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Abstract: Dietary consumption of polyphenols, found in fruits and vegetables, has been associated with a
potentially protective role in colorectal cancer (CRC). To establish the state of knowledge regarding
advances in polyphenols, CCR and action mechanisms a systematic review and an analysis of information
available until 2021 were made. Results indicate that only some polyphenols have in vitro, preclinical and
clinical studies. These studies showed that polyphenols will inhibit human CRC cell invasion, migration,
metastasis formation, tumor growth. Action mechanisms involve signaling pathways that modulate genes,
proteins, markers or cell death inductors, like the AMPK pathway, caspases, Bcl-2, p-Akt, and NF-kB,
lysosomal and mitochondrial dysfunction, cellular cycle arrest, among the best known and implied in
CRC. Overall, in vitro, preclinical and clinical data on phytochemicals against CRC are still not sufficient
and therefore the preventive or therapeutic impacts of dietary phytochemicals on CRC development
deserve further research.

Keywords: Flavonoids; Polyphenolic acids; Action mechanisms; Cellular cycle; Apoptosis

Resumen: El consumo dietético de polifenoles, que se encuentran en frutas y verduras, se ha asociado
con un papel potencialmente protector contra el cancer colorrectal (CCR). Para establecer el estado del
conocimiento respecto a los avances en polifenoles, CCR y mecanismos de accidn, se realizé una revisién
sistematica y un andlisis de la informacion disponible hasta el afio 2021. Los resultados indican que sélo
algunos polifenoles cuentan con estudios in vitro, preclinicos y clinicos. Estos estudios demostraron que
los polifenoles inhiben la invasién, migracion, formacién de metastasis y crecimiento de tumores de
células de CCR humanas. Los mecanismos de accion involucran vias de sefializacion que modulan genes,
proteinas, marcadores o inductores de muerte celular, como la via AMPK, caspasas, Bcl-2, p-Akt y NF-
kB, disfuncion lisosomal y mitocondrial, parada del ciclo celular, entre los mas conocidos e implicados en
el CCR. En general, los datos in vitro, preclinicos y clinicos sobre fitoquimicos contra el CCR aln no son
suficientes y, por lo tanto, los impactos preventivos o terapéuticos de los fitoquimicos dietéticos en el
desarrollo del CCR requieren mas investigacion.

Palabras clave: Flavonoides; Acidos polifenélicos; Mecanismos de accion; Ciclo celular; Apoptosis
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ABBREVIATIONS

ACF, aberrant crypt foci; AMPK, AMP-activated
mitogen protein kinase; p-AMPK phosphorylate
activated protein kinase; Akt, Protein kinase B,
AOM, azoxymethane; AP-1, activator protein-1; Bad,
Bcl-2- B-cell lymphoma; Bak, Bcl-2 homologous
antagonist/killer; Bax, B-cell lymphoma 2 associated
X protein; Bcl-2, B-cell lymphoma; Bik, Bcl-2
interacting Killer; cdc, cell division cycle; CDK,
cyclin-dependent  kinase; CSN6:  constitutive
photomorphogenesis signalosome subunit 6; COX,
cyclooxygenase; CRC, colorectal cancer; CXCR4, C-
X-C chemokine receptor type 4; DMH, 1,.2-
dimethylhydrazine; DSS, 4,4-dimethyl-4-silapentane-
1-sulfonic acid; EA, ellagic acid; EGCG,
epigallocatechin-3-gallate; EGFR, epidermal growth
factor receptor; Erk 1/2, extracellular- signal-
regulated kinase 1/2; FASL, first apoptosis signal
ligand, 5-FU, 5-fluorouracil; FLT4, Fms-related
tyrosine kinase 4; GA, gallic acid; GSK-38, glycogen
synthase kinase 3-p; HSP-70, heat shock protein 70;
IGF-1, insulin-like growth factor; IL, interleukin;
IPP, isopentenyl diphosphate; JNK, Jun N-terminal
kinase; LTB4, Leukotriene B4; miRNA: Micro-
RNAs, MMP, matrix metalloproteinase; mTOR
mammalian target of rapamycin. c-MYC, Myc proto-
oncogen; NF-kB, nuclear factor kappa B; Notchl,
Neurogenic locus notch homolog protein 1, PARP,
poly (ADP-ribose) polymerase; PCNA, proliferating
cell nuclear antigen; PGE2, prostaglandin E2; PI3K,
phosphatidylinositol 3-kinase; ROS, reactive oxygen
species; RXRa, retinoid X receptor alpha; SIRTI,
sirtuin 1; SOD, superoxide dismutase; STAT, signal
transducer and activator of transcription; TNF, tumor
necrosis factor alpha; Wnt, wingless-type; XIAP, X-
linked inhibitor of apoptosis protein

INTRODUCTION
Colorectal cancer (CRC) continues being one of the
principal causes of morbidity and mortality globally.
The GLOBOCAN 2020 report describes that the
estimated CRC burden has had an important increase
over the years, now being the second-most-lethal
cancer, after lung cancer; for the same publication,
CRC continues being the third most-diagnosed
malignant neoplasm throughout the world (Globocan
2022).

However, CRC is one of the most
preventable forms of cancer because it is associated
with  modifiable risk factors, like obesity,
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sedentarism, alcohol consumption, intake of red and
processed meats, and low consumption of fruits and
vegetables (Zhou & Rifkin, 2021).

Regarding the intake of fruits and vegetables
for cancer prevention, it is known that compounds
synthesized by plants, such as bioactive secondary
metabolites, which play a role in their growth or in
their defense against competitors, pathogens or
predators, are not only responsible for their color,
flavor, but for many pharmacological activities
(Choudhari et al, 2020). Over 12,000
Phytochemicals (FC) have been identified, among
them polyphenol compounds of interest in CRC
prevention and treatment.

The polyphenol group is divided into four
chemical types: i) flavonoids that represent 60% of
polyphenols and include quercetin, kaempferol,
catechins and anthocyanins; ii) phenolic acids, for
example stilbenes and lignans, make up
approximately 30%; iii) phenol amides; and iv)
others without chemical category, like resveratrol.

These compounds have been found in fruits,
vegetables, whole grains, legumes and nuts; among
fruits, berries, plums, cherries, and apples are the
richest in polyphenols (Afrin et al., 2020). Among
vegetables, the highest levels of polyphenols are
found in broad beans, olives, onions, and spinach
(Choudhari, et al., 2020; Afrin et al., 2020).

Polyphenols, specially flavonoids, are
powerful antioxidants (Zhang et al., 2015b;
Choudhari et al. 2020), therefore, they have been
used in numerous epidemiological and experimental
studies to evaluate their possible beneficial effects in
multiple disorders, thus, in vitro and in vivo studies
have demonstrated that these compounds may exert
anti-inflammatory, immunomodulatory, and
anticancer effects (Choudhari et al., 2020). Action
mechanisms of phytochemicals in these biological
activities have not been established, but it is known
that many of them can interfere in cell functions,
altering activation of transcription factors that
regulate gene expression and modulate cell
metabolism (Afrin et al., 2020; Choudhari et al.,
2020); likewise, these prevent the appearance of
tumors, cell proliferation, invasion and metastasis of
many types of cancer, among them CRC; however,
the biological activity of many of these compounds is
partly unknown (Afrin et al., 2020; Choudhari et al.,
2020), especially in colorectal cancer.

Hence, this review focused on describing the
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action mechanisms and effects of some polyphenols
present in fruits and vegetables from the diet against
colorectal cancer.

Literature review

This bibliographic review adopted the approach by
the declaration of the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA
2020) and seeks to show the antitumor potential in
CRC of some polyphenols, specially flavonoids and
polyphenolic acids present in common foods.

The keywords used in the databases (Google
Scholar, PubMed, SciELO, Science Direct, Springer),
until November 2021, were: colorectal cancer and
phytochemicals, phytochemicals and/or action
mechanisms and CRC cancer. Only selecting studies
between 2009 and 2021 that described
phytochemicals and their action mechanisms over
cell models, animals, preclinical and clinical studies
of colorectal cancer. After this search, flavonoids and
polyphenolic acids mentioned in three or more of
these studies, which also described action
mechanisms and the type of study (in vitro, clinical,
and preclinical) were included as keywords in the
search. The principal phytochemicals fulfilling this
characteristic were: quercetin and its derivates,
anthocyanin extracts, proanthocyanins, genistein and
its derivates, epigallocatechin-3-gallate (EGCG),
Kaempferol, caffeic acid and its derivates, resveratrol
and its metabolites, Gallic acid, curcumin and its
derivates.

Initially, titles and abstracts were reviewed,
then, full articles and, finally, the relevance of each
work was analyzed according to the objective of this
review. In all, 80 articles were reviewed of which 60
complied with the inclusion criteria, however, several
articles citing them and with relevance for the review
were also reviewed.

Polyphenols and colorectal cancer

Polyphenols may be classified according to their
chemical structure, function or signaling pathway
through which they act. Regarding their chemical
structure, they can be classified as: phenolic acids,
flavonoids, stilbenes, coumarins and tannins, (Afrin
et al., 2020).

Several studies have investigated the
anticancer effects of dietary phytochemicals in CRC
models (Afrin et al., 2020) and in humans (Pintova et
al., 2019), given that it is known that from 70% to
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90% of CRC is correlated with dietary factors, and
optimization of the diet could avoid most of the
cases; studies have revealed that polyphenols can
modulate cell proliferation, regulate the cellular
cycle, participate in multiple signaling pathways that
often interrupt tumor initiation, proliferation and
propagation.  Also, evidence indicates their
participation in decreasing the number and size of
polyps, tumor size and oxidative stress markers
(Carroll et al., 2011; Zhang et al., 2013; Afrin et al.,
2020).

Several of these phytochemicals are found in
in-vitro, preclinical and/or clinical trial phase, with
some conclusive results at pharmacological level due
to their effects and selectivity of the therapeutic
targets and lesser collateral effects than synthetic
compounds (Zhang et al., 2013; Carroll et al., 2011).

Action mechanisms of polyphenols on colorectal
cancer

Polyphenols are compounds with great antioxidant
potential, found in common vegetable products in
our diet, like fruits (grapes and its derivates, lemon,
cherry, apple), vegetables (soy, leeks, red cabbage,
broccoli, onions, radish, beet, Tea (green and black).
This  bibliographic review included in-vitro,
preclinical and clinical studies for flavonoid-type
polyphenols, like quercetin, anthocyanins, genistein,
epigallocatechin-3-galacto, Kaempferol and Gallic
acid, resveratrol and curcumin polyphenols.

In-vitro studies in colorectal cancer cells
The following describe in-vitro studies for each of
the polyphenols mentioned in colorectal cancer cell
models and the action mechanisms shown.

Quercetin

Quercetin  (3,3',4',5,7-pentahydroxyflavone) is a
flavanol present in high concentrations as o —
glycosides or aglycones, in which one or more sugar
groups are joined to phenolic groups through
glycosidic bonds. It is common in fruits and
vegetables, specially onion, broccoli, apple, tea, red
wine, and capers (Afrin et al., 2020).

