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Colorectal cancer (CRC) is one of the most prevalent cancers that threaten people in many countries. It is a multi-factorial chronic disease caused by a combination of genetic and environmental factors, but it is mainly related to lifestyle factors, including diet. Plentiful plant foods and beverages are abundant in polyphenols with antioxidant, anti-atherosclerotic, anti-inflammatory, and anticancer properties. These compounds participate in host nutrition and disease pathology regulation in different ways. Polyphenolic compounds have been used to prevent and inhibit the development and prognosis of cancer, and examples include green tea polyphenol (–)epigallocatechin-3-O-gallate (EGCG), curcumin, and resveratrol. Of course, there are more known and unknown polyphenol compounds that need to be further explored for their anticancer properties. This article focuses on the fact that polyphenols affect the progression of CRC by controlling intestinal inflammation, epigenetics, and the intestinal microbe in the aspects of prevention, treatment, and prognosis.
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INTRODUCTION

Colorectal cancer (CRC) is one of the most common malignancies worldwide (1, 2). Like many diseases, the formation of CRC is caused by various genetic and environmental factors (3). Globally in 2018, CRC ranked third in the morbidity of all new cancer cases, with more than 1.8 million new cases, and the second in mortality, with more than 860,000 deaths (4). CRC has a genetic susceptibility syndrome, but this condition accounts for only a small portion of CRC cases (5). According to the analysis of twin and family studies, the heritability of CRC is only 12–35%. The relatively low heritability level of CRC reflects the importance of the environment, that is, the environment plays a greater role in causing sporadic CRC (6). Cancer prevention is one of the most significant priorities in public health (7). Epidemiological studies on the relationship between dietary habits and disease risk have shown that diet has a direct impact on public health (8). Much effort has been made to assess the preventive chemical effects of natural products in the past few decades. Polyphenols have attracted much attention due to their advantages of few side effects, wide availability, and low toxicity (9). Polyphenols are widely found in the plant kingdom. They are considered potentially useful for anti-inflammatory and anti-tumor drugs, which may be one of the good candidate drugs for cancer prevention and treatment on account of affecting the disease process of cancer in many ways (10, 11). Hence, polyphenols are considered as potential molecular sources for the treatment of various malignant tumors.



HEALTH-RELATED PROPERTIES OF POLYPHENOLS

Polyphenols are phytochemicals existing in plants, widely found in tea, vegetables, soft fruits, and wine, which can regulate intestinal microecological stability and reduce cancer risk (12–14). Although symptoms cannot be described in their absence, in vitro and animal model studies have shown that polyphenols have a wide range of pharmacological and therapeutic properties, including anticancer (13), anti-inflammatory (15), antioxidant (16), and vascular protective properties (17). The evidence revealed that epigallocatechin-3-gallate (EGCG) suppressed the growth of melanoma cells by activating 67-kDa laminin receptor (67LR) signaling pathway. That is, 67LR participates in the upregulation of miRNA let-7b expression induced by EGCG through cAMP/protein kinase A (PKA)/protein phosphatase 2A (PP2A) signaling pathway, while the upregulation of let-7b results in the downregulation of a high mobility group A2 (HMGA2), the target gene related to tumor development (18). Olive oil polyphenols represented the pro-oxidative and proinflammatory effects undergoing the representative mixture of oxysterols, while Caco-2 completely differentiates into intestinal epithelial-like cells. In addition, olive oil polyphenols could directly regulate the phosphorylation of p38 and JNK1/2 and the activation of NF-κB after phosphorylation of IκB and maintain the level of NO with that of the control group by inhibiting iNOS induction (19). Polyphenol-rich plum could prevent weight gain and increase the proportion of high-density lipoprotein cholesterol and total cholesterol in plasma. In addition, it could reduce the level of angiotensin II in plasma and its receptor Agtr1 in heart tissue, which reveals that polyphenols may be a receptor-γ agonist activated by peroxisome proliferators, and these results suggest that polyphenol-rich plum may possess the properties of myocardial protection (20). The study showed that chlorogenic acid stimulates the expression of IFN-γ mRNA and increases the number of IFN- γ+ CD4+ cells in mouse lymphoid aggregation cells, while the number of cells (IFN- γ+ CD4+, IFN-γ+ CD49b+, and IL-12+ CD11b+) in mouse spleen increased significantly, which indicated that polyphenols had a certain stimulating effect on the cellular immune system of mice (21). Table 1 shows the health properties of a variety of polyphenols from different sources. Diet composition and habits are closely related to the occurrence of cancer. The study has shown that green tea polyphenols have a protective effect on female CRC patients, and there is a significant negative correlation between the daily intake of 1 cup of tea and the risk of CRC (30). In addition, the study of F344 rat model treated with n azoxymethane showed that polyphenon E reduced tumor diversity and tumor size while reducing the nuclear expression of β-catenin, inducing apoptosis, and increasing RXRα, β, and γ expression levels in adenocarcinoma (26). Due to the fewer side effects and low toxicity of polyphenols, the biological activity of polyphenols has become a hot topic in many research fields over the years (31).


