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Abstract

Colorectal cancer (CRC) is one of most common malignancies worldwide and its incidence

is still growing. In spite of recent advances in targeted therapies, their clinical efficacy has

been limited, non-curative and unaffordable. A growing body of literature indicates that CRC

is a multi-modal disease, where a variety of factors within the tumor microenvironment play

a significant role in its pathogenesis. For instance, imbalance in gut microbial profiles and
impaired intestinal barrier function contribute to the overall intestinal inflammation and initiation
of CRC. Moreover, persistent chronic inflammation favors a tumor microenvironment for the
growth of cancer. In addition, autophagy or ‘self-eating’ is a surveillance mechanism involved

in the degradation of cellular constituents that are generated under stressful conditions. Cancer
stem cells (CSCs), on the other hand, engage in the onset of CRC and are able to endow cancer
cells with chemo-resistance. Furthermore, the aberrant epigenetic alterations promote CRC. These
evidences highlight the need for multi-targeted approaches that are not only safe and inexpensive
but offer a more effective alternative to current generation of targeted drugs. Curcumin, derived
from the plant Curcuma longa, represents one such option that has a long history of its use for a
variety of chronic disease including cancer, in Indian ayurvedic and traditional Chinese medicine.
Scientific evidence over the past few decades have overwhelmingly shown that curcumin exhibits
a multitude of anti-cancer activities orchestrated through key signaling pathways associated with
cancer. In this article, we will present a current update and perspective on this natural medicine

— incorporating the basic cellular mechanisms it effects and the current state of clinical evidence,
challenges and promise for its use as a cancer preventative and potential adjunct together with
modern therapies for CRC patients.
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INTRODUCTION

Colorectal cancer (CRC) is the third most common cancer diagnosed in males and second
most common malignancy in females, with over 1.8 million new cases and approximate
861,000 deaths reported in 2018 [1]. The prognosis of CRC varies according to cancer
stage, with 5-year survival rate of about 90% for stage | disease and a dismal ~10% for
stage IV patients. Although 60% of patients present with a resectable disease at the time of
diagnosis, nearly half of these patients that undergo curative surgery alone and another 20—
25% who receive post-surgical adjuvant chemotherapy, experience cancer relapse, metastatic
disease and eventual death [2—4]; highlighting the inadequacy of current state of modern
treatment choices for this fatal malignancy at the current time. Not surprisingly, there is a
growing awareness that cancer prevention, in the long run, has likely a significant potential
for saving more human lives compared to the classic chemotherapies and targeted drugs
that are currently available for the management of this disease. Given the toxicity profile
and exorbitant expense associated with modern therapies, there is a growing interest in
identifying possible natural product, that are safe and more affordable for the prevention
of CRC and possible adjunctive treatments together with conventional treatments currently
offered to such patients.

It is well established that environmental and genetic factors increase the likelihood for
developing CRC, such as older age, chronic inflammation for prolonged periods of time, a
personal or family history of colorectal polyps and unhealthy diets and lifestyles, obesity
and lack of exercise. Moreover, in the recent years, numerous studies have indicated a
potential dual role of the gut microbiota in preserving host’s health or exacerbation of
disease due to the overabundance of specific microbes that promote tumorigenesis in the
colon. In this context, intestinal dysbiosis has been shown to tightly correlate with colorectal
inflammation and tumorigenesis [5-7]. Under these environmental or genetic stresses,
diverse cellular pathways coordinate to manifest phenotypic alterations that occur within the
colonic epithelial cells, triggering a cascade of events that transform a healthy normal cell

to an intermediate adenoma (or polyp) and eventually an advanced adenocarcinoma. While
this biological process is well understood, this offers an opportunity for a timely intervention
or regression (prevention) of disease, because hormal-adenoma-cancer progression happens
over a decade or longer, and various factors that promote such epithelial transformation
including dietary and lifestyle choices, chronic inflammation, and benign pre-malignant
lesions, can be potentially modified; hence, making cancer prevention or delayed onset a
realistic possibility for a disease such as CRC which manifests over decades.

While the anecdotal evidence has existed for centuries in certain for some of the natural
remedies cultures (e.g. Ayurvedic medicine from India and Chinese traditional medicine), a
select number of such anti-cancer compounds derived from various natural medicines have
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been well-studied for their ability to prevent or even reverse early-stage cancer progression
by virtue of their potent anti-inflammatory and anti-oxidant activities. Curcumin (CUR),
derived from the roots of the Curcuma longa, is one such compound that has been very
likely one of the leading and most-studied natural medicine for its role in cancer prevention.
Several thousand studies to date have been published highlighting the biological impact of
curcumin on multiple cellular functions, many of them that play a central role predominantly
against cancer [8-20]. In this review, we aim to elucidate the underlying mechanisms
underlying the interaction between curcumin and key biological processes or molecular
pathways associated with CRC development. We further summarize various preclinical
studies and clinical trials involving curcumin and its anti-cancer activity in CRC; hence
highlighting its potential role for exploitation in cancer prevention or even its use as an
adjunctive treatment together with classic drugs for improving therapeutic outcomes in CRC
patients.

