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bstract Objective: This study evaluated whether �-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 �-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 �-6 PUFAs.
Methods: LS174T, CO112, and Caco-2 cell survival was assessed by clonogenic assay after a 3-d
pretreatment with �-3/�-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 t test or multiva-
riable linear regression analyses were used for comparison.
Results: Preincubation with 30 to 100 �mol/L of �-3 PUFAs induced a dose-dependent additive
decrease in cell survival after irradiation (P � 0.05). Evaluation of the underlying mechanisms
indicated that �-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 �mol/L vitamin E abolished the effect of 50 �mol/L of �-3
PUFAs (P � 0.05), whereas �-6 PUFAs could partly mimic �-3 PUFA effects.
Conclusion: These observations suggest that �-3 PUFAs may be potential candidates as nutritional
adjuvants to enhance the efficacy of human colorectal cancer radiotherapy. © 2006 Elsevier Inc.
All rights reserved.
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Colorectal cancer, with about 1 million cases world-
ide diagnosed per year, is one of the most prevalent
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alignancies and the second cause of cancers in indus-
rialized countries [1–3]. The main curative strategy re-
ains complete surgical resection of the tumor associated
ith radiotherapy and/or chemotherapy. Unfortunately,

olorectal cancer remains often refractory to these classic
herapies and 85% of patients relapse within the first 2 y
fter surgery and display local recurrence or metastasis
4]. In consequence, the search for new therapeutic mo-
alities with minimal toxicity is of particular interest in
olon cancer management.

Recent findings have suggested that �-3 polyunsatu-

ated fatty acids (PUFAs) might be of use as adjuvant for
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ancer therapy. In addition to inhibiting the progression
f several prevalent cancers [5,6], �-3 PUFAs have been
ound to enhance the sensitivity of tumor cells to several
nticancer drugs, such as mitomycin C, cyclophospha-
ide, and doxorubicin [7–9]. Regarding colorectal can-

er, combination of �-3 PUFA-containing triacylglycerol
mulsion with 5-fluorouracil resulted in an additive
rowth inhibitory effect on the Caco-2 cell line [10].

To date the mechanism by which �-3 PUFAs modu-
ate tumor sensitivity to anticancer drugs is not com-
letely elucidated. The biological effects of �-3 PUFAs
re frequently attributed to competitive inhibition of ei-
osanoid production from �-6 PUFA precursors [5]. This
ay be of particular value in colorectal cancer, where

ctopic overexpression of cyclo-oxygenase-2 (COX-2)
as been reported to increase prostaglandin E2 synthesis
nd to suppress apoptosis through Bcl-2 induction [11].
owever, accumulation of �-3 PUFAs in the cell mem-
rane may act at numerous levels, including membrane
uidity, receptor binding, signal transduction, and en-
yme activity [5]. It has been suggested that drug trans-
ort in tumor cells is correlated with the unsaturation
ndex in membrane phospholipids [12]. In addition, an
ncrease in the unsaturation index may result in greater
usceptibility of the tumor to oxidative stress, which may
xplain why �-3 PUFAs enhance tumor sensitivity to
nticancer drugs that generate reactive oxygen species
ROS) [9]. This latter hypothesis is supported by recent
ndings demonstrating that �-3 PUFAs also enhanced

he antitumor effect of ionizing radiation in animal mod-
ls of head and neck [13] and mammary [14] tumors.

Combination of �-3 PUFAs with radiotherapy may be
f particular interest, because the enhanced antitumor
ffect has been also associated with a reduction of
ucosal/epidermal radiotoxicity and a decrease in proin-
ammatory COX-2 expression in HEP-2 human carci-
oma xenografted mice [13]. To our knowledge, there is
o study investigating the combined effect of �-3 PUFAs
ith radiotherapy on colorectal cancer, despite its favor-

ble location being susceptible to dietary intervention.
Therefore, the present study evaluated the interaction

etween �-3 PUFAs and X-rays on the growth and sur-
ival of three human colorectal adenocarcinoma cell
ines, which display different radiosensitivities and en-
erocytic properties. To discriminate between COX-2
athway modulation and oxidative stress induction, we
ompared the effects of eicosapentaenoic acid (EPA) and
ocosahexaenoic acid (DHA) with those of arachidonic
cid (AA) and challenged them with vitamin E.

