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Cocoa-rich diet prevents azoxymethane-induced colonic
preneoplastic lesions in rats by restraining oxidative
stress and cell proliferation and inducing apoptosis
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Cocoa is a rich source of bioactive compounds with potential chemopreventive ability but up
to date its effectiveness in animal models of colon carcinogenesis has not been addressed.
Herein, we investigated the in vivo effect of a cocoa-rich diet in the prevention of azoxy-
methane (AOM)-induced colon cancer and the mechanisms involved. Our results showed
that cocoa feeding significantly reduced AOM-induced colonic aberrant crypt foci formation
and crypt multiplicity. Oxidative imbalance in colon tissues seems to be prevented by cocoa as
indicated by reduced oxidation markers levels and increased enzymatic and non-enzymatic
endogenous defences. Cocoa-rich diet also exhibited antiproliferative effects by decreasing the
levels of extracellular regulated kinases, protein kinase B and cyclin D1 together with pro-
apoptotic effects evidenced by reduced Bcl-x; levels and increased Bax levels and caspase-3
activity. Our findings provide the first in vivo evidence that a cocoa-rich diet may inhibit the -
early stage of colon carcinogenesis probably by preventing oxidative stress and cell prolif- Lﬂ
eration and by inducing apoptosis. .
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Numerous epidemiological studies suggest that diets rich in
natural antioxidants are associated with reduced risk of
certain cancers, notably colorectal cancer (CRC) [1]. Cancer
is a multistage process conventionally defined by three
stages: initiation, promotion and progression. Along this
process, oxidative stress has the potential to affect a large
array of carcinogenic pathways involved in proliferation of
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initiated cells and enhanced malignant transformation [2].
Therefore, the suppression of oxidative stress by natural
antioxidant compounds seems to be an effective approach in
preventing the initiation and progression of CRC.

Cocoa and its phenolic compounds, the flavanols epica-
techin, catechin and procyanidins, have recently attracted a
great deal of interest because of their potential ability to act
as highly effective chemopreventive agents. As antioxidants,
cocoa flavanols have been shown to protect cell constituents,
limiting the risk factor for cancer and other chronic diseases
[3, 4]. In addition, they can display other chemopreventive
properties which may be independent of conventional anti-
oxidant activities [5]. In particular, the recent in vitro studies
have demonstrated that cocoa phenolic compounds can
regulate several signal transduction pathways [6, 7], activate
redox-sensitive transcription factors [8] and modulate
expression of specific genes involved in cell survival and cell
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death [9]. Moreover, as compared with other flavonoid-
containing foods, cocoa products exhibit a high concentra-
tion of procyanidins that are poorly absorbed in the intestine
and consequently its beneficial effects would be more
focused on the gastrointestinal tract where they may have an
important local function neutralising oxidants. Despite
these evidences, the efficacy of cocoa against CRC initiation
and development in vivo remains largely unexamined.
Therefore, in the present study we have used the well-
defined azoxymethane (AOM)-induced colon cancer model
in rats to investigate the effectiveness of a cocoa-enriched
diet in preventing the early phase of colon carcinogenesis
and the mechanisms of action involved.

Natural Forastero cocoa powder (a kind gift from
Nutrexpa, Barcelona, Spain) was used for this study. A
detailed description of this cocoa is given elsewhere [10].
Diets were prepared from an AIN-93G formulation (Panlab
S. L., Barcelona, Spain). The 12% cocoa diet was produced
by adding 120g/kg cocoa to AIN-93G. This powdered
supplement was formulated to provide 1g of polyphenols/
kg of diet. A similar cocoa supplementation protected liver
cells against oxidative stress by activating the antioxidant
defence system [11]. The composition of the diets is given in
Supporting Information Table 1. Rats were fed with control
or cocoa-enriched diets during 8 wk and injected with saline
or AOM (20mg/kg body weight) during the second and
third weeks (see experimental protocol in Supporting
Information Fig. 1). At the end of the experiment, colon
samples were evaluated for aberrant crypt foci (ACF)
formation, and markers of oxidative stress, proliferation and
apoptosis (Supporting Information, Material and Methods).
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All animals had a steady body weight gain during the
treatment and the administration of AOM did not affect the
growth of the rats (Supporting Information Table 2). Inter-
estingly, the body weight of animals fed with cocoa diet was
slightly but significantly reduced as compared with control
groups (about 10%). As described elsewhere [12, 13], this
effect seems to be attributed to the cocoa polyphenolic
fraction and its ability to reduce fat adipose tissue. Animals
were treated according to the Institutional Care Instructions
(Bioethical Commission from Consejo Superior de Investi-
gaciones Cientificas, CSIC).

