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Abstract: The epithelial-to-mesenchymal transition (EMT) has received significant interest as a novel
target in cancer prevention, metastasis, and resistance. The conversion of cells from an epithelial,
adhesive state to a mesenchymal, motile state is one of the key events in the development of cancer
metastasis. Polyphenols have been reported to be efficacious in the prevention of cancer and reversing
cancer progression. Recently, the antimetastatic efficacy of polyphenols has been reported, thereby
expanding the potential use of these compounds beyond chemoprevention. Polyphenols may affect
EMT pathways, which are involved in cancer metastasis; for example, polyphenols increase the levels
of epithelial markers, but downregulate the mesenchymal markers. Polyphenols also alter the level of
expression and functionality of important proteins in other signaling pathways that control cellular
mesenchymal characteristics. However, the specific proteins that are directly affected by polyphenols
in these signaling pathways remain to be elucidated. The aim of this review is to analyze current
evidence regarding the role of polyphenols in attenuating EMT-mediated cancer progression and
metastasis. We also discuss the role of the most important polyphenol subclasses and members of the
polyphenols in reversing metastasis and targeting EMT. Finally, limitations and future directions to
improve our understanding in this field are discussed.
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1. Introduction

The consumption of fruits and vegetables rich in certain polyphenols has been reported to
decrease the incidence and mortality of cancer, as well as delaying cancer progression [1]. The adverse
effects and toxicities of many of the currently chemotherapeutic drugs have spurred research with
certain phytochemicals for chemoprevention and treatment of cancer [2,3]. Polyphenols are natural
phytochemicals that are present in high amounts in many plants (including plant seasonings), fruits,
vegetables, seeds, oils, and alcoholic and non-alcoholic beverages [4]. Indeed, polyphenols have
been shown to inhibit the proliferation of cancers of the mouth, gastrointestinal tract, liver, lung,
breast and skin both in vivo and in vitro [5]. However, the molecular mechanisms that mediate the
chemopreventive efficacy of the polyphenols remain to be elucidated to a large extent. Furthermore,
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there are considerable discrepancies between the health benefits versus the clinical outcomes with
the intake of polyphenol. This could be due to a number of factors, with one of the major ones being
the testing of non-physiological concentrations of polyphenols, thereby potentially obscuring the
mechanism of action at therapeutic doses. Current meta-analyses of observational studies showed
limited evidence of a correlation between dietary polyphenol intake and cancer risk, with most of
the significant findings related to a decreased risk of lung, stomach, breast, and colorectal cancers [6].
Nonetheless, accumulating evidence suggests that epithelial-mesenchymal transition (EMT), one of
the main pathways involved in cancer development and metastasis, is modulated by a number of
polyphenolic compounds [7,8]. During EMT, cells transition from an epithelial to a mesenchymal state
and lose their cell–cell adhesions, cell polarity and differentiation properties [9]. These changes induce
the cells to become motile and invasive, allowing migration through the extracellular matrix, reaching
distant tissues [10]. Numerous polyphenolic compounds, including, but not limited to, flavonoids,
ellagic acid, quercetin, silymarins, resveratrol and curcumin, have been reported to significantly
reverse metastasis and invasiveness in different cancers in vitro and in vivo. Therefore, it is possible
that polyphenolic compounds may reverse or prevent cancer progression, invasion and metastasis
by inhibiting the EMT signaling pathways in cancer cells. However, most of the reported benefits of
polyphenols were obtained from preclinical studies in cells or animals where the doses used were
significantly higher than the amount usually obtained from the consumption of food [11]. The exact
intake and bioavailability of polyphenols are still unknown, greatly restricting their clinical use for
cancer chemoprevention, treatment and reversal of metastasis.

To the best of our knowledge, only a few previous comprehensive reviews have been published
describing the effects of different phytochemicals on EMT and metastasis [7,8]. Our review
specifically describes the effects of polyphenols on EMT signaling and related proteins in preventing
and treating cancer metastasis. The goal of this review is to provide the reader with a better
understanding of the interactions between natural polyphenols and the inhibition of EMT signaling
and chemoprevention for cancer development and metastasis. This review will present some of the
complex molecular mechanisms that may be involved in mediating the chemo-preventative efficacy of
the natural polyphenols.

