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Abstract Objective: This study evaluated whether w-3 polyunsaturated fatty acids (PUFAs) could enhance the
radiosensitivity of three different human colorectal adenocarcinoma cell lines. To understand the underlying
mechanisms, the effects of w-3 PUFAs on the cell growth, survival, and apoptosis were evaluated alone or in
combination with an antioxidant (vitamin E) and compared with the effects of w-6 PUFAs.

Methods: LS174T, CO112, and Caco-2 cell survival was assessed by clonogenic assay after a 3-d
pretreatment with w-3/w-6 PUFAs and/or vitamin E before a single X-ray exposure to 4 Gy. Cell
growth and viability were measured by double fluorescence-activated cell sorter analyses using
propidium iodide and fluorescein isothiocyanate-conjugated annexin V. Student’s 7 test or multiva-
riable linear regression analyses were used for comparison.

Results: Preincubation with 30 to 100 wmol/L of w-3 PUFAs induced a dose-dependent additive
decrease in cell survival after irradiation (P < 0.05). Evaluation of the underlying mechanisms
indicated that w-3 PUFAs mainly decreased the cell number via apoptosis induction. Moreover,
formation of lipid peroxidation products and modulation of cyclooxygenase II activity seemed to be
involved, because coincubation with 10 wmol/L vitamin E abolished the effect of 50 wmol/L of w-3
PUFAs (P < 0.05), whereas w-6 PUFAs could partly mimic w-3 PUFA effects.

Conclusion: These observations suggest that w-3 PUFAs may be potential candidates as nutritional
adjuvants to enhance the efficacy of human colorectal cancer radiotherapy. © 2006 Elsevier Inc.
All rights reserved.

Keywords: -3 Polyunsaturated fatty acids; Ionizing radiation; Vitamin E; Lipid peroxidation; Human colorectal adeno-
carcinoma cell lines

Introduction malignancies and the second cause of cancers in indus-
trialized countries [1-3]. The main curative strategy re-
mains complete surgical resection of the tumor associated
with radiotherapy and/or chemotherapy. Unfortunately,
colorectal cancer remains often refractory to these classic

therapies and 85% of patients relapse within the first 2 y
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after surgery and display local recurrence or metastasis
[4]. In consequence, the search for new therapeutic mo-
dalities with minimal toxicity is of particular interest in
colon cancer management.

Recent findings have suggested that w-3 polyunsatu-
rated fatty acids (PUFAs) might be of use as adjuvant for
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cancer therapy. In addition to inhibiting the progression
of several prevalent cancers [5,6], w-3 PUFAs have been
found to enhance the sensitivity of tumor cells to several
anticancer drugs, such as mitomycin C, cyclophospha-
mide, and doxorubicin [7-9]. Regarding colorectal can-
cer, combination of w-3 PUFA-containing triacylglycerol
emulsion with 5-fluorouracil resulted in an additive
growth inhibitory effect on the Caco-2 cell line [10].

To date the mechanism by which w-3 PUFAs modu-
late tumor sensitivity to anticancer drugs is not com-
pletely elucidated. The biological effects of w-3 PUFAs
are frequently attributed to competitive inhibition of ei-
cosanoid production from w-6 PUFA precursors [5]. This
may be of particular value in colorectal cancer, where
ectopic overexpression of cyclo-oxygenase-2 (COX-2)
has been reported to increase prostaglandin E, synthesis
and to suppress apoptosis through Bcl-2 induction [11].
However, accumulation of w-3 PUFAS in the cell mem-
brane may act at numerous levels, including membrane
fluidity, receptor binding, signal transduction, and en-
zyme activity [S]. It has been suggested that drug trans-
port in tumor cells is correlated with the unsaturation
index in membrane phospholipids [12]. In addition, an
increase in the unsaturation index may result in greater
susceptibility of the tumor to oxidative stress, which may
explain why -3 PUFAs enhance tumor sensitivity to
anticancer drugs that generate reactive oxygen species
(ROS) [9]. This latter hypothesis is supported by recent
findings demonstrating that w-3 PUFAs also enhanced
the antitumor effect of ionizing radiation in animal mod-
els of head and neck [13] and mammary [14] tumors.

