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Abstract

Colorectal cancer (CRC) is a type of cancer with high
morbidity and mortality rates worldwide and has
become a global health problem. The conventional
radiotherapy and chemotherapy regimen for CRC not
only has a low cure rate but also causes side effects.
Many studies have shown that adequate intake of
fruits and vegetables in the diet may have a protective
effect on CRC occurrence, possibly due to the special
biological protective effect of the phytochemicals in
these foods. Numerous /n vitro and /n vivo studies
have demonstrated that phytochemicals play strong
antioxidant, anti-inflammatory and anti-cancer roles by
regulating specific signaling pathways and molecular
markers to inhibit the occurrence and development
of CRC. This review summarizes the progress on CRC
prevention using the phytochemicals sulforaphane,
curcumin and resveratrol, and elaborates on the
specific underlying mechanisms. Thus, we believe that
phytochemicals might provide a novel therapeutic
approach for CRC prevention, but future clinical studies
are needed to confirm the specific preventive effect of
phytochemicals on cancer.
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Core tip: This review summarizes the /n vitro and /in
vivo studies on the phytochemicals sulforaphane,
curcumin and resveratrol, and elaborates on their
chemopreventive effects on colorectal cancer as
well as their underlying molecular mechanisms. We
hypothesize that phytochemicals might provide a new
choice for colorectal cancer prevention and have great
development potential.

Yin TF, Wang M, Qing Y, Lin YM, Wu D. Research progress
on chemopreventive effects of phytochemicals on colorectal
cancer and their mechanisms. World J Gastroenterol 2016;
22(31): 7058-7068 Available from: URL: http://www.wjgnet.
com/1007-9327/full/v22/i31/7058.htm DOI: http://dx.doi.
org/10.3748/wjg.v22.i131.7058

INTRODUCTION

Nowadays, colorectal cancer (CRC) is one of the most
common types of cancer worldwide, accounting for
10.0% of the total cancer cases in men and 9.2% of
the total in women. There is no effective early detection
method for CRC, which is already at an advanced stage
when detected, making the treatment often passive.
Therefore, CRC prevention prior to its onset has an
important public health implication. Many studies
have shown that a variety of fruits and vegetables
are rich in phytochemicals, which may play strong
chemopreventive roles in the prevention of CRC™™.,
Thus, phytochemicals are expected to become the new
choice of CRC prevention and treatment. A large number
of studies have indicated that sulforaphane (SFN),
curcumin, resveratrol and other phytochemicals can
act on specific targeting molecules through regulating
different signal transduction pathways in order to play
chemopreventive roles in CRC, as detailed below.

SULFORAPHANE

SFN (4-methylsulfinylbutyl isothiocyanate) is abundant
in cruciferous vegetables and is an important isothio-
cyanate derived from the hydrolysis of its precursor
glucoraphanin®™. SFN may act on multiple targets to
interfere with early cancer development and progres-
sion®®”), Currently, a few mechanisms of the preventive
role of SFN have been proposed:

Inhibiting phase I metabolic enzymes to reduce their
roles in carcinogen activation

A series of metabolic reactions occur after carcinogens
enter into the body, among which is phase I metabolism
which includes oxidation, reduction and hydrolysis
that increases the solubility and oxidation activity of
carcinogens. Metabolites of the carcinogens then bind
to key intracellular macromolecules (DNA, RNA and
proteins) and become more damaging. Cytochrome
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P450 (CYP) is a major component of phase I metabolic
enzymes and can convert xenobiotics into more
electrophilic, reactive, mutagenic or even carcinogenic
bioactive compounds. CYP3A4 is mainly expressed in
the liver and intestine and can mediate the metabolism
of carcinogens, making them more carcinogenic.