Quercetin  plays an important role in
inhibiting tumorigenesis in colon cells (DLD-1, HT-
29, and HCT-116) through antioxidant, anti-
inflammatory,  antiproliferative  actions, and
proapoptotic mechanisms.
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Proapoptotic effects

Many studies on several CRC cell models have
addressed the proapoptotic effect of quercetin,
highlighting actions like diminished expression of B-
cell lymphoma (Bcl-2), lymphoma extra-large B cells
(Bcl-xI), which are proliferation cell markers; said
studies have also evidenced inhibition of factors
controlling transcription and repair of cell DNA, like
the Nuclear factor kappa B (NF-kB).

Moreover, this flavonoid stimulates the
signaling pathways dependent on mitogen-activated
protein kinases (MAPK), which — in turn — regulate
other subfamilies of signaling pathways dependent on
MAPK, like p38, JNK, and ERK, apoptosis-inducing
factors (Zhang et al., 2015a; Kee et al., 2016; Yang et
al., 2016). At the same time, quercetin improved
expression of tumor suppressor genes, like p53,
increased caspases 3, 7, 8 and 9, central proteins in
programmed cell death (Refolo et al., 2015; Zhang et
al., 2015a; Kee et al., 2016; Yang et al., 2016).

Phytochemicals and colorectal cancer: About polyphenols

Effects on the cellular cycle

The studies reviewed show that quercetin or its
derivates suppressed progression of the cellular cycle
by blocking it in the GO/G1 phase (Yang et al., 2016)
and the G2/M phase (Zhao et al., 2017).

Anti-inflammatory effect

On the anti-inflammatory effects de la quercetin, it
was found that in Caco-2 cells, it suppresses
expression of the toll-like receptor (TLR), the NF-
«B, and pro-inflammatory factors, like IL-6, COX-2
and TNF-a, NF-xB (Han et al., 2016). In DLD-1,
Caco-2, HT-29 cell models, it suppressed the Wnt/j3-
catenin and Akt-CSN6-MY C pathways (Refolo et al.,
2015; Yang et al., 2016), implied in the malignant
start, progression, and transformation of cells through
generation of reactive species. Table No. 1
summarizes the actions of quercetin on cell models.

Table No. 1
In-vitro activity and action mechanisms of flavonoids and polyphenolic acids on colorectal cancer

Dose, duration and

model Actions

Phytochemical

Molecular Effects Reference

25-200 uM; 48 h;

Inhibits cell proliferation, | p-Akt, MYC, At phase Yang etal., 2016

Quercetin

Quercetin derivatives

Extracts and metabolites

of Anthocyanin and
Proanthocyanidins

HT-29

10-100 uM; 24-48
h; CT-26

25-100 uM; 24 h,
Caco-2, SW-620
25-200 uM; 24 h,
HT-29, HCT-15

25-200 uM; 24 h,
HCT-116

15 uM; 24 h, SW-
620, HCT-116
0.25-10 mg/ml; 24
h, HCT-116; HT29
1-20 pg/ml; 24 h,
HT-29

arrests cell cycle, induces GO0/G1, Bcl-2, 1Bax, p53,

apoptosis. caspase 3

Induces apoptosis 1 ¢.PARP, caspases 3-
9,|Bcl-2, Bel-xI

Induces apoptosis 1 Bax, caspases 3-9,
|Bcl-2, NF-kB

Inhibits cell proliferation, |p-Akt, p-GSK3p,
induces apoptosis Cyclin D1, 1COX-2 ROS
dependent, 1 caspase 3,
cyto-c

1 ROS, 1 IRE1-0, XBP-
1, ion Ca*?, | MMP, 1 p-
JINK, Bax, cyto-c,
caspase 3-9, | Bcl-2

At phase G2/M, tLC-I/ll,
Beclin, SQSTM1/p62,
TAtg7, pErk1/2, p-JNK,
p-p38 MAPK, 1

Induces oxidative stress
and apoptosis

Arrests cell cycle,

induces autophagy
Induce apoptosis, Arrests | Survivin, cIAP-2 y
cell cycle XIAP, phase A1/G1

Inhibits cell proliferation, 1 ROS, | TNF-a, IL1B Yy
decreases inflammation  NF-k

Kee et al., 2016

Zhang et al., 2015a
Raja et al., 2017

Khan et al., 2016

Zhao et al., 2017a
Mazewski et al.,
2018

Venancio et al., 2017
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Genistein

Genistein derivatives

Epigalocatequin-3-
galate (EGCG)

Kaempferol

Gallic acid

Caffeic acid and
derivatives

Resveratrol

Resveratrol Metabolites

Curcumin and analogues

100-150 pmol/I; 48
h, HP-29

10-80 pg/ml; 48 h,
SW480; SW620
30-70 uM; 48 h;
HT-29

0-100 pmol/l; 2 h;
IICT-116

5-20 uM; 12-24 h;
HCT-116, HT-29
1-100 uM; 24 h,
HCT-116

50-150 uM; 48-72
h; 1 T-29, 1ICT-116,
SW-480

60 umol/l; 24 h, HT-

29

60 umol/l, 24-48 h,
HT-29, SW-480

70 pmol/l; 24-72 h,
HCT-15

40 pg/ml; 2-6 dias,
HTC-116

10-80 uM; 48 h,
HCT-116; HT-29
1-10 uM; 14 dias,
HCT-116 y SW-480

1-100 pmol; 24-72
h, SW-620

20-40 uM; 24-48h,
LoVo

1-100 uM; 48 h,
HT-29

20-40 uM; 24-48 h,
HCT-116; HT-29

30 uM; 4 h, HCT-
116
200 pM; 1 h, SW-

Induce apoptosis

Induce apoptosis

Inhibits cell proliferation,
induces apoptosis,
suppresses migration and
invasion

Induces apoptosis, arrests
cell cycle

inflammation decreases
Inhibits cell proliferation,
stops cell cycle,
decreases inflammation

Induces epigenetic
modification

Inhibits cell proliferation,
induces apoptosis

Induces apoptosis

Induces apoptosis

Inhibits cell proliferation

Induces apoptosis
Inhibits cell proliferation

Inhibits cell proliferation,
induces apoptosis

Inhibits cell proliferation

Induces epigenetic
modification.

Inhibits cell proliferation,
induces apoptosis, arrests
cell cycle

Inhibits cell proliferation,
induces autophagia

Inhibits cell proliferation

1 Caspase 3

1 Caspasa-8, p-
p38MAPK

1 pp38, MAPK, 1
caspase -3, | MMP2

IMMP, 1ROS, At phase
G2/M

| NF-kB/p65, TNF-a, IL-
6, IL-1P

|PCNA, BcL2, cyclin
DI, At phase G0/G1, |
NF-kB, p-1kB, IKKa/p

JRXR-a, B-Catenin,
CyclinD

JIGF-IR, ErbB3, p-
PI3K/Akt, p-Erk/12
Tcaspase-3,7,9, PARP,
Bik, Bad, | Bel-xI, 1
FasL, cyto-c

TROS, | MMP

| CSC marker

1p53, caspasa-3, Bax,
P38mapk, cyto-c
INF-kB, 1 Sirtl

|Ras, Raf, MEK Erk1/2,
1Bak1, Bok, Bik, Noxa,
Bad Bax, p53, Apafl
|Bcl-2, Bel-xl, Bagl,
Tcaspases 3-7-9

1 PCNA, p38MAPK
1 Histone levels and
gH2AX

1 p-53, Bax, caspase-3,
PARP, At phase S, 1p21,
| Cyclin E, p-Rb

| EIF2, elF4/p70S6K, p-
mTOR, 1
Autophagosomes, 1
Lamp1l, Hsp70

| mTORCI1, tp-Erk1/2,

Lopez de las Hazas et

al., 2016
Minker et al., 2015

Shafiee et al., 2016

Wu et al., 2017

Duetal., 2016
Wang et al., 2016a

Morris et al., 2016
Lee et al., 2014a

Lee et al., 2014b

Subramanian et al.,
2016
Lee et al., 2016

Tang et al., 2017
Buhrmann et al.,
2016

Chen et al., 2016
Yuan et al., 2016

San Hipolito-Luengo
etal., 2017

Sun et al., 2016

Wang et al., 2016b

Sato et al., 2017
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620 y SW-480

p-AMPKal, | p-MEK

10-40 umol/l; 24 h,  Inhibits cell proliferation, |Wnt, B-catenin, TCF4, Zhang et al., 2016b

SW-620 Suppresses EMT 1 Axin, {NKD2, E-
cadherin, | Vimentin,
CXCR4,
5-20 uM; 12-24 h,  Induce autophagia 1 TFEB lysosomal Zhang et al., 2016a
HCT-116 pathway
10 uM; 24 h, SW- 1 AMPK, |p65 NF-kB,
480; LoVo suppress the invasion uPA, MMP-9 Tong et al., 2016
12.5 uM; 48 h, Induces epigenetic 1 miR-491, | PEGI0,
HCT-116 modification. Wnt/B-catenin Lietal., 2018

Anthocyanins

Anthocyanins are water-soluble pigments found in
the vacuoles of plant cells and give the red, purple or
blue color to leaves, flowers and fruits; these are
abundant on the skin of red grapes; are classified
among flavonoids and their function in plants is to
attract predators to consume their fruits and help
disperse the seeds of the fruit for the reproduction of
the species (Afrin et al., 2020).

In-vitro studies

Anthocyanins induce chemo-preventive effects,
including anti-inflammatory, antiproliferative effects,
with induction of apoptosis, regulation of the cellular
cycle, anti-invasion activities, and anti-angiogenesis.

Apoptotic effects

Anthocyanins and extracts rich in anthocyanidins
induce in COLO 320DM cells, apoptotic death by
increasing the c-PARP, caspase-3 and Bax/Bcl2 ratio
(Hsu et al., 2012). In HT-29 cells, they induce the
decrease of the Survivin inhibitor, linked to the X
chromosome apoptosis protein (XIAP) (Mazewski et
al., 2018); in this same cell line, anthocyanins
suppressed cell growth by inhibiting pro-oncogenic
signals, like AP-1, NF-kB and STAT-1 activity. In
HT-29 cells, after treatment with extracts rich in
anthocyanins, increased caspase-3 was noted (Ldpez
de las Hazas et al., 2016).

Effects on the cellular cycle

Anthocyanin extracts on COLO-320DM and HT-29
cells detained the cellular cycle in the GO/G1 phase
(Hsu et al., 2012); in Caco-2 cell lines, these blocked
the cellular cycle in the GO/G1 phase (Forester et al.,

2014).

Anti-inflammatory effects

Anthocyanin extracts suppress proliferation of HT-29
cells by increasing generation of reactive oxygen
species (ROS), also exerting anti-inflammatory
effects by suppressing expression of NF-kB1, TNF-a,
IL-6, and IL-1p inflammation markers (Venancio et
al., 2017., Afrin et al., 2020).

Genistein
Genistein is an isoflavone present in foods, like soy,
common hop or red clover. Isoflavones are a group of
plant chemical substances included among phenolic
compounds. Genistein is the aglycone free form of
genistein (glycosylated form) (Afrin et al., 2020)
Genistein has attracted much attention due to
its effects and probable anticancer efficacy with
function in several CRC signaling pathways.