Combination of w-3 PUFAs with radiotherapy may be
of particular interest, because the enhanced antitumor
effect has been also associated with a reduction of
mucosal/epidermal radiotoxicity and a decrease in proin-
flammatory COX-2 expression in HEP-2 human carci-
noma xenografted mice [13]. To our knowledge, there is
no study investigating the combined effect of w-3 PUFAs
with radiotherapy on colorectal cancer, despite its favor-
able location being susceptible to dietary intervention.

Therefore, the present study evaluated the interaction
between w-3 PUFAs and X-rays on the growth and sur-
vival of three human colorectal adenocarcinoma cell
lines, which display different radiosensitivities and en-
terocytic properties. To discriminate between COX-2
pathway modulation and oxidative stress induction, we
compared the effects of eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) with those of arachidonic
acid (AA) and challenged them with vitamin E.

Our investigations provide new insight into under-
standing how w-3 PUFAs mediate their suppressive ac-
tion on tumor cells and determine whether they could
enhance the efficacy of human colorectal cancer radio-
therapy.

Materials and methods
Cell lines and culture

Three human colorectal adenocarcinoma cell lines,
which differ in genetic pattern expression, doubling time,
and enterocytic differentiation, were chosen according to
the classification of Chantret et al. [15]. The poorly
differentiated LS174T and the well-differentiated Caco-2
cell lines were purchased from the American Type Cul-
ture Collection (Rockville, MD, USA). Radiosensitive
LS174T and Caco-2 cell lines were compared with the
radioresistant CO112 cell line (from our laboratory) [16].
They were cultured in RPMI-1640 medium supplemented
with 10% heat-inactivated foetal bovine serum, L-glu-
tamine (0.3 mg/L), and penicillin-streptomycin (0.1 mg/
mL; all from Life Technologies Inc., Grand Island, NY,
USA). The medium was changed twice a week and cells
were kept at 37°C in a humidified incubator with 5% CO,
and maintained in exponential growth phase.

Cell treatment

The effect of EPA, DHA, and AA was evaluated and
challenged with a-tocopherol palmitate (vitamin E; all
from Sigma Chemie AG, Buchs, Switzerland). They were
all stored at 10 g/L in ethanol (—20°C). For the experi-
ments, cells were seeded in 24-well plates or 50-mL
tissue culture flasks at a density on the order of 10*
cells/well and 10° cells/flask, respectively. After a 3-d
incubation in standard culture medium, cells were incu-
bated for 1 to 4 d in culture medium supplemented with
1 to 100 pmol/L. of PUFAs and/or vitamin E before
exposure to a single ionizing radiation dose of 4 Gy,
using a linear beam accelerator (X-ray 6 MV). Cell cul-
ture medium was daily renewed to maintain adequate
nutrient concentrations. In control conditions, ethanol
was added in standard culture medium at concentrations
similar to those present in the different experimental
conditions (=0.3%, v/v).

Cell growth

At different treatment days, cells were detached with
trypsin/ethylene-diaminetetra-acetic acid (EDTA) 1X,
resuspended in 400 wL of phosphate buffered saline
(PBS) and stained with 5 pwg/mL of propidium iodide (PI;
Sigma Aldrich, Buchs, Switzerland) to discriminate be-
tween live and dead cells. Fluorescence-activated cell
sorter analysis was performed within the following hour
by using a flow cytometer (FACStrack, Becton Dickin-
son, Franklin Lakes, NJ, USA) with a fixed count-
ing time of 30 s, after calibration with a hemocytometer.
The population doubling time (PDT) of the different cell
lines was calculated in the exponential growth phase as:
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PDT = 1/3.32 * [log (cell number at t,)
— log (cell numberatt;)] /(t, — t;)