Previous studies have shown that SFN com-
petitively inhibited or covalently modified some CYP
isoforms and reduced their expression, thereby
inhibiting DNA-adduct and chemical carcinogenesis®”.
Mahéo et al have found that SFN reduced the activity
of CYP1A1, 2B1/2 and 3A4 in rat liver cells!'®'!,
possibly by inhibiting human pregnane X receptor
(hPXR)-mediated CYP3A4 expression. In another
study, SFN was found to significantly reduce the
expression of CYP3A4 mRNA in Caco-2 cells, and
CYP3A4 mRNA expression level was not increased
in response to the hPXR-inducer rapamycin®®. These
studies suggest that the combined use of SFN and
hPXR antagonists might have a synergistic effect,
thereby reducing drug dosage and decreasing adverse
drug reactions.

Inducing phase Il metabolic enzymes to enhance their

roles in carcinogen suppression

Phase II metabolism is composed mainly of binding
reactions, wherein carcinogens and their metabolite
reactive oxygen species (ROS) bind to endogenous
ligands such as glutathione and glucuronic acid and
form macromolecules to be excreted, thus avoiding
further damage to DNA molecules. Currently, many
studies have confirmed that SFN induces the ex-
pression of a number of phase II metabolic enzymes
in CRC cells, including glutathione reductase (GR),
glutathione S-transferase (GST), aldehyde reductase
(AR), NAD[P]H:quinone oxidoreductase (NQO) and
uridine 5’-diphospho (UDP)-glucuronosyltransferase
(UGT)M*?1, GR converts the active and oxidized
glutathione to stable and reduced glutathione (GSH).
GST catalyzes the binding of electrophilic substrate
with GSH to induce its excretion. AR and NQO catalyze
the conversion of metabolically active aldehydes
and quinones to relatively stable alcohols and hydro-
quinones respectively, reducing their activities and
damaging effects. UGT catalyzes the transferring of
B-glucuronic acid from UDP-glucuronic acid to active
substrates, thereby increasing their solubility and
facilitating their excretion.

A recent research focus is the induction effect of
SFN on UGT. Human colon has complex UGT1A loci
expression patterns, in which UGT1A8 and 1A10
are specifically expressed in human gut and play an
important role in the metabolism of carcinogens?.
Our previous studies have shown that decreased
activity in UGT1A and its isoforms 1A8 and 1A10 was
one pathogenic mechanism of colon cancer”?*, When
Caco-2 cells were treated with 10-30 umol/L of SFN,
UGT1A expression was induced in a dose-dependent
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Figure 1 Sulforaphane regulates Keap1-Nrf2-ARE signaling pathway and induces phase II metabolic enzyme expression. Blue arrows indicate that under
normal circumstances, Nrf2 binds to Keap1 in the cytoplasm and undergoes ubiquitin-mediated degradation. Red arrows indicate that under SFN treatment or
ROS attack, Nrf2 is activated though the MAPK, PIK3 and PKC signaling pathways, and translocated to the nucleus, where it binds to promoter region ARE of the
target genes and activates the expression of phase II metabolic enzymes. ARE: Antioxidant response element; MAPKs: Mitogen-activated protein kinases; PI3K:
Phosphatidylinositol 3-kinase; PKC: Protein kinase C; ROS: Reactive oxygen species; SFN: Sulforaphane.

manner. Treatment of Caco-2 cells with 25 pmol/L
SFN for 24 h significantly improved mRNA and protein
expression levels of UGT1A1, 1A8 and 1A10 as well as
of their enzymatic activity!'®. It has also been shown
that SFN and SFN-GSH significantly improved mRNA
and protein expression levels of UGT1A1, mRNA
expression level of GSTA1 and activity of bilirubin in
HepG2 and HT-29 cells®®!,

