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Abstract: Colorectal cancer (CRC) is a prevalent and serious gastrointestinal malignancy with high
mortality and morbidity. Chemoprevention refers to a newly emerged strategy that uses drugs
with chemopreventive properties to promote antioxidation, regulate cancer cell cycle, suppress
proliferation, and induce cellular apoptosis, so as to improve cancer treatment outcomes. Natu-
ral polyphenols are currently recognized as a class of chemopreventive agents that have shown
remarkable anticarcinogenic properties. Numerous in vitro and in vivo studies have elucidated the
anti-CRC mechanisms of natural polyphenols, such as regulation of various molecular and signaling
pathways. Natural polyphenols are also reportedly capable of modulating the gut microbiota and
cancer stem cells (CSCs) to suppress tumor formation and progression. Combined use of different
natural polyphenols is recommended due to their low bioavailability and instability, and combina-
tion treatment can exert synergistical effects, reduce side effects, and avoid drug resistance in CRC
treatment. In summary, the application of polyphenols in the chemoprevention and treatment of
CRC is promising. Further clinical evaluation of their effectiveness is warranted and anticipated.

Keywords: colorectal cancer; polyphenol; chemoprevention; combination therapy

1. Introduction

Colorectal cancer (CRC) is a prevalent gastrointestinal malignancy and the second
leading cause of death in cancer patients [1]. The global incidence of CRC ranks third
among all types of cancers and continues to rise [1]. The pathogenesis of CRC is multi-
factorial, involving genetic factors, dietary habits, lifestyle (such as excessive intake of
processed meat, drinking, and smoking), and excess body weight [2]. Despite the current
progress in CRC treatment, the 5-year survival of patients remains poor, which indicates
the limitations of conventional treatments, including surgery, chemotherapy, radiotherapy,
and immunotherapy, and highlights the need for new therapeutic approaches against CRC.

Natural products originating from plants have recently attracted considerable atten-
tion due to their potential benefits as chemotherapeutic and prophylactic agents against
cancers [3]. Multiple natural polyphenols have been identified, including flavonoids, phe-
nolic acids, polyphenolic amides, and other polyphenols. Flavonoids and phenolic acids
account for nearly 60% and 30%, respectively, of the currently known polyphenols [4]. The
efficacy of other important polyphenols, such as curcumin and resveratrol, has also been
demonstrated in the treatment of various diseases (Figure 1).

The mechanisms underlying the therapeutic and preventive effects of natural polyphe-
nols against CRC are associated with regulation of various molecules and signaling path-
ways, inhibition of cancer cell proliferation, migration, and invasion, and promotion of
apoptosis. These agents also exert anti-cancer effects via regulating the gut microbiota
and cancer stem cells (CSCs), which are considered crucial in the pathogenesis of CRC
(Figure 2). Therefore, we have reviewed studies regarding natural polyphenols for CRC
treatment, summarized the regulatory effects of polyphenols on the gut microbiota and
CSCs in CRC patients, and provided an overview of the potential mechanisms of several
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commonly used polyphenols. We have also outlined the synergistic anti-cancer effects
of combination polyphenol therapy. We expect this paper to provide direction and serve
as a reference for the development of effective anti-CRC agents to improve the survival
of patients.
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2. Polyphenols for Gut Microbiota Regulation

It is well recognized that a homeostatic gut microbiota is essential for the overall
health of the host. A dynamic balance is maintained among various kinds of intestinal
bacteria, which is delicate and can be easily broken by intestinal carcinogenesis, leading
to dysbacteriosis. A possible model of the association between the microbiota and CRC
showed that certain intestinal commensal bacteria may cause DNA damage and gene
mutations in intestinal epithelial cells, leading to alterations in the intestinal microenvi-
ronment and the proliferation of certain opportunistic pathogens [5]. The expansion of
pathogenic microbiota also contributes to cancer progression. For example, Fusobacterium
nucleatum induces oncogenic processes by inducing DNA damage, reactive oxygen species
(ROS) generation, and CRC cell growth [6]. Enterococcus faecalis produces extracellular
free radicals that increase chromosomal instability associated with CRC [7]. Increased
DNA damage has been reported in colonic luminal cells of rats colonized with Enterococcus
faecalis. Some other gut microbes, such as Escherichia coli, Bacteroides fragilis, Clostridium
septicum, and Streptococcus bovis, have also been demonstrated to be associated with CRC
genesis and progress [8]. A protective microbiota favors the suppression of CRC. For
instance, Lactobacillus casei BL23 administration reduced proliferative index values and
histological scores in azoxymethane (AOM)-induced CRC mice through its antiproliferative
and immunomodulatory effects, thereby inhibiting CRC development [9]. In addition, this
probiotic strain appeared to counteract dysbiosis in CRC. Therefore, regulation of the gut
microbiota and maintenance of a homeostatic intestinal microenvironment would be a
promising approach for CRC treatment.

Natural polyphenols exert chemopreventive effects by improving microbiota
metabolism, alleviating intestinal inflammation, and reducing pathological invasion.
Polyphenols extracted from green tea have been observed to alter the composition of
the gut microbiota in rats. The abundance of Peptostreptococcaceae associated with the
CRC phenotype was decreased, while that of Bacteroidetes and Oscillospira associated with a
lean phenotype was increased [10]. Li et al. found an increasing proportion of Bifidobac-
terium and decreased abundance of colitis-associated pathobionts after administration of
resveratrol in colitis model mice [11]. Resveratrol ameliorated gut microbiota dysbiosis
and restored microbial community diversity by downregulating the expression of pro-
inflammatory cytokines. Decreased abundances of the genera Enterococcus and Lactobacillus
were also observed in rats fed polyphenol-rich blueberries [12], and the expression of
genes associated with epithelial bacterial invasion were reduced 8-fold in the blueberry-
treated group.

