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Tomato powder impedes the development of
azoxymethane-induced colorectal cancer in rats through
suppression of COX-2 expression via NF-xB and
regulating Nrf2/HO-1 pathway
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Cancer is one of the leading causes of death worldwide. Since dietary factors have been con-
nected to a reduced risk of a diversity of human cancers, in this study we investigated the effects
of tomato powder (TP) on the development of azoxymethane (AOM)-induced colorectal cancer
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in Wistar rats, and possible mechanism(s) by which TP shows its chemopreventive activity.
Here we show that TP added to feed at 5% rate decreases the rate of aberrant crypt foci (ACF)
and reduces the development of adenocarcinoma and growth of AOM-induced colorectal can-
cer in rats. In addition, we demonstrate that TP supplementation shows its chemopreventive
activities through inhibition of cyclooxygenase-2 (COX-2) expression via NF-kB pathway and
promotion of apoptosis, as well as regulating Nrf2/HO-1 signaling pathway in colorectal tissue
of AOM-treated rats. Our findings identify an intimate connection between dietary supplemen-
tation of TP and the decreased risk of colorectal cancer in rats, and suggest that consumption
of TP would be a natural candidate for the prevention of colorectal cancer in men. TS
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Cancer is still one of the leading causes of death all over the
world. In 2008, about 13% of the deaths were caused by cancer
estimated by the World Health Organization (WHO). Among
many cancer types, colon cancer is one of the most common
causes of cancer-related mortality in Western societies, and
the death rate from colon cancer has also been stably increas-
ing in Asia [1]. According to the American Cancer Society,
more than 50 000 people die from colorectal cancer each
year. Although many people are diagnosed with colorectal
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cancer every day, there is no reported preventative treatment
for this deadly disease. However, it has been suggested that
a diet loaded with natural antioxidant rich foods may reduce
the risk of developing colorectal cancer [2].

Tomato and related tomato products are a good source
of carotenoids including lycopene, neurosporene, gamma-
carotene, phytoene, and phytofluene. Importantly, lycopene,
a natural antioxidant compound, has been suggested to play
important roles in cancer prevention via different mecha-
nisms [3-6]. Despite its importance, humans are not able to
produce lycopene similar to other carotenoids de novo, thus
the requirement for lycopene in humans is met by the diet. It
has been reported that more than 85% of our dietary lycopene
comes from tomato and tomato-based products, and the rest
coming from watermelon, pink grapefruit, guava, and pa-
paya [4]. Due to its powerful antioxidant activity, tomato pow-
der (TP) and lycopene have been extensively used in many
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Table 1. The effects of tomato powder on the development of
aberrant crypt foci (ACF), dysplasia, and adenocarci-
noma in the indicated group of rats

Groups P X2

Control TP AOM AOM+TP

ACF 0 0 47 20 - -
Dysplasia 0° 0° 202 33b 0.016 10.385
Adenocarcinoma 0P o 532 13b 0.0001 14.196

Statistical analysis of the results was done with chi-square test
using the PROC FREQ procedure (SAS). Differences among the
groups were attained by Duncan’s multiple comparison; Pvalues
of less than 0.05 were considered significant. Superscript letters
a—c indicate differences among the groups.

studies [7-11]. In this study, we sought to investigate the ef-
fect of TP supplementation on the development and growth of
azoxymethane (AOM)-induced colorectal cancer in rats and
possible mechanism, if any, responsible for the chemopre-
vention effect.

Administration of the colon-specific carcinogen AOM (for
detailed information on methods, see Supporting Informa-
tion) to rats induces the development of clusters of abnormal
tube-like glands known as aberrant crypt foci (ACF) that may
then lead to cancer [12]. Therefore, we first assessed the effect
of TP supplementation on the development of precancerous
ACF lesions in the colon, and found no ACF developed in
the rats fed with standard diet and the rats fed with standard
diet+TP (Table 1). However, administration of AOM induced
the development of average 47 crypts in the animals fed with
a standard diet (Table 1). Interestingly, TP supplementation
significantly decreased the development of ACF to an average
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of 20 crypts in AOM-treated rats (Table 1). We then wanted to
determine if TP supplementation has any effect on the devel-
opment of adenocarcinoma and dysplasia. Not surprisingly,
we found no adenocarcinoma and dysplasia development in
the rats fed with standard diet and the rats fed with standard
diet+TP (Table 1). Administration of AOM to the rats, how-
ever, induced adenocarcinoma development in 8/15 animals
(53.3%) (Table 1). Interestingly, only 2/15 (13.3%) animals
developed adenocarcinoma in the group of AOM-treated rats
fed with a standard diet+TP supplementation indicating that
TP significantly reduces the development of adenocarcinoma
in rats (Table 1). Conversely, we found that TP supplementa-
tion to AOM-treated rats induced a serious dysplasia in two
rats and a mild dysplasia in three rats, whereas AOM induced
a mild dysplasia in three rats (Table 1).