1. Curcumin — a potent bioactive natural medicine for various human
diseases

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione), also referred to
as diferuloylmethane, constitutes one of the major curcuminoids present in the root of plant
Curcuma longa (turmeric), which has been used for centuries as a dietary spice, as well

as a traditional medicine in India and China [21]. Well known for its healing property, the
earliest mention of curcumin was reported by Albert Oppenheimer in 1937 for the treatment
of cholecystitis [22]. Subsequently, curcumin has been virtually studied for most known
diseases in humans, and has been shown to be highly effective in various medical ailments,
such as cancer, arthritis, major depression, liver disease, dyslipidemia, chronic obstructive
pulmonary disease, to name a few [8, 21, 23-27].

Structurally, curcumin is a symmetric molecule with two similar looking aromatic rings.
Due to the presence of conjugated double bonds, curcumin serves as an effective electron
donor to counteract formation of reactive oxygen species in many redox reactions [9];
hence, acting as a potent anti-oxidant. In addition to its anti-oxidative potential, a plethora
of other biological functions have been attributed to curcumin, including its role as an
anti-inflammatory, anti-tumor, anti-microbial, lipid-modifier and an anti-analgesic [25, 28,
29]. Accumulating evidence indicates that curcumin acts in a multi-targeted fashion and
has the ability to interfere with various cellular signaling pathways by directly targeting
bioactive proteins or epigenetically regulating gene expression, in key disease-associated
pathways [30-32].1t is noteworthy to mention that curcumin has hitherto been found to be
effective in suppressing various phases of CRC development, and its therapeutic potency
against CRC has been validated in several preclinical and clinical investigations [10, 33].
Due to its active anti-tumor activity, it is reasonable to conclude that curcumin has the
potential for its use as a natural product for CRC prevention, and possible even for the
treatment of this disease singularly or in conjunction with other treatments.
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2. Curcumin and its multifaceted activity in colorectal cancer prevention
and treatment

2.1 Curcumin as a modulator of gut microbial environment

Without a question, the role of gut microbiota in modulating various diseases, especially
conditions of the gastrointestinal tract, has received increased attention over the last decades.
In essence, gut microbiome represents a diverse microbial community that primarily
comprises of various classes of bacteria, fungi, viruses and a few other rare species [34]. We
now recognize that gut microbial species plays important roles in host physiology, perform
numerous fundamental metabolic, structural and protective functions for the host health.
Accordingly, any perturbations in gut microbiome profile or dysbiosis, can have important
consequences for humans to be at-risk for developing various diseases, including CRC [35,
36]. A surge of interesting studies has revealed that microbiome alterations are most likely to
be involved during the initial origin of the disease and possibly continue to play some role
during the development of CRC.

Different hypotheses have been put forward to uncover the role of microbiome alterations

in the tumorigenesis of CRC. In general, the collective activities of gut microbes and

their metabolites can affect immune responses and therefore lead to chronic inflammation.
Butyrate, for instance, is a short chain fatty acid produced by gut microbial players. As

a histone deacetylase (HDAC) inhibitor, butyrate has anti-tumor effects in several key
oncogenic signaling pathways including JAK2-STAT3 and VEGF pathways. In addition,
butyrate reduces gut inflammation by promoting T-regulatory cell differentiation through
the suppression of master transcription factor NF-xB and its downstream mediator STAT3
pathway [37]. In contrast to the beneficial metabolic effects of butyrate, growing evidence
indicates that it can also lead to elimination of several bacterial species which can result

in direct damage of gut cells or produce toxins to promote inflammatory responses. For
example, Bacteroides fragilis toxin (BFT), produced by Bacteroides fragilis has the potential
to initiate CRC through the induction of a pro-carcinogenic inflammatory cascade [38]. In
contrast, Fusobacterium nucleatum, a well-known bacterium linked to CRC pathogenesis,
can directly invade colonic epithelial cells through its surface protein[39-41]. Such an
interaction between its surface protein FadA and E-cadherin subsequently triggers activation
of Wnt signaling, which promotes transformation of normal colonic epithelial cells [42, 43];
highlighting how the modulation of gut microbiota is a promising intervention for improving
the overall health within the gastrointestinal tract and potentially preventing CRC.

Interestingly, curcumin is capable of exerting direct influences on gut microbiome

(Figure 1). The administration of curcumin has been shown to remarkably shift the ratio
between beneficial and pathogenic microbes in several animal and human studies. As

a matter of fact, curcumin may reduce intestinal inflammation, at least in part, through
regulation of gut microbiota. In an experimental DSS-colitis model, curcumin was shown

to ameliorate intestinal inflammation by reducing NF-xB activation in colonic epithelial
cells and by increasing expansion of CD4+ Foxp3+ regulatory T cells in the colonic
mucosa[44].Interestingly, the abundance of butyrate-producing bacteria, Clostridium cluster
IV and XIVa, were observed to be significantly increased by curcumin, which was
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accompanied by elevation of fecal butyrate levels [44]. This is of significance because
studies have demonstrated that these two clusters of Clostridium can induce mucosal

Treg cells by producing butyrate [45, 46], suggesting that curcumin in such situations

may ameliorate Treg-associated inflammation by promoting abundance of these commensal
bacteria. A pilot study investigated the gut microbiome profiles in human subjects who used
curcumin as a dietary supplement, and reported that curcumin treatment showed increased
species such as Clostridium, Enterobacter, while reduced the relative abundance of several
Blautiaand Ruminococcus species[47]. It is worth noting that the increased population

of Ruminococcus species has been been previously linked to patients with CRC [48-50].
Although the exact pathogenic role of Ruminococcus in the CRC development remains
unclear, the fact that curcumin suppresses their level indicates yet one of the potential ways
it might exert its anti-cancer activity for CRC prevention.