Polyphenols regulate the intestinal microbiota by promoting colonization of pro-
biotics while suppressing opportunistic pathogens, thus restoring intestinal microbial
balance [13,14]. Administration of epigallocatechin-3-gallate (EGCG) resulted in a de-
creased number of precancerous lesions and reduced solid tumor size in mice with CRC
induced with AOM/dextran sodium sulfate (DSS) [15]. The abundances of probiotic
Bifidobacteria and Lactobacillus were enriched while the diversity of the gut microbiota
remained relatively stable in mice administered EGCG. Increased gut microbial diver-
sity in AOM/DSS-induced CRC model mice was reported, with decreased proportion of
butyrate-producing bacteria and increased abundance of potential oncogenic bacteria, such
as Bacteroides. Similarly, in an AOM/DSS-induced mouse model, Chen et al. observed that
the abundances of pathogenic bacteria, such as Desulfovibrio spp. and Enterococcus spp.,
were inhibited, while those of probiotic bacteria were enhanced in the group receiving black
raspberry anthocyanins [16]. The authors further revealed that anthocyanins could mediate
SFRP2 demethylation and alleviate inflammation. Intestinal dysbacteriosis is probably an
early event in cancer progression, leading to epigenetic changes and inflammatory response.
In AOM-induced interleukin (IL)-10-deficient mice, curcumin administration resulted in
increased numbers of Lactobacilli colonies and microbiota richness, with subsequently alle-
viated tumor burden, suggesting a correlation between the microbiota and reduced tumor
burden [17]. High microbial similarity was observed between curcumin-administered CRC
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model mice and those in the control group, indicating that curcumin may be effective in
counterbalancing disease-induced dysbiosis.

Polyphenols can also regulate the gut microbiota by intervening in microbial
metabolism. Molan et al. reported significantly decreased activity of β-glucuronidase,
a known bacterial enzyme associated with CRC, in rats fed green tea extract (GTE) by
gavage [18]. Dietary polyphenols in rats administered a high-fat diet induced a significant
decrease in levels of fecal secondary bile acids [19], which were closely associated with
increased risk for CRC [20]. A randomized controlled trial that investigated the effects
of cranberry polyphenols on the gut microbiota recruited 11 healthy adults to be given
an animal-based diet [21]. These participants had increased levels of secondary bile acids
with decreased abundance of short-chain fatty acids (SCFAs), which was reversed by cran-
berry polyphenol treatment. The potential mechanism might involve regulation of the
gut microbiota.

Gut microbiota-produced polyphenol metabolites also exert anticancer effects against
CRC, which may further increase the overall efficacy of polyphenols. A study compared the
cytotoxicity of quercetin and its metabolites across colon cancer cell lines [22]. The metabo-
lites produced from some gut microbiota, such as Clostridium perfringens and Bacteroides
fragilis, strongly inhibited specific cell lines relative to quercetin. Resveratrol metabolites
inherited anticancer properties from their parent, which were manifested as proliferation
suppression, cell cycle blocking, and apoptosis activation in CRC cells [23]. A mixture of
ellagitannin metabolites reduced the size and number of colonospheres in colonic CSCs,
accompanied with decreased molecular and phenotypic CSC characteristics [24].

3. Polyphenols modulate CSCs

CSCs are capable of self-renewal and differentiation, and have further regenerative
abilities for carcinogenesis and metastasis [25]. CSCs are usually present in a quiescent
cell cycle stage and are insensitive to radiotherapeutic and chemotherapeutic agents. CSC
invasion is an important cause of tumor treatment failure. The markers of colonic CSCs are
characterized by tumorigenicity and acquaintance of metastatic potential, which mainly
includes CD133, CD44, CD29, CD24, CD166, Aldh1, EpCAM, ESA, and LGR5 [26]. These
markers are effective indicators for discriminating CSC viability. Therefore, CSCs present
a major challenge for overcoming tumorigenesis, drug resistance, tumor recurrence, and
metastasis. Signaling pathways or surface markers of CSCs would be promising targets for
CRC treatment, for which polyphenols would be potentially competent.

A novel curcumin analog, GO-Y030, decreased cell viability, inhibited tumorsphere
formation, and promoted apoptosis in colonic CSCs via downregulation of the STAT3
pathway [27]. Tumor volume was also inhibited by GO-Y030 in mice with xenografted
CSCs. Difluorinated curcumin (CDF), another analog of curcumin, reduced levels of CSC
markers, suppressed proliferation, and disintegrated the colonospheres in chemo-resistant
CRC cells [28]. These chemo-resistant cells were enriched in CSCs. Roy et al. revealed
that the inhibition of CDF on CSCs was mediated by the miRNA-21-PTEN-Akt axis [29].
CDF downregulated miRNA-21 and upregulated the PTEN pathway, resulting in reduced
expression of Akt. Toden et al. showed that the Notch1 pathway was downregulated,
while self-renewal suppressive-miRNAs were upregulated by EGCG, leading to suppressed
proliferation and attenuated chemoresistance of CSCs [30]. Additionally, EGCG was able
to suppress cell growth and the spheroid formation ability of colonic CSCs, which were
attributed to inhibition of the Wnt/β-catenin pathway [31]. The latter was also involved
in resveratrol-induced colonic CSC apoptosis [32]. Grape-extracted resveratrol resulted in
mitochondrial-mediated and TP53-independent cell death by suppressing the downstream
genes associated with the Wnt/β-catenin pathway [32]. Another study reported decreased
CSC resistance to chemotherapeutic agents and their clonogenic capacities after resveratrol
administration, which was accompanied by enhanced autophagy signaling and GALNT11
suppression [33]. GALNT11 expression is typically associated with malignancies and tumor
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recurrence. The above findings indicate that polyphenols, by regulating different pathways
in colonic CSCs, have favorable therapeutic potential against CRC.

4. Typical Polyphenols and Their Anti-CRC Effects

Typical polyphenols, their anti-CRC effects, and related mechanisms are summarized
in Table 1.

Table 1. The anti-CRC effects of different types of polyphenols.