The underlying mechanism by which SFN regulates
the activity of phase II metabolic enzymes is thought
to be the Keap1-Nrf2-ARE signaling pathway'®*®. There
is a cis-regulatory structure (5-A/GTGANNNGCA/G-3')
in the promoter region of phase II metabolic enzymes,
known as antioxidant response element (ARE). Among
many transcription factors that bind to ARE, Nrf2
was proposed to play a key role and to be induced
by external factors to activate the transcription of
antioxidant enzymes and detoxification enzymes!***.,
Nrf2 normally binds to Keapl and localizes in the
cytoplasm, but is activated and translocated into
the nucleus to activate the expression of phase II
metabolic enzymes following SFN treatment or ROS
attack. The Keapl-Nrf2-ARE signaling pathway is
regulated by upstream phosphatidylinositol 3-kinase
(PI3K), protein kinase C (PKC) and mitogen-activated
protein kinases (MAPKs) which consists of extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinase
(JNK) and p38%™***® (Figure 1). Our previous studies
have shown that the expression of UGT1A in CRC tissue
was down-regulated compared to that in normal tissue
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and colorectal adenoma tissue, while the expression
of Nrf2 in CRC tissue was up-regulated compared to
that in normal adenoma tissue, and Nrf2 was only
expressed in the cytoplasm of cells in adenomas and
CRC tissues™. SFN increased Nrf2 mRNA expression
in Caco-2 cells and induced the nuclear translocation
of Nrf2 in response to SFN treatment, as confirmed
by confocal microscopy!®l. These results suggest
that SFN might have a chemoprotective effect on
CRC through this signaling pathway. In addition, SFN
was found to increase the activity of NQO and GST in
intestinal cells from wild-type Nrf2*/* mice™® and to
induce the expression of Nrf2-dependent GST, NQO1
and carboxyl esterase. SFN also significantly improved
mMRNA expression of GST, NQO1, UGT1A6 and GR, and
enhanced the activity of phase I enzymes including
GST, NQO1, UDP-glucose dehydrogenase®®. These
effects of SFN were significantly decreased in mutant
Nrf2”" mice, suggesting that the Nrf2 pathway is
one of the key mechanisms by which SFN exerts a
chemoprevention effect.

Inducing apoptosis

Many studies have shown that SFN treatment inhi-
bited the viability of HT-29, Caco-2, SW620, KM12,
SNU-1040, DLD-1 and other CRC cells™®***3 induced
typical apoptotic morphology™>**¥, increased cas-
pase-3 activity’®” and mediated the cleavage of poly
(ADP-ribose) polymerase (PARP), which is vital in DNA
mismatch repair®>>*. Meanwhile, SFN showed little
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effect on normal cells™>*%,

Previous studies on the mechanisms underlying
SFN-induced apoptosis have shown that large-dose
SFN induced apoptosis in CRC cells though reducing
the expression of anti-apoptotic Bcl-2 and inducing
the expression of pro-apoptotic Bax!'******’], Gamet-
Payrastre et al®* have found that after the treatment
of SFN, there was no detected expression of Bcl-2
and Bax gradually increasing with the occurrence
of apoptosis in HT-29 cells. When Bax is partially
translocated into mitochondria, it induces cytochrome
C, releasing into the cytoplasm and triggering the
caspase cascade, and PARP is then hydrolyzed,
indicating that SFN can induce Bax-dependent apo-
ptosis. In addition, Rudolf et a/*! have found that
in p53 knock-out HCT116 cells, SFN inhibited the
expression of Bcl-2, up-regulated the expression of
Bax and promoted the release of cytochrome C. Their
studies have also shown that SFN mediated DNA
damage, activated the JNK pathway and changed the
permeability of early lysosomal membranes to induce
cathepsin B and D release, thus exerting a dose-
dependent effect on apoptosis.

SFN can also induce apoptosis through the MAPK
pathway. Many studies have shown that SFN induced
apoptosis, arrested cell cycle or induced phase II
metabolic enzyme expression via activation of JNK and
p38 signaling pathways**’?%, Hu et a/** have found
that phenethyl isothiocyanate, which has a structure
similar to that of SFN, induced the phosphorylation
and activation of three MAPKs in HT-29 cells and
that inhibitors of IJNK significantly inhibited the SFN-
mediated apoptosis. Therefore, activation of JNK
signaling pathway may play an important role in
phenethyl isothiocyanate-mediated apoptosis.