Administration of the colon-specific carcinogen AOM to
rodents induces the development of ACF, preneoplastic
lesions that may progress into cancer later on [14]. There-
fore, we first investigated the efficacy of cocoa-enriched diet
on inhibiting AOM-induced ACF formation. We found that
all the rats injected with AOM developed aberrant crypts;
however, the cocoa-enriched diet significantly reduced the
AOM:-induced ACF formation (Supporting Information
Fig. 2). More importantly, the number of ACF with a crypt
multiplicity of four or more, that have been suggested to
represent a higher risk for malignant tumour progression
[14], was largely reduced by cocoa feeding (Fig. 1A).

Experimental studies with rodents have demonstrated
that AOM can induce ACF formation in colon by causing
oxidative stress leading to DNA damage and mutations in
cancer related genes [15-17]. Owing to the reported anti-
oxidant effects of cocoa and their flavonoids, oxidative stress
biomarkers in the distal colon of rats were evaluated. As
shown in Fig. 1B, the levels of carbonyl groups (marker of
protein oxidation) and malondialdehyde (MDA), a lipid
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peroxidation end product, were significantly higher in the
distal colon of control AOM-treated rats as compared with
the untreated control group whereas both increases were
prevented in the AOM-treated rats fed with cocoa. These
results suggest that the antioxidant properties of cocoa could
prevent the colonic oxidative damage induced by AOM.
Supporting this, different natural antioxidant compounds
have been found to prevent the generation of reactive oxygen
species (ROS) and thereby inhibit AOM-induced colon
carcinogenesis in animal models [18].

AOM-induced oxidative stress lowered the endogenous
antioxidant/detoxificant defence capacity in colon tissues of
control rats, as evidenced by the significant decrease in
glutathione (GSH) levels and in the activity of its related
enzymes glutathione peroxidase (GPx), glutathione reduc-
tase (GR) and glutathione S-transferase (GST) (Fig. 1C and
D). Nevertheless, the levels of enzymatic and non-enzymatic
defences were preserved in the colon of cocoa-fed animals.
Since GSH and its related enzymes participate in the
detoxification of xenobiotics, carcinogens, free radicals and
peroxides [19], we can suggest that cocoa could prevent
AOM-induced ACF formation by reinforcing the endogen-
ous defence capacity in colon tissues to counteract carcino-
gen-induced toxicity. These results are consistent with
recent reports indicating that promotion of antioxidant
enzyme activity has a chemopreventive effect on CRC
[15, 20].

Besides inducing oxidative damage and genomic
instability, ROS can specifically activate certain redox-
sensitive signalling pathways and contribute to CRC
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initiation/promotion through the regulation of cellular
proliferation and survival [21]. The phosphatidylinositol
3-kinases/protein kinase B (PI3K/AKT) and the extracellular
regulated kinase/mitogen-activated protein kinase (ERK/
MAPK) are of the most important pathways activated in
response to oxidative stress that promote carcinogenesis via
target proteins involved in cell survival and cell cycle
progression [2]. In this line, a recent in vitro study has
showed that flavonoids such as luteolin and quercetin have
anti-proliferative and pro-apoptotic effects in human CRC
cells through the regulation of the ERK/MAPK and the PI3K
pathways [22]. In the present work, the proliferating cell
nuclear antigen (PCNA) assay was used to quantify the
colonocyte proliferation. Microscopic examination of colonic
tissue sections clearly showed an increased level of PCNA-
positive cells in the colonic mucosa of AOM-treated rats fed
with control diet and a higher percentage of proliferating
cells per crypt column (Fig. 2A). Indeed, the AOM-treated
group fed with control diet exhibited an increase in the
phosphorylation of ERKs and AKT together with an
increased expression of the proliferative marker cyclin D1
(Fig. 2B and C). Conversely, cocoa intake prevented all these
processes induced by AOM, suggesting that cocoa, by its
ability to restrain oxidative stress could also inhibit the
consequent activation of signalling pathways involved in
proliferation and thereby the progression of preneoplasic
lesions in the colonic epithelial cells.