Polyphenols Type Common
Origin

Experimental
Model Effect Molecular

Target Reference

Curcumin
Other

polyphenols
Plant Curcuma

longa

SW480 cell line Suppressed cell
proliferation

Inhibition of
Wnt/β-catenin
pathway and

downregulation of
miRNA-130a

[34]

SW480 and
LoVo cell line

Inhibited cell
adhesion and
proliferation

ability

Activation of
AMPK and

inhibition of NF-κB,
uPA, and MMP9

[35]

Rats

Slowed growth
and altered

distribution of
liver metastases

N/A [36]

Resveratrol
Other

polyphenols

Mulberries,
peanuts, and

grapes

HCT116 and
SW620 cell line

Induced cell
apoptosis and
decreased cell

viability

Promotion of ROS
generation and

activation of
mitochondrial

apoptotic pathway

[37]

LoVo cell line

Inhibited cell
proliferation and

induced cell
apoptosis

Upregulation of
BMP9 by MAPK

pathway
[38]

LoVo cell line
Suppressed cell

invasion and
metastasis

Inhibition of
Wnt/β-catenin

signaling and its
downstream gene

MALAT1

[39]

Lung
metastasis

model of CRC
in mice

Reduced
formation of lung

metastases,
decreased tumor
vascularization
and tumor cell

density

Reversal of EMT by
AKT/GSK-
3β/Snail
pathway

[40]
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Table 1. Cont.

Polyphenols Type Common
Origin

Experimental
Model Effect Molecular

Target Reference

EGCG
Flavonoids
(flavanols) Green tea

SW837
xenografts in

nude mice

Suppressed cell
growth and

tumor
angiogenesis

Inhibition of
HIF-1alpha and

VEGF
[41]

SW480,
HCT116 and

Caco2 cell line
BALB/c nude

mice

Triggered cell
apoptosis and

decreased tumor
weight

Downregulation of
PI3K/AKT
pathway

[42]

DMH-induced
CRC model of

rats

Reduced tumor
formation rate,
tumor number,
tumor volume,
precancerous

lesion and ascites
formation

N/A [43]

Quercetin Flavonoids
(flavonols)

Onions,
asparagus, and

berries

CT26 and
MC38 cell line

Induced
apoptosis and
reduced cell
migration

Activation of
MAPK pathway

and suppression of
MMP-2 and

MMP-9

[44]

HT29 and
HCT15 cell line

Induced
apoptosis and
inhibited cell

survival

Increased ROS
generation by

promoting COX-2
[45]

SW480 cell line

Reduced cell
viability and

induced
apoptosis

Downregulation of
Wnt/β-catenin
pathway and its

target genes (cyclin
D1 and survivin)

[46]

AOM/DSS-
induced CRC
model in mice

Reduced tumor
size, attenuated
inflammation,

and
downregulated
oxidative stress

markers

N/A [47]
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Table 1. Cont.

Polyphenols Type Common
Origin

Experimental
Model Effect Molecular

Target Reference

Apigenin Flavonoids
(flavones)

Celery, parsley,
chamomile

SW480, DLD-1
and LS174T cell

line

Inhibited cell
proliferation and

migration

Upregulation of
transgelin

expression and
downregulation of
MMP-9 expression
by mediating Akt

pathway

[48]

DLD1 and
SW480 cell line

Inhibited
migration and

invasion

Downregulation of
NEDD9 expression

to suppress Akt
pathway

[49]

HCT-116,
SW480, HT-29

and
LoVo cell line

APCMin/+ mice

Enhanced cell
growth arrest and

apoptosis,
reduced polyp

numbers

Promotion of
pro-apoptotic

protein (NAG-1
and p53) and cell

cycle inhibitor (p21)
by mediating PKCδ

pathway

[50]

HCT-8 cell line Inhibited tumor
angiogenesis

Repression of HIF-1
and VEGF [51]

Luteolin
Flavonoids
(flavones)

Plant families
of Pteridophyta,

Bryophyta,
Magnoliophyta,
and Pinophyta

COLO205 and
HCT116 cell

line

Induced
apoptosis

Sensitization of
TNF-alpha and
suppression of
NF-κB and its
targeted genes

[52]

HCT-15 cell line
Promoted cell

cycle arrest and
apoptosis

Inhibition of
glycogen synthase

kinase-3β and
cyclin D1 through

Wnt/β-catenin
pathway

[53]

AOM-induced
CRC mice

Decreased levels
of metastatic

tumor markers

Inhibition of
MMP-2 and
MMP-9, and
promotion of

TIMP-2 expression

[54]

HT-29 and
SNU-407 cell

line

Promoted
apoptosis
induction

Promotion of DNA
demethylation by

Nrf2 pathway
[55]
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Table 1. Cont.

Polyphenols Type Common
Origin

Experimental
Model Effect Molecular

Target Reference

Anthocyanins Flavonoids
Vegetables,

fruits, and wine

HCT-116 cell
line

Inhibited cell
viability and

promoted cell
apoptosis

Upregulation of
p38-MAPK and

downregulation of
Akt

[56]

HCT-116 cell
line

Attenuated cell
migration

Modulation of TJ
and

downregulation of
MMP expression

through
upregulation of
p38-MAPK and

downregulation of
Akt

[57]

Caco-2 cell line Inhibited cell
proliferation

Upregulation of
p21Waf/Cif1,
activation of

caspase-3, and
promotion of ROS

generation

[58]

AOM-induced
CRC mice

Inhibited the
incidence of

inflammation and
promotion of
colon tumors

Repression of
proinflammatory

mediators and
oncogenic
pathways,

including PI3K,
Akt, ERK, and

NF-κB

[59]

Gallic acid Phenolic acids

Certain red
fruits, black
radish, and

onion

HCT-15 cell line

Caused cell cycle
arrest, cell

apoptosis, and
reduced colony

formation

Activation of
ROS-mitochondrial

pathway
[60]

CRL1790,
SW480 and

SW620 cell line
CRC model in

mice

Inhibited cell
proliferation,

increased DNA
damage,

decreased Ki67
expression and
tumor volume

Interaction with
DNA G4s [61]

DMH-induced
CRC rats

Suppressed colon
carcinogenesis

Upregulation of
lipid peroxidation
and antioxidant

expression

[62]

DMH-induced
CRC rats

Reduced tumor
incidence

Inhibition of phase
I enzymes and

promotion of phase
II enzyme activities

[63]
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Table 1. Cont.