To further investigate the effect of curcumin-supplemented diets in CRC tumorigenesis
and its relationship with gut microbial profiles, a mice model evaluated the effect

of a well-established mutagenic agent azoxymethane (AOM). This study revealed that
AOM treated mice displayed decreased abundance of Lactobacillus. Nevertheless, dietary
curcumin restored the Lactobacillus numbers to control levels, which have previously been
demonstrated to exhibit anti-tumor function through mediation of cell cycle arrest and
induction of apoptosis in colon cancer cell lines [51]. In other words, studies like this point
towards one of the many ways dietary curcumin may potentially lead to enrichment of
unique microbial species within the digestive tract to promote cancer inhibitory activity in
humans.

2.2 Curcumin protects intestinal barrier function

Intestinal barrier primarily consists of four layers. The first layer is comprised of intestinal
alkaline phosphatase, which is secreted by colonic epithelial cells to detoxify bacterial
endotoxin lipopolysaccharide (LPS). The mucous layer forms the second layer and prevents
entry of pathogenic bacteria. The third layer is composed of tight junctions between
intestinal epithelial cells that restrict transcellular or paracellular transport of bacteria or
their products into the systemic circulation. The final layer consists of antibacterial proteins,
which are produced by paneth cells, and block bacteria that have penetrated the overlying
layer in this intestinal barrier [52]. Not surprisingly, any defects in intestinal barrier integrity
can result in invasion of bacteria into normal colonic tissue, eliciting local inflammation,
and thereby generation of genotoxicity against intestinal epithelial cells for stimulating

their oncogenic transformation [53, 54]. Thus, any intervention that allows maintenance

of intestinal barrier integrity and allow reduced translocation of bacterial derived-products,
represents a promising strategy for CRC prevention.

In an elegant study on this topic, Wang and colleagues discovered that LPS could

increase secretion of cytokine IL-1p from intestinal epithelial cells (Caco-2 and HT-29
cells) and PMA-differentiated human THP1 macrophages[55]. IL-1p subsequently induced
activation of p38/MAPK signaling pathway to up-regulate the expression of myosin light
chain kinase, which phosphorylates junction proteins and causes disruption of normal
arrangement. Interestingly, pretreatment with curcumin in intestinal epithelial cells and
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macrophages significantly decreased LPS-induced IL-1{ levels and restored intestinal
barrier dysfunction, highlighting the protective role of curcumin in gut barrier dysfunction
[55]. Moreover, curcumin was found to predominately attenuate H,O,-induced disruption
of paracellular permeability in Caco-2 enterocytic monolayers, which ties into the notion
that the protective effect of curcumin is dependent on the heme oxygenase-1 (HO-1)
pathway [56]. From a human cancer perspective, an interesting study demonstrated that
western diets lead to the alteration of gut microbial profiles in manner that are more
conducive to promoting release of gut bacteria-derived products into systemic circulation;
hence supporting the increased burden of cancer incidence in the western populations. To
provide a mechanistic support for this paradigm, the mice were fed western diets for 16
weeks, and then either received antibiotics (Neomycin and polymyxin for selective gut
decontamination) in drinking water, or gavaged daily with curcumin. Consequently, selective
gut decontamination and supplementation with curcumin effectively decreased plasma LPS
levels by western diet, and dramatically enhanced intestinal alkaline phosphatase activity
and up-regulated expression of tight junction proteins, ZO-1 and Claudin-1 [57]. Taken
together, curcumin mediated improvement of intestinal barrier function providing a direct
evidence for its potential role in CRC prevention (Figure 1).

2.3 Curcumin promotes anti-inflammatory activity in the gastrointestinal tract

Chronic inflammation is believed to be one of the primary underlying reasons for the
initiation of CRC. In addition, immune cells often infiltrate tumors, referred to as ‘tumor-
elicited inflammation’, and promote tumor development by favoring the growth of cancer
cells. In the past decades, overwhelming body of literature has convincingly proven that
curcumin is perhaps one of the most potent natural-remedies for impeding inflammation
through its activity on multitude of signaling pathways; thus supporting its role in the
prevention and treatment of CRC.

Numerous studies have demonstrated that the hyperactivity of toll-like receptor 4 (TLR4)
tightly associates with the development of CRC [58, 59]. In this context, the activation of
TLR4 receptor triggers innate immune response and subsequent inflammation. Furthermore,
TLR4 is well-known for recognizing LPS, as well as other endogenous proteins including
low-density lipoprotein and heat shock proteins. Upon the recognition of LPS, the signaling
effects are passed on to the intracellular adaptor molecules such as MyD88, which are
finally continued through either NF-xB or AP-1, both of which are frequently up-regulated
in various inflammatory diseases as well as caner [60]. Recent studies have shown that
curcumin is capable of attenuating LPS-induced inflammation by inhibiting activation of
TLR4/MyD88/NF-xB signaling axis [61, 62]. Moreover, curcumin can prevent NF-xB
subunit movement to the nucleus and mitigate the expression of other pro-inflammatory
genes, which are otherwise over-activated in cancer [63]. In addition, curcumin was found
to reduce IxB kinase activity, inhibiting degradation of IxBa and leading to the block of
nuclear translocation of the NF-xB subunit [63]. Curcumin has also been shown to suppress
TNFa or IL-1B-induced p38 and JNK activation, causing the eventual suppression of IxBa
degradation in HT29 cells [64]. From an epigenetic viewpoint, while the overexpression

of oncogenic miR-21associates with ulcerative colitis and colitis-associated CRC [65-67],
curcumin treatment has been reported to significantly down-regulate miR-21 expression
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through competitive inhibition of its binding activity to AP-1. Since miR-21 can directly
target several tumor suppressor genes including Pdcd4 (programmed cell death protein
4), curcumin-treated cells exhibited G2/M phase arrest and suppressed tumor growth and
invasion [68].