Cell survival

Cell survival was evaluated after different treatments
with a clonogenic assay. In brief, cells were detached
with trypsin/EDTA 1X, resuspended in standard me-
dium, and counted as previously described. The cell
suspension was serially diluted and an appropriate num-
ber of cells known to produce about 200 colonies from
preliminary assays were seeded into 100- X 20-mm tis-
sue culture dishes in 10 mL of fresh PUFA-free culture
medium. After a 14-d incubation at 37°C, dishes were
washed with PBS and cells were fixed and stained with
0.5% crystal violet in methanol/acetic acid (3:1, v/v).
Colonies containing =50 cells were counted to compare
the different treatments. The survival fraction was calcu-
lated relative to untreated controls (S/S).

Apoptosis induction

Cells were doubly stained with fluorescein isothiocya-
nate (FITC)-conjugated annexin V and PI using an apopto-
sis detection kit (BD Biosciences/Pharmingen, Basel, Swit-
zerland) according to the manufacturer’s instructions. After
different treatments, floating cells were collected with the
supernatant, and adherent cells were washed twice with
PBS“® ~, Mg~ and detached with trypsin 10% in 5 mmol/L
(v/v) of PBS/EDTA. Floating and detached cells were then
pooled, counted, and resuspended in binding buffer (10
mmol/L. HEPES/NaOH, pH 7.4; 140 mmol/L of NaCl; 2.5
mmol/L of CaCl,) at a concentration of 1 X 10° cells/mL.
Aliquots of 0.1 mL were stained with 5 puL of annexin
V-FITC and 5 uL of PI at room temperature for 15 min in
the dark. These were then diluted in 400 uL of binding
buffer and analyzed within the following 30 min with a flow
cytometer (FACStrack, Becton Dickinson). To set up com-
pensation and quadrants, unstained cells, cells stained with
annexin V-FITC alone, and cells stained with PI alone were
used as controls. Untreated controls were used to define the
basal level of apoptotic and dead cells.

Data analysis

For all flow cytometric experiments, data acquisition and
analysis were performed with CellQuest software (Becton
Dickinson). All experiments were performed in triplicate,
and results were computed as mean = SD. Statistical sig-
nificance was determined with Student’s ¢ test for compar-
ison of means or a multivariable linear regression analysis
in which an interaction term was introduced to assess com-
bined effects of PUFAs and radiotherapy. Significance was
considered as meaningful at P = 0.05.
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Fig. 1. Evaluation of the growth of LS174T (A), CO112 (B), and Caco-2
(C) cells after a 1- to 4-d incubation with 30, 50, or 100 wmol/L of EPA
(renewed daily) using a flow cytometer. Values are means * SD (n = 3).
EPA, eicosapentaenoic acid.

Results
Cell growth after EPA supplementation

The growth of LS174T (Fig. 1A), CO112 (Fig. 1B), and
Caco-2 (Fig. 1C) cells was measured during an incubation
of 4 d in culture medium supplemented with EPA. In control
condition with EPA-free medium, the most rapidly growing
cell line was LS174T (PDT 19 h), whereas CO112 (PDT
23 h) and Caco-2 (PDT 25 h) grew more slowly. A time-
and dose-dependent inhibition of cell growth was observed
for all cell lines at EPA concentrations ranging from 30 to
100 wmol/L, whereas the effect was less marked at lower
EPA concentrations (data not shown). Growth inhibition of
all cell lines became significant after 3 d in the presence of
30 wmol/L of EPA (LS174T: 55 £ 3%, P < 0.01; CO112:
42 £ 15%, P < 0.05; Caco-2: 22 = 2%, P < 0.05) and after
only 1 d in the presence of 100 wmol/L of EPA (LS174T: 47
+ 9%, P <0.05; CO112: 71 = 21%, P = 0.06; Caco-2: 37
* 14%, P < 0.05).
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Table 1
Comparative effect of a 2-d incubation with EPA, DHA, or AA on the
growth of LS174T, CO112, and Caco-2 cells using a flow cytometer*