Polyphenols Type Common
Origin

Experimental
Model Effect Molecular

Target Reference

Capsaicin Polyphenolic
amides

Chili peppers

Colo320DM
and LoVo cell

line

Decreased cell
viability and
induced cell

apoptosis

Enhanced
accumulation of

ROS and caspase-3
activation

[64]

HT-29 cell line Increased cell
apoptosis

Activation of
AMPK pathway [65]

SW480, LoVo,
and HCT-116

cell line

Reduced cell
proliferation

Suppression of
β-catenin

expression and its
binding to TCF

[66]

DMH-induced
CRC rats

Decreased the
number and

multiplicity of
ACF

N/A [67]

coffee
polyphenols
(chlorogenic

acid)

Phenolic acids coffee
HT-29 cell line
and SW480 cell

line

Decreased
activity of CRC

cells and
inhibited

migration and
invasion

Inhibition of
CTNNB1,CDH1

CCND1, activation
of CRC cells, and

regulation of
Wnt/β-catenin

pathway

[68]

ferulic acid Phenolic acid Plant HCT-116 and
Caco2 cells

Anti-
angiogenesis and
promoted CRC
cell apoptosis

Downregulation of
cyclin D1, IGF II,

and VEGF,
regulation of

BAX/BcI-2 genes

[69]

EPE Phenolic acid,
Flavonoids

evening
primrose seeds

CRC cell lines
and AOM-DSS-

induced
colitis-

associated
colon cancer in

mice

Inhibited
invasion and
metastasis of
cancer cells

Downregulation of
TYMS [70]

kaempferol Flavonoids Kaempferol L ApcMin/+ mice

Reduced CRC
tumor load and

restored intestinal
mucosal barrier

Downregulation of
Ki67 and LGR5 and

regulation of bile
acid secretion

[71]

uPA: urokinase-type plasminogen activator; MMP9: matrix metalloproteinase-9; ROS: reactive oxygen species;
BMP9: bone morphogenetic protein 9; EMT: epithelial-mesenchymal transition; HIF: hypoxia-inducible fac-
tor; VEGF: vascular endothelial growth factor; DMH: dimethylhydrazine; AOM: azoxymethane; COX-2:
cyclooxygenase-2; DSS: dextran sodium sulfate; NAG-1: non-steroidal anti-inflammatory drug (NSAID)-activated
gene-1; Min, multiple intestinal neoplasia; TNF: tumor necrosis factor; TIMP: tissue inhibitor of matrix met-
alloproteinase; TJ: tight junction; G4s: G-quadruplexes; TCF: T-cell factor; ACF: aberrant crypt foci; N/A:
not applicable.

4.1. Curcumin

Curcumin is a bioactive monomer isolated from Curcuma longa. It has been demon-
strated to be a phytochemical agent with anti-proliferative, anti-inflammatory, and antiox-
idative properties. Curcumin is effective against various cancers, especially CRC (Figure 3).
Multiple signaling pathways are involved in CRC genesis, among which the Wnt cascade
is considered to play a crucial role. Gene mutations in Wnt signaling players, such as
β-catenin and APC, are found in most CRC patients [72]. Curcumin suppressed cell pro-
liferation in the SW480 cell line, which was attributed to inhibition of the Wnt/β-catenin
pathway and downregulation of miRNA-130a [34]. Regulation of miRNAs also contributes
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to the anti-CRC activity of curcumin. Overexpression of miRNA-130a led to the recovery
of curcumin-suppressed CRC cells [34]. Tong et al. found that curcumin could inhibit the
proliferation and adhesion abilities of colonic cancer cells [35]. Matrix metalloproteinase-9
(MMP9) and urokinase-type plasminogen activator (uPA) play a regulatory role in cancer
cell invasion, which would be associated with AMPK activation and NF-κB inhibition.
Curcumin made drug-resistant CRC cells more responsive to oxaliplatin (OXA) via down-
regulation of NF-κB expression [73]. Curcumin combined with OXA caused massive cell
death with less colony formation compared to curcumin or OXA monotreatment. Cur-
cumin administration resulted in inhibited tumor growth in rats with liver metastases
derived from CRC cells [36]. Interestingly, curcumin can affect the distribution of tumors in
different locations of liver lobes, and the underlying reason warrants further investigation.
Furthermore, the results of clinical trials have revealed that oral administration of curcumin
in combination with chemotherapy may be well tolerated and safe for metastatic CRC
patients [74,75].
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4.2. Resveratrol

Resveratrol, which is isolated from mulberries, peanuts, and grapes, has potentially
remarkable anti-CRC properties involving multiple signaling pathways, such as Wnt,
NF-κB, AMPK, ROS, and caspases, among others [76]. For instance, a study indicated
that resveratrol was pro-apoptotic and decreased cellular viability in CRC cell lines by
promoting ROS generation and activating the mitochondrial-dependent apoptotic path-
way [37]. The MAPK pathway was also involved in activating cellular apoptosis induced
by resveratrol, possibly owing to upregulated expression of bone morphogenetic protein
9 (BMP9) [38]. Resveratrol also regulated Wnt/β-catenin signaling and its downstream
gene, MALAT1, thereby inhibiting CRC cell invasion and metastasis [39]. In an in vivo CRC
lung metastasis model, Yuan et al. found fewer lung metastases in mice after treatment
with resveratrol [40]. Histopathological staining also showed that the group treated with
resveratrol exhibited decreased tumor vascularization and tumor cell density. The authors
speculated that suppression of CRC metastasis after resveratrol administration might be
associated with regulation of the AKT/GSK-3β/Snail pathway and epithelial mesenchymal
transition (EMT). Furthermore, a clinical trial investigated the effect of oral resveratrol
administration before surgery on patients with CRC [77]. The results showed an additional
decrease in Ki-67 levels in tumor tissues following resveratrol administration, indicating the
suppression of cancer cell proliferation. Another trial revealed that micronized resveratrol
induced the expression of several pro-apoptotic proteins, such as cleaved caspase-3, in
malignant liver tissues from patients with CRC hepatic metastases [78]. The trial also
confirmed the safety and tolerability of resveratrol.
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4.3. EGCG