Proapoptotic effect

The chemo-preventive and proapoptotic activity of
genistein has been demonstrated through inhibition of
the Wnt/B-catenin signaling pathway (Du et al., 2016;
Sekar et al., 2016); EGFR and p38 MAPK (Shafiee et
al., 2016) and NF-«B, as well as Bcl-2 (Wang et al.,
2016b), decreased expression of p-GSK-3B levels
(Du et al, 2016) and p-catenin target genes,
including the proliferating cell nuclear antigen
(PCNA), cyclin D1 and c-MYC (Du et al., 2016;
Wang et al., 2016a).

Effect on the cellular cycle
Genistein suppressed cell growth by blocking the
GO/G1 phase (Du et al., 2016; Wang et al., 2016b)
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and G2/M phase (Wu et al., 2017).

Epigallocatechin-3-gallate
Epigallocatechin-3-gallate (EGCG) is produced
through naringenin-chalcone-naringenin; its principal
source is green tea, traces are also found in skins of
apples, plums, onions, hazelnuts, nuts (Afrin et al.,
2020).

Proapoptotic effects

It has been reported that EGCG exerts anticancer
effects against different CRC cell line models
modulating multiple signaling pathways. In these
cells, EGCG inhibited cell proliferation by
suppressing Wnt/B-catenin and PI3K/Akt (Kumazaki
et al, 2013) signaling pathways and inducing
apoptosis through activation of p53-dependent and
p53-independent pathways (Afrin et al., 2020). In
colon cancer cells with APC mutation, EGCG
suppressed cancer cell growth through inhibition of
Whnt/B-catenin stimulating fB-catenin phosphorylation
and proteasomal degradation through an independent
system of GSK-3p and protein phosphatase 2A and
repressing cyclin D1 and expression of c-MYC (Oh
etal., 2014).

In HT-29 cells and HCT-116, EGCG and its
derivates reduce expression of the RXRa gene,
important for dimerization with other nuclear
transcription factors (Morris et al., 2016; Toden et
al., 2016); thus, EGCG suppressed Notchl, Bmil,
Suzl2 and Ezh2, and miRNA self-renewal
suppressors and upregulated, miR-34a, miR-145 and
miR-200c, which are some of the key pathways
targeted in 5FU-responsive CRC cells. Regarding this
last effect, the same authors investigated the Chemo-
sensitizing effects of EGCG on 5-fluorouracil-
resistant CRC cells and spheroid-derived cancer stem
cells, reporting that EGCG ameliorated 5FU-induced
cytotoxicity and inhibited proliferation in 5FU-
resistant cell lines through intensification of apoptosis
and arrest of the cellular cycle.

Kaempferol

Kaempferol is a flavonoid aglycone found mainly in
beans, bee pollen, broccoli, cabbage, capers,
cauliflower, chia seeds, chives, cumin, moringa
leaves, endive, fennel, garlic and in fruits, like apples,
grapes, abundant in black currants (Imran et al.,
2019).

Phytochemicals and colorectal cancer: About polyphenols

Proapoptotic effects

Studies have demonstrated in in-vitro CRC cell
models that kaempferol exerts chemo-preventive
effects by suppressing cell growth, inducing
apoptosis, and halting the cycle by diminishing the
expression of the PI3K/Akt and Erk1/2 pathways of
Bcl-xL protein levels (Lee et al., 2014b), inhibiting
IGF-IR and ErbB3 signaling (Lee et al.,2014a; Afrin
et al., 2020), increase of the membrane-bound first
apoptosis signal ligand (FASL), of concentrations of
the c-cytosolic and mitochondrial cytochrome,
membrane permeability, and Bik and Bad levels (Lee
et al., 2014b). Kaempferol also blocked ROS
production and modulated expression of MAPK,
JAK/STATS, PI3K/AKT, histone H2AX, phospho-
p38, p21, p53, cytochrome C release, ERK-1/2 and
NF-B. It also suppressed retinoblastoma protein
phosphorylation and improved PARP cleavage (Cho
& Park, 2013; Imran et al., 2019; Afrin et al., 2020).

Effects on the cellular cycle

Kaempferol significantly reduced insulin-like growth
factor (IGF)-Il, the expression of cyclin kinases
CDK2, CDK4, phosphatases Cdc25C, Cdc2, cyclins
B1, D1, E, A and connexin 43, caspase 3, 7, 8 and 9
activation, as well as PARP activity.

Gallic acid

Gallic acid (3,4,5-trihydroxybenzoic) is a polyphenol
found in clove buds, green tea, red fruits, like
strawberries, raspberries, blueberries, black tea, red
wines and nuts. Gallic acid is found in its free form
and as part of tannins (hydrolysable tannins). Gallic
acid salts and esters are called gallates (Afrin et al.,
2020).

Proapoptotic effects

Gallic acid inhibits cell proliferation and the survival
rate because it produces inhibition of AP-1, NFKkB,
and STAT1 transcription factors, besides suppressing
Whnt/B-catenin signaling in HCT-116 cells (Lee et al.,
2016). In Caco cells, it induces apoptosis by
activating caspase 2 and 3 expression, increasing
ROS  generation, and  diminishing MMP
(Subramanian et al., 2016). In addition, in HCT-116
cancer cells, Gallic acid induced differentiation of
stem cell cancer cells (CSC) and self-renewal
capacity through regulation to low expression of
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CSC, CD133, CD44, DLK1 and Notchl markers
(Lee et al., 2016; Afrin et al., 2020).

Effect on the cellular cycle

In Caco cells, it halts the cellular cycle in the GO/G1
phase by diminishing cyclin D1 levels, (Subramanian
et al., 2016).

Caffeic acid

Caffeic acid (3-(3,4-dihydroxyphenyl)-acrylic acid) is
an organic compound classified within catechols and
phenylpropanoids. This yellow solid contains
phenolic and acrylic functional groups. It is found in
all plants, given that it is a key intermediary in lignin
biosynthesis, one of the principal forms of biomass.
Coffee is the main dietary source of caffeic acid
(CA), besides apples, red wine, green tea, apricots,
and prunes with moderate levels of CA (Afrin et al.,
2020).

Proapoptotic effects

In HCT-116, SW-480, and HT-29 cell lines, caffeic
acid phenethyl esters (CAPE) and caffeic acid phenyl
propyl esters (CAPPE) suppress cell proliferation by
downregulating expression of the p-Akt, mTOR,
Erk1/2 and NF-KB, AMPK and p38MAPK signaling
cascade and Bcl-2 expression and increasing p53,
Bax, caspase-3 and expression of cytochrome ¢ (Tang
etal., 2017).

Effect on the cellular cycle

In HCT-116, HT-29, and SW-480 colon cancer cells,
CA, CAPE, and CAPPE detained the cellular cycle in
the GO/G1 phase, suppressing the expression of
CDK2, CDK4, cyclin D1, cyclin E, proteins c- MYC,
PCNA and increasing the expression of p21cipl/wafl
and proteins p27kipl (Chiang et al., 2014; Tang et
al., 2017).

Moreover, in the same cell models, decyl
caffeic acid (DC), a new derivate of CA, inhibits cell
growth by detaining the cellular cycle in the S phase,
also inhibiting expression of cellular cycle regulators,
which include proteins cyclin E and cyclin A.

Resveratrol

Resveratrol (3, 5, 4'-trihydroxy-trans-stilbene) is a
phytoalexin from the family of natural flavonoids
produced in plants as a response to an injury caused
by bacterial or fungal aggression. The dietary sources
of resveratrol include skins of grapes, blueberries,

Phytochemicals and colorectal cancer: About polyphenols

raspberries, and blackberries (Afrin et al., 2020).
Resveratrol has a wide range of beneficial
effects on human health, including CRC prevention.
Several studies have shown the anticancer effects of
resveratrol in CRC cell and animal models.

Proapoptotic effect

In cells, it has been found to modulate significantly
oncogenic effects by inhibiting proliferation through
suppressing the proliferation marker (Ki-67) and
various signaling pathways that include NF-KB
(Buhrmann et al., 2016), Ras, Raf, MEK, Erkl/2
(Chen et al., 2016), as well as increase of PCNA
(Yuan et al, 2016), SIRT1 expression, and
modulation of adhesion molecules (Buhrmann et al.,
2016). Resveratrol also increased expression of the
bone morphogenetic protein 9, activating p38 MAPK
to induce antiproliferative effects in LoVo colon
cancer cells (Yuan et al., 2016).

Anti-inflammatory effects

Resveratrol induces anti-inflammatory effects by
suppressing PGE2 and COX-2 expression, reducing
the levels of PGE2, EP1, EP3, and EP4 receptors in
in-vitro and in-vivo colon cancer models (Feng et al.,
2016). In SW-620 and LoVo cells, it has been
demonstrated that resveratrol-induced apoptosis is
produced by the activation of the mitochondrial
pathway by upregulating the expression of the pro-
apoptotic proteins Bok, Bakl, Bik, Bad, Noxa, Bax,
Apafl and p53 and downregulating expression of
anti-apoptotic proteins Bcl-xL, Bcl-2 and Bagl (Chen
et al., 2016; Yuan et al., 2016; Feng et al., 2016);
furthermore, in SW-620, Caco-2, and HCT-116 cells,
it increases the cleaved form of PARP, caspase 3, 7
and 9 (Chen et al., 2016).

Effect on the cellular cycle

A resveratrol metabolite, pterostilbene, significantly
altered the main signaling pathways related to cell
propagation, cellular cycle and apoptosis by
increasing p53, Bax, c-caspase-3 and c-PARP, and
p2lcipl/wafl expression, besides diminishing
expression levels of cyclin E and p-Rb in HT-29 and
HCT-116 colon cancer cells (Sun et al., 2016).

Curcumin

Curcumin is a polyphenol obtained from the rhizome
of the Curcuma longa plant. It is a diarylheptanoid
belonging to the curcuminoid group, phenols of
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natural origin responsible for the intense yellow
coloring characteristic of this product. Curcumin can
modulate several growth factors and signaling
pathways responsible for the onset, proliferation, and
progression of CRC.

Apoptotic effects

In colon cancer cell cultures, curcumin or its
analogues inhibit cell proliferation or survival rate by
modulating  several signaling pathways, like
PI3k/Akt/mTOR, Wnt/B-catenin, GSK-3p kinase
(Wang et al., 2016a; Montgomery et al., 2016; Sato
et al., 2017; Sufi et al., 2017), as well as increased
expression of signaling with p-Erk1/2 and p-AMPK
(Sato et al., 2017). Also, treatment with this
flavonoid induces activation of autophagy by
inducing mitochondrial and lysosomal dysfunction,
through the upregulation of TFEB, Lampl, Atp6vla,
Uvrag, Atg9b, and LC3y, expression of Lampl
protein and heat shock proteins 70 (HSP70) (Wang et
al., 2016b) and stimulates apoptosis by activating
caspases, c-PARP, Bax/Bcl-2 ratio, ROS and JNK-
mediated activation, as well reduction of MMP and
transcription factors Spl, Survivin and expression of
NF-xB, highlighting improved therapeutic effects
(Montgomery et al., 2016; Sufi et al., 2017).

In LoVo and SW-480 cells, the anti-invasive
efficacy of curcumin was also associated with AMPK
activation and the consequential inhibition of p65-
NF-xB, uPA, and MMP-9 (Tong et al., 2016) and
diminished B-catenin, vimentine, and CXCR4 (Zhang
et al., 2016a).