Table 1. The health-related properties and mechanisms of polyphenols.
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THE PHYSIOPATHOLOGY OF COLORECTAL CANCER

The colon is a part of the digestive system and has a complex three-dimensional structure, and the length of the human colon is about 100–150 cm (32, 33). Its main function is to absorb the water and electrolyte left after the small intestine washes and excretes the feces. In terms of deconstruction, the colon begins with the cecum, followed by the colon, transverse colon, descending colon, sigmoid colon, and rectum. This organ is covered by double outer muscles and smooth muscle cells (34). In the mass, the development of cancer can be divided into three stages: initiation, progress, and promotion (35), as shown in Figure 1. The initial stage of CRC starts from the normal mucosa, and the cell replication is indiscriminately disordered and shows abnormal proliferation with the formation of enlarged crypt clusters (36, 37). If there is no appropriate intervention treatment in the development process, the adenoma will expand into CRC, which can spread in the body through metastasis (36). The development of CRC is a multi-step process that follows an adenoma-cancer sequence and has a background of genomic instability (38). CRC shares a number of common molecular characteristics, including microsatellite instability, chromosomal instability, and epigenetic silencing through the CpG island methylated phenotype (39). According to the unique genetic, pathological, and clinical characteristics of these pathways, these can be used for the molecular classification of CRC and comprehensive analysis of tumors to improve the diagnosis, treatment, and prognosis of the disease according to the unused conditions (39). According to the evidence provided by the World Cancer Research Foundation, processed foods, such as those smoked, pickled, or preserved with chemical preservatives, and red meat will increase the possibility of inducing CRC. In contrast, fiber-rich foods can reduce the risk of CRC (40, 41).
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FIGURE 1. The process of colorectal cancer. The development of cancer includes three stages: initiation, progress, and promotion. Poor dietary habits, such as the long-term consumption of processed meat (smoked meat, picked meat, sausage, etc.) and red meat, may accelerate tumor burden and eventually induce CRC. CRC, colorectal cancer.




THE TRANSFORMATION AND BIOAVAILABILITY OF POLYPHENOLS IN THE INTESTINE

Metabolism is a key step in the digestion and absorption of nutrients and further participation in various physiological activities or responses in the host, as well as a key area of interaction between the host and the microbiome (42, 43). Intestinal microbes can metabolize a variety of dietary nutrients, such as indigestible carbohydrates and host metabolites (2). The relationship between dietary polyphenols and the prevention of human malignancies has been a research hotspot in the past few years. One of the reasons for investigating these compounds is that they have a protective effect on CRC (44). In terms of extraction techniques, it can be divided into extractable polyphenols (EPP) and non-extractable polyphenols (NEPP) (45). EPP includes low molecular weight compounds from monomers to decamers, which are soluble in organic solvents, such as methanol, ethanol, and ethyl acetate (46). EPP has a wide range of chemical structures, including hydrolyzed tannins, flavonoids, benzoic acid, hydroxycinnamic acid, stilbene, and others (46). EPP dissolve in the stomach and small intestine, where they can be absorbed at least partially through the small intestinal mucosa, which in turn produces metabolic and systemic effects. For example, dietary extractable proanthocyanidins (EPA) is partially hydrolyzed into epicatechin in the small intestine and absorbed (47, 48). Then a part is widely conjugated in the liver (49), while the other part, together with dietary fiber and indigestible substrates, reaches the colon where the intestinal flora catabolizes to produce metabolites, such as phenylacetic acid, phenylpropionic acid, and phenylbutyric acid (50, 51).