We also microscopically examined the hematoxylin and
eosin (H&E)-stained colon in tissue sections, and found a
normal histology from the rats fed a standard diet and the rats
fed with standard diet+TP (Fig. 1A and B). However, AOM
administration induced the percentage of proliferating cells,
therefore resulted in the destructions in the architecture of
histology as shown in Fig. 1C. Importantly, supplementation
of TP to the AOM-treated rats diminished the proliferation
of the cells and the tumor growth, and reduced the most of
changes caused by AOM (Fig. 1D). Collectively, our results
showed that TP supplementation prevents the rate of the
proliferating cells and tumor growth, and reduces the devel-
opment of AOM-induced precancerous ACF, indicating its
protective effects against AOM-induced colorectal cancer in
the rats.

Cyclooxygenase-2 (COX-2) is an enzyme that is expressed
at a very low level in normal tissues, but in pathological

Figure 1. Representative histopathology
of H&E stained colorectal tissue sections
(A) control group fed with a standard diet
(B) control group + TP fed with a standard
diet + 5% TP (C) AOM-treated group fed
with a standard diet (D) AOM + TP group
fed with a standard diet + 5% TP (x 400
magnification).
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circumstances and oncogenesis, the expression of COX-2 is
upregulated [13, 14]. COX-2 is responsible for the biosynthe-
sis of prostaglandins through the conversion of arachidonic
acid [14]. There is now a compelling evidence that abnormal
arachidonic acid metabolism via COX pathway can support
carcinogenesis. To find out the possible mechanism involved
in the prevention of AOM-induced colorectal cancer by TP
supplementation in rats, we first tested the expression of
COX-2 by Western blotting. The protein expression of COX-2
was lower in the rats fed with standard diet and the rats fed
with standard diet+TP, but it was drastically increased in the
AOM:-treated rats due to an augment in cancerous cells by
the carcinogen (Fig. 2A and B). Nevertheless, TP supplemen-
tation to the AOM-treated animals significantly reduced the
protein expression of COX-2 (Fig. 2A and B). Given that the
COX-2 is associated with the development of carcinogene-
sis, tumor promotion and inhibition of apoptosis [13,15], it is
proposed that the targeted inhibition of COX-2 may have ben-
eficial effects on diminishing the development and growth of
the colorectal cancer. Although the use of selective COX-2
inhibitors offers some advantages in the anticancer therapy,
diet-based natural products have not yet been clearly shown to
play any protective role in the inhibition of COX-2. However,
we here showed that TP is capable of inhibiting AOM-induced
activation of COX-2 in rats, thus the progression and prolif-
eration of colorectal cancer cells which prompts us to suggest
TP as a natural inhibitor of COX-2 enzyme. Although the
mechanism underlying inhibition of COX-2 expression by TP
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Figure 2. (A) Representative
western blot analysis of COX-2,
Caspase-3, NF-kB, Nrf2, and HO-
1 expressions in the colon of
rats from the indicated groups.
Blots were repeated at least four
times. B-actin was included to
ensure equal protein loading.
(B-F) Bar graphs show the den-
sitometric quantification of nor-
malized protein expression lev-
els to B-actin. Data are shown as
percentage of control and repre-
sented as =SD. Small letters on
top of each bar indicate signifi-

TP AOM  AOM+TP cant difference.

supplementation needs further examination to be fully eluci-
dated, as discussed further below the findings suggest a nu-
clear factor-kappa B (NF-kB)-dependent inhibition of COX-2.

NF-kB is a ubiquitous transcription factor involved in the
inflammatory and innate immune responses as well as cell
survival, proliferation, apoptosis, and cell migration. Consti-
tutively active NF-kB has been shown to be involved in many
types of cancer cells including colon cancer cell lines and
human tumor cells [16, 17]. Given that COX-2 is a NF-kB
target gene [18] and that COX-2 expression was suppressed
by TP supplementation, we next tested the effect of TP sup-
plementation on the expression of NF-kB. Although NF-kB
is expressed at a constant level in colorectal tissue of the
rats fed with standard diet and the rats fed with standard
diet+TP, administration of AOM to the rats resulted in the
activation of NF-kB (Fig. 2A and D). This concurs with the
notion that NF-«kB is constitutively active in many different
types of tumors [16, 17]. However, TP supplementation sig-
nificantly reduced the expression of NF-kB (Fig. 2A and D),
possibly showing its chemopreventive activity by inhibiting
NF-kB and therefore, stopping the proliferation of cancer-
ous cells. This finding is very interesting because it has been
thought that NF-«kB inhibitors might have a protective role
in colorectal cancer through the suppression of COX-2 ex-
pression as COX-2 is a NF-kB target gene [18]. In lights of
these findings, we visualize a model in which TP administra-
tion shows its chemopreventive activity by inhibiting COX-2
expression via NF-kB activity.
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We also assessed the expression of Caspase-3, an impor-
tant protein in apoptosis, and found a higher expression in
the animals fed with standard diet and the rats fed with stan-
dard diet+TP, but it was decreased by AOM treatment most
likely due to the inhibition of apoptosis in cancerous cells
(Fig. 2A and C). Interestingly, TP supplementation led to an
increase in the protein expression of Caspase-3 and there-
fore initiates apoptosis in cancerous cells induced by AOM
(Fig. 2A and C). This indicates that TP may also show its
chemopreventive function through induction of Caspase-3-
dependent apoptosis in colon cells.

