30 ug/ml of
GLA (Fig. 4d).

3.5. Comparative effect of different fatty acids on
paclitaxel-induced cell toxicity

The effects of other PUFAs were examined on pacli-
taxel-induced cell toxicity. Experiments using alpha-
linolenic acid (ALA; 18:3n-3), eicosapentaenoic acid
(EPA; 20:5n-3), docosahexaenoic acid (DHA; 22:6n-3)
and linoleic acid (LA; 18:2n-6) were carried out under
conditions identical to those used with a 24 h co-exposure
to GLA. Fig. 5 shows the effects of the individual PUFAs
on the sensitivity of MDA-MB-231 cells to paclitaxel,
measured as the amount of paclitaxel necessary to kill
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Fig. 4. (a and c) Effect of vitamin E supplementation on the growth inhibitory effects of GLA in MDA-MB-231 breast cancer cells. Cells were
incubated with various concentrations of GLA in the presence or absence of vitamin E (final concentration in the medium 10 uM) for 24 h (a) or
incubated with various concentrations of fatty acid for 24 h in the presence or absence of vitamin E and then experimental medium was washed out
prior to the introduction of fresh medium for 24 h (c). Cell growth inhibition, is expressed as the per cent of untreated cells (grown in the absence of
vitamin E and GLA). (b and d) Effect of the combination of GLA with vitamin E on the cytotoxicity of paclitaxel. MDA-MB-231 cells were incu-
bated in the presence of a specified concentration of GLA alone with or without vitamin E (10 uM) added simultaneously with 15 uM paclitaxel (b)
or incubated with various concentrations of fatty acid for 24 h in the presence or absence of vitamin E and then experimental medium was washed
out prior to the introduction of 15 uM paclitaxel for 24 h (d). Cell toxicity of paclitaxel was measured in four separate experiments performed in
triplicate and compared with cell toxicity of paclitaxel alone (0% of variation =cell viability measured for condition with paclitaxel alone). Results
are expressed as per cent of change of paclitaxel-induced cytotoxicity. Results in each panel are means+tstandard deviation (bars). Statistically sig-

nificant differences from GLA-supplemented cultures incubated in the presence or absence of vitamin E are shown by asterisks (¥ P <0.05).

50% of cells (the ICso value) in cultures containing
either no PUFA or 20 pg/ml of the individual PUFA.
GLA was the most potent at enhancing the cytotoxic
effect of paclitaxel, decreasing the ICsy value by 80%.
The enhancement in paclitaxel cytotoxicity was also
evident employing ALA, EPA and DHA, which
reduced the ICsy value by 69, 45 and 34%, respectively.
Such effects were not observed with LA.

4. Discussion

There is considerable interest in exploiting the dietary
effects of fatty acids in cancer prevention and also as an
adjunct to conventional cancer therapy. The ability of
fatty acids, especially PUFAs, to increase the cytotoxic
activity of some anticancer drugs has been documented
[1-4]. However, little is known about the involvement of

fatty acids in the antitumour activity of drugs that do
not induce in vitro peroxidation, such as paclitaxel, a
microtubule-binding drug. Thus, the purpose of this
study was to assess the interactions between paclitaxel
and the dietary fatty acids GLA and OA in a human
breast cancer model, with a view to defining a potential
role of dietary fatty acids as modulators of paclitaxel
cytotoxicity.

We first determined whether there is an acute effect of
the fatty acids on cellular drug sensitivity. Co-incuba-
tion of breast cancer cells with paclitaxel and fatty acids
showed that GLA enhanced up to approximately 8-fold
the growth-inhibitory activity of paclitaxel in a dose-
dependent manner. Since the cytotoxicity of GLA alone
could lead to inappropriate speculations regarding
fatty-acid—drug interactions, GLA-paclitaxel interac-
tions were subject to a more critical analysis. The iso-
bologram technique showed that the two agents given
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Fig. 5. Comparative effect of individual polyunsaturated fatty acids
(PUFASs) on paclitaxel-induced cell toxicity. PUFAs are linoleic acid
(LA; 18:2n-6), docosahexaenoic acid (DHA; 22:6n-3), eicosapenta-
enoic acid (EPA; 20:5n-3), alpha-linolenic acid (ALA; 18:3n-3) and
gamma-linolenic acid (GLA; 18:3n-6). MDA-MB-231 cells were incu-
bated with serial dilutions of paclitaxel in the absence or presence of
the specified fatty acid (final concentration in the medium 20 pg/ml)
for 24 h. The concentration of paclitaxel that inhibited cell growth by
50% (ICsq value) was measured in the absence or presence of the spe-
cified fatty acid as previously described. Results are means+standard
deviation (bars) of at least three independent experiments performed
in triplicate. Statistically significant differences from unsupplemented
(paclitaxel alone) and PUFA-supplemented cultures are shown by
asterisks (*P <0.05; 1P <0.001).