Similar results were obtained with six
curcumin analogues, which suppressed EGFR
expression and tyrosine phosphorylation, increased
p53, cytochrome c, caspase 3, 7, 9, c-PARP activated,
Bax/Bcl-2 and ROS, and diminished MMP
(Montgomery et al., 2016; Sufi et al., 2017).

Effect on the cellular cycle
Using the SW480, SW620, CT-26, HCT-116, and
HT-29 cell lines, curcumin and its analogues halted
the cellular cycle phases in GO0/G1 and G2/M,
through signaling directed to protein control, like
p2lwaf-1/cip-1, cyclin D1, cyclin Bl, and cdc2
(Montgomery et al., 2016; Sufi et al., 2017). Table
No. 1 summarizes the in-vitro actions of these
flavonoids and polyphenolic acids described herein.
In-vitro studies with the polyphenols
described indicate overall that they act on cell models

Phytochemicals and colorectal cancer: About polyphenols

in small doses (10 and 200 Mm) and between 24 and
48 h; their action mechanisms involve signaling
pathways  that modulate  genes,  proteins,
antiproliferative metabolic pathway markers or which
induce cell death, like the AMPK pathway and their
kinase/phosphatase families, caspases 3, 7, 8 and 9,
and p53, among the best known and implied in CRC.
Also, these polyphenols achieve inhibition of cell
proliferation factors, like Bcl-2, p-Akt, and NF-kB,
modulation of kinase pathways (PI3K, AKT, and P-
AKT), lysosomal and mitochondrial dysfunction, or
detention of the cellular cycle in some of its phases to
impede proliferation and promote cell death. Figures
1 and 2 summarize these effects and mechanisms in
apoptosis, cellular cycle, DNA repair, inflammation,
cell proliferation and maintenance for the flavonoids
genistein anthocyanins, Kaempferol, EGCG and
some of their dietary sources promising in-vitro
results gave way to preclinical studies (Table No. 2)
in animal models of colorectal cancer; these models
are induced by several chemical methods, like
azoxymethane (AOM) and dimethylhydrazine
(DMH), or with injection of tumors or cancer cell
lines (Xenografts). Evidence from in-vitro studies
also permitted clinical studies (Table No. 3).

In-vivo studies on animal models and humans
Quercetin

Multiple studies exist on mice and rats with DMH-
induced CRC that show the effectiveness of quercetin
to reduce various symptoms and signs of this type of
cancer, thus, a study treating mice with CRC with 50
mg/kg of quercetin, once per week, for five weeks,
demonstrated reduction in oxidative stress markers in
colon tissue and a decrease in plasma levels of
carcinoembryonic antigen (Saleem et al 2015), while
in a colon cancer xenograft model in mice induced by
cancer cell implantation, treatment with quercetin
reduced the tumor volume and increased the survival
rate (Hashemzaei et al., 2017).

According to studies on humans, treatment
with quercetin produced a reduction on the
abundance of proteobacteria, which are commonly
present during intestinal inflammation in patients
with colitis (Mukhopadhya et al., 2012). Similar
results were obtained in randomized dietary
intervention study in patients with CRC, which
examined the effectiveness of efficacy of a diet low
in fat, high in fiber, rich in fruits and high in
vegetables that included high intake of flavonols,

Boletin Latinoamericano y del Caribe de Plantas Medicinales y Aromaticas / 692



Guerrero Ospina et al.

including quercetin, on the adenoma recurrence; the
results showed significant decrease in the risk of
advanced adenoma recurrence, without association
between quercetin alone and adenoma recurrence
(Bobe et al., 2008).

In spite of this last result, the dietary source
of quercetin alone is important, given that a study of
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cases and controls in 2664 patients revealed that
increased intake of quercetin was associated with a
small reduction in the risk of proximal colon cancer,
but not distal colon, and this effect was noted only
with a high intake of fruits, but low in tea (Djuric et
al., 2012).

Apoptosis
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Figure No. 1
Summary of the mechanisms of action in colorectal cancer cell lines of polyphenols of the flavonoids type.
Source authors
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Inflammation
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Figure No. 2
Summary of the mechanisms of action in colorectal cancer cell lines of polyphenols of the phenolic acid type.
Source authors

Anthocyanin

In relation with studies in animals, for this flavonoid
in an AOM-induced mouse CRC model,
anthocyanins inhibit the formation and growth of this
cancer by reducing inflammation (Lippert et al.,
2017). A study on a similar model in mice with
AOM-induced CRC and water containing dextran
sodium sulfate (DSS) (AOM/DSS model), treatment
with extract rich in anthocyanins at 10% reduced the
number of tumors (Piberger et al., 2011).

A study, also in animal models, found that at
molecular level these induce apoptosis (increasing
Bax and cytochrome c), altering the signaling Wnt,
suppressing B-catenin and its subsequent proteins
expressing c-MYC and cyclin D1 (Charepalli et al.,
2015).

Another study using ApcMin mice as genetic
model of adenomatous polyposis in humans, mice
were fed with a mix of black raspberry anthocyanins
(>90% purity), containing mainly cyanidin-3-
glucoside isolate (C3G) and mirtoselect (0.03%,
0.1%, or 0.3%) in the diet during 12 weeks, showed
that intake of these compounds reduced adenoma

burden in function of dose. With the highest doses of
the two compounds, the number of adenomas
diminished by 45% (p<0.001) or 30% (p<0.05),
respectively, compared with controls (Cooke et al.,
2006).

Research on the intake of anthocyanins in
patients with CRC have also been promising, for
example, in colon biopsies of patients with
inflammatory bowel disease, intake of blueberry
extracts rich in anthocyanins ameliorated colitis and
was associated with reduced NFkB activation and
production  of  pro-inflammatory = mediators
(Biedermann et al., 2013). Another study in 25
patients with CRC who received myrtocyanin (extract
rich in blueberry anthocyanins) in concentrations of
1.4,2.8, or 5.6 grams (0.5-2.0 grams of anthocyanins)
daily for seven days before tumor resection surgery,
showed reduced cell proliferation in the biopsies of
the tumors extracted (Thomasset et al., 2009).

Similar results were obtained in a study of
biopsies of tumors and normal adjacent tissue of
patients with CRC who consumed black raspberry
powder before tumor resection; the results show
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changes in the Methylation status of several
promoters of tumor suppressor genes, increased
apoptosis and diminished cell proliferation markers
(Wang et al., 2011).

Genistein

Studies of this flavonoid in animal models show its
benefits to combat CRC, thus, an in-vivo study using
AOM as chemical inducer of colon cancer in male
Sprague-Dawley rats showed that rats fed 140 mg
genistein/kg body weight since gestation until 13
weeks of age showed downregulation of Wnt/B-
catenin and reduction in the total number of aberrant
crypts (Zhang et al.,, 2013). Likewise, genistein
inhibits AOM/DSS-induced colon cancer by
regulating the accumulation of lipid droplets and the
SIRT1/FOX03a pathway in female mice fed with a
diet rich in fats containing 250 ppm of genistein for
52 weeks (Qi et al., 2019).

Xiao et al. (2015), in an orthotopic
implantation model of human CRC cells in mice,
demonstrated that oral genistein did not inhibit tumor
growth, but did inhibit metastasis formation; at
cellular level, genistein inhibited the vascular
endothelial growth factor receptor (FLT4) and
metalloproteinase 2; FLT4 is a marker of metastatic
disease and response to small molecule therapies that
inhibit CRC metastasis.

Regarding studies in humans, a clinical trial
with 13 patients with metastatic CRC histologically
confirmed and who had not received treatment
evaluated the safety and tolerability of genistein (60
mg/day), four days before and during treatment (1-3
days) with chemotherapy (folfox or folfox -
bevacizumab (combination of 5FU and oxaliplatin
with or without anti-angiogenic agent bevacizumab);
the most-common adverse events related with
genistein included headache, nausea, and hot flushes.
No increase was observed of adverse events related
with chemotherapy when genistein was added. Best
overall response (BOR) rate and the median
progression-free survival (PFS) were 61.5% and 11.5
months, respectively. In this study it was noted that
adding genistein to folfox or folfox-bevacizumab was
safe and tolerable. (Pintova et al., 2019). The results
described herein confirm the role of this isoflavone in
prevention and as adjuvant in the treatment of
neoplasms in the colon.
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Kaempferol

A study evaluating the effect of kaempferol on the
tissue lipid peroxidation and antioxidant status in
male Wistar rats with DMH-induced CRC compared
the effectiveness of this flavonoid with that of
irinotecan (200 mg/kg), a specific inhibitor of DNA
topoisomerase |, found that in groups receiving a
daily oral dose of 50, 100, or 200 mg/kg of body
weight of kaempferol for 16 weeks, DMH-induced
erythrocyte lysate was reduced and the level of
hepatic thiobarbituric acid reactive substances
increased enzyme antioxidant catalase, superoxide
dismutase and glutathione peroxidase. Recovery of
the enzymatic state was maximum at the dosage of
200 mg/kg of body weight and was comparable with
irinotecan, showing that kaempferol could be used
safely as chemo-preventive agent in CRC (Nirmala &
Ramanathanb, 2011).

Another study evaluated the effect of
kaempferol to alleviate inflammatory responses of
DSS-induced ulcerative colitis (UC) in mice. The
C57BL/6J female mice were divided into groups: a
negative control group, a control group with DSS,
and groups of DSS + kaempferol at 0.1% or at 0.3%
before or after feeding. The results showed
significant decrease in plasma nitric oxide (NO)
levels and PGE2 in groups treated with kaempferol at
0.3% before and after feeding. The plasma level of
Leukotriene B4 (LTB4), involved in inflammation,
was profoundly reduced in all animals fed with
kaempferol. The myeloperoxidase (MPO) activity of
the colonic mucosa was also suppressed in groups
treated with 0.3% kaempferol before or after feeding.
The RNAm of TFF3, a marker of the goblet-cell
function, was upregulated in animals pre-fed with
kaempferol, indicating that kaempferol is an effective
anti-inflammatory agent that protects the colonic
mucosa from the DSS-induced UC. Dietary
kaempferol administered prior to the induction of the
colitis was more effective in suppressing some of the
markers associated with colitis (Park et al., 2012).

Gallic acid

With respect to this polyphenol, a study investigated
the effectiveness of supplementing with Gallic acid
(GA) on tissue lipid peroxidation and the antioxidant
defense  system in DMH-induced colon
carcinogenesis in male Wistar rats. The rats were
classified into groups, which included controls
(normal diet, group treated with DMH + normal diet),
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one group that received GA (50 mg/kg of body
weight) orally together with the normal diet, and
three additional groups that received GA together
with DMH during the onset, post-onset stages and
throughout the study period, respectively; the results
showed in the groups with GA supplement a decrease
of lipid peroxidation products, decreased levels of
enzymes superoxide dismutase, catalase, reduced
glutathione, glutathione reductase, and glutathione
peroxidase (Giftson et al., 2010).