Modulation of apoptosis provides an additional protective
mechanism against intestinal neoplasia. Therefore, the
apoptotic process in colonic samples from rats by terminal

A . . B o ENINEEE IS

Control Cocoa

O

Optical density (%)

-~ EHEDH

PCNA labelling index (%)
&

»Jlu

Control  C untrnl i m:uu

-\0\1

=
Optieal density (%)

.-\OM

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

R me N EEEERE

PAKT [ e g vy e o |

KT p——————
cyetinp1 [T TR Y|

Beta-actin M

Figure 2. Representative photo-

graphs for immunohistochem-

Contrel Control Cocoa

p-ERKs'ERKs

Control

-8 E8EE

b
a

Control

ical staining of PCNA-positive
cells (400 x magnification) and
proliferative index (A) in colon
tissues from rats injected with
saline or AOM and fed control
or cocoa-enriched diet. Repre-
sentative Western blot analyses
(B) and percentage levels of
total and phospho-ERKs and
-AKT and cyclin D1 (C) in colon
tissues from the indicated
groups. Bars represent
mean+SD value from at least
10 rats in each group and for
three independent experiments
with two samples each in the
Western blot analysis. Means
without a common letter differ
significantly, p< 0.05.

Cocoa
+ +
AOM AOM

P-AKT/AKT

b
aI ag

Comirol Cocoa

5B

Orprical density (%)
g

= &

Cyclin I

I Saline
. AOM

Cocoa

www.mnf-journal.com



1898 I. Rodriguez-Ramiro et al.

Mol. Nutr. Food Res. 2011, 55, 1895-1899

A Control Cocoa B

Bax M

t By, o ———— —a—y— |

= Beta-actin m-l

& Conirol Control Cocoa  Cocoa - .
g g . s Figure 3. Representative
AOM AOM photographs for immunohisto-
Control + AOM Cocoa + AOM C chemical staining of TUNEL-
. Bax Bel-x;, positive cells (400 x magnifi-
= £ m c  Em ” cation) and apoptotic index (A)
b £, . -] P e in colon tissues from rats
2™ a L EE a injected with saline or AOM
: oy % "" % ® I . and fed with control or cocoa-
S O S W e e B e e e enriched diet. Representative
1 Saline mm AOM Western blot analyses (B),
percentage levels of Bax and
3 c D 60 b Bcl-x, (C) and caspase-3 activity
% 25 T il T (D) in colon tissues from the
¥ £ indicated groups. Bars repre-
i . C E - a sent mean+SD value from at
% 15 b £ 30 a T a least 10 rats in each group and
i: 1 [ ‘g 20 L for three independent experi-
; 05 I a E o I I ments with two samples each
E i in the Western blot analysis.
0! Y . > — Means without a common
Control  Control  Cocoa  Cocon Control  Control  Cocoa Cocoa . I
+ + J " letter differ significantly, p<
AOM AOM AOM AOM 0.05.

deoxynucleotidyl transferase dUTP nick end labelling
(TUNEL) staining was further investigated. The repre-
sentative photographs for TUNEL-positive cells clearly
showed a pro-apoptotic effect of dietary cocoa in the
colonic tissue of AOM-treated rats (Fig. 3A). Besides, the
majority of the apoptotic cells were localized on the luminal
surface, implicating that cocoa feeding could ensure the
reestablishment of homeostasis in the colonic mucosa by
removal of damaged cells. To better characterize the
mechanisms involved, the colonic expression of pro-apop-
totic (Bax) and anti-apoptotic (Bcl-x;) members of the Bcl-2
protein family as well as the activity of caspase-3 were also
examined. As shown in Fig. 3B and C, AOM-treatment in
control rats decreased Bax expression along with a conco-
mitant increase in Bcl-x; proteins. However, the cocoa-
enriched diet was able to increase Bax expression and
decrease Bcl-x; proteins levels. Similarly, the activity of
caspase-3 was significantly increased in the AOM group that
was fed with the cocoa diet (Fig. 3D). These findings indi-
cate that cocoa-enriched diet also induces apoptosis in
colonic tissues and that the mitochondrial pathway partici-
pates in this process of programmed cell death. These data
agree with the recent results illustrating the apoptotic effect
as a major mechanism for chemoprevention of different
polyphenolic plant constituents [18, 23].