In addition to targeting TLR4 pathway, curcumin directly regulates several other important
inflammation-related molecules. Cyclo-oxygenase 2 (COX2) is an inducible isoform of
prostaglandin H synthase, and functions primarily for prostaglandin synthesis during
inflammation. A number of studies have confirmed that COX2 plays an important role in
CRC [69-72], and that curcumin inhibits COX2 induction by suppression of NF-xB activity
in colon cancer cells [72, 73]. Such inhibitory effects of curcumin in COX2 inhibition in
CRC were also validated in a dextran sulfate sodium (DSS)-mice model [74], as well as in
an animal model with azoxymethane (AOM)-treatment [75].

In addition to its direct effects on colonic epithelia cells, curcumin also modulates a number
of immune cells that are actively engaged in the progression of intestinal inflammation.

As illustrated in Figure-1, the roles of tumor microenvironment, encompassing tumor
macrophages and their role in promoting colorectal inflammation and cancer have been
appreciated in the past decade[76, 77]. Now we know that the M1 type macrophage

could produce several pro-inflammatory cytokines or chemokines to trigger and promote
inflammation. Several studies have demonstrated that curcumin down-regulated TLR4
pathway in macrophages and inhibited the production of TNF-a., IL-6, IL-12, and

other inflammatory cytokines[78-80]. Moreover, curcumin-treated macrophages possess an
enhanced ability to capture antigens and endocytose via the mannose receptor. Furthermore,
curcumin can significantly polarize or repolarize macrophages toward the M2 phenotype,
leading to a potential reduction in mucosal inflammation [78-80].

It is also known that regulatory T cells (Treg) play an important role in tumor immune
tolerance and evasion. Therefore, effective targeting of Treg cells holds a clinical promise
for prevention or even treatment of CRC. In clinical studies, patients with curcumin
treatment exhibited decreased number of peripheral Treg cells and increased Th1 cells[81-
83]. Further experiments revealed that inhibition of Foxp3 expression and enhanced IFN-y
secretion in Treg cells by curcumin treatment caused conversion of Treg cells to Thl

cells. Since Th1 cells possess antitumor properties, it may be possible to use curcumin

as an immunotherapy approach in CRC patients, by itself or in combination with other
conventional drugs [81-83]. Collectively, the above studies clearly reveal and emphasize the
pharmacological roles of curcumin in immunomodulation, and making an argument favoring
its potential as a natural medicine of choice for CRC prevention.

2.4 Curcumin modulates autophagy in cancer cells

A growing body of literature supports the role of autophagy in CRC, particularly in

the initial stages of its development. Autophagy is primarily perceived as a surveillance
mechanism, whereby failure to remove damaged or toxic substances by autophagy can
result in the accumulation of DNA mutations or other malignant entities that favor cancer
progression. In contrast, autophagy supports tumor growth by dealing with increased stress
tolerance or shortage of nutrients. The clearance of unnecessary proteins or damaged
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organelles, in turn, fuels cancer cell survival [84]. Therefore, modulation of autophagy in
different scenarios provides encouraging pharmacological targets for CRC prevention.

The autophagy is initiated by the activation of Unc-51 like kinase 1 (ULK1) complex, and
subsequently class 111 phosphatidylinositol 3-kinase (P13K) complex I triggers the formation
of phagophores. A number of factors are recruited along the way for the elongation

of the phagophore membrane and mediation of the fusion between autophagosome and
lysosome (as illustrated in Figure-2). Consequently, the cargo proteins are degraded by

the lysosomal enzymes. Accumulating studies have shown that the molecular targets of
rapamycin complex 1 (mMTORC1) are an upstream inhibitor of autophagy, and different
pathways, including PI3K/AKT pathway, RAS/MEK/ERK signaling, or JNK pathway, can
regulate mTORCL activity or direct targets of autophagy associated factors [85-87]. In

this regard, it was found that curcumin significantly suppresses PI3K/Akt/mTOR signaling
pathways to induce protective autophagy within cancer cells. Moreover, mTOR inhibitors or
PI3K/Akt inhibitor LY 294002 could enhance curcumin-induced apoptosis, highlighting its
anti-cancer role in autophagy [88, 89]. In human colon cancer cells, curcumin was found to
substantially induce autophagy, through conversion of microtubule-associated protein 1 light
chain 3 (LC3)-1 to LC3-11 or up-regulation of Beclin-1 [88, 89].