Numerous cellular responses to oxidative stress have been
found to involve signaling proteins that act through the an-
tioxidant response element (ARE) and the transcription fac-
tor erythroid 2 related factor 2 (Nrf2) [19]. Transcription fac-
tor Nrf2 plays a central role in the regulation of phase II
genes. Under basal conditions, Nrf2 is bound to Keapl in
the cytoplasm due to an interaction between a single Nrf2
protein and a Keapl [20]. Exposure to a number of stres-
sors and inducing agents leads to dissociation of Nrf2 from
Keapl thereby rescuing Nrf2 from proteasomal degradation
and allowing for entry into the nucleus. Thus, activation
of Nrf2 is considered to be an important molecular target
of cytoprotective agents [20-22]. To test if TP supplementa-
tion plays any role in Nrf2/HO-1 signaling, we analyzed the
protein expression of Nrf2 and HO-1 and found that the
higher basal expression of Nrf2 and HO-1 in colorectal tis-
sue of the rats fed with standard diet and the rats fed with
standard diet+TP was drastically reduced by the AOM treat-
ment (Fig. 2A, E, and F). TP supplementation, however,
significantly increased the protein expression of Nrf2 and
HO-1 in colorectal tissue of the rats injected with the AOM
(Fig. 2A, E, and F). Although the exact mechanisms behind
the activating the Nrf2-dependent HO-1 induction by TP re-
main unknown, TP may contribute to the activation of Nrf2,
which is controlled through the multiple regulatory mecha-
nisms, including Keap1-mediated ubiquitination and degra-
dation, subcellular distribution, and phosphorylation [23].
Taken together, the modulation of the Nrf2/HO-1 signal-
ing pathway may also be an important molecular mechanism
involved in the chemoprevention by TP.

In conclusion, here we have shown that dietary supple-
mentation of TP prevents the growth and incidence of AOM-
induced colorectal cancer in the Wistar rats by inhibiting
COX-2 expression via NF-kB pathway. Moreover, TP sup-
plementation was also able to induce apoptosis through a
Caspase-3-dependent mechanism, thus stop proliferation of
cancerous cells. Finally, we have demonstrated that TP sup-
plementation plays an important role in the oxidative stress
by controlling Nrf2 and HO-1 expressions. All together, our
findings suggest that consumption of TP could be a poten-
tial candidate for the prevention of colorectal cancer in hu-
mans. However, it should be noted that although lycopene,
the primary red carotenoid in tomatoes, might be the princi-
pal photochemical responsible for the chemopreventive activ-
ity, there are other carotenoids, noncarotenoid compounds,
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flavonoids, alkaloids, and other cytotoxic compounds as well
as a large number of unknown phytochemicals in tomatoes
that may potentially have relevant activity. Since this study
was conducted to test the chemoprevention effect of whole
TP on the AOM-induced colorectal cancer, further studies
are needed to test the contribution of different tomato con-
stituents to the colorectal cancer prevention.

The authors acknowledge Firat University (FUBAP-1798)
for supporting this project. Dr. Omer Kucuk is a Georgia Cancer
Coalition Distinguished Cancer Scholar.

The authors have declared no conflict of interest.

References

[1] Sung, J. J., Lau, J. Y., Goh, K. L., Leung, W. K., Increasing in-
cidence of colorectal cancer in Asia: implications for screen-
ing. Lancet Oncol. 2005, 6, 871-876.

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.

Seren, S., Lieberman, R., Bayraktar, U. D., Heath, E. et al.,
Lycopene in cancer prevention and treatment. Am J. Ther
2008, 15, 66-81.

[2

[3

[4

Sahin, K., Sahin, N., Kucuk, O., Lycopene and chemotherapy
toxicity. Nutr. Cancer 2010, 62, 988-995.