Treatment group LS174T COl112 Caco-2
EPA (umol/L)
0 100.0 = 4.6 100.0 = 30.6 100.0 = 28.3
10 92.0 =727 156.8 + 33.27 75.6 = 15.47
100 513 *=53% 47.8 = 28.6* 50.9 * 24.5%
DHA (umol/L)
0 100.0 = 3.4 100.0 = 8.8 100.0 = 10.4
10 89.5 + 8.1" 90.5 = 6.1 97.9 = 19.6
100 53.7 = 9.8% 45.6 * 6.1° 57.9 + 1.01%
AA (umol/L)
0 100.0 = 3.8 100.0 = 27.8 100.0 = 35.1
10 91.0 + 7.0° 90.1 £ 21.5 101.5 = 34.8
100 632 *5.6° 32.5 * 6.0° 62.6 = 20.2°

AA, arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapenta-
enoic acid

* Values are means = SD (n = 3/group), percentage of control.

TP <0.05;

*pP<0.01;

¥ P < 0.001, different from untreated controls (Student’s ¢ test).

Comparison w-3/w-6 PUFAs

Because antagonism between w-3 and w-6 PUFAs has
been often reported, we compared the inhibitory effect of
EPA and DHA with that of the w-6 PUFA, AA, on the
growth of LS174T, CO112, and Caco-2 cells (Table 1). No
significant difference could be observed among these three
PUFAs when using a multivariable linear regression anal-
ysis. A 2-d incubation with 10 to 100 wmol/L of EPA,
DHA, or AA resulted into a dose-dependent inhibition of
growth, which became significant at 100 wmol/L for all cell
lines (P < 0.05). Thus, w-3 and w-6 PUFAs inhibited cell
growth with the same magnitude in all cell lines and in a
dose-dependent manner.

Combination of PUFAs and ionizing radiation

Different radiosensitivities were observed from one
cell line to another after exposure to a single dose of 4
Gy. Overall, LS174T and Caco-2 cells were the most
sensitive, with mean decreases in cell survival of 83 *
10% and 67 *= 18%, respectively, whereas CO112 cells
were more radioresistant, with a mean decrease in cell
survival of 45 * 12%. When X-rays were combined with
a 3-d pretreatment with 30 to 100 wmol/L of EPA, a
dose-dependent additive decrease in cell survival was
observed in all cell lines (P < 0.05; Fig. 2). Multivariable
linear regression analysis even indicated a slight supra-
additive effect between X-rays and EPA pretreatment in
LS174T cells at all EPA concentrations tested (Fig. 2A),
in Caco-2 cells at 50 and 100 wmol/L of EPA (Fig. 20C),
and to a lesser extent in CO112 cells at 100 wmol/L of
EPA (Fig. 2B). As for EPA, a 3-d pretreatment with AA
before X-rays induced a dose-dependent additive de-

crease in cell survival. However, in contrast to EPA,
multivariable linear regression analysis indicated a partly
additive effect on cell survival after pretreatment with 50
to 100 wmol/L of AA (P < 0.05) in LS174T and CO112
cell lines (Table 2).

Interaction between PUFAs and vitamin E

As previously shown for EPA and AA, a 3-d incuba-
tion with 50 wmol/L of DHA significantly decreased cell
survival from 100% to 50 * 6.9% (P < 0.01) in CO112
(Fig. 3). When combined with X-rays, DHA pretreatment
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Fig. 2. Evaluation of the survival of LS174T (A), CO112 (B), and Caco-2
(C) cells after a 3-d pretreatment with 30, 50, or 100 wmol/L of EPA
(renewed daily) followed or not by X-ray exposure to 4 Gy using a 14-d
clonogenic assay. Values are expressed as survival fractions (%) relative to
untreated controls. Values at each concentration represent means = SD (n
=3inA,n=9inB,n = 6 in C). Asterisk indicates a supra-additive effect
after X-rays and EPA pretreatment (multivariable linear regression analy-
sis, P < 0.05). EPA, eicosapentaenoic acid; S/S,, survival fraction in
relation to untreated controls.
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Table 2

