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A B S T R A C T

Pancreatic ductal adenocarcinoma (PDAC) remains one of the deadliest cancers because it is highly resistant to
every available therapeutic strategy, in particular conventional chemotherapy or radiotherapy (RT). Sensitizing
tumor cells to existing treatments remains a good option to obtain fast and applicable results. Considering that
ionizing radiations induce radiolysis-derived reactive oxygen species (ROS), we hypothesized that ROS-inducing
bioactive food components (BFCs) could exacerbate ROS-related cell damages, including DNA double stranded
breaks (DSBs), leaving the cellular ROS scavenging systems overwhelmed, and precipitating tumor cell death.
Combination of resveratrol and capsaicin radiosensitized radiosensitive tumor cells, but RT did not increase BFC
combination toxicity in radioresistant tumor cells. BFC addition to RT increased ROS production and led to
significant tumor volume reduction in xenografted mouse preclinical model. Strikingly, BFCs inhibited RT-in-
duced DNA damage molecular response by strongly limiting the first steps of DSB repair, and by keeping cells in
cell cycle, provoking exacerbated intrinsic apoptosis. This study positions BFCs as potent radiosensitizers when
combined, and identifies an actionable molecular pathway by resveratrol and capsaicin combination.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is associated with a poor
prognosis, since the 5-year global survival rate remains under 10% [1].
Given an increased incidence over the last decades, PDAC is becoming a
major public health issue and is projected to become the second cancer
killer in 2030 [2]. This poor prognosis can be explained by the late
diagnosis due to aspecific symptomatology but also by PDAC resistance
towards conventional treatments as chemotherapy and radiotherapy
[3]. Such innate and acquired resistances most probably come from the
multiple genomic aberrations found in PDAC. Indeed, more than 60
different mutations and 10 dysfunctional pathways have been identified
by large scale high-throughput analyses [4], conferring multiple sur-
vival options to the tumor cells. Initially based on knowledge of PDAC,
studies have tested clinically or are still evaluating radiosensitizing
compounds inhibiting key oncogenic cell pathways such as ras, raf,

EGFR and IGFR1 or modulating immune environment, with conflicting
results or toxic issues [5]. Thus, no specific radiosensitizers is currently
admitted for PDAC, apart from 5-fluorouracil (5-FU) or gemcitabine,
albeit with very limited success [6]. Exposure to ionizing radiations
induces a variety of DNA lesions, of which DNA double-stranded breaks
(DSB) are the most lethal, and, if left unrepaired, lead to genomic in-
stability or cell death. This is why several pathways have been proposed
to contribute to radioresistance, mostly involved in DNA repair [7].
Thus, it is very worthy to target DNA damage/repair pathways to in-
crease RT-induced cell death. As conventional therapeutic approaches
have been disappointing in PDAC, we looked for alternatives in the
emerging field of BFCs. BFCs are physiologically active constituents in
food or dietary supplements, including those that meet basic human
nutrition needs, that have been demonstrated to have a role in health
and to be safe for human consumption for intended food and dietary
supplement uses (the American Dietetic Association). Among BFCs,
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resveratrol (a member of the stilbene family) and capsaicin (a vanilloid
compound) had shown promising results on PDAC cell lines, by in-
creasing Reactive Oxygen Species (ROS) production, and by po-
tentiating chemo and/or radiotherapy [8]. We found that combination
of resveratrol and capsaicin potentiated a reduced dose of gemcitabine,
resulting in full effect recovery of high dose of gemcitabine, in a pre-
clinical mouse model [9]. As BFCs, radiotherapy induces ROS produc-
tion. Therefore, using several BFCs as an induction or a combination
treatment with RT might overwhelm tumor cells in scavenging ROS,
resulting in increased cell death. As we already showed that resveratrol
and its analogues in combination with capsaicin increased che-
motherapy toxicity, we ought to test whether this approach was valid
for radiosensitization.