concurrently demonstrate synergistic (supra-additive)
toxicities. Synergism was also assessed using the med-
ian-effect principle and the CI method which takes into
account both the potency of each drug and combina-
tions of these drugs and the shapes of their dose—effect
curves and quantitates the synergism or antagonism at
different concentrations and at different effect levels.
Exposure of breast cancer cells to an equimolar co-
incubation of GLA plus paclitaxel resulted in a con-
sistent synergistic effect (CIs were <1 over all of the
range of cytotoxicities examined) when the equation
was solved under the assumption of mutually exclusive
drug interactions (similar modes of action). These
results are in agreement with the conclusions resulting
from the isobologram analysis. In SK-Br3, T47D and
MCF-7 breast cancer cells, the Chou-Talalay analysis
of the combination revealed that the interaction
between paclitaxel and GLA was also synergistic.

The magnitude of the effects of OA on paclitaxel sen-
sitivity was relatively small compared with those
obtained with GLA, but the effect was large enough to
be significant. The highest concentration of OA used
sensitised MDA-MB-231 cells to paclitaxel by approxi-
mately 2-fold at the ICy, level. Unlike GLA, the OA-
induced potentiation of paclitaxel cytotoxicity was not
dose-dependent. An OA-induced increase in paclitaxel

sensitivity was also noted for MCF-7 and T47D breast
cancer cells. We were unable to detect any sensitising
effect after incubation with OA concentrations lower
than 50 pg/ml. Thus, it appears that only when an OA
threshold has been overcome can paclitaxel-sensitivity
be improved.

Our study was not designed to address the mechanism
of GLA and OA in the modulation of paclitaxel effi-
cacy. However, the enhanced killing effect of anticancer
drugs could result from alterations in the biophysical
properties of membranes brought about by fatty acid
supplementation or by enhanced lipid peroxidation.
Changes in the cell membrane fatty acid composition
may be particularly relevant for paclitaxel, which is
thought to enter the cell by passive diffusion. Thus, we
attempted to enhance the sensitising effects of the fatty
acids by pre-incubating cells with GLA and OA before
exposure to paclitaxel. The rationale behind this
approach was based on the assumption that pretreat-
ment with fatty acids would allow fatty acid incorpora-
tion into the cellular lipids, altering membrane fluidity
and increasing drug uptake. When the magnitude of the
effect of GLA in paclitaxel sensitivity was estimated
using IC ratios, a concentration of GLA of 30 pg/ml
produced an increase in the apparent degree of ‘sensiti-
sation’ to paclitaxel from 8.3- (simultaneous exposure)
to 9.0-fold (sequential exposure) based on the ICsq level
results. However, the application of the isobologram
method to the sequential schedule GLA for 24 h fol-
lowed by paclitaxel for 24 h showed clearly that the two
agents demonstrate only additive cytotoxicities. Inter-
estingly, under this sequential schedule, the synergism
was also completely lost in SK-Br3, T47D and MCF-7
cells, suggesting that the synergism between GLA and
paclitaxel is schedule-dependent. Since the concurrent
administration of paclitaxel and GLA is the optimal
schedule in terms of cytotoxic effect, this suggests that
GLA modulates the sensitivity to paclitaxel by a
mechanism other than permeabilising cell membranes.
A recent report, demonstrating that the pretreatment of
breast cancer cells with GLA increased their sensitivity
to cytotoxic drugs without increasing the drug uptake
due to GLA incorporation into the cells [19], provides
further evidence to support our experiments. Further-
more, the fact that GLA can interact synergistically
with a concurrent paclitaxel exposure has important
mechanistic implications. Recent studies on the mole-
cular mechanisms by which paclitaxel leads to cell cycle
arrest and cell death indicate that the drug modulates
key elements in signalling pathways governing cell cycle
regulation and apoptosis [20]. Similarly, it has been
reported that GLA inhibits cell cycle progression
affecting cell cycle events and also inducing apoptosis
[21]. Because apoptosis is activated through several
mechanisms at different phases of the cell cycle, it is
possible that the mechanism by which GLA enhances
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paclitaxel-induced cytotoxicity may involve the upregu-
lation of apoptotic signalling pathway(s).