Another study evaluated, in rats with DMH-
induced CRC, the potential role of GA (50 mg/kg of
body weight/30 weeks) in drug metabolizing
enzymes. This research measured the activities of
phase | enzymes (cytochrome P450 and cytochrome
b5) and phase Il enzymes (glutathione S-transferase,
DT-diaphorase and gamma glutamyl transpeptidase)
in liver and colon. The results show, in the controls, a
decrease in the activities of phase Il enzymes and an
increase in the activities of phase | enzymes. With
GA supplementation, the reverse was proven, that is,
significant increase in the activities of phase Il
enzymes and significant decrease in the activities of
phase | enzymes, in addition to the decrease in tumor
incidence, with histopathological changes (Giftson et
al., 2011).

Data from these studies suggest that GA
could exert a significant chemo-preventive effect on
colon carcinogenesis in animal models.

EGCG

Studies in animals indicate that EGCG can reduce
colon tumorigenesis; for example, in rats with AOM-
induced CRC, the EGCG reduced the number of
tumors these animals developed, with this effect
associated with the reduction of the Wnt signaling
pathway and COX2 expression (Ogawa et al., 2012),
and argue that EGCG contributed directly to tumor
suppression by producing changes in the severity of
the inflammation.

In  ApcMin/+ mice (model of multiple
intestinal neoplasms), treatment with EGCG present
in green tea restored the levels of RXRa protein
(transcription factor and intracellular receptor for
thyroid hormones and steroids), and expression of
this gene due to reduced methylation of the RXRa
promoter (Morris et al., 2016). Another CRC animal
model, in this case induced by a xenograft of
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spheroid-derived cancer stem cells, demonstrated that
treatment with EGCG produced inhibition of tumor
growth; furthermore, and according to the authors,
these data provide new and unrecognized evidence
for EGCG-induced sensitization to 5FU through the
selection of cancer stem cells in CRC (Toden et al.,
2016).

Regarding studies in humans, evidence shows
that consumption of EGCG present in green tea
provoked changes in intestinal microbiome, which
included increase of bacteria (Lachnospiraceae,
Bifidobacteriaceae, and Ruminococcaceae) producers
of short-chain fatty acids, decrease in potentially pro-
inflammatory bacteria, such as the genus Prevotella
that are increased in patients with CRC (Elinav et al.,
2011; Yuan et al., 2018); however, they could not
show direct association of these changes and EGCG
intake.

Caffeic acid (CA)

The evaluation of the action of caffeic acid and its
CAPE and CAPPE derivates in a mouse xenograft
model showed that consumption of these two
polyphenols inhibited significantly colorectal tumor
growth; the mechanisms included modulation of the
PI3-k/Akt, AMPK, and m-TOR signaling cascades
(Chiang et al., 2014).

Another study revealed that decyl caffeic acid
(DC) differentially suppressed cell growth, and the
therapeutic advantage appeared to depend on
autophagy. In addition, consumption of DC blocked
colorectal adenocarcinoma tumor growth in an
experimental animal model (Chen et al., 2020). These
results suggest that DC could act as a therapeutic
agent through the significant suppression of tumor
growth of human CRC cells.

In general, preclinical studies, using in-vivo
models, have implied the polyphenols present in the
diet on a broad range of activities against cancer,
among them: antiproliferative activities, cell cycle
blockage, DNA alteration and repair, induction of
apoptosis, anti-inflammatory activation of tumor
suppressing genes, oncogene suppression, regulation
of hormone levels and growth factors, and inhibition
of invasion, angiogenesis, and metastasis. The
mechanisms of these phytochemicals and their effects
against colon cancer are illustrated in Table No. 2.
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Table No. 2
Evidence of preclinical studies on the use of phytochemicals for CRC prevention and treatment and their
associated molecular effects

Colorectal
Phytochemical Dose Cancer Model Results Reference
Quercetin 50 mg / kg/IP Mice/DMH Decreased Oxidative stress Saleem et al., 2015
1 time a week/5weeks markers, and
carcinoembryonic antigen
plasma levels

Decreased expression Hsp70.
10mg/kg/iv/3 days/5 Mice/xenograft Increased apoptosis induced

times) CT26 cells by hyperthermia and thermo He etal., 2013
chemotherapy
Decreased multiplicity of
ACF, hyperplastic lesions,
. . cell proliferation, CAT, SOD
SS;EEQEzTn-)mpIeX “Dﬂaaygggar rats and glutathione levels. Roy et al., 2018
50-200 mg/kg/oral Increased apoptosis, p53 and
gavage/18 weeks Bax gene, decreased
expression of BCI2
anthocyanin-rich 1-10 %; 9 weeks. Female Balb/c Prevented the formation and
bilberry extract. mice/ AOM-DSS  growth of colorectal cancer ~ Lippert et al., 2017
Genistein Suppresses cancer progression
Wistar rats/ DMH | PCNA, 1 Nrf2, HO-1, | f-
5-45 mg/kg, Catenin Sekar et al., 2016
140 mg/kg; 3 week Male Sprague- Decrease aberrant crypts and
Genistein gestation and 4-week Dawley rats aberrant crypt foci. Zhang et al, 2013
lactation periods
male F344 decreased ACF; Suppress the
EGCG/ingreentea) 0.1% EGCG/drinking  rats/AOM occurrence of colonic Ogawa et al., 2012
water; 4 weeks, preneoplastic lesions
Lowered erythrocyte lysate
and liver thiobarbituric acid
reactive substances level and
Kaempferol rejuvenated antioxidant
50, 100, 200 mg/kg male Wistar Rats/ enzymes: catalase, super Nirmala &
BW/ 4 weeks DMH oxide dismutase and Ramanathan, 2011

glutathione peroxidase.
increase GST, DT-diaphorase
and yGTP. Decrease
Gallic acid cytochrome P450 and
50 mg/kg bw/30 weeks  Wistar Rats/DMH  cytochrome b5 activities and Giftson et al., 2010
tumor incidence

Resveratrol Resveratrol along White outbred
Resveratrol + DMH; 30 male rats Inhibition lipid peroxidation.  Rytsyk et al., 2020
weeks
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increased survival, bacterial
richness; decreased colon

Curcumin 1110—/— micel0O/A weight/length ratio, and at
oM 0.5%, entirely eliminated McFadden 2015
20 weeks tumor burden.

IP: intraperitoneal injection; DMH: 1, 2-dimethylhydrazine; AOM: azoxymethane; DSS: dextran sulfate
sodium; CRC: colorectal cancer; ACF: aberrant crypt foci. CAT: catalase; SOD: superoxide dismutase; bw:
body weight. GST: glutathione S-transferase; DT-diaforase: NAD(P)H:quinone oxidoreductase; YGTP:
gamma glutamil transpeptidase. For other acronyms in the table see list of abbreviations

Clinical studies, have implied the polyphenols many of these studies are inconclusive or no direct
present in the diet on some activities against cancer, relationship was found. These phytochemicals and
among them: 40% reduction in ACF number, tumor their effects against colon cancer in human are
tissue proliferation decreased, Best overall response illustrated in Table No. 3.

rate, and median progression-free survival. However,

Table No. 3
Evidence of clinical studies on the use of phytochemicals for CRC prevention and their associated molecular
effects
Concomitant Dose, duration,
Phytochemical therapy groups Study Type Effects Reference
1163 cases, 1501 Decreases risk of CRC Diuric et al
Quercetin NSAID controls 45-80 years Cases - control  when fruit intake is 2(1)12 N
old high.
Flavonoids and 118.842 (42.478 . i . .
derivatives, Aspiriny NSAID men, 76.364 women) Prospective No association with Nimptsch et al.,
. , cohort CRC 2016
anthocyanins follow-up: 26 years
477,312 adult No association
Dietary Not described participants (10 Prospective between the total Zamora-Ros et
flavonoids European countries); cohort intake or flavonoids in al., 2017
Follow-up 11 years CRC
. 13 patients with A decrea§e in .
Not Concomitant . L . endoscopic Mayo Biedermann et
ulcerative colitis; 9 Pilot . .
therapy weeks score and histologic al., 2013
. Riley index.
Anthocyanins .
25 patients Tumor tissue
Not Concomitant 0.5-2.0 grams . . i Thomasset et. al.,
. Pilot proliferation was
therapy anthocyanins) 2009
. decreased by 7%
daily/7 days
13 patients
Oral, 60 mg/day/7
days/2 weeks Best overall response
FOLFOX or S ; .
Genistein FOLFOX- be_glnnlng 4 days Cases rate _(BOR), and _ Pintova et al.,
Bevacizumab prior to median progression- 2019
chemotherapy and free survival (PFS).
continuing through
days 1-3 of
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infusional
chemotherapy
. 20 patients 2 g/day
Curcumin tl\rl]g:aConcomltant 20 patients 4 g/day
Py 30 days

Patients

40% reduction in ACF Carroll et al.,
number with the 4 g 2011
dose

NSAID= nonsteroidal anti-inflammatory drugs; CRC: colorectal cancer; ACF: aberrant crypt foci

DISCUSSION

The literature reviewed evidences the positive effect
of polyphenols on CRC prevention, tumor regression,
metastasis, and treatment. Studies in CRC cell
models revealed that the anticancer effects of these
polyphenols are exerted on the signaling pathways
implied in proliferation and in cell death; their
antiproliferative action seems to concentrate on
diminishing the activities or expression of
antiapoptotic proteins, like p-Akt, Wnt/B-catenin,
Bcl-2, Bcl-xl, NF-kB, RXR-o, Survivin, Erk1/2 and
metalloproteinases among other biomarkers, (Zhang
et al., 2016a, Chen et al., 2016, Yuan et al., 2016).

The pro-apoptotic effects of polyphenols
focus on the increase and activation of caspases 3, 7,
8, and 9, detention of the cellular cycle in different
phases, specially Go/Gl, and on lysosomal and
mitochondrial damage; the last implies release of
cytochrome c, which activates cell death through the
cascade of caspases.

The increase of oxidative stress to promote
cell death and activation of factors, such as p53, the
pathway of the MAPK family of kinases, and the
ROS among other factors are other proapoptotic
effects of polyphenols.

At the level of studies in animal models, the
review shows that polyphenols diminish the number
of foci and aberrant crypts, of hyperplastic lesions,
prevent tumor formation and growth, improves the
survival of animals treated with  these
phytochemicals, and upregulates a series of
biomarkers, like catalase antioxidant enzymes,
superoxide dismutase, and glutathione oxidase.

Regarding studies in humans, the results are
les conclusive, Although the intake of flavonoids and
non-flavonoid polyphenols decreases the risk of
CRC, the proliferation of cancer cells extracted from
biopsies, the number of crypts and foci of aberrant
crypts and promotes changes in the intestinal
microbiome associated with CRC risk, it has not been

possible to demonstrate in humans a direct effect of
each of the polyphenols in the regression or reduction
of tumors in CRC.

Recent studies have indicated that these
compounds could have significant synergistic effects
with each other and with other anticancer agents on
preventing carcinogenesis, tumor progression, and
apoptosis. Additionally, it has been demonstrated that
the application of specific phytochemicals attenuates
resistance to agents currently used in CRC
chemotherapy. However, despite inconclusive in-vivo
studies in humans, it is considered that constant and
adequate intake of polyphenols present in the diet can
prevent CRC, are safe and can be used as adjuvants
in treatment, so the need remains to delve further into
research in humans, especially on the digestibility,
bioavailability, synergy and absorption of
polyphenols and on the possible metabolites derived
from the digestion of these compounds; it is also
important to delve into dosage and frequencies of the
intake.