2. Materials and methods

2.1. Animals and cell lines

The 8 to 12 week-old Swiss Nude male mice (Charles River, Saint-
Germain-sur-l’Arbresle, France) were housed at the University of
Bordeaux animal facility A2, according to the rules and regulations of
the Institutional Animal Care and Use Committee (agreement number
B33-063-916). Pancreatic cell lines origins have been described earlier
[10]. Genomic KRAS PCR amplification and sequencing were carried
out to control the identity of the cells [11]. Their homozygous or het-
erozygous status WT or mutant towards KRAS mutation was confirmed
on a regular basis on sampled genomic DNA by droplet digital PCR
(ddPCR™ KRAS G12/G13 Screening Kit, Bio-Rad, Marnes-la-Coquette,
France). Human primary fibroblasts were obtained from mammoplas-
ties after the patients had given written consent. Cell culture was car-
ried out as already described [9]. Resveratrol (R), and capsaicin (C)
were from Sigma Aldrich. Highly concentrated solutions (200mM each)
were prepared in ethanol.

2.2. In vitro cell survival assay and cell irradiation

Cells were plated at 7×103 cells per well in 96-well plates. The day
after, resveratrol and capsaicin alone or in combinations at their IC50,
IC50/2 or IC50/4 were applied in the morning. Plates were irradiated
with 2–8 Gy delivered by a linear accelerator (Elekta™) using 6MV
photons. Cells were kept in culture for an additional 72 h before cell
viability was measured as already described [9]. Each point was done at
least in quadruplet. Each experiment was repeated at least twice.

2.3. Protein extraction and western-blotting

Protein extracts from tumors of xenografted Capan-2 cells and
western blotting were performed as already described [10]. The fol-
lowing primary antibodies were used: anti-Phospho-ATM, anti-
Phospho-γH2A.X, anti-Phospho-p53 (ser15), anti-Phospho-Chk1, anti-
phospho-Chk2, anti-Bax, anti-Bcl2 (Cell Signaling).

2.4. ROS detection after irradiation

For ROS detection, cells were seeded in 12-well plate (2×105 cells
per well), 24 h before the experiment. Cells were washed in PBS and
incubated for 30min at 37 °C with Dichloro-dihydro-fluorescein dia-
cetate (DCFH-DA) (DCFDA Cellular ROS Detection Assay, Abcam,
113851), then treated with single BFCs or combinations at their IC50
and/or irradiated with a 6Gy dose. Percentages of fluorescent cells were
examined by flow cytometry (BD FACSCanto II Flow Cytometer
#338962).

2.5. Xenografts of the Capan-2 cells

Mice were injected subcutaneously with 8×105 cells in 100 μl
serum-free medium in the right and the left flanks. When the tumors
reached about 100mm3, mice were given BFCs or vehicle by gavage, 3
times a week. Resveratrol dose was 50mg/kg and capsaicin dose was
5mg/kg. Control mice were administrated with ethanol (2% v/v in
PBS). The same day mice were fed the BFCs, they were irradiated with
2Gy per fraction delivered using 6MV photons on a linear accelerator
(Elekta™). Treatment tolerance was evaluated with the Lloyds’ distress
animal scoring system [12]. Resected tumors were weighed between 19
and 21 days after starting the treatments.

2.6. Histology and morphometric analysis

Tumors were collected, fixed in 10% normal buffered formalin, and
sectioned (4 μm sections) after paraffin embedding. Slides (10 slides per
group) were stained with trichrome masson stain to highlight fibrosis
(appearing green). on. Pictures were taken at ×100 magnification, and
percentages of fibers were evaluated by 2 distinct operators. Pictures
were taken under an inverted Nikon Microscope (Eclipse Ti Nikon,
Champigny sur Marne, France). They were treated the NIS-Elements
Nikon software, connected with a video camera. Tumor necrosis and
atypical nuclei were determined by a trained pathologist of Bordeaux
University Hospital (GB) (10 slides per group). Cellularity was quanti-
fied on fluorescence images by counting the number of nuclei (stained
with DAPI) per field (n = 1566, n = 1853, n = 1577, for CT, RT and
RT + BFCs groups, respectively). KI67 stain was performed by im-
munohistochemistry with anti-KIG7 primary antibody (Leica) and anti-
mouse secondary antibody (Dako). Number of KI67-positive nuclei over
total nuclei was counted on pictures (total cell number n = 1746,
n = 877, n = 1385, for CT, RT and RT + BFCs groups, respectively).