It is believed that p53 activation could lead to autophagy, indicating autophagy as one of

the protective functions of p53 [90]. The administration of curcumin in patients with CRC
promoted apoptosis of tumor cells, and increased p53 expression in tumor tissues [91],
suggesting that curcumin can induce p53 expression and may therefore trigger induction

of autophagy. Accumulating studies have demonstrated that AMP-activated protein kinase
(AMPK) activation enables induction of autophagy in colorectal cancer ([92-94], and its
expression can be regulated by ROS or p53 [92, 95]. Since curcumin can cause accumulation
of ROS and increased p53 expression, it can indirectly activate AMPK to induce autophagy.
In addition, current studies have shown that curcumin acts as a novel AMPK agonist,

which directly enhances phosphorylation level of AMPK for promoting autophagy in cancer
cells [96]. Collectively, the favorable contribution of stimulating an autophagic cascade by
curcumin can be considered as yet another potential mechanism for the cancer preventative
potential of curcumin.

2.5 Curcumin targets cancer stem cells and acts as a chemosensitizer in cancer

In the recent years, there has been a renewed interest that cancer stem cells (CSC),

also referred to as tumor initiating cells, are the primary causes for the initiation of
tumorigenesis, as well as an Achilles heel for cancer treatment [97, 98]. As its name
implies, CSCs are a small subpopulation of tumor cells that have an enhanced potency and
ability to self-renew, differentiate, and give rise to a new cancer cells [99]. In the colon,
since adenomas serve as the precursor for adenocarcinoma, an interesting study on familial
adenomatous polyposis (FAP) patients revealed that mutations within the adenomatous
polyposis coli (APC) gene resulted in overpopulation of multipotent cell expansion at the
intestinal epithelial crypt base during adenoma development, suggesting that mutant crypt
stem cells may be the origin for CRC [100]. Therefore, targeting CSCs in adenomas or
early-stage cancers is deemed to be a potential approach for CRC prevention.
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Recently, a study reported that curcumin by itself, or together with an anticancer drug
dasatinib, was able to suppress >90% of the spontaneous intestinal adenomas in APCMin+/~
mice, which was accompanied by reduced expression of various CSC markers (e.g.
ALDH, CD133, CD44 and CD166) in tumor remnants from APCMin*/~ mice [101]. This
study also confirmed that a combination of dasatinib and curcumin significantly inhibited
transformation of CSCs in colon cancer cell lines; thus providing a rationale for utilizing
curcumin to target CSCs for cancer prevention [101].

Another recent study showed that tissue glutamine levels are gradually decreased during
adenomatous polyp to CRC development in humans. Curcumin may bind to CD44 at

the cell membrane to block transport of glutamine into colorectal CSCs, resulting in low
levels of glutamine, as well as induction of apoptosis in CSCs [102]. Intriguingly, high
density tumor microenvironment co-cultures with MRC-5 fibroblasts synergistically favored
HCT116-derived CSC survival characterized by increased levels of CD133, CD44 and
ALDH1 [103]. Curcumin, as expected, can significantly suppress such synergistic crosstalk
between CSCs and tumor microenvironment, and inhibit CSCs survival.

CSCs not only play a critical role in the initiation of cancer, but also contribute towards
imparting resistance to conventional chemotherapies and targeted drugs, as well as are

an important cause of cancer recurrence in cancer patients. As shown in Table 1, several
studies have demonstrated that curcumin enhanced sensitivity of resistant CRC cells to
chemotherapeutic drug 5-fluorouracil or oxaliplatin, due to the reduction of CSCs. Our
group have shown that high density tumor microenvironment co-cultures favored CSC
survival, and significantly contributes to 5-FU resistance [103]. Such synergistic crosstalk
can be remarkably broken by the presence of curcumin, accordingly sensitizing CSCs to 5-
FU treatment. In consistence, we also found that curcumin potentiates and chemosensitizes
resistant HCT116 cells to 5-FU [17]. To further support this, we have demonstrated the
mechanistic role of curcumin in 5-FU chemoresistance. Our group showed that curcumin
can modulate several key epigenetic events, including DNA methylation[14] and miRNA[17,
20], to sensitize colon cancer cells to 5-FU treatment. An insight into the molecular
mechanism(s) has revealed that curcumin has substantial inhibitory activity in multiple
CSC-related pathways, suggesting that curcumin, with its promising anti-CSC potential, can
be developed as a promising adjunctive treatment to enhance the efficacy and reduce the
adverse toxicity profile associated with existing treatment modalities [104].

2.6 Curcumin as an epigenetic modulator in cancer cells

Aberrant epigenetic regulation of cancer-associated genes is a frequent and important event
in cancer initiation, progression and metastasis, and plays a central role for the gain of
function through inadvertent activation of oncogenes and inactivation of tumor suppressor
genes in cancer cells [105, 106]. Intriguingly, a large number of studies have recently
reported that that curcumin can biologically regulate all major epigenetic alterations-DNA
methylation, histone modification and the expression of non-coding RNAs including
microRNAs (miRNA) in CRC cells, making it a promising candidate for CRC prevention
(Figure 3).
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In this text, our group was among the first to evaluate the effect of curcumin on DNA
methylation in a panel of colon cancer cell lines including HCT116, HT29 and RKO

[14]. Compared to non-specific global hypomethylation induced by 5-aza-CdR, curcumin
treatment led to demethylation of specific CpG Loci, providing new mechanistic insights
into the potent chemopreventative effect of this dietary nutraceutical [14]. In fact, a

few other studies since then have also reported similar observations that curcumin can
epigenetically restore expression of specific tumor suppressor genes, such as RARB, DLEC1
and p21 [107-109]. Furthermore, in an azoxymethane-dextran sulfate sodium (AOM-DSS)
mice model to investigate potential epigenetic mechanisms of curcumin in the initiation of
CRC, it was observed that unique differentially methylated genes and associated pathways
were modulated by curcumin, suggesting that curcumin may be clinically used as epigenetic
modulator in inflammation-associated colon cancer [110].