Cell cycle arrest
Previous studies have shown that SFN arrested
cell cycle in many types of CRC cells. For example,
SFN arrested HT-29 cells in the Go/G:®"*” and G2/M
phases™"*!1, arrested Caco-2 cells in the Gi/G2'*®! and
G2/M phases!*®, and arrested HCT116 cells in the G2/M
phase™. SFN also augmented the expression of p21,
which exerted inhibitory activity on cyclin-dependent
kinase (CDK), and regulated the levels of many cell
cycle proteins. While arresting HT-29 cells in the Go/G:
phase, SFN significantly induced the expression of p21
and reduced the expression level of some regulatory
proteins, which is vital for G: phase, such as cyclin A,
cyclin D1 and c-myc*®. While arresting HT-29 cells in
the G2/M phase, SFN also up-regulated the expression
of p21™ and induced the expression of cyclin A and
B1 that promote cell arrest at the G2 phase®***.
Recent studies have shown that activation of MAPK
cascade might play a significant role in SFN-induced
cycle arrest in CRC cells®*”. SFN can activate JNK
and p38 pathways, arrest cell cycle in the G2/M phase
and significantly inhibit the viability of many types of
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CRC cells. It is possible that p38 pathway activates
MAP kinase-activated protein kinase 2 (MAPKAPK2) to
phosphorylate the cell division cycle protein 2 (CDC2),
thereby inhibiting its ability to dephosphorylate CDK1,
and activates the CDK1-cyclin B complex to arrest
cell cycle in the G2/M phase!®, Addition of specific
CDC2 kinase inhibitors retarded the effect of SFN on
arresting cells in the G2/M phase and destroyed its
apoptosis induction effect*!. These results suggest
that SFN may induce cell cycle arrest and apoptosis
through JNK orp38-MK2-CDC2-CDK1 pathways.

SFN can also induce cell cycle arrest by interfering
with microtubule formation. Byun et a/**! have re-
cently reported that SFN interfered with microtubule
polymerization in CRC cells and reduced microtubule
levels in HCT116 and HT-29 cells, thereby arresting
cells in the G2/M phase.

Interestingly, SFN can increase the level of ROS
in cells while arresting cell cycle progression, thus
participating in the induction of apoptosis. Through
activation of JNK and p38 pathways, SFN can arrest
cell cycle in the G2/M phase, and augment intracellular
ROS level while decreasing GSH level. Excess ROS
causes apoptosis or death. Addition of antioxidant
N-acetylcysteine and catalase in CRC cells reversed
the effect of SFN on cell viability and cell cycle arrest
but no significant change in normal colorectal cells®?,
A similar study also confirmed that GSH blocked SFN-
induced activation of MAPK pathway and inhibited the
expression of p21 and cyclin D1%. Therefore, SFN
may induce ROS synthesis to selectively kill tumor
cells, one possible mechanism by which SFN plays a
chemopreventive role in CRC.

In addition, SFN can also affect the expression of
genes that regulate cell cycle and apoptosis through
epigenetic mechanisms. SFN reduced the activity of
histone deacetylase (HDAC) in HCT116 cells"***!, and
raised the levels of acetylated histone H3, H4, p21
and tubulin®****¢!, | ong-term treatment with SFN
also inhibited tumor development while increasing the
acetylation level of histone on the promoter regions
of the genes that specifically bind to p21 and Bax in
colon polypst*?l. Nrf2 pathway is likely to play a role
in the inhibition of HDAC by SFN. Rajendran et a/*”!
have found that carcinogen 1,2-dimethylhydrazine
more likely induced CRC in wild-type Nrf2** mice than
in mutant Nrf2”* mice and that HDAC level in wild-
type mice was significantly increased as compared
to that in Nrf2”* mice. SFN treatment had a more
profound effect on improving tumors in wild-type mice
than in Nrf2”* mice. Other studies have shown that
SFN inhibited the activity of HDAC by promoting its
degradation in the cytoplasm. When HCT116 cells were
continuously treated with SFN, HDAC mainly degraded
after entering into the cytoplasm and binding to Pin1,
and arrested cell cycle at the G2/M phase. However,
at 24 h after the removal of SFN, HDAC bound to
14-3-3 and was translocated into the nucleus, allowing

August 21, 2016 | Volume 22 | Issue 31 |



Yin TF et al. chemoprevention effects of phytochemicals on CRC

arrested cells to enter normal cell cycle™.