2.7. Statistical analysis

Statistical tests were performed using the Graph-Pad Prism software
(6.04, GraphPad). In vitro results are expressed as mean ± SD, ana-
lyzed by unpaired, bilateral Student's t tests. Results in vivo are ex-
pressed as mean ± SEM, analyzed by 2-tailed Mann-Whitney test or
unpaired t-test with Welch's correction (fibrosis and necrosis).

Abbreviations

PDAC Pancreatic ductal adenocarcinoma
BFCs Bioactive Food Components or Compounds
ROS Reactive Oxygen Species
CSC Cancer Stem Cell
FOLFIRINOX Association of Oxaliplatin, Irinotecan and 5

Fluorouracile
IC50 Half maximal inhibitory concentration
C Capsaicin

R Resveratrol
RT Radiotherapy
DSBs Double Stranded Breaks
5FU 5 Fluoro-Uracile
ATM Ataxia Telangiectasia Mutated
Chk checkpoint kinase
EMT Epithelial to Mesenchymal Transition
ATR ATM and Rad3-related
Con control treated with vehicle
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3. Results

3.1. Combination of BFCs radiosensitizes radiosensitive pancreatic tumor
cells in vitro

To assess tumor cell line sensitivity to X-rays irradiation, the Capan-
2 cells were irradiated with increasing doses of X-rays and cell survival
was determined 48, 72 or 96 h after irradiation. The maximal dose-
response cytotoxicity was obtained 72 h after irradiation (Fig. 1A).
Next, we found that Capan-2 and BxPC3- cells were sensitive to irra-
diation with lethal dose 50 (DL50) around 4Gy and 6Gy respectively. By
contrast, PANC-1 and Mia PaCa-2 cells were radioresistant (Fig. 1B).

To determine whether irradiation and combination BFCs (resvera-
trol and capsaicin) could have additive effects, we determined the best
combination concentration allowing further measurable radiotoxicity.
We chose to work on one radiotherapy-sensitive cell line to (Capan-2)
and one resistant cell line (PANC-1). BFC combination cytotoxicity
using resveratrol and capsaicin inhibitory cytotoxic dose 50 (IC50) was
too strong to see any additive effect of irradiation. We tested combi-
nation treatment at IC50/2 and IC50/4 and found that the best option
was to treat the cells with BFCs at half of their IC50, leading to about
50% cell cytotoxicity (p < 0.001 as compared to control condition).
Next, we treated the cells with BFCs (IC50/2), or BFCs alone (IC50) and
radiotherapy (RT, 6Gy). For Capan-2 cells, we found that each BFC used
alone could significantly sensitize cells to RT (Fig. 2, p < 0.001 when
comparing RT alone to RT + R or C). Combination treatment, even at
IC50/2 had a significant stronger effect (p < 0.001 when comparing
BFCs and BFCs + RT). For the PANC-1 cell line, combination of BFCs
without RT was toxic, however no radiosensitization was evidenced.

Thus, RT cytotoxic effect was increased by combination of BFCs for
radiosensitive cells but not for radioresistant cells in vitro.

3.2. Combination of BFCs increases radio-induced reactive oxygen species
(ROS) production in vitro

We previously demonstrated that combination treatment increased
ROS production in Capan-2 cells [9]. As X-Rays irradiation induces the
production of ROS, we hypothesized that combination treatment of
BFCs and RT could exacerbate ROS production. We treated cells in vitro
with BFCs and RT and ROS induction was quantified as percentage of
fluorescent cells (Fig. 3). As expected, RT induced significant increase
of ROS producing cells (p < 0.01, as compared to control condition)
and BFCs further enhanced this effect (p < 0.01 as compared to RT
alone). Importantly the same observations were made in two different
pancreatic cell lines (Capan-2 and BXPC-3). Mean fluorescence

intensities were significantly increased after RT treatment, in the pre-
sence of BFCs, for Capan-2 cells (not shown). Thus, BFCs increased ROS
production resulting from irradiation.