Enhanced lipid peroxidation has been proposed as
one of the main mechanisms by which PUFAs such as
GLA inhibit tumour cell growth in vitro [18,22]. More-
over, the cytotoxic effects of PUFAs through a
mechanism involving a generation of lipoperoxides may
relate to the different modes of exposing breast cancer
cells to PUFAs. Thus, the presence of albumin in the
culture medium may decrease the inhibitory effects of
free fatty acids in vitro [23]. Furthermore, a variety of
antioxidants such as Vitamin E have been shown to
decrease the growth-inhibitory effects of PUFAs in vitro
[24]. In our experiments, we employed an ethanolic
solution of GLA methyl ester in the presence of 10%
serum, a form of delivery which may increase the lipid
peroxidation process. In order to investigate whether
the effects of GLA on paclitaxel cytotoxicity are depen-
dent on the oxidative status of the ethanolic solution of
the PUFA and also to study lipid peroxidation as a
potential mechanism through which GLA may mod-
ulate the chemosensitivity of tumour cells, we examined
paclitaxel activity in GLA-supplemented cells under
conditions inhibiting lipid peroxidation. We found that
Vitamin E, known as a radical scavenging antioxidant,
significantly prevented the additive interaction observed
in the sequential schedule at most concentrations of
GLA described in the experiment. In contrast, addition
of Vitamin E was ineffective in abolishing the synergistic
effect of GLA on paclitaxel cytotoxicity observed in the
simultaneous schedule except when GLA was used at
low concentrations. This suggests that the enhanced
cytotoxicity reported after the pretreatment of cancer
cells with GLA could be due to the additive effects of
the cytotoxicity of the fatty acid (involving lipid peroxi-
dation) and the drug. There are, however, additional
mechanism(s) probably not related to lipid peroxidation
which may account for part of the synergistic cytotoxi-
city observed in the simultaneous schedule.

Our results show that the pre-exposure of MDA-MB-
231 cells to OA enhances paclitaxel cytotoxicity effi-
ciently in a dose-dependent manner. This did not occur
when OA was simultaneously supplemented, which
suggests that the enhancement of paclitaxel sensitivity
by OA may involve perturbations in the fluidity and
permeability of tumour cell membranes. However, this
result was unique to MDA-MB-231 cells. Using the
sequential schedule no consistent changes in paclitaxel-
induced growth inhibition were noted in the other cell
lines. Mechanistically, enhanced paclitaxel cytotoxicity
induced by OA must be complex and not just related to
membrane fluidity.

The effects of the concurrent exposure to a panel of
PUFAs on paclitaxel-induced cytotoxicity was exam-
ined for comparison. It was found that GLA was the
most potent of all tested PUFAs at enhancing paclitaxel

efficacy. For most of the PUFAs, the effect on drug
activity decreased with the double bond index of the
PUFAs. The only exception was LA, which did not
increase the sensitivity of MDA-MB-231 cells to pacli-
taxel. Because peroxidation of highly unsaturated fatty
acids is a mechanism through which PUFAs modulate
the chemosensitivity of tumor cells [1], this result, in
conjunction with our observation employing the anti-
oxidant Vitamin E, strongly suggests that the synergistic
effect of GLA on paclitaxel activity could result from a
mechanism unrelated to lipid peroxidation.

We are presently investigating whether our observa-
tions employing the dietary fatty acids GLA and OA
might extend to other anticancer drugs. Using a panel
of human breast cancer cell lines, we have found that
GLA significantly potentiates the cytotoxic activity of
the semisynthetic vinca alkaloid vinorelbine (Navel-
bine®), a lipophilic antimicrotubule agent. When these
interactions were analysed through median-effect and
isobologram techniques, a synergistic interaction
between GLA and the chemotherapeutic drug was
identified, which was independent of the treatment
schedule. The interaction between GLA and the antic-
ancer agent 2/,2'-difluorodeoxycytidine (Gemcitabine®)
was modest, with only additive to slightly antagonistic
effects. OA significantly increased the sensitivity to
vinorelbine, which was dependent on the treatment
schedule and the type of breast cancer cell line. In con-
trast, OA did not increase the antitumour activity of 2/,
2'-difluorodeoxycytidine (data not shown).

In conclusion, our study has shown that GLA
potentiates the cytotoxicity of paclitaxel in human
breast cancer cells, and that the nature of the interaction
between GLA and paclitaxel is synergistic using both
isobologram and median-effect analysis when the two
compounds are administered concurrently. Since it has
been reported that GLA can selectively kill malignant
cell lines while causing little or no harm to normal cell
lines [8], additive and supra-additive toxicities can be of
great value in the clinic. Our study has also shown the
first evidence that OA, a dietary fatty acid inversely
correlated with breast cancer risk [14,15], modulates the
sensitivity of breast cancer cells to paclitaxel. The pres-
ent findings, using a panel of four human breast cancer
cell lines, strongly suggest that GLA or OA supple-
mentation during administration of paclitaxel could
improve the effects of chemotherapy in breast cancer
patients, although caution must be applied when extra-
polating in vitro results into clinical practice.
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