CONCLUSION

Flavonoid-type phytochemicals and polyphenolic
acids are safe for human health, acting as therapeutic
supplements to reduce CRC risk, helping in the
treatment and arrest of its progression and to revert
some pathological states and as sensitizers to
anticancer treatment.

These effects take place due to their
inhibitory action of anti-apoptotic pathways and
activation of pro-apoptotic pathways. It was also
shown that they are capable of reducing
inflammatory states and the intestinal microbiome
associated with CRC generation.

FUNDING

This work was funded by COLCIENCIAS (Ministry
of Science and Technology of Colombia) through the
Scientific Ecosystem convocation 778 of 2017 (grant

Boletin Latinoamericano y del Caribe de Plantas Medicinales y Aromaticas / 699



Guerrero Ospina et al. Phytochemicals and colorectal cancer: About polyphenols

number, FP44842-211-2018), project number 58580. Ministry of Science and Technology-Colombia,
Nanobiocancer Program.

ACKNOWLEDGMENTS

Universidad del Quindio, Universidad de Antioquia,

REFERENCES

Afrin S, Giampieri F, Gasparrini M, Forbes-Hernandez TY, Cianciosi D, Reboredo-Rodriguez P, Zhang J, Manna
PP, Daglia M, Atanasov AG, Battino M. 2020. Dietary phytochemicals in colorectal cancer prevention and
treatment: A focus on the molecular mechanisms involved. Biotechnol Adv 38: 107322.
https://doi.org/10.1016/j.biotechadv.2018.11.011

Biedermann L, Mwinyi J, Scharl M, Frei P, Zeitz J, Kullak-Ublick GA, Vavricka SR, Fried M, Weber A, Humpf
HU, Peschke S, Jetter A, Krammer G, Zogler G. 2013. Bilberry ingestion improves disease activity in mild
to moderate ulcerative colitis: An open pilot study. J Crohn's Colitis 7: 271 - 279.
https://doi.org/10.1016/j.crohns.2012.07.010

Bobe G, Sansbury LB, Albert PS, Cross AJ, Kahle L, Ashby J, Slattery ML, Caan B, Paskett E, Iber F, Kikendall
JW, Lance P, Daston C, Marshall JR, Schatzkin A, Lanza E. 2008. Dietary flavonoids and colorectal
adenoma recurrence in the Polyp Prevention Trial. Cancer Epidemiol Biomarkers Prev 17: 1344 - 1353.
https://doi.org/10.1158/1055-9965.EP1-07-0747

Buhrmann C, Shayan P, Popper B, Goel A, Shakibaei M. 2016. Sirtl is required for resveratrol-mediated
chemopreventive effects in colorectal cancer cells. Nutrients 8: 145. https://doi.org/10.3390/nu8030145

Carroll RE, Benya RV, Turgeon DK, Vareed S, Neuman M, Rodriguez L, Kakarala M, Carpenter PM, McLaren C,
Meyskens FL, Brenner DE. 2011. Phase Ila clinical trial of curcumin for the prevention of colorectal
neoplasia. Cancer Prev Res 4: 354 - 364. https://doi.org/10.1158/1940-6207.CAPR-10-0098

Charepalli V, Reddivari L, Radhakrishnan S, Vadde R, Agarwal R, Vanamala JK. 2015. Anthocyanin-containing
purple-fleshed potatoes suppress colon tumorigenesis via elimination of colon cancer stem cells. J Nutr
Biochem 26: 1641 - 1649. https://doi.org/10.1016/j.jnutbio.2015.08.005

Chen C, Kuo YH, Lin CC, Chao CY, Pai MH, Chiang EPI, Tang FY. 2020. Decyl caffeic acid inhibits the
proliferation of colorectal cancer cells in an autophagy-dependent manner in vitro and in vivo. Plos One 15:
€0232832. https://doi.org/10.1371/journal.pone.0232832

Chen H, Jin ZL, Xu H. 2016. MEK/ERK signaling pathway in apoptosis of SW620 cell line and inhibition effect of
resveratrol. Asian Pac J Trop Med 9: 49 - 53. https://doi.org/10.1016/j.apjtm.2015.12.010

Chiang EPI, Tsai SY, Kuo YH, Pai MH, Chiu HL, Rodriguez RL, Tang FY. 2014. Caffeic acid derivatives inhibit
the growth of colon cancer: involvement of the PI3-K/Akt and AMPK signaling pathways. Plos One 9:
€99631. https://doi.org/10.1371/journal.pone.0099631

Cho D, Park CL. 2013. Growth following trauma: Overview and current status. Terapia Psicologica 31: 69 - 79.
https://doi.org/10.4067/S0718-48082013000100007

Choudhari AS, Mandave PC, Deshpande M, Ranjekar P, Prakash O. 2020. Phytochemicals in cancer treatment:
From preclinical studies to clinical practice. Front Pharmacol 10: 1614.
https://doi.org/10.3389/fphar.2019.01614

Cooke D, Schwarz M, Boocock D, Winterhalter P, Steward WP, Gescher AJ, Marczylo TH. 2006. Effect of
cyanidin-3-glucoside and an anthocyanin mixture from bilberry on adenoma development in the ApcMin
mouse model of intestinal carcinogenesis: Relationship with tissue anthocyanin levels. Int J Cancer 119:
2213 - 2220. https://doi.org/10.1002/ijc.22090

Djuric Z, Severson RK, Kato I. 2012. Association of dietary quercetin with reduced risk of proximal colon cancer.
Nutr Cancer 64: 351 - 360. https://doi.org/10.1080/01635581.2012.658950

Du Q, Wang Y, Liu C, Wang H, Fan H, Li Y, Wang J, Zhang X, Lu J, Ji H, Hu R. 2016. Chemopreventive activity
of GEN-27, a genistein derivative, in colitis-associated cancer is mediated by p65-CDX2-B-catenin axis.

Boletin Latinoamericano y del Caribe de Plantas Medicinales y Aromaticas / 700


https://doi.org/10.1016/j.biotechadv.2018.11.011
https://doi.org/10.1016/j.crohns.2012.07.010
https://doi.org/10.1158/1055-9965.EPI-07-0747
https://doi.org/10.3390/nu8030145
https://doi.org/10.1158/1940-6207.CAPR-10-0098
https://doi.org/10.1016/j.jnutbio.2015.08.005
https://doi.org/10.1371/journal.pone.0232832
https://doi.org/10.1016/j.apjtm.2015.12.010
https://doi.org/10.1371/journal.pone.0099631
https://doi.org/10.4067/S0718-48082013000100007
https://doi.org/10.3389/fphar.2019.01614
https://doi.org/10.1002/ijc.22090
https://doi.org/10.1080/01635581.2012.658950

Guerrero Ospina et al. Phytochemicals and colorectal cancer: About polyphenols

Oncotarget 7: 17870. https://doi.org/10.18632/oncotarget.7554

Elinav E, Strowig T, Kau AL, Henao-Mejia J, Thaiss CA, Booth CJ, Peaper DR, Bertin J, Eisenbarth SC, Gordon
JI, Flavell RA. 2011. NLRP6 inflammasome regulates colonic microbial ecology and risk for colitis. Cell
145: 745 - 757. https://doi.org/10.1016/j.cell.2011.04.022

Feng M, Zhong LX, Zhan ZY, Huang ZH, Xiong JP. 2016. Resveratrol treatment inhibits proliferation of and
induces apoptosis in human colon cancer cells. Int J Clin Exp 22: 1101.
https://doi.org/10.12659/MSM.897905

Forester SC, Choy YY, Waterhouse AL, Oteiza PIl. 2014. The anthocyanin metabolites gallic acid,
3-O-methylgallic acid, and 2, 4, 6-trihydroxybenzaldehyde decrease human colon cancer cell viability by
regulating pro-oncogenic signals. Mol Carcinog 53: 432 - 439. https://doi.org/10.1002/mc.21974

Giftson JS, Jayanthi S, Nalini N. 2010. Chemopreventive efficacy of gallic acid, an antioxidant and
anticarcinogenic polyphenol, against 1, 2-dimethyl hydrazine induced rat colon carcinogenesis. Invest New
Drugs 28: 251 - 259. https://doi.org/10.1007/s10637-009-9241-9

Giftson JS, Jayanthi S, Viswanathan P, Umadevi P, Nalini N. 2011. Effect of gallic acid on xenobiotic metabolizing
enzymes in 1,2-dimethyl hydrazine induced colon carcinogenesis in Wistar rats — A chemopreventive
approach. Food Chem Toxicol 49: 887 - 892. https://doi.org/10.1016/j.fct.2010.12.012

Globocan 2022, IARC. https://gco.iarc.fr/today/data/factsheets/populations/170-colombia-fact-sheets.pdf

Han M, Song Y, Zhang X. 2016. Quercetin suppresses the migration and invasion in human colon cancer Caco-2
cells through regulating toll-like receptor 4/nuclear factor-kappa B pathway. Pharmacogn Mag 12: S237.
https://doi.org/10.4103/0973-1296.182154

Hashemzaei M, Delarami Far A, Yari A, Heravi RE, Tabrizian K, Taghdisi SM, Sadegh SE, Tsarouhas K, Kouretas
D, Tzanakakis G, Nikitovic D, Anisimov NY, Spandidos DA, Tsatsakis AM, Rezaee R. 2017. Anticancer
and apoptosis-inducing effects of quercetin in vitro and in vivo. Oncol Rep 38: 819 - 828.
https://doi.org/10.3892/0r.2017.5766

He WS, Wang MG, Pan XX, Li JJ, Jia CS, Zhang XM, Feng B. 2013. Role of plant stanol derivatives in the
modulation of cholesterol metabolism and liver gene expression in mice. Food Chem 140: 9 - 16.
https://doi.org/10.1016/j.foodchem.2013.02.062

Hsu CP, Shih YT, Lin BR, Chiu CF, Lin CC. 2012. Inhibitory effect and mechanisms of an anthocyanins-and
anthocyanidins-rich extract from purple-shoot tea on colorectal carcinoma cell proliferation. J Agric Food
Chem 60: 3686 - 3692. https://doi.org/10.1021/jf204619n

Imran M, Rauf A, Abu-lzneid T, Nadeem M, Shariati MA, Khan IA, Imran A, Orhan IE, Rizwan M, Atif M,
Gondal TA, Mubarak MS. 2019. Luteolin, a flavonoid, as an anticancer agent: A review. Biomed
Pharmacother 112: 108612. https://doi.org/10.1016/j.biopha.2019.108612

Kee JY, Han YH, Kim DS, Mun JG, Park J, Jeong MY, Um JY, Hong SH. 2016. Inhibitory effect of quercetin on
colorectal lung metastasis through inducing apoptosis, and suppression of metastatic ability.
Phytomedicine 23: 1680 - 1690. https://doi.org/10.1016/j.phymed.2016.09.011

Khan I, Paul S, Jakhar R, Bhardwaj M, Han J, Kang SC. 2016. Novel quercetin derivative TEF induces ER stress
and mitochondria-mediated apoptosis in human colon cancer HCT-116 cells. Biomed Pharmacother 84:
789 - 799. https://doi.org/10.1016/j.biopha.2016.09.094