3.3. Combination treatment of RT and BFCs was efficient to inhibit tumor
progression in vivo

We have already shown that the R + C combination diminished
tumor progression when used alone [9]. To test whether the combined
toxic activity of BFCs and RT was efficient in growing tumors, mice
bearing subcutaneous pancreatic tumors from Capan-2 xenografts were
treated with RT or RT + BFCs. Tumor masses were significantly lower
for RT and RT + BFCs groups compared to control group (p = 0.006
and p = 0.001, respectively, Fig. 4A) and tended to be smaller in the
RT + BFCs group compared to RT group. We found that tumor pro-
gression was significantly slower in the RT + BFCs group as compared
to the control group (p < 0.001), and to a lesser extent in the RT
group. Interestingly, RT + BFCs effect was significantly higher than RT
alone, leading to stagnation of tumor growth (Fig. 4A), and a tumor
volume difference of 40% (p < 0.05).

To further explore treatment impact on tumor progression, we
analyzed histologic sections and performed morphometric analyses.
Tumors treated by RT or RT + BFCs displayed increased fibrosis, sig-
nificantly different from control tumors, suggesting that RT induced
desmoplastic reaction (Fig. 5A a, e, i and d, h, l). Treated tumors also
underwent significant enhanced necrotic reaction as compared to con-
trol group, suggesting that treatment was efficient (Fig. 5B). However,
addition of BFCs did not modulate changes seen after RT treatment.
Moreover, RT-treated group displayed more numerous atypical nuclei
(66% of 12 slides) than RT + BFC or control groups (40% of 10 and 8
slides, respectively). Furthermore, cellularity diminished, especially in
the RT + BFCs group, with nuclei displaying condensed chromatin as
observed in apoptotic cells. KI67 staining, revealing cycling cells,
showed that CT and RT + BFCs tumor groups had similar proportion of
cells active in the cell cycle as compared to tumors treated with RT only
showing a significant decreased in KI67-positive nuclei (Fig. 5A c, g and
k).

Taken together these results showed a modest effect of BFC addition
in RT treatment, leading to keep cells cycling and potentially inducing
chromatin condensation.

3.4. BFCs modified molecular tumor response to RT treatment

X-Ray radiations induce diverse lesions in cells, involving radiolysis-
derived ROS including DNA damages. To understand molecular

Fig. 1. Pancreatic cancer cells display different radiosensitivities.
Cells were irradiated with increasing doses of X-Rays and cell viability was quantified A) according to different times post irradiation in CAPAN-2 cell line B)
according to pancreatic tumor cell lines 72 h post irradiation.
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responses to RT of treated tumors, we performed western blotting of
proteins extracts from CAPAN-2 xenografted tumors, focusing on pro-
teins involved in double stranded break repair pathway. One of the
earliest events recruits ataxia telangiectasia mutated (ATM) to the DNA
break, which phosphorylates histone γH2A.X at serine 139 (Fig. 6A)
[13]. Control tumors displayed low levels of phospho-H2A.X, whereas
RT treated tumors showed a massive increase as compared to control
group (about 40-fold, p < 0.01, Fig. 6B). Surprisingly, addition of BFCs
with RT strongly inhibited γH2A.X phosphorylation (p < 0.05),
keeping its level similar as that observed for control tumors. To in-
vestigate this unexpected result, we looked at ATM autopho-
sphorylation (Ser1981), which is necessary for ATM kinase activity.
BFC treatment diminished ATM phosphorylation as compared to RT
alone (Fig. 6C, p < 0.05). Next, we looked at downstream effectors of
the double-stranded break DNA repair pathway. Both checkpoint ki-
nases (Chk), Chk1 and Chk2 were activated by phosphorylation after
RT treatment, with or without BFCs, similarly (Fig. 6D). Phosphoryla-
tion of p53 (Ser15) was significantly increased in RT treated tumors
with BFCs (Fig. 6E). Ratios of BAX/BCL2 proteins increased sig-
nificantly only in RT + BFC tumors (p < 0.05, Fig. 6F).

Cell growth stagnation and cell death can occur by senescence and
necroptosis induction, respectively. We evaluated senescence after
combination treatment (RT + BFC) in vitro, by acidic beta-galactosidase
stain and found very few beta-galactosidase-positive cells in all tested
conditions (data not shown). Western blotting of proteins involved in
necroptosis cascade such as phospho-RIP3 and phospho-MLKL found no
differences between groups (not shown).

Thus, these results suggest that BFC addition to RT opposes RT-

induced cell cycle arrest and precipitates cells in apoptotic death.