Evaluation of the survival fraction of LS174T, CO112, and Caco-2 cells
after a 3-d incubation with AA followed by X-ray exposure to 4 Gy
using a 14-d clonogenic assay*

Treatment group LS174T COl112 Caco-2

AA (umol/L), 0 Gy

0 100.0 = 17.7  100.0 = 16 100.0 = 33.9
0.1 95.6 +22.8 97.7 + 10.8 92.7 +35.8
50 68.7 = 14.6*  43.4 = 31.0* 91.4 +31.7
100 52.4 * 13.0* 3.5 £ 24% 42.1 = 18.5%

AA (umol/L), 4 Gy

0 174 +79 493+ 7.8 382 * 13.7
0.1 16.1 =42 53.1 £ 10.9 342 *11.3
50 13.7 * 4.1% 238 + 15.5% 233 + 537
100 12.2 + 4218 24+ 15% 14.3 + 6.6

AA, arachidonic acid

* Values are means = SD (n = 9/group), except for LS174T cells (n =
3/group); percentage of control.

P <0.05;

¥ P < 0.01, different from untreated controls (Student’s ¢ test).

¥ Partly additive effect between X-rays and AA pretreatment (multiva-
riable linear regression analysis, P < 0.05).

induced a further decrease in cell survival from 50 =
6.9% to 40 = 2.8% (P < 0.05). Coincubation with 10
umol/L of vitamin E reversed the cytotoxic effect of
DHA regardless of treatment combination, but did not
counteract the effect of X-rays on cell survival. Similar
results were found with the other cell lines tested (data
not shown).

Apoptosis induction by PUFAs

Compared with CO112 cells incubated in PUFA-free
culture medium (Fig. 4A), a 3-d incubation with 50
pmol/L of DHA did not induce a significant change in the
number of dead cells (Fig. 4B). However, an increase in
intermediate peak from 7.7 = 1.3% to 26.3 = 0.6% (P <
0.01) between living and dead cells suggested that DHA
incubation induces cell apoptosis (Fig. 4B). Although
incubation with 10 wmol/L of vitamin E alone did not
affect cell viability (Fig. 4C), coincubation with vitamin
E completely abolished the DHA-induced intermediate
peak (P < 0.01; Fig. 4D). Induction of apoptosis by w-3
PUFA pretreatment was confirmed by annexin V/FITC
detection, which showed a decrease in living cells by
induction of early and late apoptosis in the presence of 50
pmol/L of DHA (Fig. 5). Such an apoptotic process was
found in LS174T cells (P < 0.05) and a same tendency
was observed in Caco-2 cells (Table 3). In addition,
detailed results indicated that a necrotic process might
also be involved in CO112 and Caco-2 cell lines (Table
3). The addition of vitamin E counteracted apoptosis and
necrosis induction by DHA in LS174T and CO112 cells
and, to a lesser extent, in Caco-2 cells (Table 3).

Discussion

Previous studies have suggested that PUFAs inhibit the
development of several prevalent cancers [5,17-19] and
might be used as adjuvants for cancer therapy [8—10,13,14].
Our results demonstrated that w-3 PUFAs are able to inhibit
the proliferation of the three human colonic cell lines stud-
ied. These observations confirm previous findings showing
a PUFA inhibitory effect on colorectal tumor cell growth in
vitro [20,21] and in vivo in murine and human xenografted
tumor models [22] and in human colorectal tumors in athy-
mic mice [23]. Because we observed that w-3 PUFAs in-
hibited the growth of cell lines displaying different doubling
times and enterocytic differentiation levels, it is probable
that the underlying mechanism is a general feature indepen-
dent of the cell genetic expression pattern.