Kumazaki M, Noguchi S, Yasui Y, Iwasaki J, Shinohara H, Yamada N, Akao Y. 2013. Anti-cancer effects of
naturally occurring compounds through modulation of signal transduction and miRNA expression in human
colon cancer cells. J Nutr Biochem 24: 1849 - 1858. https://doi.org/10.1016/j.jnutbio.2013.04.006

Lee HS, Cho HJ, Kwon GT, Park JHY. 2014a. Kaempferol downregulates insulinlike growth factor-1 receptor and
ErbB3 signaling in HT-29 human colon cancer cells. J Cancer Prev 19: 161 - 169.
https://doi.org/10.15430/JCP.2014.19.3.161

Lee HS, Cho HJ, Yu R, Lee KW, Chun HS, Park JHY. 2014b. Mechanisms underlying apoptosis-inducing effects

Boletin Latinoamericano y del Caribe de Plantas Medicinales y Aromaticas / 701


https://doi.org/10.18632/oncotarget.7554
https://doi.org/10.1016/j.cell.2011.04.022
https://doi.org/10.12659/MSM.897905
https://doi.org/10.1002/mc.21974
https://doi.org/10.1007/s10637-009-9241-9
https://doi.org/10.1016/j.fct.2010.12.012
https://gco.iarc.fr/today/data/factsheets/populations/170-colombia-fact-sheets.pdf
https://doi.org/10.4103/0973-1296.182154
https://doi.org/10.3892/or.2017.5766
https://doi.org/10.1016/j.foodchem.2013.02.062
https://doi.org/10.1021/jf204619n
https://doi.org/10.1016/j.biopha.2019.108612
https://doi.org/10.1016/j.phymed.2016.09.011
https://doi.org/10.1016/j.biopha.2016.09.094
https://doi.org/10.1016/j.jnutbio.2013.04.006
https://doi.org/10.15430/JCP.2014.19.3.161

Guerrero Ospina et al. Phytochemicals and colorectal cancer: About polyphenols

of Kaempferol in HT-29 human colon cancer cells. Int J Mol Sci 15: 2722 - 2737.

Lee J, Kim YS, Lee J, Heo SC, Lee KL, Choi SW, Kim Y. 2016. Walnut phenolic extract and its bioactive
compounds suppress colon cancer cell growth by regulating colon cancer stemness. Nutrients 8: 439.
https://doi.org/10.3390/nu8070439

Li B, Shi C, Li B, Zhao JM, Wang L. 2018. The effects of curcumin on HCT-116 cells proliferation and apoptosis
via the miR-491/PEG10 pathway. J Cell Biochem 119: 3091 - 3098. https://doi.org/10.1002/jcb.26449

Lippert E, Ruemmele P, Obermeier F, Goelder S, Kunst C, Rogler G, Dunger N, Messmann H, Hartmann A,
Endlicher E. 2017. Anthocyanins prevent colorectal cancer development in a mouse model. Digestion 95:
275 - 280. https://doi.org/10.1159/000475524

Lopez de las Hazas MC, Mosele JI, Macia A, Ludwig IA, Motilva MJ. 2016. Exploring the colonic metabolism of
grape and strawberry anthocyanins and their in vitro apoptotic effects in HT-29 colon cancer cells. J Agric
Food Chem 65: 6477 - 6487. https://doi.org/10.1021/acs.jafc.6b04096

Mazewski C, Liang K, de Mejia EG. 2018. Comparison of the effect of chemical composition of anthocyanin-rich
plant extracts on colon cancer cell proliferation and their potential mechanism of action using in vitro, in
silico, and biochemical assays. Food Chem 242: 378 - 388.
https://doi.org/10.1016/j.foodchem.2017.09.086

McFadden RMT, Larmonier CB, Shehab KW, Midura-Kiela M, Ramalingam R, Harrison CA, Besselsen DG,
Chase JH, Caporaso JG, Jobin C, Ghishan FK, Kiela PR. 2015. The role of curcumin in modulating colonic
microbiota during colitis and colon cancer prevention. Inflamm Bowel Dis 21: 2483 - 2494.
https://doi.org/10.1097/M1B.0000000000000522

Minke C, Duban L, Karas D, Jarvinen P, Lobstein A, Muller CD. 2015. Impact of procyanidins from different
berries on caspase 8 activation in colon cancer. Oxid Med Cell Longev 154164,
https://doi.org/10.1155/2015/154164

Montgomery A, Adeyeni T, San K, Heuertz RM, Ezekiel UR. 2016. Curcumin sensitizes silymarin to exert
synergistic anticancer activity in colon cancer cells. J Cancer 7: 1250. https://doi.org/10.7150/jca.15690

Morris J, Moseley VR, Cabang AB, Coleman K, Wei W, Garrett-Mayer E, Wargovich MJ. 2016. Reduction in
promotor methylation utilizing EGCG (epigallocatechin-3-gallate) restores RXRa expression in human
colon cancer cells. Oncotarget 7: 35313. https://doi.org/10.18632/oncotarget.9204

Mukhopadhya I, Hansen R, EI-Omar EM, Hold GL. 2012. IBD-what role do Proteobacteria play? Nat Rev
Gastroenterol Hepatol 9: 219 - 230. https://doi.org/10.1038/nrgastro.2012.14

Nimptsch K, Zhang X, Cassidy A, Song M, O'Reilly EJ, Lin JH, Wu K. 2016. Habitual intake of flavonoid
subclasses and risk of colorrectal cancer in 2 large prospective cohorts. Am J Clin Nutri 103; 184 - 191.
https://doi.org/10.3945/ajcn.115.117507

Nirmala P, Ramanathan M. 2011. Effect of kaempferol on lipid peroxidation and antioxidant status in 1, 2-dimethyl
hydrazine induced colorectal carcinoma in rats. Eur J Pharmacol 654: 75 - 79.
https://doi.org/10.1016/j.ejphar.2010.11.034

Ogawa K, Hara T, Shimizu M, Ninomiya S, Nagano J, Sakai H, Hoshi M, Ito H, Tsurumi H, Saito K, Seishima M,
Tanaka T, Moriwaki H. 2012. Suppression of azoxymethane-induced colonic preneoplastic lesions in rats
by 1-methyltryptophan, an inhibitor of indoleamine 2, 3-dioxygenase. Cancer Sci 103: 951 - 958.
https://doi.org/10.1111/j.1349-7006.2012.02237.x

Oh E, Zhu JY, Bai MY, Arenhart RA, Sun Y, Wang ZY. 2014. Cell elongation is regulated through a central circuit
of interacting transcription factors in the Arabidopsis hypocotyl. eLife 3: e03031.
https://doi.org/10.7554/eLife.03031

Park MY, Ji GE, Sung MK. 2012. Dietary kaempferol suppresses inflammation of dextran sulfate sodium-induced
colitis in mice. Dig Dis Sci 57: 355 - 363. https://doi.org/10.1007/s10620-011-1883-8

Piberger H, Oehme A, Hofmann C, Dreiseitel A, Sand PG, Obermeier F, Schoelmerich J, Schreier P, Krammer G,
Rogler G. 2011. Bilberries and their anthocyanins ameliorate experimental colitis. Mol Nutr Food Res 55:

Boletin Latinoamericano y del Caribe de Plantas Medicinales y Aromaticas / 702


https://doi.org/10.3390/nu8070439
https://doi.org/10.1002/jcb.26449
https://doi.org/10.1159/000475524
https://doi.org/10.1021/acs.jafc.6b04096
https://doi.org/10.1016/j.foodchem.2017.09.086
https://doi.org/10.1097/MIB.0000000000000522
https://doi.org/10.1155/2015/154164
https://doi.org/10.7150/jca.15690
https://doi.org/10.18632/oncotarget.9204
https://doi.org/10.1038/nrgastro.2012.14
https://doi.org/10.3945/ajcn.115.117507
https://doi.org/10.1016/j.ejphar.2010.11.034
https://doi.org/10.1111/j.1349-7006.2012.02237.x
https://doi.org/10.7554/eLife.03031|
https://doi.org/10.1007/s10620-011-1883-8

Guerrero Ospina et al. Phytochemicals and colorectal cancer: About polyphenols

1724 - 1729. https://doi.org/10.1002/mnfr.201100380

Pintova S, Dharmupari S, Moshier E, Zubizarreta N, Ang C, Holcombe RF. 2019. Genistein combined with
FOLFOX or FOLFOX-Bevacizumab for the treatment of metastatic colorectal cancer: Phase /Il pilot
study. Cancer Chemother Pharmacol 84: 591 - 598. https://doi.org/10.1007/s00280-019-03886-3

Qi W, Wang Y, Yao J, Sun H, Duan X, Song G, Pang S, Wang C, Li A. 2019. Genistein inhibits AOM/DSS-
induced colon cancer by regulating lipid droplet accumulation and the SIRT1/FOXO3a pathway in high-fat
diet-fed female mice. Food Agric Immunol 30: 1271 - 1285.
https://doi.org/10.1080/09540105.2019.1684452

Raja SB, Rajendiran V, Kasinathan NK, Amrithalakshmi P, Venkatabalasubramanian S, Murali MR, Devaraj H,
Devaraj SN. 2017. Differential cytotoxic activity of quercetin on colonic cancer cells depends on ROS
generation through COX-2 expression. Food Chem Toxicol 106: 92 - 106.
https://doi.org/10.1016/j.fct.2017.05.006

Refolo MG, D'Alessandro R, Malerba N, Laezza C, Bifulco M, Messa C, Caruso MG, Notarnicola M, Tutino V.
2015. Anti proliferative and pro apoptotic effects of flavonoid quercetin are mediated by CB1 receptor in
human colon cancer cell lines. J Cell Physiol 230: 2973 - 2980. https://doi.org/10.1002/jcp.25026

Roy S, Das R, Ghosh B, Chakraborty T. 2018. Deciphering the biochemical and molecular mechanism underlying
the in-vitro and in vivo chemotherapeutic efficacy of Ruthenium Quercetin complex in colon cancer. Mol
Carcinog 57: 700 - 721. https://doi.org/10.1002/mc.22792

Rytsyk O, Soroka Y, Shepet I, Vivchar Z, Andriichuk I, Lykhatskyi P, Fira L, Nebesna Z, Kramar S, Lisnychuk N.
2020. Experimental evaluation of the effectiveness of resveratrol as an antioxidant in colon cancer
prevention. Nat Prod Commun 15: 1 - 10. https://doi.org/10.1177/1934578X20932742

Saleem TH, Attya AM, Ahmed EA, Ragab SMM, Abdallah MA, Omar HM. 2015. Possible protective effects of
quercetin and sodium gluconate against colon cancer induction by dimethylhydrazine in mice. Asian Pac J
Cancer Prev 16: 5823 - 5828. https://doi.org/10.7314/apjcp.2015.16.14.5823

San Hipolito-Luengo A, Alcaide A, Ramos-Gonzalez M, Cercas E, Vallejo S, Romero A, Talero E, Sanchez-Ferrer
CF, Motilva V, Peir6 C. 2017. Dual effects of resveratrol on cell death and proliferation of colon cancer
cells. Nutr Cancer 69: 1019 - 1027. https://doi.org/10.1080/01635581.2017.1359309

Sato T, Higuchi Y, Shibagaki Y, Hattori S. 2017. Phosphoproteomic analysis identifies signaling pathways
regulated by curcumin in human colon cancer cells. Anticancer Res 37: 4789 - 4798.
https://doi.org/10.21873/anticanres.11885

Sekar V, Anandasadagopan SK, Ganapasam S. 2016. Genistein regulates tumor microenvironment and exhibits
anticancer effect in dimethyl hydrazine-induced experimental colon carcinogenesis. Biofactors 42: 623 -
637. https://doi.org/10.1002/biof.1298

Shafiee G, Saidijam M, Tavilani H, Ghasemkhani N, Khodadadi 1. 2016. Genistein induces apoptosis and inhibits
proliferation of HT29 colon cancer cells. Int J Mol Cell Med 5: 178.