4. Discussion

Although bioactive food components have caught attention for
chemosensitization, few studies have focused on radiosensitization. As
for chemotherapy, tumor cells respond with diverse amplitudes to
radiotherapy, as exemplified in our study. We found the pancreatic
tumor cell lines BxPC-3 and Capan-2 sensitive, while Mia PaCa-2 and
PANC-1 cells were resistant. When considering their genotypes [14],
PANC-1 and Mia PaCa-2 are both mutated on KRAS, TP53 and
CDKN2A/p16, while wild type (WT) for SMAD4. BxPC-3 and Capan-2
are both WT for p16 and have different mutational status for the 3 other
main mutated genes in PDAC. CDKN2A/p16 is a cyclin-dependent ki-
nase inhibitor. Its presence might render tumor cells more vulnerable to
ionizing radiations as previously reported [15], especially because
CDKN2A/p16 proficient tumor cells may still be able to reactivate pRB
and its antiproliferative properties [16]. Alternatively, PANC-1 and Mia
PaCa-2 both retains valid SMAD4 gene, but this may not be involved in
RT resistance since SMAD4 re-expression in Pancreatic tumor cells does
not seem to reactivate SMAD4 inhibitory pathways, especially when
cells have evolved through epithelial to mesenchymal transition (EMT)
[18]. We and others have previously shown that PANC-1 cells have
undergone EMT, and they also carry more cancer stem cell (CSC) like
cells, which could confer acute resistance to radiotherapy [17].

Several BFCs radiosensitize tumor cells such as the polyphenols
curcumin [18] and quercetin [19] or the sulfamide sulforaphane [20],
for example. Considering our previous work on pancreatic tumor cell

Fig. 2. Combination of resveratrol and capsaicin radiosensitizes radiosensitive but not radioresistant pancreatic tumor cells.
Before combination effect of radiotherapy and BFCs was tested, cell viability was determined in the presence of BFCs at different doses: IC50, IC50/2 and IC50/4, for
the radiosensitive Capan-2 cells (A) and for the radioresistant PANC-1 cells (B). Both cell lines were then treated with single BFCs (at IC50) or with combination BFCs
at IC50/2 each, and a radiation dose of 6Gy. Cell viability was determined 72 h after irradiation. ***: p < 0.001, ns: not significant when conditions with or without
irradiation are compared. R: resveratrol, C: capsaicin, RT: radiotherapy, Con: control treated with vehicle. Regardless of RT or Con conditions, ratio of live cells are
lower in BFC conditions than without BFC (p < 0.001).
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chemosensitization by combination of capsaicin and resveratrol [9], we
tested the same approach with radiotherapy. We found that ionizing
radiations in vitro cytotoxicity was amplified by BFC addition, at two
different doses (IC50 or IC50/2 for resveratrol or capsaicin) for the
Capan-2 cell line. By contrast, PANC-1 cells, although sensitive to BFC
treatment were resistant to radiotherapy. BFCs did not sensitize them to
RT. This suggests that radioresistance relies on specific capacity of
PANC-1 towards radiotherapy. Others have reported failure in radio-
sensitizing the PANC-1 cell line [21]. This resistance may depend on the
expression level of the apoptosis inhibitor survivin [21,22]. Alter-
natively, as already mentioned above, PANC-1 cells may carry intrinsic
radioresistance linked to their CSC-like phenotype, that could not be
counteracted by BFC addition.

By contrast to PANC-1 response, Capan-2 cells were more sensitive
to radiotherapy in the presence of BFCs. Increased cell toxicity was
observed when cells were irradiated and treated with a single BFC at
their specific IC50 and maintained when resveratrol and capsaicin were
used together, even at half their IC50. Several reports showed that re-
sveratrol as well as capsaicin carry tumor cell toxicity by increasing
ROS levels [23–25]. When starting this study, we predicted that ROS
production by different pathways and by converging actions of re-
sveratrol and capsaicin and radiotherapy could increase the amplitude
of ROS-induced DNA damages. We showed in vitro that ionizing ra-
diations induced ROS producing cells with two different cell lines. The
percentages of ROS producing cells was further increased in the pre-
sence of BFCs. This is in agreement with published work showing a

Fig. 3. BFC addition to radiotherapy enhances oxygen reactive species production.
Cells were incubated for 30 min at 37 °C with DCFH-DA, then treated with radiotherapy (RT), or combination treatment of BFCs (resveratrol and capsaicin) and RT or
were treated with vehicle (CON). Percentages of fluorescent cells increase, marking the production of ROS was quantified by flow cytometry. A) Representative dot
plots are shown for each condition, with % of fluorescent cells indicated in the positive window. B) Individual results of percentages of fluorescent cells were plotted
and mean ± SD are shown for each condition, for two different cell lines (Capan-2 and BCPC-3 cells). **: p < 0.01, ***: p < 0.001.
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ROS-dependent radiosensitization of colon cancer cells by resveratrol
[26].