Since NEPP reach the colon almost intact, which is the primary site of their metabolic transformation, it is clear that their primary health trait is gastrointestinal health (52, 53). NEPP are a concentrated tannin and hydrolyzable phenolic high molecular weight compound or polyphenols related to fiber and protein in the diet, which remain in water or organic extracts (54). After being ingested, NEPP are not released from the food matrix through chewing, the acidic environment in the stomach, or the action of digestive enzymes (52). NEPP are not bio-accessible in the small intestine. They reach the colon from the gastrointestinal tract as an insoluble substrate, where they release single polyphenols and different bioavailable metabolites through the workings of the bacterial community in the colon (46). In other words, NEPP can provide absorbable and bioactive metabolites for the intestinal tract once they are fermented by colonic microorganisms. The study showed that 10 ml/kg of proanthocyanidins-rich dietary fiber could induce changes in the expression of tumor suppressor genes and proto-oncogenes genes and affect lipid synthesis, energy metabolism, cell cycle, and apoptosis, which suggested that polyphenols might help reduce the risk of CRC (55).



POLYPHENOLS PARTICIPATED IN COLORECTAL CANCER

As a source of biological compounds, natural products have a great potential value because they can reduce/inhibit the risk and development of cancer, which is very useful for medical applications (56). CRC is caused by a series of pathological changes in the transformation of the normal colonic epithelium into invasive carcinoma. The development of CRC spans a multi-step process of 10–15 years, which provides opportunities for its early detection and prevention. Dietary polyphenols have been shown to have anticancer effects by affecting epigenetics (57), inflammation (58), mRNA expression (59–61), and gut microbes (14). The continuous discovery and mining of polyphenols have opened up new directions for the prevention and treatment of cancer. There are now polyphenols and derivatives used in clinical anti-colorectal cancer (62). For instance, silymarin could inhibit Wnt signal transduction in CRC cells to reduce the expression of hydro-catenin and TCF4, thus achieving the apoptosis and proliferation effects on cancer cells. Studies have revealed that EGCG (63), resveratrol (64), and curcumin (65) possess the properties of apoptosis, anti-proliferation, anti-angiogenesis, and cell cycle arrest in the development of CRC.


Epigenetic Modifications

Traditionally, cancer is regarded as a series of diseases driven by progressive genetic abnormalities, including tumor mutations (suppressor genes and carcinogenic genes), and chromosomal abnormalities (66). However, cancer is also a disease driven by “epigenetic changes,” and they are derived from normal cells, which mediate mechanisms that do not affect the original DNA sequence but regulate heritable changes in gene activity through meiosis and mitosis (67, 68). Epigenetic changes include DNA methylation, histone modification, microRNA, and nucleosome positioning (69). Epigenetic driver genes are thought to be involved in the early stages of the tumor, and DNA methylation changes are a hallmark of CRC (70).


DNA Methylation

Abnormal DNA methylation is often detected in gastrointestinal tumors and may therefore be used for the screening, diagnosis, prognosis, and prediction of colorectal cancer (71). DNA methylation is a eukaryotic genomic modification event that occurs at the fifth carbon site of the cytosine residue in CpG dinucleotide, which is essential for mammalian development. Polyphenols in the diet may reduce the risk of colon cancer by altering DNA methylation. EGCG, one of the major polyphenols in green tea, has been shown to inhibit DNA methyltransferase (DNMT) activity and to reactivate methylation-silencing genes in cancer cells. In addition, EGCG can activate methylation-silencing genes in a variety of cancer cells, such as HT-29, KYSE 150, and PC3, indicating that EGCG may prevent cancer by reversing the silencing of related genes (72). The gallic acid portion of the D ring in EGCG can interact with the cytosine active site on the DNMT enzyme, which may be one of the reasons EGCG can be an effective DNMT inhibitor (57). Moreover, the combined application of EGCG and sodium butyrate promoted colorectal cancer cell apoptosis and induced cell cycle arrest and DNA damage (73). Curcumin-induced DNA methylation in CRC cell lines (HCT116, HT29, and RKO) was time-dependent, and curcumin treatment results in methylation changes at partial methylation sites rather than CpG sites that are completely methylated (74). Polyphenols inhibit DNA methylation and DNMT activity in two ways: reducing intracellular S-adenosylmethionine (SAM) concentration and non-competitively inhibiting DNMT activity or inserting DNMT binding vesicles to form a competitive inhibition (75).