Histone modifications are believed to be distinct epigenetic alterations that control
expression of specific genes. Histone madifications comprise of two major modifications:
histone acetylation and deacetylation. Histone deacetylases (HDACS) are chief enzymes that
remove acetyl groups from the histone proteins, leading to their deacetylation, resulting

in epigenetic silencing of the corresponding gene(s). The imbalance of acetylation and
deacetylation levels within histone complexes is often associated with onset of cancer [111].
Indeed, numerous /n vitro studies and clinical trials have shown HDAC inhibitors can be
used as potential agents for cancer prevention, by virtue of their substantial inhibitory
effects on cancer, including CRC [112]. With regard to curcumin, it has been confirmed

to be a potent compound for the effective inhibition of HDAC activity, compared to other
naturally-occurring HDAC inhibitors including sodium butyrate [113]. It has been reported
that curcumin primarily inhibits HDAC isoforms 1, 3, 4 and 8, leading to an overall reduced
HDAC activity, and resulting reactivation of various tumor suppressors and concomitant
inhibition of cancer cell growth [113-116].

To date, among various classes of non-coding RNAs, microRNAs (miRNAS) have been
most intensively studied and recognized as key players in CRC pathogenesis due to their
ability to inhibit the expression of multiple downstream genes, many of which play a central
role in carcinogenesis. It is of great interest to understand the underlying mechanisms by
which natural dietary compounds, such as curcumin, affect the expression of such short
non-coding RNAs in CRC. We have previously reported that treatment of curcumin in CRC
cells induced up-regulation of miR-27a and miR-34a, which are well known for their tumor
suppressive activity in CRC [19]. Furthermore, we also noted that curcumin sensitized CRC
cells that were otherwise resistant to 5-fluorouracil, a process that was mediated through
up-regulation of EMT-suppressive miRNAs, such as miR-200b, miR-200c, miR-141,
miR-429 and miR-101 [20]. Furthermore, it has been shown that curcumin can suppress
miR-21 expression, leading to inhibition of invasion and metastasis in CRC [68], as well

as suppression of miR-130a preventing activation of Wnt/B-Catenin signaling pathway.
Noteworthy of mentioning, a recent study revealed that curcumin treatment of CRC

cells inhibited expression of miR-27a, miR-20a and miR-17-5p, resulting in activation

of ZBTB10 and ZBTB4, which are suppressors of specificity protein (Sp) transcription
factors [117]. The up-regulation of ZBTB10 and ZBTB4 expression significantly inhibited
SP transcription factors, and subsequently the expression of various downstream target genes
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such as EGFR, ¢c-MET, cyclin D1 and NFxB, leading to suppression of cancer cell growth
and induction of apoptosis [117]. These findings highlight the epigenetic modulatory effects
of curcumin in CRC, and consequently provide a mechanistic evidence for this botanical to
serve as multi-targeted chemopreventive agent in cancer.

2.7 Additional molecular targets of curcumin

A large body of evidence has demonstrated various cell signaling pathways modulated

by curcumin. As described in Table 1, curcumin results in impacting several biological
functions in CRC cells, such as suppression of cell proliferation, cell cycle arrest, cell
invasion inhibition, induction of apoptosis and even sensitization of chemo-resistant cells. In
other words, in addition to well-established mechanisms, curcumin has additional potential
activities that can restore tumor suppressor gene expression or inhibit oncogene activation.
Thus, curcumin may prevent the risk of CRC, and even exert a synergistic effect when
employed along with standard chemotherapeutic agents, in mitigating the overall risk of
cancer.

3. Clinical evidence for curcumin in the prevention and treatment of CRC

3.1 Clinical trials with curcumin for CRC prevention

The recent years have witnessed an increase in the number of clinical trials involving
curcumin for a variety of chronic inflammatory diseases including cancer. In the context

of CRC, one of the first trials was a phase I1A clinical trial, aimed at evaluating

whether curcumin treatment can prevent formation of aberrant crypt foci (ACF), reduce
pro-carcinogenic eicosanoids prostaglandin E2 (PGE2) and 5-hydroxyeicosatetraenoic acid
(5-HETE) and inhibit proliferation (Ki67 expression) in normal mucosa [118]. Through
colonoscopic screening, 41 subjects with 8 or more ACF were recruited and completed this
trial. Although curcumin did not affect PGE2 or 5-HETE levels, nor Ki-67 expression in
ACF or normal mucosa tissues, a remarkable reduction of 40% in the number of ACF was
observed with a dose of 4g. Moreover, the 4g group with ACF reduction showed 5-fold
increase in post-treatment plasma curcumin/conjugate levels compared to pre-treatment level
[118]. In contrast, another clinical trial was performed to evaluate the inhibitory effect

of curcumin on size and numbers of polyps from 44 patients with familial adenomatous
polyposis (FAP) with either curcumin or placebo treatment [119]. In this study the patients
received a lower dose of 3g/day curcumin.