Subramanian AP, Jaganathan SK, Mandal M, Supriyanto E, Muhamad II. 2016. Gallic acid induced apoptotic
events in HCT-15 colon cancer cells. World J Gastroenterol 22: 3952.
https://doi.org/10.3748/wjg.v22.i15.3952

Sufi SA, Adigopula LN, Syed SB, Mukherjee V, Coumar MS, Rao HSP, Rajagopalan R. 2017. In-silico and in-
vitro anti-cancer potential of a curcumin analogue (1E, 6E)-1, 7-di (1H-indol-3-yl) hepta-1, 6-diene-3, 5-
dione. Biomed Pharmacother 85: 389 - 398. https://doi.org/10.1016/j.biopha.2016.11.040

Sun'Y, Wu X, Cai X, Song M, Zheng J, Pan C, Qiu P, Zhang L, Zhou S,Tang Z, Xiao H. 2016. Identification of
pinostilbene as a major colonic metabolite of pterostilbene and its inhibitory effects on colon cancer cells.
Mol Nutr Food Res 60: 1924 - 1932. https://doi.org/10.1002/mnfr.201500989

Tang H, Yao X, Yao C, Zhao X, Zuo H, Li Z. 2017. Anti-colon cancer effect of caffeic acid p-nitro-phenethyl ester
in vitro and in vivo and detection of its metabolites. Sci Rep 7: 1 - 11.

Boletin Latinoamericano y del Caribe de Plantas Medicinales y Aromaticas / 703


https://doi.org/10.1002/mnfr.201100380
https://doi.org/10.1007/s00280-019-03886-3
https://doi.org/10.1080/09540105.2019.1684452
https://doi.org/10.1016/j.fct.2017.05.006
https://doi.org/10.1002/jcp.25026
https://doi.org/10.1002/mc.22792
https://doi.org/10.1177/1934578X20932742
https://doi.org/10.7314/apjcp.2015.16.14.5823
https://doi.org/10.1080/01635581.2017.1359309
https://doi.org/10.21873/anticanres.11885
https://doi.org/10.1002/biof.1298
https://doi.org/10.3748/wjg.v22.i15.3952
https://doi.org/10.1016/j.biopha.2016.11.040
https://doi.org/10.1002/mnfr.201500989

Guerrero Ospina et al. Phytochemicals and colorectal cancer: About polyphenols

https://doi.org/10.1038/s41598-017-07953-8

Thomasset S, Berry DP, Cai H, West K, Marczylo TH, Marsden D, Brown K, Dennison A, Garcea G, Miller A,
Hemingway D, Steward WP, Gescher AJ. 2009. Pilot study of oral anthocyanins for colorectal cancer
chemoprevention. Cancer Prev Res 2: 625 - 633. https://doi.org/10.1158/1940-6207.CAPR-08-0201

Toden S, Tran HM, Tovar-Camargo OA, Okugawa Y, Goel A. 2016. Epigallocatechin-3-gallate targets cancer
stem-like cells and enhances 5-fluorouracil chemosensitivity in colorectal cancer. Oncotarget 7: 16158.
https://doi.org/10.18632/oncotarget. 7567

Tong W, Wang Q, Sun D, Suo J. 2016. Curcumin suppresses colon cancer cell invasion via AMPK-induced
inhibition of NF-xB, uPA activator and MMP9. Oncol Lett 12: 4139 - 4146.
https://doi.org/10.3892/01.2016.5148

Venancio VP, Cipriano PA, Kim H, Antunes LM, Talcott ST, Mertens-Talcott SU. 2017. Cocoplum
(Chrysobalanus icaco L.) anthocyanins exert anti-inflammatory activity in human colon cancer and non-
malignant colon cells. Food Funct 8: 307 - 314. https://doi.org/10.1039/c6f001498d

Wang J, Zhang J, Zhang CJ, Wong YK, Lim TK, Hua ZC, Liu B, Tannenbaum SR, Shen HM, Lin Q. 2016a. In situ
proteomic profiling of curcumin targets in HCT116 colon cancer cell line. Sci Rep 6: 1 - 8.
https://doi.org/10.1038/srep22146

Wang LS, Arnold M, Huang YW, Sardo C, Seguin C, Martin E, Huang TH, Riedl K, Schwartz S, Frankel W, Pearl
D, Xu Y, Winston J, Yang GY, Stoner G. 2011. Modulation of genetic and epigenetic biomarkers of
colorectal cancer in humans by black raspberries: A phase | pilot study. Clin Cancer Res 17: 598 - 610.
https://doi.org/10.1158/1078-0432.CCR-10-1260

Wu X, Pfalzer AC, Koh GY, Tang S, Crott JW, Thomas MJ, Meydani M, Mason JB. 2017. Curcumin and salsalate
suppresses colonic inflammation and procarcinogenic signaling in high-fat-fed, azoxymethane-treated mice.
J Agric Food Chem 65: 7200 - 7209. https://doi.org/10.1021/acs.jafc.7b02648

Xiao X, Liu Z, Wang R, Wang J, Zhang S, Cai X, Wu K, Bergan RC, Xu L, Fan D. 2015. Genistein suppresses
FLT4 and inhibits human colorectal cancer metastasis. Oncotarget 6: 3225.
https://doi.org/10.18632/oncotarget.3064

Yang L, Liu Y, Wang M, Qian Y, Dong X, Gu H, Wang H, Guo S, Hisamitsu T. 2016. Quercetin-induced
apoptosis of HT-29 colon cancer cells via inhibition of the Akt-CSN6-Myc signaling axis. Mol Med Rep
14: 4559 - 4566. https://doi.org/10.3892/mmr.2016.5818

Yuan SX, Wang DX, Wu QX, Ren CM, Li Y, Chen QZ, Zeng YH, Shao Y, Yang JQ, Bai Y, Zhang P, Yu Y, Wu
K, Sun WJ, He BC. 2016. BMP9/p38 MAPK is essential for the antiproliferative effect of resveratrol on
human colon cancer. Oncol Rep 35: 939 - 947. https://doi.org/10.3892/0r.2015.4407

Yuan X, Long Y, Ji Z, Gao J, Fu T, Yan M, Zhang L, Su H, Zhang W, Wen X, Pu Z, Chen H, Wang Y, Gu X, Yan
B, Kaliannan K, Shao Z. 2018. Green tea liquid consumption alters the human intestinal and oral
microbiome. Mol Nutr Food Res 62: 1800178. https://doi.org/10.1002/mnfr.201800178

Zamora-Ros R, Barupal DK, Rothwell JA, Jenab M, Fedirko V, Romieu I, Aleksandrova K, Overvad K, Kyrg C,
Tjenneland A, Affret A, His M, Boutron-Ruault MC, Katzke V, Kiihn T, Boeing H, Trichopoulou A, Naska
A, Kritikou M, Saieva C, Agnoli C, Magistris MS, Tumino R, Fasanelli F, Weiderpass E, Skeie G, Merino
S, Jakszyn P, Sanchez MJ, Dorronsoro M, Navarro C, Ardanaz E, Sonestedt E, Ericson U, Nilsson LM,
Bodén S, Bueno-de-Mesquita HB, Peeters PH, Perez-Cornago A, Wareham NJ, Khaw KT, Freisling H,
Cross AJ, Riboli E, Scalbert A. 2017. Dietary flavonoid intake and colorectal cancer risk in the European
prospective investigation into cancer and nutrition (EPIC) cohort. Int J Cancer 140: 1836 - 1844.
https://doi.org/10.1002/ijc.30582

Zhang J, Wang J, Xu J, Lu Y, Jiang J, Wang L, Shen HM, Xia D. 2016a. Curcumin targets the TFEB-lysosome
pathway for induction of autophagy. Oncotarget 7: 75659 - 75671.
https://doi.org/10.18632/oncotarget.12318

Boletin Latinoamericano y del Caribe de Plantas Medicinales y Aromaticas / 704


https://doi.org/10.1038/s41598-017-07953-8
https://doi.org/10.1158/1940-6207.CAPR-08-0201
https://doi.org/10.18632/oncotarget.7567
https://doi.org/10.3892/ol.2016.5148
https://doi.org/10.1039/c6fo01498d
https://doi.org/10.1038/srep22146
https://doi.org/10.1158/1078-0432.CCR-10-1260
https://doi.org/10.1021/acs.jafc.7b02648
https://doi.org/10.18632/oncotarget.3064
https://doi.org/10.3892/mmr.2016.5818
https://doi.org/10.3892/or.2015.4407
https://doi.org/10.1002/mnfr.201800178
https://doi.org/10.1002/ijc.30582
https://doi.org/10.18632/oncotarget.12318

Guerrero Ospina et al. Phytochemicals and colorectal cancer: About polyphenols

Zhang XA, Zhang S, Yin Q, Zhang J. 2015a. Quercetin induces human colon cancer cells apoptosis by inhibiting
the nuclear factor-kappa B Pathway. Pharmacog Mag 11: 404. https://doi.org/10.4103/0973-1296.153096

Zhang YJ, Gan RY, Li S, Zhou Y, Li AN, Xu DP, Li HB. 2015b. Antioxidant phytochemicals for the prevention
and treatment of chronic diseases. Molecules 20: 21138 - 21156.
https://doi.org/10.3390/molecules201219753

Zhang Y, Li Q, Zhou D, Chen H. 2013. Genistein, a soya isoflavone, prevents azoxymethane-induced up-regulation
of WNT/B-catenin signalling and reduces colon pre-neoplasia in rats. Br J Nutr 109: 33 - 42.
https://doi.org/10.1017/S0007114512000876

Zhao H, Liu Q, Wang S, Dai F, Cheng X, Cheng X, Chen W, Zhang M, Chen D. 2017. In vitro additive antitumor
effects of Dimethoxycurcumin and 5-fluorouracil in colon cancer cells. Cancer Med 6: 1698 - 1706.
https://doi.org/10.1002/cam4.1114

Zhou E, Rifkin S. 2021. Colorectal cancer and diet: risk versus prevention, is diet an intervention. Gastroenterol
Clin 50: 101 - 111. https://doi.org/10.1016/j.gtc.2020.10.012

Boletin Latinoamericano y del Caribe de Plantas Medicinales y Aromaticas / 705


https://doi.org/10.4103/0973-1296.153096
https://doi.org/10.3390/molecules201219753
https://doi.org/10.1017/S0007114512000876
https://doi.org/10.1002/cam4.1114
https://doi.org/10.1016/j.gtc.2020.10.012