miRNA

MiRNAs are a new class of small molecule ncRNAs that can be combined by miRNA targets of various signal pathways, usually as a modulator of gene expression (76). MiRNA is dysregulated in cancer cells through the epigenetic mechanism in cancer cells/colonic tumor tissue—overexpressed and underexpressed miRNA (77, 78), suggesting that miRNAs are associated with cancer and may have a vital role in diagnosis, prediction, and as therapeutic targets for CRC (79). There is increasing evidence that polyphenols play an anti-tumor role by regulating miRNA and its target protein in different cancer cells. The study demonstrated that resveratrol had protective properties on colon cancer SW480. The results showed that resveratrol treatment reduced the key effector transforming growth factor β (TGF-β) signal pathway, tumor suppressor PTEN and PDCD4, and Dicer-1, which were responsible for the enzyme process of transforming pre-miRNA into mature miRNA, while enhancing the expression of miR-663, a tumor suppressor microRNA targeting TGF β 1 transcript (80). Moreover, the combination of resveratrol and quercetin (RQ) reduced the production of ROS and improved the antioxidant effect of in the HT-29 cell line. In addition, RQ reduced the expression of Sp1, Sp3, and Sp4 mRNA and reduced microRNA-27a (miR-27a) and the induced Sp-inhibitor zinc finger protein ZBTB10, which indicated that the interaction between RQ and miR-27a- ZBTB10 axis played a role in Sp down-regulation. These indicated that polyphenols could be used as natural anticancer agents (81).




Intestinal Microbe

Intestinal microbes play a key role in the integration of environmental factors with host physiology and metabolism, which may affect the occurrence and development of CRC through the changes of immune and metabolic signals mediated by metabolism, including the balance of intestinal cell proliferation and death, and the changes of host metabolic activity (82, 83). CRC is closely related to microbial changes near the mucosa where the tumor is located, and part of this ecological disorder is characterized by the expansion of bacterial taxa, while the dominant species in the development of CRC is still unclear (84, 85). Although the available epidemiological evidence is limited, relatively consistent research data indicates that the number of butyrate-producing bacteria in CRC has decreased while Fusobacterium nucleatum (Fn) and Bacteroides fragilis have increased (86, 87). Moreover, a retrospective analysis of 13,096 adult bacteremia without a history of cancer indicates that the late diagnosis of CRC may be related to Bacteroides fragilis and Streptococcus gallolyticus, which may be related to intestinal disorders and barrier dysfunction that cause these bacteria to enter the bloodstream (88). As mentioned above, NEPP have bioavailability in the colon, where polyphenols and gut microbes form a two-way interaction in which polyphenols regulate the composition and diversity of intestinal microbes. At the same time, intestinal microorganisms decompose the ingested polyphenols and then release more active and easily absorbed metabolites than natural polyphenols, which may provide more possibilities for preventing CRC (89, 90). The correlation analysis of the gram-negative anaerobic commensal bacteria Fn and human CRC genome showed that in 99 CRC patients, fluorescence in situ hybridization was used to connect CRC and Fn amplification. It was found that the Clostridium sequence was associated with lymph node metastasis (91, 92). Tea polyphenols have different degrees of antibacterial activity, which may hinder the bacterial cell membrane and the chelation of iron. The study showed that EGCG and theaflavin could reduce the expression of two virulence factors (hemolysis and hydrogen sulfide) expressed by FN and inhibit the adhesion of FN to oral epithelial cells and matrix proteins (93). Mucus-associated Escherichia coli (E. coli) is more common in CRC tissues, and their abundance is associated with tumor stage and prognosis (94). Pathogenic E. coli producing pathogenic colibactin is more common in terminal illness, and the CRC-related E. coli could significantly increase the number of polyps in ApcMin/+ mice, indicating that E. coli may promote the occurrence of tumors (95). Red wine polyphenols could be dose-dependent to prevent intestinal cytotoxicity to HT-29 caused by E. coli 270 (96). How microbial diversity suppresses tumorigenesis and which species or their interactions are associated with CRC development remain to be further explored. In addition, it is challenging to explore the effect of the abundance of specific strains in commensal bacteria on the development of CRC experimentally (87).