Unfortunately, this study did not report any significant differences in either the number

of polyps (22.6; 95% ClI, 12.1-33.1 vs. 18.6; 95% CI, 9.3-27.8) or the polyp size (2.1

mm; 95% Cl, 1.5-2.7 vs. 2.3 mm; 95% CI, 1.8-2.8) in the curcumin vs. placebo groups
[119]. These results suggested that higher dosage or long-term treatment of curcumin might
be needed for treating patients with FAP. Interestingly, in another study, a combination

of curcumin with other inhibitors was seen to have synergistic efficacy in the colon.

To this end, Cruz-Correa and colleagues enrolled 5 patients with FAP, and gave them
480mg curcumin and 20 mg quercetin, orally 3 times a day [120]. Surprisingly, all patients
exhibited a significantly reduced polyp number (60.4% compared to baseline number) and
size (50.9% compared to baseline size) after 6 months of treatment with curcumin and
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quercetin; highlighting the chemopreventive efficacy of curcumin in pre-cancerous polyp
formation in the colon.

3.2 Clinical trials using curcumin as an adjunct to chemotherapy in cancer

Majority of advanced CRC patients require a palliative treatment. However, either 5SFU-
based or Oxaliplatin-based chemotherapy is often prescribed, which often accompanies
with increased adverse effects and toxicity including peripheral neuropathy. In view of

this, there is an urgent need for identification of additional safe and inexpensive natural
compounds with low-toxicity, that can serve as adjuncts to currently available treatment
options. Curcumin offers such promise based upon a series of studies supporting such a role
for its patients with advanced CRC. Sharma and colleagues conducted a phase I trial, and
noted that 450mg-3600mg of curcumin treatment for up to 4 months was safe in patients
(n=15) with advanced CRC [121, 122]. In further support of this study, another clinical

trial demonstrated that curcumin was safe and well-tolerated as an adjunct to FOLFOX
chemotherapy in 12 patients with colorectal liver metastasis when given 2g of curcumin
daily [123]. This study also established patient-derived colorectal liver metastases stem cell
models, and noted that a combination of curcumin with 5-FU or oxaliplatin led to synergistic
anti-tumor effects in patient-derived explants, accompanied by reduced number of CSCs
[123]. Besides these, as described in Table 2, several other clinical trials have to date studied
curcumin in CRC and have shown varying degree of efficacy of curcumin in these human
studies.

3.3 Curcumin as a potential nature booster for development of effective immunotherapy
against cancer

The PD-1/PD-L1 blockade is currently considered as a promising immune intervention for
cancer therapy. Recent study has shown that curcumin can augment anti-tumor activity

of the PD-1/PD-L1 blockade[124]. The expression of PD-L1 was significantly reduced

in curcumin treated cancer cells. Furthermore, curcumin treatment can obviously improve
anti-tumor immune response by increasing CD8 positive T cells and inhibiting T regulatory
cells (Tregs) and Myeloid-derived suppressor cells (MDSCs).

It is believed that tumor cells can develop several strategies to escape from the immune
surveillance. One of these strategies is to increase the population of Treg cells, which
impaired the anti-tumor activity of immune effector cells, such as CD8+ T cells, natural
killer cells. Therefore, inhibition of Treg cells is a promising approach for effective
immunotherapy[125].1n a clinical study, 40 colon cancer patients and 30 healthy subjects
were recruited and treated with curcumin. The data showed the number of peripheral Tregs
was significantly decreased, while Th1 cells increased. Furthermore, they demonstrated that
curcumin treatment promotes conversion of Tregs to Thl cells, as well as enhancing their
IFN-y production, highlighting the antitumor role of curcumin in colorectal cancer[81]. In
line with above results, a recent clinical investigation in lung cancer patients (n=30) and
control healthy patients (n=6) validate that curcumin treatment is capable of converting
peripheral Tregs to Th1l cells[126]. Owing to the role of Tregs in cancer progression,
curcumin may serve as a potential adjuvant immunotherapy for patients with malignant
diseases.
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4. The concerns with poor bioavailability of curcumin in cancer prevention

and treatment

Although curcumin’s potential in cancer prevention and treatment is supported by plenty
of preclinical studies or even clinical studies, there is some concern regarding the
bioavailability of curcumin following oral ingestion. While this is a highly debated issue,
poor bioavailability of curcumin is often attributed to poor absorption, rapid metabolism,
and rapid systemic elimination, hampering its application as therapeutic agent [127, 128]. To
overcome this practical limitation for the bioavailability of curcumin, numerous approaches
have been adopted to enhance its systemic absorption [129]. As a result, several creative
formulations of curcumin have been developed over the years to enhance its systemic
bioavailability, including the use of liposomal curcumin, curcumin nanoparticles, curcumin
phospholipid complexes and other structural analogues of curcumin [128]. For example,
Chaurasia and colleagues developed polymeric nanoparticles of curcumin, called CENPs,
which exhibited a significantly improved bioavailability vs. standard curcumin in a wistar
rat model [130, 131]. Furthermore, oral administration of CENPs exhibited increased
antitumor activity, as observed by reduced tumor growth and increased survival rate of
animals with xenograft CRC [130, 131]. Likewise, another group identified a new structural
analogue of curcumin, Dehydrozingerone. In-vitro studies showed that Dehydrozingerone
led to the accumulation of intracellular ROS, induced cell-cycle arrest at the G2/M phase
and up-regulated p21 expression in HT-29 cells, suggesting an anticancer potential of
innovative curcumin analogues as potential chemotherapeutic agents in CRC [132]. On
similar lines, a curcumin-phosphatidylcholine complex, exhibited increased absorption and
high curcuminoid levels in plasma [133]. In an elegant study, while comparing the efficacy
of this form of curcumin alone or together with oxaliplatin in oxaliplatin-resistant tumor
mice revealed that the combination therapy had the most significant tumor suppressive
effects [134]. These data suggest that such curcumin-phosphatidylcholine complexes may
add to the clinical benefit of current chemotherapy regimens in CRC patients [134]. Table
3 summarizes various studies involving modified curcumin formulations with improved
efficacy in colorectal cancer.