Green tea contains several biologically active polyphenols, from which EGCG is ex-
tracted and exerts an antagonizing effect against CRC. [41]. EGCG is a subgroup of flavanols
classified as flavonoids. EGCG inhibits the expression of vascular endothelial growth factor
(VEGF) and hypoxia-inducible factor-1alpha (HIF-1α), both of which promote tumoral
angiogenesis, thus suppressing CRC cell growth [42]. EGCG activated the apoptotic cas-
cade in colonic cancer cells to decrease the tumor size of xenografts via downregulation of
the PI3K/AKT pathway [79]. Other studies have revealed that AMPK, Notch, and MAPK
are promising targeted pathways in regulating the proliferation and apoptosis of CRC
cells [80–82]. In another study using a dimethylhydrazine (DMH)-induced CRC model,
the tumor formation rate, number, and volume were reduced after EGCG treatment [43].
In detail, the results showed that precancerous lesion and ascite formation in rats was
suppressed by EGCG. Moreover, a clinical trial reported that the administration of GTE
(mainly EGCG) reduced the expression of DNA methyltransferase (DNMT1) and NF-κB
mRNA in human rectal tissue, indicating a regulatory role for EGCG in CRC tumorigenesis-
related biomarkers [83]. However, another clinical trial revealed no significant differences
in the formation of new precancerous lesions between the EGCG intervention and control
groups [84]. Prior to EGCG intervention, patients were identified by chromoendoscopy
with at least five rectal malformation crypt foci (ACF) or precursor lesions to CRC. A
current trial involving 632 patients with histories of colonic adenoma has found a slight
decrease in the recurrence rate of adenoma in patients given GTE compared to the control
group [85]. Interestingly, male patients receiving oral GTE showed a lower rate of adenoma
formation than those receiving a placebo. Although EGCG is well tolerated, more trials are
required to demonstrate its additional benefits in human subjects.

4.4. Quercetin

Quercetin is a flavonol compound in the flavonoid family that is derived from onions,
asparagus, and berries. Quercetin shows anti-CRC effects through the regulation of different
molecular mechanisms. Kee et al. revealed that the pro-apoptotic effect of quercetin could
be due to the activation of the MAPK signaling pathway in colonic cancer cells and reduced
cell migration through suppression of MMP-2 and MMP-9 [44]. MMP is a promoter of
tumor metastasis following ECM cleavage. Quercetin also inhibited colorectal cell lung
metastasis in a mouse model, in which a decreased number of tumor nodules and lessened
lung lesions were observed. This cytotoxic effect of quercetin on CRC cells was explained
by its ability to induce ROS generation via COX-2 [45]. COX-2 is usually overexpressed
during tumorigenesis in CRC. Downregulation of the Wnt/β-catenin pathway and related
genes (cyclin D1 and survivin) was involved in quercetin-induced apoptotic episodes in
colonic cancer cells [46]. Other pathways, such as PI3K/AKT/mTOR, JNK/JUN, and
NF-κB, could also be regulated by quercetin, thus exerting an inhibitive effect against CRC
cells [86,87]. An in vivo study in mice showed that quercetin exerted anti-CRC effects
through its anti-inflammation and antioxidant properties, resulting in reduced tumor size,
attenuated inflammation, and downregulation of oxidative stress markers [47]. A clinical
trial was conducted to evaluate the effectiveness of curcumin and quercetin for patients
with familial adenomatous polyposis after prior surgical resection [88]. They recruited
5 patients, all of whom exhibited a reduced number of polyps and tumor size. Similarly,
another trial found that high intake of flavonol-containing quercetin caused a decrease
in the risk for adenoma recurrence [89]. A meta-analysis of 12 studies reported that high
flavonol and flavone intake might lead to decreased risk for colorectal carcinogenesis [90].

4.5. Apigenin and Luteolin

Both apigenin and luteolin are flavones, a type of flavonoid. They show some similari-
ties in their activities against CRC (Figure 4).
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Apigenin has been shown to inhibit the proliferation and migration in CRC cells via
upregulation of transgelin expression and downregulation of MMP-9 expression, mediated
through the Akt pathway [48]. Transgelin is a repressor of MMP-9. Another study reported
that apigenin could decrease NEDD9 expression, leading to inhibition of the Akt pathway
and subsequent migration and invasion of CRC cells [49]. NEDD9 acts as a vital regulator
in cancer progression and metastasis. Apigenin also inhibited EMT to intervene in CRC cell
migration through the NF-κB/Snail pathway [91]. In cisplatin-resistant colon cancer cells,
autophagy and apoptosis were induced by apigenin treatment through the suppression
of the mTOR/PI3K/AKT pathway [92]. mTOR/AKT signaling was also implicated in
apigenin-induced downregulation of Wnt/β-catenin, leading to decreased cell survival [93].
Moreover, apigenin enhanced cell growth arrest and apoptosis, accompanied by increased
expression of p21 and NAG-1 [50]. These proteins are activated by the p53 and PKC
pathways. Polyp numbers were reduced in a APCMin/+ (Min, multiple intestinal neoplasias)
mice model, and p53 expression was increased in these tumor tissues after apigenin
treatment. APCMin/+ mice are characterized by a phenotype with multiple intestinal
neoplasia and mutations in the APC gene. The anti-CRC activities of apigenin have also
been achieved by suppressing tumorigenesis through the repression of HIF-1 and VEGF
in tumor tissues [51]. A prospective cohort trial evaluating the effects of a flavonoid
mixture (apigenin and EGCG) on tumor recurrence enrolled 87 patients after colectomy or
polypectomy, among whom 46 patients eventually underwent colonoscopic surveillance.
The results showed that patients supplemented with flavonoids had a significantly lower
risk of tumor recurrence compared to those without supplementation [94].