Inducing autophagy

Many studies have found that SFN induced autophagy
in human prostate cancer®, colon cancer® and
breast cancer®!. We have found that SFN induced
Caco-2 cell autophagy in a dose- and time-dependent
manner. At 5 umol/L to 25 pmol/L, cell autophagy
augmented with the increase in SFN concentration.
At 25 umol/L, cell autophagy in Caco-2 cells became
enhanced with the SFN treatment time increasing
from 6-36 h™.. Nishikawa et a®® have shown that SFN
inhibited the proliferation of WiDr cells, with high-dose
(80 umol/L) inducing apoptosis and medium- to low-
dose (20 umol/L to 40 pmol/L) inducing autophagy.
Autophagy inhibitors suppressed autophagy and
enhanced SFN-mediated apoptosis. Therefore, SFN in
combination with autophagy inhibitors might restrain
cell autophagy and promote apoptosis, thus having a
better role in cancer prevention.

Inhibiting tumor angiogenesis

Kim et al® have found that SFN significantly reduced
the expression level of vascular endothelial growth
factor (VEGF) and hypoxia inducible factor-1a (HIF-1a),
both of which are associated with angiogenesis and
tumor metastasis, and inhibited tumor metastasis in
a dose-dependent manner in hypoxia-treated HCT116
cells. Therefore, SFN might inhibit the expression of
VEGF and HIF-1a to prevent CRC cancer progression
and tumor angiogenesis. In addition, previous studies
have shown that SFN decreased the expression level
of VEGF, HIF-1a and c-myc in hypoxia-treated vascular
endothelial cells in a time- and dose-dependent
manner, inhibited VEGF receptor expression and
affected endothelial cell basal membrane integrity™".
SFN also arrested vascular endothelial cells at the
G2/M phase, interfered with normal polymerization of
mitotic microtubules® and induced autophagy. SFN
in combination with autophagy inhibitors enhanced its
pro-apoptotic effect™. Therefore, SFN might play a
significant role in cancer prevention by inhibiting tumor
angiogenesis and remodeling.

Enhancing the efficacy of chemotherapy drugs

Studies have shown that both SFN and antineoplastic
agent oxaliplatin could inhibit the proliferation of Caco-2
cells in a dose-dependent manner. Combined use of
SFN and oxaliplatin synergistically activated endogenous
and exogenous apoptotic signaling pathways in Caco-2
cells, which exhibited typical apoptotic morphology
and became necrotic with increased duration and
concentration®. Pretreatment of HT-29 cells with
2.5 umol/L SFN activated the cancer drug PR-104A
and reduced its ECso by 3.6-fold. Similar results were
observed with SW620 cells. However, SFN had little
effect on normal colon cells®. Therefore, SFN combined
with traditional chemotherapy drugs might reduce drug
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resistance and enhance drug efficacy. Reducing drug
dose while ensuring drug efficacy might reduce the
incidence of dose-related adverse reactions, which is
one of the future development directions of SFN clinical
applications.

The potential chemopreventive effect of SFN on
CRC has also been confirmed by in vivo studies.
Animal experiments have shown that 2-6 h after oral
gavage of 5-20 umol/L SFN, the highest level of SFN
was detected in small intestine, prostate, kidney and
lung (in a descending order)®®. Therefore, SFN might
exert a chemopreventive effect by being a target for
prevention of CRC. SFN also significantly reduced the
size of xenograft tumor in HCT116 cell-transplanted
nude mice in a dose-dependent manner®* and de-
creased the number of aberrant crypt foci (especially
the multi-crypt foci) in azoxymethane-treated rats™”.

Future studies will determine whether SFN in food
might play a chemopreventive role through the above-
discussed molecular mechanisms, as well as determine
its effective concentration, bioavailability and interactions
with other dietary components. Understanding the
distribution, metabolism and excretion of SFN in vivo
could become a significant avenue of research. Large-
scale clinical cohort studies are critical and required to
confirm the chemopreventive effects of SFN on CRC.