Our investigations provide new insight into under-
tanding how �-3 PUFAs mediate their suppressive ac-
ion on tumor cells and determine whether they could
nhance the efficacy of human colorectal cancer radio-

herapy. l
aterials and methods

ell lines and culture

Three human colorectal adenocarcinoma cell lines,
hich differ in genetic pattern expression, doubling time,

nd enterocytic differentiation, were chosen according to
he classification of Chantret et al. [15]. The poorly
ifferentiated LS174T and the well-differentiated Caco-2
ell lines were purchased from the American Type Cul-
ure Collection (Rockville, MD, USA). Radiosensitive
S174T and Caco-2 cell lines were compared with the

adioresistant CO112 cell line (from our laboratory) [16].
hey were cultured in RPMI-1640 medium supplemented
ith 10% heat-inactivated foetal bovine serum, L-glu-

amine (0.3 mg/L), and penicillin-streptomycin (0.1 mg/
L; all from Life Technologies Inc., Grand Island, NY,
SA). The medium was changed twice a week and cells
ere kept at 37°C in a humidified incubator with 5% CO2

nd maintained in exponential growth phase.

ell treatment

The effect of EPA, DHA, and AA was evaluated and
hallenged with �-tocopherol palmitate (vitamin E; all
rom Sigma Chemie AG, Buchs, Switzerland). They were
ll stored at 10 g/L in ethanol (�20°C). For the experi-
ents, cells were seeded in 24-well plates or 50-mL

issue culture flasks at a density on the order of 104

ells/well and 105 cells/flask, respectively. After a 3-d
ncubation in standard culture medium, cells were incu-
ated for 1 to 4 d in culture medium supplemented with

to 100 �mol/L of PUFAs and/or vitamin E before
xposure to a single ionizing radiation dose of 4 Gy,
sing a linear beam accelerator (X-ray 6 MV). Cell cul-
ure medium was daily renewed to maintain adequate
utrient concentrations. In control conditions, ethanol
as added in standard culture medium at concentrations

imilar to those present in the different experimental
onditions (�0.3%, v/v).

ell growth

At different treatment days, cells were detached with
rypsin/ethylene-diaminetetra-acetic acid (EDTA) 1�,
esuspended in 400 �L of phosphate buffered saline
PBS) and stained with 5 �g/mL of propidium iodide (PI;
igma Aldrich, Buchs, Switzerland) to discriminate be-

ween live and dead cells. Fluorescence-activated cell
orter analysis was performed within the following hour
y using a flow cytometer (FACStrack, Becton Dickin-
on, Franklin Lakes, NJ, USA) with a fixed count-
ng time of 30 s, after calibration with a hemocytometer.
he population doubling time (PDT) of the different cell
ines was calculated in the exponential growth phase as:
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PDT � 1 ⁄ 3.32 * �log �cell number at t2�
� log �cell number at t1�� ⁄ �t2 � t1�

ell survival

Cell survival was evaluated after different treatments
ith a clonogenic assay. In brief, cells were detached
ith trypsin/EDTA 1�, resuspended in standard me-
ium, and counted as previously described. The cell
uspension was serially diluted and an appropriate num-
er of cells known to produce about 200 colonies from
reliminary assays were seeded into 100- � 20-mm tis-
ue culture dishes in 10 mL of fresh PUFA-free culture
edium. After a 14-d incubation at 37°C, dishes were
ashed with PBS and cells were fixed and stained with
.5% crystal violet in methanol/acetic acid (3:1, v/v).
olonies containing �50 cells were counted to compare

he different treatments. The survival fraction was calcu-
ated relative to untreated controls (S/S0).

poptosis induction

Cells were doubly stained with fluorescein isothiocya-
ate (FITC)-conjugated annexin V and PI using an apopto-
is detection kit (BD Biosciences/Pharmingen, Basel, Swit-
erland) according to the manufacturer’s instructions. After
ifferent treatments, floating cells were collected with the
upernatant, and adherent cells were washed twice with
BSCa �, Mg�and detached with trypsin 10% in 5 mmol/L
v/v) of PBS/EDTA. Floating and detached cells were then
ooled, counted, and resuspended in binding buffer (10
mol/L HEPES/NaOH, pH 7.4; 140 mmol/L of NaCl; 2.5
mol/L of CaCl2) at a concentration of 1 � 106 cells/mL.
liquots of 0.1 mL were stained with 5 �L of annexin
-FITC and 5 �L of PI at room temperature for 15 min in

he dark. These were then diluted in 400 �L of binding
uffer and analyzed within the following 30 min with a flow
ytometer (FACStrack, Becton Dickinson). To set up com-
ensation and quadrants, unstained cells, cells stained with
nnexin V-FITC alone, and cells stained with PI alone were
sed as controls. Untreated controls were used to define the
asal level of apoptotic and dead cells.