Luteolin has been shown to sensitize tumor necrosis factor (TNF)-alpha, thereby in-
ducing apoptosis in CRC cells through the suppression of NF-κB and its targeted genes [52].
Pandurangan et al. found that cell cycle arrest and apoptosis were promoted by luteolin
in colon cancer cells, which was regulated by glycogen synthase kinase-3β and cyclin D1
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through the Wnt/β-catenin pathway [53]. In an AOM-induced CRC mouse model, they
demonstrated other mechanisms underlying the anti-CRC properties of luteolin. Lute-
olin affected the cell membrane glycoprotein by exerting an antioxidant effect, thereby
reducing pre-neoplastic lesions and suppressing tumor development [95]. The expression
of metastatic tumor markers MMP-9 and MMP-2 was suppressed in mice following lute-
olin supplementation, indicating that luteolin possessed anti-metastatic properties against
CRC [54]. Treatment with luteolin led to activation of the Nrf2 pathway, which diminished
tumor progression [96]. A previous study indicated a significantly higher incidence of
CRC adenocarcinoma in AOM-treated Nrf2-knockout mice than in wild-type one, which
suggested the importance of Nrf2 in CRC genesis [97]. Another study suggested that
the Nrf2-activated anti-apoptosis effect of luteolin on colon cells was realized through
DNA demethylation induction [55]. An interaction exists between the Nrf2 and p53 path-
ways, which could upregulate the expression of pro-apoptotic proteins and antioxidant
enzymes [55]. Moreover, the p53 pathway is also reportedly involved in luteolin-induced
cell cycle arrest and cellular apoptosis in colonic cancer cells [98]. On the other hand, Kang
et al. discovered that luteolin exerted its anti-apoptosis effect by enhancing antioxidant ac-
tivity and upregulating the MAPK pathway [99]. Other pathways or target molecules, such
as Raf and PI3K/Akt [100], insulin-like growth factor-I receptor [101], ERK/FOXO3a [102],
and miRNA-384/pleiotrophin [103], have been associated with the repression of CRC
by luteolin.

4.6. Anthocyanins

Anthocyanins exist abundantly in various vegetables, fruits, and wine, and are key
components of the flavonoid family. A recently published meta-analysis of 7 observational
studies showed that anthocyanin administration contributes to a lower risk of CRC gen-
esis [104]. Shin et al. found that anthocyanins extracted from grapes could increase the
expression of pro-apoptotic proteins, such as caspase-3, -8, and -9, while decreasing that
of anti-apoptotic proteins, leading to cell death in HCT-116 cells [56]. Grape anthocyanins
modulated tight junction proteins (TJs) and decreased the expression of MMPs to attenuate
cellular migration [57]. The tightness of TJs is important for maintaining cell–cell adhesion.
In the above two studies, both the pro-apoptotic and anti-migration activities exerted by
grape anthocyanins are due to p38-MAPK upregulation and Akt downregulation. A study
by Anwar et al. demonstrated that a berry anthocyanin-rich extract was capable of decreas-
ing CRC cell viability by suppressing cyclin-dependent kinase inhibitor 1 (p21Waf/Cif1),
activating caspase-3, and enhancing ROS production [58]. Aronia melanocarpa Elliot antho-
cyanins inhibited Wnt/β-catenin activity in Caco-2 cells, resulting in inhibited cell growth
and enhanced apoptosis induction [105]. Anthocyanins derived from purple-fleshed pota-
toes inhibited cell growth and sphere formation of colonic CSCs, which were also regulated
by the Wnt/β-catenin pathway [106]. Black raspberries containing abundant anthocyanins
exerted a demethylation effect via the Wnt pathway, which demethylated the upstream
regulators of Wnt to downregulate the expression of DNA methyltransferase enzymes
DNMT1 and DNMT3B [107]. Strawberries containing abundant anthocyanins inhibited the
incidence of inflammation, which promoted colon tumors in mice, through the repression
of proinflammatory mediators and oncogenic pathways, including PI3K, Akt, ERK, and
NF-κB [59]. In addition, Asadi et al. found fewer adenomas in APCMin mice fed sweet
potatoes containing high levels of anthocyanins [108].

4.7. Gallic Acid

Gallic acid refers to a subclass of phenolic acids that can be isolated from various
plants and foods. Its anti-CRC properties can probably be attributed to its antioxidant
activity. Gallic acid induced cell cycle arrest, apoptosis, and colony formation inhibition in
the HCT-15 cell line, which depended on the ROS-mitochondrial pathway [60]. The extract
of pistachio green hulls, mainly containing gallic acid and catechin hydrate, blocked the cell
cycle, activated apoptosis, and caused DNA damage in HT-29 cell lines through oxidative
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pathways [109]. Sanchez-Martin et al. provided another possible mechanism by which
gallic acid exerted anti-CRC activity [61], whereby it could bind to DNA G-quadruplexes
(G4s) to inhibit cell proliferation and increase DNA damage in SW480 cells. G4s serve
as regulators for the transcription, duplication, and genome stability of genes that are
associated with tumorigenesis [110]. Tumor volume in xenograft mice and Ki67 expression
in tumor tissues were reduced following treatment with gallic acid [61]. Moreover, Giftson
et al. showed that DMH-induced CRC model rats administered gallic acid had enhanced
lipid peroxidation and antioxidant expression, thus suppressing colon carcinogenesis [62].
Another study revealed that supplementation with gallic acid could suppress the activity
of phase I enzymes while enhancing that of phase II enzymes in DMH-induced CRC model
rats, resulting in reduced tumor incidence [63].

4.8. Capsaicin

Capsaicin is a subgroup of polyphenolic amides that belongs to the polyphenol family.
It is a primary pungent constituent found in chili peppers and has been demonstrated
as a chemopreventive agent against CRC. Yang et al. speculated that capsaicin could be
pro-apoptotic for colonic Colo320DM and LoVo cells via promotion of ROS generation
and caspase-3 activation [64]. Similarly, ROS-induced apoptosis was also found in colon
205 cells, along with upregulated expression of caspase-8, -9, and -3 [111]. In addition, the
pro-apoptotic effect was also related to AMPK activation [65]. Capsaicin suppressed the
expression of β-catenin and intervened in its binding to T-cell factor (TCF), thereby reducing
cell proliferation [66]. NAG-1 was identified as another target of capsaicin for apoptosis
induction, mediated by C/EBPbeta phosphorylation through the GSK3beta cascade [112].
Moreover, the number and multiplicity of ACF was reduced in CRC rats induced by DMH,
showing the preventive effect of capsaicin [67]. However, a low concentration of capsaicin
promoted cell invasion and migration in different CRC cell lines (SW480, HCT116, and CT-
26) [113]. EMT induction and MMP expression were enhanced by capsaicin via activation
of the Akt/mTOR and STAT-3 pathways. It was reported in a recent study that cold and
low-dose capsaicin exposure caused ECM remodeling and MMP activation, thus increasing
the incidence of tumor cell invasion in DMH-induced CRC model rats [114]. Taken together,
further studies evaluating safe concentrations of capsaicin against CRC are needed.