OTHER POTENTIAL ROLES OF POLYPHENOLS ON INTESTINAL INFLAMMATION

The intestine is a multi-functional organ whose functions include digestion/absorption, barrier function, and recognition of external stimuli and signal transduction (97). Chronic inflammation occurs when the gut is constantly damaged by external stress (such as food, bacteria, and environmental chemicals). Inflammation is a non-specific immune response that protects the body from myriad biological and chemical threats in the surrounding environment, relying on the dense cellular and molecular control mechanisms of the intestinal mucosa (98). Polyphenols may play an anticancer role by regulating inflammatory pathways through key signal transduction pathways and thus affect the course of the disease. The key signaling pathways include NFκB and signal transducer and activator of transcription (STAT3), as well as phosphatidylinositol 3-kinase (PI3K) and cyclo-oxygenase (COX) (99). Curcumin mediates its chemotherapy by regulating NFκB transcription factor expression, inhibiting NFκB-regulated gene products, such as COX-2, adhesion molecule, matrix metalloproteinases (MMPs), iNOS, Bcl-2, and TNF, and regulating cyclin expression (cyclin D1 and p21) (100). The upregulation of STAT3 can attract chemokines from immune and inflammatory cells to induce tumor-related inflammation (101). EGCG could inhibit the phosphorylation of STAT3 (102), while resveratrol inhibits IL-6-induced intercellular cell adhesion molecule-1 (ICAM-1) gene expression by interfering with STAT3 phosphorylation (103). The PI3K signaling pathway plays a vital role in tumorigenesis, which includes inhibiting apoptosis, increasing cell proliferation and growth, and reducing cell cycle arrest (104, 105). The study has shown that curcumin inhibited the expression of oncogene MDM2 through the PI3K signaling pathway, which is related to cell survival and proliferation (106). Moreover, cyclo-oxygenase-2 (COX2) is an inducer of prostaglandin synthesis, and its tumor-promoting effect is mediated by its main end product, prostaglandin PGE2 (107). COX2 has displayed overexpression during the development of CRCs. The study of pomegranate extract could significantly downregulate the expression of COX-2 protein and the constitutive expression and phosphorylation of NF-kB p65 in HT-29 cells (108).



CONCLUDING REMARKS

Due to uncontrolled cell division in cancer, the development of cancer is related to many factors, including diagnosis, drug-induced cytotoxicity, chemotherapy resistance, and prognosis. The development cycle is long, affecting a large number of people. Inhibiting DNMT activity and regulating mRNA changes and intestinal changes through natural compounds may be powerful approaches to cancer prevention by regulating multiple cell functions to destroy multi-stage cancer diseases, thereby mediating multiple anticancer pathways. Polyphenols are widely found in food and beverages, and the combination of polyphenols and traditional drugs can improve therapeutic effects, reduce the drug resistance of tumor cells, and reduce the toxicity of chemotherapy drugs. The influence of polyphenols on the intestinal microbiota has been widely recognized, but their changes and mechanism of action in the progress of CRC need a lot of research and supplement. Substantial evidence proves that polyphenols are among the best choices for the prevention and treatment of CRC. On the concentration and bioavailability of polyphenols, whether a moderate-to-high dose will have a beneficial effect on health without affecting gut barrier integrity and gut microbe remains unclear. Whether the rich and complex polyphenols in the daily diet will affect the therapeutic effect of polyphenols is also unclear. That may be further elucidated with the development of techniques and research in the field of omics.
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