ata analysis

For all flow cytometric experiments, data acquisition and
nalysis were performed with CellQuest software (Becton
ickinson). All experiments were performed in triplicate,

nd results were computed as mean � SD. Statistical sig-
ificance was determined with Student’s t test for compar-
son of means or a multivariable linear regression analysis
n which an interaction term was introduced to assess com-
ined effects of PUFAs and radiotherapy. Significance was

onsidered as meaningful at P � 0.05. �
esults

ell growth after EPA supplementation

The growth of LS174T (Fig. 1A), CO112 (Fig. 1B), and
aco-2 (Fig. 1C) cells was measured during an incubation
f 4 d in culture medium supplemented with EPA. In control
ondition with EPA-free medium, the most rapidly growing
ell line was LS174T (PDT 19 h), whereas CO112 (PDT
3 h) and Caco-2 (PDT 25 h) grew more slowly. A time-
nd dose-dependent inhibition of cell growth was observed
or all cell lines at EPA concentrations ranging from 30 to
00 �mol/L, whereas the effect was less marked at lower
PA concentrations (data not shown). Growth inhibition of
ll cell lines became significant after 3 d in the presence of
0 �mol/L of EPA (LS174T: 55 � 3%, P � 0.01; CO112:
2 � 15%, P � 0.05; Caco-2: 22 � 2%, P � 0.05) and after
nly 1 d in the presence of 100 �mol/L of EPA (LS174T: 47

9%, P � 0.05; CO112: 71 � 21%, P � 0.06; Caco-2: 37

ig. 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 �mol/L of EPA
renewed daily) using a flow cytometer. Values are means � SD (n � 3).
PA, eicosapentaenoic acid.
14%, P � 0.05).
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omparison �-3/�-6 PUFAs

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

ombination of PUFAs and ionizing radiation

Different radiosensitivities were observed from one
ell line to another after exposure to a single dose of 4
y. Overall, LS174T and Caco-2 cells were the most

ensitive, with mean decreases in cell survival of 83 �
0% and 67 � 18%, respectively, whereas CO112 cells
ere more radioresistant, with a mean decrease in cell

urvival of 45 � 12%. When X-rays were combined with
3-d pretreatment with 30 to 100 �mol/L of EPA, a

ose-dependent additive decrease in cell survival was
bserved in all cell lines (P � 0.05; Fig. 2). Multivariable
inear regression analysis even indicated a slight supra-
dditive effect between X-rays and EPA pretreatment in
S174T cells at all EPA concentrations tested (Fig. 2A),

n Caco-2 cells at 50 and 100 �mol/L of EPA (Fig. 2C),
nd to a lesser extent in CO112 cells at 100 �mol/L of
PA (Fig. 2B). As for EPA, a 3-d pretreatment with AA

able 1
omparative effect of a 2-d incubation with EPA, DHA, or AA on the
rowth of LS174T, CO112, and Caco-2 cells using a flow cytometer*

reatment group LS174T CO112 Caco-2

PA (�mol/L)
0 100.0 � 4.6 100.0 � 30.6 100.0 � 28.3
10 92.0 � 7.2† 156.8 � 33.2† 75.6 � 15.4†

100 51.3 � 5.3§ 47.8 � 28.6‡ 50.9 � 24.5‡

HA (�mol/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§

A (�mol/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 63.2 � 5.6§ 32.5 � 6.0‡ 62.6 � 20.2†

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

* Values are means � SD (n � 3/group), percentage of control.
† P � 0.05;
‡ P � 0.01;
§ P � 0.001, different from untreated controls (Student’s t test).
efore X-rays induced a dose-dependent additive de- r
rease in cell survival. However, in contrast to EPA,
ultivariable linear regression analysis indicated a partly

dditive effect on cell survival after pretreatment with 50
o 100 �mol/L of AA (P � 0.05) in LS174T and CO112
ell lines (Table 2).

nteraction between PUFAs and vitamin E

As previously shown for EPA and AA, a 3-d incuba-
ion with 50 �mol/L of DHA significantly decreased cell
urvival from 100% to 50 � 6.9% (P � 0.01) in CO112
Fig. 3). When combined with X-rays, DHA pretreatment

ig. 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 �mol/L of EPA
renewed daily) followed or not by X-ray exposure to 4 Gy using a 14-d
lonogenic assay. Values are expressed as survival fractions (%) relative to
ntreated controls. Values at each concentration represent means � SD (n