2. Dietary Polyphenols and Health Benefits

Polyphenols are one of the most abundant phytochemicals in plants and have the highest
intake by humans compared to other natural products [12]. Fruits, vegetables, herbs, cereals, tea,
coffee, nuts, seeds and beer are rich sources of polyphenols [13]. Polyphenolic compounds are
secondary metabolites that accumulate in the plant leaves and flowers to protect plants against diseases,
infections and damage [14–16]. The structures of the family members are highly diverse and complex,
with molecular weights ranging between 500 and 3000 Da [17]. Therefore, depending on the number
of phenolic rings and the interconnection of these rings, the polyphenolic family is divided into several
major classes, with thousands of members in each class, including flavonoids, phenolic acids, stilbenes,
and lignans (Figure 1) [13]. Coumarins are also considered as a separate subgroup of polyphenols that
range from simple to polycyclic coumarins [18,19]. Flavonoids are the largest class in the group and
can be categorized as flavonols (e.g., quercetin, kaempferol) [20], flavones (e.g., apigenin, luteolin) [21],
flavanones (e.g., naringenin and hesperetin) [22], isoflavones (e.g., genistein and daidzein) [23,24],
flavanols (e.g., catechin, epigallocatechinepigallocatechin gallate) [18,25], anthocyanins (e.g., cyandin,
malvidin) [26], and flavonolignans. Phenolic acids are the second most common class of polyphenols
after flavonoids and are present in coffee and black tea [27]. They are primarily classified as benzoic
and cinnamic acid derivatives [28]. Stilbenes are not common in plants and are only produced upon
pathogen invasion [29]. Finally, lignans are phytoestrogens that are highly abundant in flaxseed
and flaxseed oil, with the best-known compounds being secoisolariciresinol and matairesinol [30].
The structure of polyphenols is an important determinant of their bioavailability, pharmacokinetic
profile, interactions with biomolecules and efficacy [30].
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Polyphenols are reducing compounds that have been reported to prevent inflammation [31],
oxidative stress [12], cardiovascular disease [32], infections [13,33], bone diseases [34] and cancer [35],
among others [36]. They can form complexes with certain proteins, scavenge free radicals and modulate
several signaling pathways [37,38]. However, the diversity of the distribution of dietary polyphenols
in plants, complexation with other plant constituents, degradation of these compounds during food
processing, and their poor pharmacokinetic profile due to their complex structures and interactions
with gut microflora and other biomolecules limit the efficacy of polyphenols [30]. In addition, the exact
determination of the daily intake of dietary polyphenols is still uncertain and is subject to significant
variation between different individuals. Moreover, the diversity of the structures in this family makes
bioavailability a function of the individual polyphenols. Generally, after oral ingestion, polyphenols
are present in low concentration in the blood and urine, as they interact with gut microflora, are
primarily metabolized by methylation, glucuronidation and sulfation, and are rapidly excreted in the
bile and urine [39]. However, the metabolites of certain polyphenolic compounds can significantly
contribute to the biological activity or efficacy of the parent polyphenolic compounds [40]. Clearly,
additional research is required to improve our knowledge about the intake and bioavailability of
dietary polyphenols to determine their efficacy in disease prevention.

Polyphenols in Cancer Prevention and Treatment

Cancer is an amalgam of complex, heterogeneous diseases, in which many signaling pathways
are affected [41]. The processes of initiation, promotion and progression are required for the
development and invasiveness of cancer [42]. In cancer cells, there is a significant disruption
of the cell cycle, uncontrolled cell proliferation, and dysregulation of processes that produce cell
death, such as apoptosis [43]. Dietary factors, especially those from plants, have been reported
to reduce the risk of various cancers and malignancies [44]. According to the American Cancer
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Society (cancer facts and figures, 2017), about 20% of cancers in the United States can be prevented
by a healthy lifestyle, including a diet rich in vegetable and fruits and physical activities [45].
Polyphenol-rich foods, based on preclinical, clinical and epidemiological studies, have been reported
to have chemopreventive and anticancer efficacy [46–48]. Polyphenolic compounds can inhibit the
proliferation of prostate, bladder, lung, gastrointestinal, breast and ovarian cancers [49]. Quercetin,
resveratrol, green tea polyphenols [50], epigallocatechin-3-gallate [51] and curcumin [52] have
efficacy as anticancer compounds. It has been hypothesized that polyphenols may prevent (1)
cancer initiation (cytoprotective); (2) relapse; or (3) its progression and metastasis to distant organs
(cytotoxic) [53–55]. The cytoprotective (i.e., chemopreventive) effect of the polyphenols is attributed
primarily to their antioxidant activities [56]. However, the actual anticancer efficacies of polyphenols
are due to antioxidant-independent mechanisms, including their pro-oxidant action [49,56]. Therefore,
polyphenols may produce antioxidant effects in normal cells, while inducing pro-oxidant damage in
cancer cells.

Previously, it was postulated that the chemopreventive efficacy of polyphenols is primarily due
to their antioxidant action [5]. Polyphenolic compounds have hydroxyl groups that donate their
protons to a reactive oxygen species (ROS) [44]. In addition to their antioxidant effects, polyphenols
inhibit the activity of phase I enzymes, primarily cytochrome P450 enzymes (CYPs), such as
CYP1A1 and CYP1B1 [57]. This prevents the formation of reactive and carcinogenic metabolites [57].
The polyphenols also induce phase II enzymes, which increase the formation of polar metabolites that
are readily excreted from body [58]; for example, dietary polyphenols inhibit the development of lung
cancer and exert significant chemopreventive effects in vitro and in vivo [44]. Furthermore, it has been
reported that certain dietary polyphenols decrease the cellular formation of ROS, which decreases the
oxidation of DNA, proteins and lipids [44].