CURCUMIN

Curcumin (diferuloylmethane) is the primary component
of turmeric, which is a common spice plant belonging
to the ginger family®™®*°!, Curcumin can regulate
multiple signaling pathways and mediate the activities
of target molecules in CRC cells, thereby inhibiting
cancer initiation, promotion and progression.

Inhibiting cell proliferation and inducing apoptosis
p-catenin is a key factor in the regulation of cell
proliferation in CRC. It stimulated the expression of
cell proliferation-related target genes, such as c-myc
and cyclin D1, and was regulated by the Wnt signaling
pathways'®”. Curcumin and its derivatives suppressed
B-catenin response transcription without altering the
intracellular level of B-catenin, reduced the expression
of Wnt/B-catenin pathway transcriptional coactivator
p300 and inhibited B-catenin-related transcription,
thus playing a role in inhibiting CRC cell growth
and proliferation®’. Recent studies have found that
curcumin blocked Wnt/p-catenin pathway-mediated
c-myc expression to disrupt cell-cell adhesion in
HCT116 cells, arrested cell cycle at the G>/M phase and
induced apoptosis'®®. Thus, the Wnt/p-catenin pathway
might represent a key mechanism by which curcumin
suppresses cell growth and induces apoptosis.

The adenosine monophosphate (AMP)-activated
protein kinase (AMPK)-cyclooxygenase-2 (COX-2)
cascade might also be an important mechanism by
which curcumin restrains CRC cells proliferation. It has
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been reported that curcumin arrested HT-29 cells in
the G: phase and induced apoptosis, while reducing
the expression of COX-2 and apoptosis-related kinase
pAkt and up-regulating the expression level of p-AMPK.
Treatment of HT-29 cells with AMPK inhibitor compound
C following curcumin inhibited AMPK expression, in-
creased COX-2 and pAkt expression and promoted cell
proliferation, but did not induce apoptosis®®. As such,
AMPK might be the key molecule for curcumin-induced
apoptosis in CRC. The pAkt-AMPK-COX-2 or AMPK-pAkt-
COX-2 pathway might be a vital signaling transduction
pathway that regulates CRC cell proliferation or
apoptosis.

Cell cycle arrest

Curcumin arrested cell cycle in CRC cells possibly by
up-regulating the expression level of p53 and p21*.
When there was DNA damage in the cells, curcumin
increased the expression of p53 to further induce p21
expression and cell apoptosis'®®!, However, some
studies have also shown that curcumin arrested cells in
the G2/M phase and induced apoptosis in the absence
of p53 and p21 expression®. Curcumin also regulated
the effect of cyclin and CDK. Irving et a/'*” have shown
that curcumin arrested cells in the G:/S phase, down-
regulated cyclin D and blocked CDK (in particular,
CDK4 and CDK6), which may be due to the decreased
activity of telomerase and growth factor receptors
mediated by curcumin.

Affecting epigenetics

Aberrant DNA methylation has been identified as one
of the mechanisms of CRC development® %, including
silent transcription caused by local hypermethylation
of promoter CpG islands, chromosomal instability
caused by DNA global hypomethylation and formation
of aneuploidy”*7%. Some researchers have pointed
out that different from the DNA methyltransferase
inhibitor 5-aza-29-deoxycytidine-induced DNA global
hypermethylation in CRC cells, curcumin might induce
DNA local hypermethylation in a time-dependent
manner, and then induce or reduce the expression of
a number of related genes””), Thus, curcumin might
have a chemopreventive effect on CRC by selectively
inducing hypermethylation in some genes; however,
the specific mechanism needs further exploration.

Enhancing the efficacy of chemotherapy drugs

Recent studies have shown that curcumin combined
with traditional chemotherapy drugs can delay
or reduce drug resistance. In vitro experiments
have indicated that curcumin down-regulated the
expression of insulin-like growth factor-1 receptor,
AKT, COX-2 and cyclin D1 to significantly reduce the
resistance to 5-fluorouracil (5-FU) plus oxaliplatin in
CRC cells”®. In vivo and in vitro studies have also
demonstrated that curcumin enhanced the efficacy
of oxaliplatin in drug-resistant CRC cells”®. Curcumin
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enhanced the sensitivity of 5-FU-resistant CRC cells
and suppressed cancer stem cells®. These results sug-
gest that curcumin in combination with conventional
chemotherapy drugs can reduce viability of drug-
resistant CRC cells and thus plays a role in enhancing
the effectiveness of chemotherapy drugs.