The inhibitory effects of w-3 PUFAs have been fre-
quently attributed to COX-2 downregulation and decreased
production of prostaglandin E, through w-6/w-3 PUFA
competition [24]. In contrast to this hypothesis, our findings
demonstrated that AA was able to inhibit cell growth with
the same magnitude as EPA and DHA. This observation, in
line with a previous work describing a PUFA-induced cell
growth inhibitory effect on a colon tumor cell line that does
not express COX [25], indicates that eicosanoid synthesis
modulation cannot be the only mechanism of action. A
COX-independent pathway involving activation of peroxi-
some proliferator-activated receptor-y was reported to play
a predominant role in PUFA antitumor action by inducing
cell cycle arrest and apoptosis or by reprogramming cell
differentiation [26-29]. In the present study, coadministra-
tion of an antioxidant (vitamin E) counteracted the effect of
DHA on cell apoptosis. Therefore, it seems likely that a
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Fig. 3. Evaluation of the interference of vitamin E on DHA and/or X-ray
cytotoxicity. Survival of CO112 cells was evaluated after a 3-d pretreat-
ment with 50 wmol/L of DHA and/or 10 wmol/L of vitamin E followed or
not by exposure to 4 Gy using a 14-d clonogenic assay. Values are
expressed as survival fractions (%) relative to untreated controls. Values
are means = SD (n = 3). Asterisks indicate difference from untreated
controls (Student’s 7 test, "P < 0.05, P < 0.01). P <0.053, supra-additive
effect after X-rays and DHA pretreatment (multivariable linear regression
analysis). DHA, docosahexaenoic acid; S/S, survival fraction in relation to
untreated controls; Vit E, vitamin E.
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Table 3

937

Evaluation of the viability of LS174T, CO112, and Caco-2 cells after a 2-d incubation with 50 wmol/L of DHA and/or 10 wmol/L of vitamin E using
fluorence-activated cell sorter analysis with annexin V/fluorescein isothiocyanata labeling*

Treatment group Alive Early Late Necrotic
apoptotic apoptotic
LS174T
Controls 75.0 £2.8 10.8 = 1.0 127+ 1.5 1.5 0.1
Vitamin E 70.1 £42 10.5 2.0 17723 1.8 03
DHA 533 = 6.2F 257 +2.8% 19.0 = 3.6 1902
DHA + vitamin E 68.2 = 1.3* 13.5 = 1.4% 158 = 1.2° 24*14
COl112
Controls 804 =25 114 *+0.6 74+ 1.7 0.7 £0.3
Vitamin E 80.7 = 1.8 10.7 £ 0.3 8.1%+2.0 0.6 = 0.1
DHA 55.5 + 4.8* 26.9 = 1.2* 14.9 = 3.0 2.7 *0.7*
DHA + vitamin E 777 £ 2.1% 13.5 + 1.5 83+ 1.0 0.5+0.17
Caco-2
Controls 924 £09 35+0.8 32+04 0.9 = 0.1
Vitamin E 90.5 =25 39+038 45+20 1.1 =04
DHA 89.1+23 3.8+0.8 55%15 1.6 = 0.17
DHA + vitamin E 91.1 £ 1.5 29 +0.5 49*038 0.9 *+0.2

DHA, docosahexaenoic acid

* Values are means = SD (n = 3/group), percentage of total cell number.

TP <0.05;

#P < 0.01, different from untreated controls (multivariable linear regression analysis).

mechanism involving oxidative stress also plays a major
role in this phenomenon. It has been reported that PUFAs
may induce cell death through generation of ROS and lipid
peroxidation products [30]. This latter mechanism is sup-
ported by the ability of PUFAs to enhance the efficacy of
cytotoxic drugs generating ROS synthesis [9,18] and by the
finding of the direct involvement of ROS in the mechanism
of PUFA-induced apoptosis in HL-60 cells [31]. In addition,
lipid peroxide generation was reported to induce cell necro-
sis through oxidative nucleic acid base modification and
DNA strand breaks [32,33]. In agreement with these find-
ings, our results demonstrated that DHA increased early and
late apoptoses and necrosis. These latter observations, as-
sociated with the ability of vitamin E to counteract PUFA
cell growth inhibitory effects, indicate that lipid peroxida-
tion is involved in PUFA antitumor properties.