We performed in vivo evaluation of the combination treatment
RT + BFCs in a subcutaneous xenograft model, with BFC administra-
tion by gavage and a full body irradiation program. Tumor volume
analysis confirmed significant radiosensitization by BFCs. We observed
a trend of lower mean masses that could reach significance if the ex-
periments were continued over a longer period. However, total body
irradiation resulted in aplasia, which prevented further irradiations.
Alternatively, similar tumor masses could still carry difference only
visible at the microscopic level. To address this question, we analyzed
sections of tumors within all the groups. We found that fibrotic reaction
and necrosis were similarly increased in RT-treated groups, with or
with BFCs, underlying efficiency of the treatments. This suggests that
RT might be the main effector of tumor toxicity with a minimal mod-
ulation by BFCs. Moreover, we found a modest diminution of cellularity
in the RT + BFCs treated group that could account for the observed loss
of mass as compared to control.

As already reported by us and others, resveratrol or capsaicin
treatment, as well as both combined induced high levels of apoptosis,
involving several intracellular factors leading to unbalanced pro/anti-
BCL2 members [9,27,28]. We found the same impact in the present
study in tumor treated with RT + BFCs, further confirmed with de-
creased cellularity and chromatin compaction visualized on histological
section. Interestingly, RT alone did not change significantly BAX/BCL2
ratio as compared to control tumors. In fact, RT treatment alone led to
significant increase in BCL2 levels (Fig. 5, p < 0.01), and a trend to
diminish BAX levels. Irradiated Mia PaCa-2 cells also changed their BAX
to BCL2 balance in the same way [20], the control of BCL2 family
member levels being known as a mechanism of RT resistance [29]. Our
result suggests that addition of BFCs to irradiation counteracts this re-
sistance mechanism.

The gene suppressor p53 is at the crossroad between apoptosis in-
duction and cell cycle arrest for DNA repair (Fig. 5A). We found an
increase in phospho-stabilization of p53 on ser15 (and also ser6 and
ser9, not shown) in RT + BFC group. Checkpoint Kinases 1 and 2

Fig. 4. BFC addition to radiotherapy mod-
ulates xenografted tumor RT response.
Capan-2 cells were injected subcutaneously in
nude immune-deficient mice. When tumors
reached about 100mm3, mice received BFCs in
combination by gavage and/or were irradiated
(2 Gy whole body treatment) 3 times a week, for
3 weeks. Control group (CON n = 12 individual
tumors) received vehicle orally. RT group re-
ceived vehicle orally (n = 23 individual tu-
mors). BFC + RT group received a combination
of resveratrol 50 mg/kg (R) and capsaicin 5 mg/
kg (C) (n = 18 individual tumors). (A) Tumor
masses are represented as mean ± SEM calcu-
lated from pooled experiments, as compared to
the control group mean masses. (B) Tumor vo-
lumes are represented as mean ± SEM calcu-
lated from pooled experiments, as compared to
the control group mean volume. .*p < 0.05,
**p < 0.01, ***p < 0.001, ns: not significant
by a two-tailed Mann Whitney test.
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observed activation probably resulted in p53 phosphorylation. When
p53 is stabilized by phosphorylation, it first stops the cell cycle by CKI
production. Interestingly, the proliferation marker KI67 was turned
down in RT only treated tumors and was maintained as in controls in
the presence of BFCs. To explain this combination of results we can
hypothesize that RT induces cell cycle arrest, which might be coun-
teracted by BFCs, precipitating tumor cells in unrepaired mitosis, and
exacerbating intrinsic apoptosis. This effect was previously described
for resveratrol treatment [30]. Moreover, capsaicin induced apoptosis
in irradiated prostate cancer cells by opposing NFkB survival signal,
independently of cell cycle arrest [31].