A recent clinical trial with 126 CRC patients has
shown that oral uptake of 1.08 g curcumin per day
(n = 63) decreased the serum TNF-a level, but up-
regulated the level of p53 and apoptotic cancer cells in
tumor tissue, and increased the weight of the patients
at last. Therefore, curcumin might up-regulate the
expression level of p53 in tumor cells to accelerate
tumor cell apoptosis and enhance the health of CRC
patients®!!. Carroll et a/® selected 41 patients with
eight or more aberrant crypt foci to take 2.0 g (n =
22) or 4.0 g (n = 19) curcumin orally per day and
found no significant change in patients with daily oral
administration of 2.0 g curcumin, but a 40% reduction
of the total number of colonic crypt foci was observed
in those who received 4.0 g curcumin daily. There
are limited clinical trials on curcumin and large-scale
studies are needed in the future to explore the specific
effective dose and mechanisms by which curcumin
prevents CRC.

To conclude, the protect role of curcumin as
a phytochemical agent against CRC is now well
supported, but a larger sample size is needed in the
future research to investigate its bioavailability in the
body, plasma concentration and clinical efficacy.

RESVERATROL

Resveratrol (trans-3,4’,5-trihydroxystilbene) belongs to
the stilbene family of phenolic compounds and is found
in nuts, pines and berries, and especially in the skin of
red grapest®!. Resveratrol can inhibit lipid peroxidation
thrombocyte aggregation, thus playing anti-oxidation,
anti-inflammatory and vasodilation roles®®*!. Nume-
rous studies have confirmed that resveratrol might
also exert a chemopreventive effect on CRC, and
the underlying molecular biological mechanisms are
detailed below.

Inhibiting cell proliferation and inducing apoptosis

Resveratrol can regulate cell energy metabolism to
play an interesting role in suppressing cancer cell
growth and inducing apoptosis. Studies have shown
that resveratrol inhibited the pentose phosphate
pathway to further inhibit focal adhesion complex
proteins, such as talin and focal adhesion kinase, then
suppressed cell growth and induced apoptosis in CRC
cells’®, Calorie restriction by resveratrol has been
recently proposed®!. Fouad et a/® have confirmed
that resveratrol significantly reduced the levels of
glycolytic enzymes in Caco-2 cells, thus enhancing
the activity of citrate synthase and reducing the
consumption of glucose. More importantly, resveratrol
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decreased the expression of leptin, c-myc and VEGF,
and activated apoptotic markers caspases 3 and 8 by
increasing the ratio of Bax/Bcl-2. These results indicate
that resveratrol might induce apoptosis and inhibit
angiogenesis via the caloric restriction pathway.

Cell cycle arrest

Recent studies have shown that resveratrol arrested
cells in the G:/S phase and induced apoptosis via
cyclin-CDK pathway-dependent caspase in HCT116
and Caco-2 cells®, Another study has also shown
that resveratrol inhibited the growth of Caco-2 cells
and suppressed the expression level of cyclin D1
and CDK-4. Low-dose resveratrol arrested cells in
the S/G: phase, while high-dose resveratrol induced
cell apoptosis®, Similarly, it has been found that
resveratrol inhibited the survival of Caco-2 cells,
arrested cell cycle in the S/Gz2 phase and reduced the
activity of ornithine decarboxylase, which is essential
for polyamine synthesis, without inducing apoptosis®®*’.
These results are similar with others; for instance,
Wolter et al®* have proposed that resveratrol may
reduce polyamine biosynthesis by interfering with the
activity of ornithine decarboxylase, thereby inhibiting
CRC cell proliferation.