Altogether, here we have shown for the first time that a
cocoa-enriched diet may suppress the early phase of
chemically induced colon carcinogenesis probably by
preventing oxidative stress and the subsequent activation of
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redox-sensitive signalling pathways involved in cell prolif-
eration and preneoplastic condition. Interestingly, cocoa diet
was also able to induce apoptosis as another complementary
mechanism of chemoprevention during the progression of
carcinogenesis. Taken together, our data provide evidence
that consumption of cocoa would offer a natural therapeutic
approach to improve individual health status including
potential efficient cancer prevention with minimal toxicity.

This work was supported by the grant AGL2007-64042/ALI
and project CSD 2007-00063 from Programa Consolider-
Ingenio from the Spanish Ministry of Science and Innovation
(CICYT). I. Rodriguez-Ramiro is a predoctoral fellow of the
Consejo Superior de Investigaciones Cientificas and M. Gémez-
Juaristi is a predoctoral fellow of the Spanish Ministry of Science
and Education.

The authors have declared no conflict of interest.

References

[1] Miller, P. E., Lesko, S. M., Muscat, J. E., Lazarus, P. et al.,
Dietary patterns and colorectal adenoma and cancer risk: a
review of the epidemiological evidence. Nutr. Cancer 2010,
62, 413-424.

[2] Reuter, S., Gupta, S. C., Chaturvedi, M. M., Aggarwal, B. B.,
Oxidative stress, inflammation, and cancer: how are they
linked? Free Radic. Biol. Med. 2010, 49, 1603-1616.

www.mnf-journal.com



Mol. Nutr. Food Res. 2011, 55, 1895-1899

[3]

[4]

[5

[6]

(7]

[8

[9]

[10]

[11]

[12]

[13]

Visioli, F., Bernaert, H., Cortie, R., Ferri, C. et al., Chocolate,
lifestyle, and health. Crit. Rev. Food Sci. 2009, 49, 299-312.

Vinson, J. A., Proch, J., Bose, P., Muchler, S. et al., Choco-
late is a powerful ex vivo and in vivo antioxidant, an anti-
atherosclerotic agent in an animal model, and a significant
contributor to antioxidants in the European and American
diets. J. Agric. Food Chem. 2006, 54, 8071-8076.

D’Archivio, M., Santangelo, C., Scazzocchio, B., Vari, R.
et al., Modulatory effects of polyphenols on apoptosis
induction: relevance for cancer prevention. Int. J. Mol. Sci.
2008, 9, 213-228.

Martin, M. A., Serrano, A. B., Ramos, S., Pulido, M. |. et al.,
Cocoa flavonoids up-regulate antioxidant enzyme activity
via the ERK1/2 pathway to protect against oxidative stress-
induced apoptosis in HepG2 cells. J. Nutr. Biochem. 2010,
21, 196-205.

Rodriguez-Ramiro, I., Ramos, S., Bravo, L., Goya, L. et al.,
Procyanidin B2 and a cocoa polyphenolic extract inhibit
acrylamide-induced apoptosis in human Caco-2 cells by
preventing oxidative stress and activation of JNK pathway.
J. Nutr. Biochem. 2011, in press, DOIl: 10.1016/j.jnutbio.
2010.10.005.

Granado-Serrano, A. B., Martin, M. A., Haegeman, G., Goya,
L. et al., Epicatechin induces NF-kappaB, activator protein-1
(AP-1) and nuclear transcription factor erythroid 2p45-rela-
ted factor-2 (Nrf2) via phosphatidylinositol-3-kinase/protein
kinase B (PI3K/AKT) and extracellular regulated kinase (ERK)
signalling in HepG2 cells. Br. J. Nutr. 2010, 703, 168-179.