4.9. Polyphenols of Other Types

Polyphenols exist abundantly in fruits, vegetables, beans, chocolates, and some sorts
of soft drinks, oil grease, and spices. There are many other natural polyphenols in ad-
dition to those mentioned above that have been studied in recent years, such as coffee
polyphenols. The study by Villota et al. [68] indicated that coffee polyphenols downregu-
lated the expression of CTNNB1, CDH1, and CCND1 and regulated the Wnt/β-catenin
pathway, while inhibiting activation of the TCF4 promoter to effectively lower the activity
of SW480 cells and suppress migration and invasion. Ferulic acid is a kind of phenolic
acid that prevailingly exists in plants. Polymeric and lipidic nanocapsules of ferulic acid
inhibited angiogenesis and promoted apoptosis of CRC cells by downregulating cyclin
D1, IGF-II, and VEGF and regulating Bax/Bcl-2 [69]. The polyphenol-rich extract from
evening primrose seeds (EPE) has also been demonstrated to be capable of inhibiting the
activity and migration of colitis-related CRC cells. EPE lowered the invasiveness of CRC
cells by downregulating thymidylate synthetase (tyms). Interestingly, in vivo and in vitro
studies have found that EPE can lower the invasiveness of 5-FU-resistant CRC cells [70].
Kaempferol is a flavonoid compound that downregulated Ki67 and G-protein-coupled
re-ceptor-5 (LGR5) and regulated bile acid secretion to alleviate tumor burden and restore
the intestinal mucosal barrier of CRC patients [71].
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5. Combination Therapy for CRC
5.1. Combination of Different Phytochemicals

Different types of polyphenols show anti-CRC activities by targeting various pathways.
Recent studies have suggested that two or more polyphenols or their combination with
other phytochemicals may produce synergistic anticancer effects by affecting several targets,
thus achieving better therapeutic efficacy (Figure 5). This may also allow the use of lower
drug doses and diminish the possibility of drug resistance.
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It has been demonstrated that the combination of resveratrol and curcumin suppressed
HCT-116 cell proliferation and xenograft tumor growth in mice [115], which was attributed
to downregulation of the NF-κB pathway and inhibition of EGFRs and IGF-1R [115]. The
combination regimen for CRC proved to be more effective than monotherapy with each
agent. The curcumin–catechin combination presented higher pro-apoptotic and inhibitive
effects on colonic cancer cells than curcumin or catechin monotreatment [116]. Jin et al.
established a conditioned medium (CM) for CRC cells to mimic the tumor microenviron-
ment that enhanced tumor angiogenesis [117]. The curcumin–EGCG combination inhibited
angiogenesis in CM-induced tumor cells through suppression of the JAK/STAT3 pathway,
and the inhibitory effects on tumor growth and angiogenesis were evidently greater in
a xenograft mouse model than those observed after EGCG or curcumin monotreatment.
Both ginkgetin and resveratrol can target VEGF to affect angiogenesis. The combination
of these two agents inhibited the proliferation and tube formation of endothelial cells and
subsequent tumor growth in mice, which might have been related to the repression of
angiogenesis [118]. Santana-Gálvez et al. investigated the cytotoxicity of dihydrocaffeic
acid combined with sulforaphane or curcumin in normal colonic cells and colonic cancer
cells [119], reporting that a 1:1 combination of dihydrocaffeic acid and sulforaphane exhib-
ited more cytotoxicity in cancer cells than in healthy cells. The effects were attributed to
high oxidative damage caused by dihydrocaffeic acid and sulforaphane. Another study
showed that a mixture of EGCG, raphasatin, and vitexin-2-O-xyloside induced high ROS
production, leading to increased cytotoxicity in colon cancer cells [120]. Furthermore,
Langner et al. used a mixture of curcumin, quercetin, lycopene, and sulforaphane to as-
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sess the collective anti-proliferation impact on colon cancer cells [121]. The combination
led to enhanced cytotoxic activity in cancer cells while causing no damage to normal
epithelial cells.

5.2. Combination Treatment with Chemotherapeutic Drugs

Although chemotherapy is crucial for CRC treatment, the adverse effects and potential
risk for multidrug resistance have raised concerns, which may be addressed by combination
treatment with polyphenols.

5-fluorouracil (5-FU) is one of the most commonly applied agents in CRC chemother-
apy. Its use in combination with resveratrol has shown considerable synergistic effects
in apoptosis promotion, cell cycle arrest, and EMT repression in CRC cells, and the po-
tential mechanism might involve downregulation of the STAT3/Akt pathway [122]. The
pro-apoptotic and anti-telomeric potentials of 5-FU were promoted by resveratrol, thereby
re-sensitizing cancer cells to chemotherapy [122]. Curcumin potentiated the cytotoxicity
of 5-FU, and the combination of these two agents induced apoptosis to a greater extent in
5-FU-resistant colonic cancer cells [123]. The effects were attributed to the downregulated
expression of heat shock protein 27 (HSP-27) and p-glycoprotein (p-gp). EGCG was also
capable of increasing the sensitivity of colonic cancer cells to 5-FU cytotoxicity via activation
of NF-κB and miRNA-155-5p, thus promoting DNA damage and cell death [124]. The
increased expression of miRNA-155-5p was associated with reduced efflux of 5-FU.