It has been demonstrated that w-3 PUFAs increase the
antitumor effect of ionizing radiation in animal models of
human head and neck cancer [13] and induced mammary
tumors [14]. Our results confirmed that EPA, DHA, and AA
pretreatments increased colorectal cancer cell death after
exposure to ionizing radiations. In addition, EPA was able
to potentiate slightly the cell response to ionizing radiation.
Such a supra-additive effect was reported for the ROS-
generating drug procarbazine, which was described to act
synergistically with ionizing radiation by reducing intracel-
lular glutathione and cleaving DNA in vitro [34]. Recently,
Higushi [33] postulated that hydroperoxides generated by
PUFA peroxidation cause and amplify ROS-mediated DNA
fragmentation through glutathione depletion. Because ion-
izing radiation produces ROS, this may explain our obser-
vation of increased cell toxicity in PUFA pretreated cells.
Moreover, it may explain why cell survival inhibition was

observed for radiosensitive and radioresistant cell lines. The
finding that AA pretreatment caused only a partly additive
effect compared with EPA or DHA may also reflect in-
volvement of COX-2 pathway in this process. The intrinsic
property of ionizing radiation to upregulate COX-2 expres-
sion [13] may reinforce w-6 PUFA-induced COX-2 upregu-
lation, which participates in inhibition of programmed cell
death via prostaglandin E, eicosanoid production and anti-
apoptotic Bcl2 expression [35]. On the other hand, EPA-
induced COX-2 downregulation was reported to be im-
proved by the combination with irradiation [13]. Moreover,
it is conceivable that EPA increases lipid peroxidation sus-
ceptibility due to its structural conformation displaying
more double bonds than AA. Thus, these two last features
may also explain the slight difference between EPA and AA
efficiency observed in our results.

In our study, vitamin E supplementation abolished the
additive cytotoxicity of DHA after ionizing radiation with-
out affecting the intrinsic inhibitory effect of a 4-Gy expo-
sure on cell survival. These findings suggest that vitamin E
was able to prevent only DHA peroxidation events and that
ROS-mediated ionizing radiation exceeded the cellular an-
tioxidant scavengers and enzymes, leading to cellular death
processes. Based on the literature and our results, we hy-
pothesize that PUFA hydroperoxides, generated from ion-
izing radiations may have caused an increase in nucleic acid
base oxidative modification such as 8-hydroxy-2’-deox-
yguanosine [36] and DNA strand breaks, leading to cell
apoptosis and necrosis.

These investigations suggest that EPA, DHA, and AA
enhance radiotherapy efficacy mainly via a pathway that
involves ROS generation and lipid peroxidation. Hence, a
general mechanism by which PUFAs may improve ionizing
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radiation efficacy is described here, even though a COX-
dependent pathway is also probably involved to a lesser
extent. It might be worthwhile to note that we used an in
vitro model, in which some in vivo parameters were not
taken into account. This is the case, for instance, of tumor
angiogenesis and inflammatory response, in which COX-2
expression modulation was found to be involved directly
[37]. In a human tumor xenografted model, Wen et al. [13]
observed that w-3 PUFA-enhanced radiotherapy was asso-
ciated with angiogenesis inhibition and decreased mucosal
response. Although our study confirms that w-3 PUFAs
enhances the antitumor effect of ionizing radiation and
proposes a mechanism of action, the additional properties of
-3 PUFAs on angiogenesis and inflammation, probably
through the COX-2 pathway, might further enhance their
potential as an adjuvant for radiotherapy.

Conclusion

Our observations strongly suggest that w-3 PUFAs are
potential candidates for optimizing human colorectal cancer
therapy. However, further in vivo experiments are needed to
determine the optimal timing of w-3 PUFA supplementation
before radiotherapy and to evaluate side effects on healthy
tissues and potential induction of angiogenesis and inflam-
mation.
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