Gonzélez-Sarrias, A., Espin, J. C., Tomas-Barberan, F. A.,
Garcia-Conesa, M. T., Gene expression, cell cycle arrest and
MAPK signalling regulation in Caco-2 cells exposed to
ellagic acid and its metabolites, urolithins. Mol. Nutr. Food
Res. 2009, 53, 686-698.

Martin, M. A., Ramos, S., Mateos, R., Granado-Serrano,
A. B. et al., Protection of human HepG2 cells against
oxidative stress by cocoa phenolic extract. J. Agric. Food
Chem. 2008, 56, 7765-7772.

Granado-Serrano, A. B., Martin, M. A., Bravo, L., Goya, L.
et al., A diet rich in cocoa attenuates N-nitrosodiethylamine-
induced liver injury in rats. Food Chem. Toxicol. 2009, 47,
2499-2506.

Matsui, N., Ito, R., Nishimura, E., Yoshikawa, M. et al.,
Ingested cocoa can prevent high-fat diet-induced obesity by
regulating the expression of genes for fatty acid metabo-
lism. Nutrition 2005, 21, 594-601.

Ramiro-Puig, E., Pérez-Cano, F. J., Ramos-Romero, S.,
Pérez-Berezo, T. et al., Intestinal immune system of young

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[14]

[15]

[161]

[171

[18]

[191

[20]

[21]

[22]

[23]

1899

rats influenced by cocoa-enriched diet. J. Nutr. Biochem.
2008, 19, 555-565.

Pritchard, C. C., Grady, W. M., Colorectal cancer molecular
biology moves into clinical practice. Gut 2011, 60, 116-129.

Chiou, Y.-S., Tsai, M.-L., Nagabhushanam, K., Wang, Y.-J.
et al., Pterostilbene Is more potent than resveratrol in
preventing azoxymethane (AOM)-induced colon tumor-
igenesis via activation of the NF-E2-Related Factor 2 (Nrf2)-
mediated antioxidant signaling pathway. J. Agric. Food
Chem. 2011, 59, 2725-2733.

Ashokkumar, P., Sudhandiran, G., Protective role of
luteolin on the status of lipid peroxidation and antioxidant
defense against azoxymethane-induced experimental
colon carcinogenesis. Biomed. Pharmacother. 2008, 62,
590-597.

Sengottuvelan, M., Senthilkumar, R., Nalini, N., Modulatory
influence of dietary resveratrol during different phases of
1,2-dimethylhydrazine induced mucosal lipid-peroxidation,
antioxidant status and aberrant crypt foci development in
rat colon carcinogenesis. Biochim. Biophys. Acta 2006,
1760, 1175-1183.

Pan, M.-H., Lai, C. S., Wu, J.-Ch., Ho, C.-T., Molecular
mechanisms for chemoprevention of colorectal cancer by
natural dietary compounds. Mol. Nutr. Food Res. 2011, 55,
32-45.

Masella, R. T., Di Benedetto, R., Vary, R., Filesi, C. et al.,
Novel mechanisms of natural antioxidant compounds in
biological systems: involvement of glutathione and gluta-
thione-related enzymes. J. Nutr. Biochem. 2005, 16,
577-586.

Cheung, K. L., Khor, T. O., Huang, M.-T., Kong, A.-N.,
Differential in vivo mechanism of chemoprevention of
tumor formation in azoxymethane/dextran sodium sulfate
mice by PEITC and DBM. Carcinogen 2010, 31, 880-885.

Storz, P., Reactive oxygen species in tumor progression.
Front. Biosci. 2005, 10, 1881-1896.

Xavier, C. P. R., Lima, C. F., Preto, A., Seruca, R. et al.,
Luteolin, quercetin and ursolic acid are potent inhibitors of
proliferation and inducers of apoptosis in both KRAS and
BRAF mutated human colorectal cancer cells. Cancer Lett.
2009, 281, 162-170.

Volate, S. R., Davenport, D. M., Muga, S. J., Wargovich,
M. J., Modulation of aberrant crypt foci and apoptosis
by dietary herbal supplements (quercetin, curcumin,
silymarin, ginseng and rutin). Carcinogen 2005, 26,
1450-1456.

www.mnf-journal.com