[5

Palozza, P, Parrone, N., Simone, R., Catalano, A., Role of
lycopene in the control of ROS-mediated cell growth: im-
plications in cancer prevention. Curr. Med. Chem. 2011, 18,
1846-1860.

Kelkel, M., Schumacher, M., Dicato, M., Diederich, M., An-
tioxidant and anti-proliferative properties of lycopene. Free
Radic. Res. 2011, 45, 925-940.

Walfisch, S., Walfisch, Y., Kirilov, E., Linde, N. et al., Tomato
lycopene extract supplementation decreases insulin-like
growth factor-I levels in colon cancer patients. Eur. J. Cancer
Prev. 2007, 16, 298-303.

Tang, E Y., Shih, C. J., Cheng, L. H., Ho, H. J.et al., Lycopene
inhibits growth of human colon cancer cells via suppression
of the Akt signaling pathway. Mol. Nutr. Food Res. 2008, 52,
646-654.

[6

[7

[8

[9

Palozza, P, Colangelo, M., Simone, R., Catalano, A. et al.,
Lycopene induces cell growth inhibition by altering meval-
onate pathway and Ras signaling in cancer cell lines. Car-
cinogenesis 2010, 37, 1813-1821.

[10] Boileau, T. W., Liao, Z., Kim, S., Lemeshow, S. et al.,
Prostate carcinogenesis in N-methyl-N-nitrosourea (NMU)-
testosterone-treated rats fed tomato powder, lycopene, or
energy-restricted diets. J. Natl. Cancer Inst. 2003, 95, 1578-
1586.

[11] Alshatwi, A. A., Al Obaaid, M. A., Al Sedairy, S. A., Al-
Assaf, A. H. et al., Tomato powder is more protective than
lycopene supplement against lipid peroxidation in rats. Nutr.
Res. 2010, 30, 66-73.

www.mnf-journal.com



Mol. Nutr. Food Res. 2012, 56, 1477-1481

(12]

[13]

(14]

(15]

[16]

[17]

(18]

Tanaka, T., Colorectal carcinogenesis: review of human and
experimental animal studies. J. Carcinog. 2009, 8, 5.
Dannenberg, A. J., Altorki, N. K., Boyle, J. O., Dang, C. et al.,
Cyclo-oxygenase 2: a pharmacological target for the preven-
tion of cancer. Lancet Oncol. 2001, 2, 544-551.

Wang, D., Dubois, R. N., The role of COX-2 in intestinal in-
flammation and colorectal cancer. Oncogene 2010, 29, 781-
788.

Ghosh, N., Chaki, R., Mandal, V., Mandal, S. C., COX-2 as a
target for cancer chemotherapy. Pharmacol. Rep. 2010, 62,
233-244.

Lind, D. S., Hochwald, S. N., Malaty, J., Rekkas, S. et al.,
Nuclear factor-kappa B is upregulated in colorectal cancer.
Surgery 2001, 130, 363-369.

Hardwick, J. C., van den Brink, G. R., Offerhaus, G. J.,
van Deventer, S. J. et al., NF-kappaB, p38 MAPK and JNK
are highly expressed and active in the stroma of human
colonic adenomatous polyps. Oncogene 2001, 20, 819-
827.

Karin, M., Cao, Y., Greten, E R., Li, Z. W., NF-kappaB in cancer:

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[19]

[20]

[21]

[22]

[23]

1481

from innocent bystander to major culprit. Nat. Rev. Cancer
2002, 2, 301-310.

Sies, H., Masumoto, H., Ebselen as a glutathione peroxidase
mimic and as a scavenger of peroxynitrite. Adv. Pharmacol.
1997, 38, 229-246.

Sriram, N., Kalayarasan, S., Sudhandiran, G.,
Epigallocatechin-3-gallate augments antioxidant activities
and inhibits inflammation during bleomycin-induced exper-
imental pulmonary fibrosis through Nrf2-Keap1 signaling.
Pulm. Pharmacol. Ther. 2009, 22, 221-236.

Farombi, E. O., Shrotriya, S., Na, H. K., Kim, S. H. et al., Curcu-
min attenuates dimethylnitrosamine-induced liver injury in
rats through Nrf2-mediated induction of heme oxygenase-1.
Food Chem. Toxicol. 2008, 46, 1279-1287.

Kim, J., Cha, Y. N., Surh, Y. J., A protective role of nuclear
factor-erythroid 2-related factor-2 (Nrf2) in inflammatory dis-
orders. Mutat. Res. 2010, 690, 12-23.

Giudice, A., Montella, M., Activation of the Nrf2-ARE sig-
naling pathway: a promising strategy in cancer prevention.
Bioessays 2006, 28, 169-181.

www.mnf-journal.com