Next, we searched for BFC impact on RT response in earlier stages of
DNA damage response. Importantly, we found profound differences
between control and treated groups, and more surprisingly between RT

alone and RT + BFCs groups. As the first hypothesis was that increased
ROS might induce enhanced DSBs, we looked at γH2.AX phosphoryla-
tion, which is one of the first steps of DSB DNA repair response [13],
witnessing its beginning. Strikingly, and unexpectedly, γH2.AX phos-
phorylation displayed a sharp increase after RT treatment, completely
annihilated in the presence of BFCs. We found that this was probably
due to inhibition of ATM activation, since ATM phosphorylation was no
more detectable in the presence of BFCs. Resveratrol alone enhances IR-
induced DNA-damage response signals, probably by ROS-related DSBs,
leading to ATM activation and radiosensitization of prostate cancer
cells [30] or in chronic treatment. Moreover, resveratrol alone can di-
rectly activate ATM [32]. In the same way, capsaicin is known to induce
ROS production and thereby DNA damages [25], but no direct action
has been described on ATM activation. Interestingly, combination of

Fig. 5. BFC addition to radiotherapy keeps tumor cells cycling.
(A) Tumors were collected, fixed and embedded in paraffin. Sections were stained by Trichrome Masson (a, e, i), original magnification ×100. DAPI and KI67
staining are shown for each condition (b, f, j and c, g, k respectively) original magnification ×200 and ×400, respectively. Hematoxylin and eosin (H&E) stain shows
tumor structure (d, h, l) original magnification ×400. Fibrosis is visualized by long green fibers in between the epithelial tumor clusters. (B) Mean ± SEM tumor
fibrosis and necrosis quantifications are displayed. Mean ± SEM cellularity and KI67 positive nuclei are presented. Yellow arrows point atypical nuclei whereas red
arrows show typical DNA-containing apoptotic vesicles. Fibrosis was evaluated by 2 distinct operators, as percentages of fibers in microscopic fields (10 slides per
group). Tumor necrosis and atypical nuclei were determined by a trained pathologist of Bordeaux University Hospital (GB, 10 slides per group). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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resveratrol and capsaicin leads to strong ATM inhibition, as shown in
the present study. This is in agreement with the inhibitory action of
resveratrol on DNA repair expression members, including ATM in MCF7
cells by downregulating their expression [33]. Resveratrol also exerted
global homologous repair and non-end joining DNA repair inhibition in
an ATM–p53-dependent pathway [34]. In the same way, the other
polyphenol curcumin inhibited ATM in irradiated tumor kidney cells
[35]. Importantly, ATM-deficient pancreatic tumor cells were more
susceptible to ionizing radiation than ATM-proficient cells [36]. All
these data concur with the present results. So, in light of our data and
published results, we hypothesize that, in one hand, additive ROS
production by RT and BFCs induce ROS-related DSBs. Normal RT-re-
lated ATM-dependent DNA repair pathway is inhibited by BFCs, in-
cluding DNA lesions recognition by ATM and cell cycle arrest. In the
other hand, p53-related apoptosis induction is maintained and majored
by cell cycle maintenance (Fig. 7).

Despite ATM inhibition, we found increased phosphorylation of the
downstream checkpoint kinases CHK1 and CHK2. According to what is
known in the cascade of events induced by RT, and as summarized in
Fig. 7, it si possible that ATR (ATM and Rad3-related) and DNA-PKc
activities are maintained in the presence of BFCs and trigger p53-de-
pendant apoptotic response. This is further supported by the fact that
ATM is the major actor of γH2.AX phosphorylation, ATR and DNA-PKcs
carrying only limited activity [13]. These points need further valida-
tion.

In conclusion, future studies are needed to optimize RT + BFCs
combined effects as compared to RT used alone, by increasing the fre-
quency of BFC treatments, or majoring their bio-availability with more
systemic administration. Another option currently under investigation
in our lab is to perform focal irradiation delivering high doses to im-
prove RT-related toxicity. Nonetheless, we are describing interesting
mechanistic aspects of resveratrol and capsaicin combined action on
DNA repair pathway.
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