Anti-inflammatory effect

With greater anatomic extent and severity of colitis, the
risk of CRC occurrence and progression increase® 4,
A number of inflammation-related genes were up-
regulated in intestinal inflammatory mucosa and
tumors®., Many inflammatory mediators, such as pro-
inflammatory cytokines, prostaglandins and nitric oxide
(NO), are associated with the occurrence of cancer and
play a role in the progression of cancer. Recent studies
have confirmed that resveratrol interfered with NF-
kB-dependent signaling mechanisms, reduced mRNA
and protein expression of inducible NO synthase and
inhibited NO production. Resveratrol also reduced
the expression of Toll-like receptor-4 and reduced
lipopolysaccharide-mediated inflammatory response
in Caco-2 and SW480 cells®®. Similarly, in the dextran
sulfate sodium colitis mouse model, resveratrol
significantly increased the anti-inflammatory score,
reduced the proportion of neutrophils in some lymphoid
tissue and down-regulated the levels of inducible NO
synthase, COX-2 and TNF-o®”), These studies confirm
the anti-inflammatory effect of resveratrol and suggest
that resveratrol might play a role in inflammation-
related tumor resistance.

Improving the effectiveness of chemotherapy drugs

Some researchers have explored the effect of
resveratrol on decreasing CRC drug resistance and
enhancing chemotherapy efficacy. Resveratrol has
been reported to induce apoptosis in chemotherapy
drug etoposide-resistant HT-29 cells via the AMPK
pathway. It also increased the level of phosphorylated
acetyl-CoA carboxylase and phosphorylated and
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activated downstream AMPK, thereby inhibiting
cell growth, up-regulating ROS level and inducing
apoptosis. AMPK inhibitor compound C decreased
the cytotoxicity induced by the combined use of
resveratrol and etoposide!®®. In addition, resveratrol
in combination with chemotherapeutic drug 1,3-Bis
(2-chloroethyl)-1-nitrosourea induced the apoptosis of
5-FU-resistant HCT116 cells®, and resveratrol sulfate
mixture enhanced effectiveness of the anticancer drug
oxaliplatin™®, However, it has also been reported
that resveratrol in combination of oxaliplatin did not
have an antichemosensitizing effect™™®". Thus, large-
scale studies are required to confirm the efficacy
of resveratrol in improving CRC cell sensitivity to
chemotherapy drugs.

Metabolic kinetic studies have indicated a high
clearance rate in circulation and low bioavailability of
resveratrol® %1% thus its use for CRC prevention
has been highly controversial. But, some studies
have suggested that the possible reason for low level
of resveratrol in the circulatory system is because
resveratrol can quickly induce the phase II metabolic
enzymes UGT and sulfotransferase to produce res-
veratrol glucuronides and resveratrol sulfates!'%°”,
A recent clinical trial has shown that the level of three
resveratrol sulfate conjugates was high in 8 patients
with oral administration of 0.5 g or 1.0 g resveratrol
daily prior to surgery and that the proliferation of
tumor cells was significantly suppressed in these
patients, suggesting that daily oral uptake of 0.5 g
or 1.0 g resveratrol might play a key role in cancer
prevention!'®, Other researchers have used various
resveratrol precursors, sulfates and other derivatives
to treat CRC cells and found that they could be
used alone or synergistically to suppress cancer cell
proliferation, stimulate apoptosis, arrest cell cycle,
induce cell differentiation and enhance effectiveness
of anticancer drugs!'®'*!° These studies have
suggested that despite low resveratrol bioavailability in
the body, resveratrol might have an anticancer effect
through its relevant metabolites; large-scale clinical
trials are required to confirm this hypothesis.

Resveratrol might play a chemoprotective effect
on CRC via its metabolites and derivatives. Further
clinical studies are necessary to explore the effective
concentration and specific mechanism of resveratrol.

CONCLUSION

This review summarizes the chemopreventive effect of
phytochemicals sulforaphane, curcumin and resveratrol
on CRC and the underlying molecular mechanisms.
Phytochemicals are safe and their raw materials are
readily available, which contributes to making them
promising new therapeutic options for CRC. Early
marketing of phytochemicals can provide supplemental
diet to better prevent or treat high-risk groups and
cancer patients, reduce CRC incidence and mortality,
and benefit mankind.
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