3 in A, n � 9 in B, n � 6 in C). Asterisk indicates a supra-additive effect
fter X-rays and EPA pretreatment (multivariable linear regression analy-
is, P � 0.05). EPA, eicosapentaenoic acid; S/S , survival fraction in
0

elation to untreated controls.
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nduced a further decrease in cell survival from 50 �
.9% to 40 � 2.8% (P � 0.05). Coincubation with 10
mol/L of vitamin E reversed the cytotoxic effect of
HA regardless of treatment combination, but did not

ounteract the effect of X-rays on cell survival. Similar
esults were found with the other cell lines tested (data
ot shown).

poptosis induction by PUFAs

Compared with CO112 cells incubated in PUFA-free
ulture medium (Fig. 4A), a 3-d incubation with 50
mol/L of DHA did not induce a significant change in the
umber of dead cells (Fig. 4B). However, an increase in
ntermediate peak from 7.7 � 1.3% to 26.3 � 0.6% (P �
.01) between living and dead cells suggested that DHA
ncubation induces cell apoptosis (Fig. 4B). Although
ncubation with 10 �mol/L of vitamin E alone did not
ffect cell viability (Fig. 4C), coincubation with vitamin

completely abolished the DHA-induced intermediate
eak (P � 0.01; Fig. 4D). Induction of apoptosis by �-3
UFA pretreatment was confirmed by annexin V/FITC
etection, which showed a decrease in living cells by
nduction of early and late apoptosis in the presence of 50
mol/L of DHA (Fig. 5). Such an apoptotic process was

ound in LS174T cells (P � 0.05) and a same tendency
as observed in Caco-2 cells (Table 3). In addition,
etailed results indicated that a necrotic process might
lso be involved in CO112 and Caco-2 cell lines (Table
). The addition of vitamin E counteracted apoptosis and
ecrosis induction by DHA in LS174T and CO112 cells

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

reatment group LS174T CO112 Caco-2

A (�mol/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 � 2.4‡ 42.1 � 18.5‡

A (�mol/L), 4 Gy
0 17.4 � 7.9 49.3 � 7.8 38.2 � 13.7
0.1 16.1 � 4.2 53.1 � 10.9 34.2 � 11.3
50 13.7 � 4.1§ 23.8 � 15.5‡§ 23.3 � 5.3†

100 12.2 � 4.2†§ 2.4 � 1.5‡§ 14.3 � 6.6‡

AA, arachidonic acid
* Values are means � SD (n � 9/group), except for LS174T cells (n �

/group); percentage of control.
† P � 0.05;
‡ P � 0.01, different from untreated controls (Student’s t test).
§ Partly additive effect between X-rays and AA pretreatment (multiva-

iable linear regression analysis, P � 0.05).
nd, to a lesser extent, in Caco-2 cells (Table 3). u
iscussion

Previous studies have suggested that PUFAs inhibit the
evelopment of several prevalent cancers [5,17–19] and
ight be used as adjuvants for cancer therapy [8–10,13,14].
ur results demonstrated that �-3 PUFAs are able to inhibit

he proliferation of the three human colonic cell lines stud-
ed. These observations confirm previous findings showing
PUFA inhibitory effect on colorectal tumor cell growth in
itro [20,21] and in vivo in murine and human xenografted
umor models [22] and in human colorectal tumors in athy-
ic mice [23]. Because we observed that �-3 PUFAs in-

ibited the growth of cell lines displaying different doubling
imes and enterocytic differentiation levels, it is probable
hat the underlying mechanism is a general feature indepen-
ent of the cell genetic expression pattern.

The inhibitory effects of �-3 PUFAs have been fre-
uently attributed to COX-2 downregulation and decreased
roduction of prostaglandin E2 through �-6/�-3 PUFA
ompetition [24]. In contrast to this hypothesis, our findings
emonstrated that AA was able to inhibit cell growth with
he same magnitude as EPA and DHA. This observation, in
ine with a previous work describing a PUFA-induced cell
rowth inhibitory effect on a colon tumor cell line that does
ot express COX [25], indicates that eicosanoid synthesis
odulation cannot be the only mechanism of action. A
OX-independent pathway involving activation of peroxi-

ome proliferator-activated receptor-� was reported to play
predominant role in PUFA antitumor action by inducing

ell cycle arrest and apoptosis or by reprogramming cell
ifferentiation [26–29]. In the present study, coadministra-
ion of an antioxidant (vitamin E) counteracted the effect of
HA on cell apoptosis. Therefore, it seems likely that a