As mentioned above, several phase | clinical studies have clearly showed the safety of
oral curcumin. However, there are a couple of studies that have indicated potential caution
with curcumin’s use in the clinic. It was found that high concentrations of curcumin could
potentially provoke glutathione depletion and caspase-3 activation, and possibly result in
hepatocytotoxicity [135]. In another study, it was reported that curcumin can interfere
systemic iron metabolism by repressing hepcidin synthesis, indicating limited application
of curcumin in cancer patients with marginal iron stores, chronic disease or anemia [136].
Nonetheless, overwhelming body of literature supports the safety of curcumin in clinical
studies, as novel preparations of curcumin allow superior absorption and consequently
improved efficacy in cancer.
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CONCLUSIONS

In the past decades, curcumin has received global attention for its multi-targeted
pharmacological activities. In this review article, we discussed various mechanisms of
curcumin’s anti-cancer activity including its ability to modulate gut microbiome, improving
intestinal barrier function and alleviating intestinal inflammation. Moreover, curcumin is
considered as a potent modulator of autophagy, which can prevent transformation of normal
colonic epithelium in the healthy colon. Furthermore, curcumin has the ability to target
directly or indirectly multitude of pathways involved in the self-renewal of CSCs, suggesting
its potential application in chemoprevention or as an adjunctive treatment to cytotoxic
chemotherapy. Finally, we also described that curcumin is capable of regulating epigenetic
machinery. Several studies have shown that cancer suppressive effects of curcumin in CRC
depend on regulation of DNA methylation, histone modification or miRNA. To date, data
from several clinical trials haven shown that curcumin may prevent CRC by reducing

polyp number and size. Moreover, curcumin has shown tremendous synergistic effects

on the efficacy of current anticancer drugs. To address potential concerns surrounding its
bioavailability, several new curcumin formulations have been developed, which heighten the
promise for this natural medicine to garner further attention as a safe and inexpensive option
available to patients with chronic diseases including cancer, particularly for the prevention
and treatment of colorectal cancer.
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Figure 1:

Curcumin modulates gut microbiome, enhances intestinal barrier function and inhibits

Page 25

inflammation in the gut. The administration of curcumin could remarkably result in the

shift of ratio between beneficial and pathogenic microbes, leading to the reduction in toxins
such as LPS. Furthermore, the enhanced intestinal barrier function by curcumin can prevent
translocation of bacterial or their derived-products. Moreover, curcumin can promote paneth
cells mediated secretion of antimicrobial peptide (AMP) to prevent entry of pathogenic
bacteria or colonic epithelial cells to release intestinal alkaline phosphatase (1AP) to detoxify
LPS. Finally, curcumin exerts its anti-inflammatory effects through regulation of several
inflammatory pathways in immune cells (a) and colon cells (b).
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Figure 2:
The effects of curcumin in autophagy pathway. Red arrows: stimulatory interaction; Green

arrow: inhibitory interaction. The autophagy is initiated by the activation of Unc-51 like
kinase 1 (ULK1) complex, and subsequently class 111 phosphatidylinositol 3-kinase (PI3K)
complex I triggers the formation of phagophores. A number of factors are recruited along
the way for the elongation of the phagophore membrane and mediation of the fusion
between autophagosome and lysosome. Consequently, the cargo proteins are degraded by
the lysosomal enzymes. Molecular targets of rapamycin complex 1 (nTORC1) are an
upstream inhibitor of autophagy, and different pathways, including PISBK/AKT pathway,
RAS/MEK/ERK signaling can regulate mTORCL activity or direct targets of autophagy
associated factors. Curcumin suppresses PI3K/Akt/mTOR signaling pathways to induce
protective autophagy within cancer cells. p53 activation could lead to autophagy, indicating
autophagy as one of the protective functions of p53. Curcumin increased p53 expression
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and may therefore trigger induction of autophagy. AMP-activated protein kinase (AMPK)
activation enables induction of autophagy in colorectal cancer, and its expression can be
regulated by ROS or p53. Curcumin can activate AMPK to induce autophagy.
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Figure 3:
Curcumin as an epigenetic modulator and suppressor of cancer stem cell in colorectal

cancer. A) Curcumin can biologically restore expression of several tumor suppressors by
DNA de-methylation. Furthermore, curcumin exerts its antitumor effects by serving as
histone deacetylation inhibitor and miRNA regulator. B) CSCs are a small subpopulation

of tumor cells that have an enhanced potency and ability to self-renew, differentiate, and
give rise to a new cancer cells. Several studies have demonstrated that curcumin enhanced
sensitivity of resistant CRC cells to chemotherapeutic drug 5-fluorouracil or oxaliplatin, due
to the reduction of CSCs. As shown in figure 3B, curcumin has substantially inhibitory
effect on multiple CSC-related pathways, suggesting that curcumin, with its promising anti-
CSC potential, can be developed to enhance the efficacy of existing treatment modalities.
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