OXA is also a commonly used chemotherapeutic drug that can be administered alone
or in combination with fluorouracil. Yang et al. reported that CRC cells infused with
resveratrol became more sensitive to OXA, which might have been related to the regulation
of miR-34c [125]. Co-treatment with OXA and resveratrol showed enhanced efficacy of
inhibition on tumor growth in mice. Resveratrol reduced OXA-induced side effects by
inhibiting neurotoxicity and alleviating damage to the gastrointestinal mucosa [126]. Their
combined treatment improved gastrointestinal contractility and diminished gastrointesti-
nal dysfunction. Moreover, the resistance in colonic HCT116 cell lines was reduced by
curcumin–OXA combination treatment through downregulation of the TGF-β/p-Smad2/3
pathway [127]. In vivo studies have also shown that mice dosed with the combination ex-
hibited a more remarkable decrease in tumor weight and volume compared to those treated
with curcumin or OXA alone. Alantolactone, a natural sesquiterpene lactone, enhanced
OXA-induced cellular apoptosis in colonic cancer cells by increasing ROC generation and
JNK/p38/MAPK pathway activation [128].

Irinotecan, a semisynthetic analog of camptothecin, has been shown to be beneficial
against advanced and metastatic CRC. The EGCG–irinotecan combination caused more
DNA damage, apoptosis induction, and suppression of cell migration in CRC cells than
either agent alone [129]. Curcumin reversed the resistance of colonic cancer cells to irinote-
can by inducing CSC apoptosis, as evidenced by the decreased expression of CSC-related
biomarkers and colonosphere formation [130]. Curcumin also potentiated sensitivity to
irinotecan in resistant colonic cancer cells through EMT regulation [131]. Moreover, the
number of tumors decrease significantly in AOM/DSS-induced CRC model mice following
co-treatment with GTE and irinotecan [132]. Additionally, GTE mitigated the side effects
induced by irinotecan through the alleviation of neutropenia, leucopenia, and diarrhea
in mice.

6. Discussion

The morbidity of CRC keeps rising along with changes in living environments and
dietary habits, placing a heavy burden on medical resources and posing a great threat
to public health. The application of polyphenols has attracted attention due to their low
toxicity. Polyphenols act as chemopreventive agents to modulate multiple pathways in
the suppression of cancer cell growth and metastasis. Among the different polyphenol
types, some are relatively more studied in CRC, such as curcumin, resveratrol, EGCG,
quercetin, apigenin, luteolin, anthocyanins, gallic acid, and capsaicin. The application of
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these polyphenols as adjuvant therapies would be a promising option for CRC prevention
and treatment.

Accumulating evidence indicates a close association between natural polyphenols
and the gut microbiota. Polyphenols and their metabolites can improve the intestinal
microenvironment, thus intervening in CRC progression. Some gut-friendly bacteria are
promoted while other undesirable bacteria are inhibited, which maintains the relative
homeostasis of the intestinal microenvironment. Interestingly, new insights on the rela-
tionship between polyphenols and CSC have been shed in recent years. The development
of CSCs may contribute to tumor formation, progression, and metastasis. Polyphenols
regulate CRC-associated signaling pathways to exert anti-CRC effects.

Use of certain polyphenols alone only yields limited effects, but combination ther-
apy would be more effective and safer. Polyphenols often have poor bioavailability and
instability, which makes it difficult to maintain therapeutic concentrations within tumor
cells and limits their wide application. Conventional chemotherapeutic drugs show vary-
ing degrees of toxicity to normal tissue, resulting in decreased sensitivity toward tumor
cells. Co-treatment with polyphenols and other phytochemicals or chemotherapeutic
drugs is beneficial to patients in that it could reduce the risk of adverse effects, lower the
required dosage, and alleviate drug resistance. Importantly, combining different drugs
requires properly adjusting doses to maximize their effectiveness without affecting their
original function.

Efforts should be made in the following aspects. Studies of pharmacodynamics
and network pharmacology should be conducted to identify new natural substances that
are effective for CRC treatment. Despite achievements in elucidating the anti-cancer
mechanisms of some polyphenols, they share different properties and characteristics that
contribute to varied inhibitive effects. We should focus more on the compatibility of
different natural polyphenols rather than on their individual effects, endeavoring to apply
these agents more effectively and safely for the treatment of CRC and increasing their
absorption in the human body. New drug-delivery regimens are also necessary, such as
using nanoparticle formulations of targeted drugs, which could facilitate their uptake in
tissues and improve their effectiveness against CRC cells. We recommend the combination
of natural polyphenols with chemotherapy, which could not just enhance the “killability” of
the agents against cancer cells, but also reduce the side effects of chemotherapy. Moreover,
most of the relevant studies have been conducted in vitro or using animal models. Well-
designed multi-centric, prospective, and randomized clinical trials are needed to further
assess the efficacy of natural polyphenols in clinical settings. With the application in digital
medicine, metagenomics sequencing and gene editing will become effective methods
to identify more natural polyphenols for CRC-targeted therapy. Machine learning will
help clinicians and researchers assess their long-term efficacy against CRC. Although
polyphenols might only serve as adjuvant therapies against CRC, rather than the first-line
agents, they have carved a new path for future CRC treatment and have broad prospects
for development.

7. Conclusions

CRC remains one of the leading malignancies that poses a great threat to global public
health and a heavy burden on society. Effective therapeutic agents are urgently needed
to turn the table. Our study has found that an increasing number of natural polyphenols
have been applied for CRC treatment and present remarkable anti-cancer activities. These
agents can not only inhibit the growth and promote the death of CRC cells via regulation
of multiple molecules and signaling pathways, but they exert anti-cancer effects through
regulation of the gut microbiota and CSCs. It is worth noting that the combination of
multiple polyphenols yields greater anti-cancer effects, and their combination with other
plant-chemical substances of chemotherapeutic agents could be more beneficial to patients.
However, limitations such as poor biological activity and stability should not be ignored.
Therefore, more effective pharmaceutic preparations and delivery regimens are needed
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to extend their duration in the body. On the other hand, interdisciplinary cooperation
using precision medicine and machine learning developed in the digital era can be applied
to enable accurate identification of therapeutic targets and their long-term efficacy, thus
promoting the development of new anti-CRC drugs that will benefit the whole of mankind.
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