ig. 3. Evaluation of the interference of vitamin E on DHA and/or X-ray
ytotoxicity. Survival of CO112 cells was evaluated after a 3-d pretreat-
ent with 50 �mol/L of DHA and/or 10 �mol/L of vitamin E followed or

ot by exposure to 4 Gy using a 14-d clonogenic assay. Values are
xpressed as survival fractions (%) relative to untreated controls. Values
re means � SD (n � 3). Asterisks indicate difference from untreated
ontrols (Student’s t test, *P � 0.05, **P � 0.01). †P � 0.05, supra-additive
ffect after X-rays and DHA pretreatment (multivariable linear regression
nalysis). DHA, docosahexaenoic acid; S/S , survival fraction in relation to
0

ntreated controls; Vit E, vitamin E.
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ig. 4. Evaluation by fluorescence-activated cell sorter analysis of the interference of vitamin E on the viability of CO112 cells after treatment with
ocosahexaenoic acid using the dead cell discriminatory dye PI. Living, non-viable, and dead cells were sorted after a 3-d incubation in standard culture
edium (A), supplemented with 50 �mol/L of docosahexaenoic acid (B), 10 �mol/L of vitamin E (C), or 50 �mol/L of docosahexaenoic acid � 10 �mol/L
f vitamin E (D). PI, propidium iodide.
Fig. 5. Evaluation of the interference of vitamin E on apoptosis induction in CO112 cells after docosahexaenoic acid pretreatment using fluorescence-
activated cell sorter analysis with FITC-conjugated annexin V and PI. Cells in NE, EA, and LA were sorted after a 3-d incubation in standard culture medium
(A), supplemented with 50 �mol/L of docosahexaenoic acid (B), 10 �mol/L of vitamin E (C) or 50 �mol/L of docosahexaenoic acid � 10 �mol/L of
vitamin E (D). A, alive; EA, early apoptosis; FITC, fluorescein isothiocyanate; LA, late apoptosis; NE, necrosis; PI, propidium iodide.
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echanism involving oxidative stress also plays a major
ole in this phenomenon. It has been reported that PUFAs
ay induce cell death through generation of ROS and lipid

eroxidation products [30]. This latter mechanism is sup-
orted by the ability of PUFAs to enhance the efficacy of
ytotoxic drugs generating ROS synthesis [9,18] and by the
nding of the direct involvement of ROS in the mechanism
f PUFA-induced apoptosis in HL-60 cells [31]. In addition,
ipid peroxide generation was reported to induce cell necro-
is through oxidative nucleic acid base modification and
NA strand breaks [32,33]. In agreement with these find-

ngs, our results demonstrated that DHA increased early and
ate apoptoses and necrosis. These latter observations, as-
ociated with the ability of vitamin E to counteract PUFA
ell growth inhibitory effects, indicate that lipid peroxida-
ion is involved in PUFA antitumor properties.

It has been demonstrated that �-3 PUFAs increase the
ntitumor effect of ionizing radiation in animal models of
uman head and neck cancer [13] and induced mammary
umors [14]. Our results confirmed that EPA, DHA, and AA
retreatments increased colorectal cancer cell death after
xposure to ionizing radiations. In addition, EPA was able
o potentiate slightly the cell response to ionizing radiation.
uch a supra-additive effect was reported for the ROS-
enerating drug procarbazine, which was described to act
ynergistically with ionizing radiation by reducing intracel-
ular glutathione and cleaving DNA in vitro [34]. Recently,
igushi [33] postulated that hydroperoxides generated by
UFA peroxidation cause and amplify ROS-mediated DNA
ragmentation through glutathione depletion. Because ion-
zing radiation produces ROS, this may explain our obser-
ation of increased cell toxicity in PUFA pretreated cells.

able 3
valuation of the viability of LS174T, CO112, and Caco-2 cells after a 2
uorence-activated cell sorter analysis with annexin V/fluorescein isothioc

reatment group Alive

S174T
Controls 75.0 � 2.8
Vitamin E 70.1 � 4.2
DHA 53.3 � 6.2‡

DHA � vitamin E 68.2 � 1.3‡

O112
Controls 80.4 � 2.5
Vitamin E 80.7 � 1.8
DHA 55.5 � 4.8‡

DHA � vitamin E 77.7 � 2.1‡

aco-2
Controls 92.4 � 0.9
Vitamin E 90.5 � 2.5
DHA 89.1 � 2.3
DHA � vitamin E 91.1 � 1.5

DHA, docosahexaenoic acid
* Values are means � SD (n � 3/group), percentage of total cell numb
† P � 0.05;
‡ P � 0.01, different from untreated controls (multivariable linear regre
oreover, it may explain why cell survival inhibition was g
bserved for radiosensitive and radioresistant cell lines. The
nding that AA pretreatment caused only a partly additive
ffect compared with EPA or DHA may also reflect in-
olvement of COX-2 pathway in this process. The intrinsic
roperty of ionizing radiation to upregulate COX-2 expres-
ion [13] may reinforce �-6 PUFA-induced COX-2 upregu-
ation, which participates in inhibition of programmed cell
eath via prostaglandin E2 eicosanoid production and anti-
poptotic Bcl2 expression [35]. On the other hand, EPA-
nduced COX-2 downregulation was reported to be im-
roved by the combination with irradiation [13]. Moreover,
t is conceivable that EPA increases lipid peroxidation sus-
eptibility due to its structural conformation displaying
ore double bonds than AA. Thus, these two last features
ay also explain the slight difference between EPA and AA

fficiency observed in our results.
In our study, vitamin E supplementation abolished the

dditive cytotoxicity of DHA after ionizing radiation with-
ut affecting the intrinsic inhibitory effect of a 4-Gy expo-
ure on cell survival. These findings suggest that vitamin E
as able to prevent only DHA peroxidation events and that
OS-mediated ionizing radiation exceeded the cellular an-

ioxidant scavengers and enzymes, leading to cellular death
rocesses. Based on the literature and our results, we hy-
othesize that PUFA hydroperoxides, generated from ion-
zing radiations may have caused an increase in nucleic acid
ase oxidative modification such as 8-hydroxy-2=-deox-
guanosine [36] and DNA strand breaks, leading to cell
poptosis and necrosis.

These investigations suggest that EPA, DHA, and AA
nhance radiotherapy efficacy mainly via a pathway that
nvolves ROS generation and lipid peroxidation. Hence, a

ubation with 50 �mol/L of DHA and/or 10 �mol/L of vitamin E using
a labeling*

ly
ptotic

Late
apoptotic

Necrotic

8 � 1.0 12.7 � 1.5 1.5 � 0.1
5 � 2.0 17.7 � 2.3 1.8 � 0.3
7 � 2.8‡ 19.0 � 3.6† 1.9 � 0.2
5 � 1.4‡ 15.8 � 1.2† 2.4 � 1.4

4 � 0.6 7.4 � 1.7 0.7 � 0.3
7 � 0.3 8.1 � 2.0 0.6 � 0.1
9 � 1.2‡ 14.9 � 3.0‡ 2.7 � 0.7‡

5 � 1.5‡ 8.3 � 1.0† 0.5 � 0.1†

5 � 0.8 3.2 � 0.4 0.9 � 0.1
9 � 0.8 4.5 � 2.0 1.1 � 0.4
8 � 0.8 5.5 � 1.5 1.6 � 0.1†

9 � 0.5 4.9 � 0.8 0.9 � 0.2

analysis).
-d inc
yanat

Ear
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10.
10.
25.
13.

11.
10.
26.
13.

3.
3.
3.
2.

er.
eneral mechanism by which PUFAs may improve ionizing
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adiation efficacy is described here, even though a COX-
ependent pathway is also probably involved to a lesser
xtent. It might be worthwhile to note that we used an in
itro model, in which some in vivo parameters were not
aken into account. This is the case, for instance, of tumor
ngiogenesis and inflammatory response, in which COX-2
xpression modulation was found to be involved directly
37]. In a human tumor xenografted model, Wen et al. [13]
bserved that �-3 PUFA-enhanced radiotherapy was asso-
iated with angiogenesis inhibition and decreased mucosal
esponse. Although our study confirms that �-3 PUFAs
nhances the antitumor effect of ionizing radiation and
roposes a mechanism of action, the additional properties of
-3 PUFAs on angiogenesis and inflammation, probably

hrough the COX-2 pathway, might further enhance their
otential as an adjuvant for radiotherapy.

onclusion

Our observations strongly suggest that �-3 PUFAs are
otential candidates for optimizing human colorectal cancer
herapy. However, further in vivo experiments are needed to
etermine the optimal timing of �-3 PUFA supplementation
efore radiotherapy and to evaluate side effects on healthy
issues and potential induction of angiogenesis and inflam-
ation.
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