However, recent data suggests that the pro-oxidant, not the antioxidant, properties of the polyphenols
may be important in treating and preventing cancer. The pro-oxidant activities of polyphenols in cancer
cells generates ROS, producing [49,59,60] (1) cell cycle arrest [61]; (2) induction of apoptosis and DNA
fragmentation [62]; (3) inhibition of proliferation signaling pathways, including epidermal growth factor
receptor/mitogen activated protein kinase (EGFR/MAPK), phosphatidylinositide 3-kinases/protein
kinase B (PI3K/Akt) [63], and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) [64]
and (4) anti-inflammatory effects [65,66]. For example, the polyphenols, at 0.3 mg/ml, from apples, inhibit
human bladder transitional cell carcinoma (TCC, TSGH-8301 cells) proliferation, induce G2/M cell cycle
arrest, and promote apoptosis and mitotic catastrophe [67]. Green tea polyphenols (e.g., pigallocatechin
gallate and black tea theaflavins), in human papilloma virus-18-positive HeLa cervical cancer cells induced
death, cell cycle arrest at the subG1 phase, apoptosis through caspases activation, and ROS generation.
These aforementioned effects were mediated by inhibiting Akt and NF-κB signaling in these cells [68].

Flavonoids (e.g., apigenin, quercetin, luteolin, fisetin) were reported to induce apoptosis in cancer
cells, including leukemic U937 cells [69], prostate cancer cells [70], hepatic cancer cells [71], and others.
Curcumin is a polyphenol extracted from Curcuma longa (tumeric) [72]. Its anticancer efficacy was
shown to be mediated through different mechanisms, including TNF-induced apoptosis, the inhibition
of NF-κB, and the inhibition of Wnt/β-catenin and EMT signaling in breast, colon, brain and other
cancers [73]. However, as mentioned earlier, the efficacy of the polyphenols is limited by their less
than optimal pharmacokinetic profile [74]. Certain polyphenols lack significant efficacy due to their
limited bioavailability, the amount consumed and the cancer type and stage [75,76]. Accordingly, the
diversity in the response to polyphenols is dependent upon the dose, cancer cell type, and the patient’s
genome [42].
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3. Polyphenols Role in Reversing EMT Mediated Cancer Metastasis

3.1. Metastasis

The metastasis of cancer consists of at least five phases and ultimately >90% of relapsed cancer
patients die from metastasis [77]. A significant proportion (at least 70%) of cancer patients has
metastasis following their initial cancer diagnosis [78]. In metastasis, the cancer cells degrade
the basement membrane, invade the surrounding vasculature, enter into the blood and/or lymph
circulation, migrate to the distant tissues and organs, and finally implant, colonize and proliferate to
form new tumor masses [79]. The proposed molecular mechanisms involved in the development of
cancer metastasis are very complex and numerous, involving different, unrelated genes [80,81]. This
complexity interferes with the prediction of the probability of the development of metastasis, which
affects the diagnosis and treatment of metastatic disease [78]. The tumor cells adopt new phenotypes,
characterized by the overexpression of certain genes associated with metastasis, in combination with
the downregulation of genes that when transcribed, produce proteins that inhibit metastasis [82].
Numerous studies have reported the differential expression of genes during metastasis, where
numerous signaling pathways, including EMT, are dysregulated [83–87]. The level of metastasis
is dependent upon a number of variables, including, but not limited to, the type of cancer, cancer stage,
patient genetic profile and mutations and gender [88,89]. Currently, there is no clinically approved
treatment that specifically targets metastasis. Typically, metastasis is treated using conventional
therapies, such as radiotherapy, chemotherapy and surgery, which are used to treat primary tumors.
The goal of the treatment for metastatic cancer is to control the metastasis and improve patient survival,
as opposed to curing the disease [90]. Thus, it is imperative to find treatments that target molecules
involved in the development and maintenance of metastasis.

3.2. EMT Role in Mediating Cancer Metastasis

Although EMT is essential for the developmental formation of organs and tissue repair,
its pathological activation can lead to an increased risk of cancer and fibrosis [9]. Accumulating
data suggests that the epithelial-mesenchymal transition (EMT) is one of the primary and early
pathways involved in cancer development and metastasis [10,91,92]. In the early stages of metastasis,
EMT activates cells to transition from an epithelial to a mesenchymal state where cells lose their
cell–cell adhesions, cell polarity and differentiation properties (Figure 2). These changes decrease the
probability of apoptosis and increase cell motility and tissue invasiveness, allowing them to migrate
through the extracellular matrix, reaching distant tissues (Figure 2) [10]. On a morphological level,
the cells lose their round shape and become spindle-shaped, which is associated with an increase in
mobility and invasiveness [92]. This occurs, in part, from the loss of epithelial cell adhesion proteins,
(e.g., E-cadherin) and the upregulation of the expression of mesenchymal proteins (e.g., N-cadherin,
vimentin) [93]. E-cadherin is a transmembrane glycoprotein that is typically highly expressed on
differentiated epithelial cells, where it regulates cell adhesion [94]. The adhesion process involves the
formation of interactions between E-cadherin, located at the surface of the neighbor cells [95].
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Figure 2. Epithelial to mesenchymal transition (EMT) role in cancer metastasis. The tumor
epithelial cells transform mesenchymal invasive cells through EMT (1. EMT). Subsequently, the
mesenchymal cells enter the blood circulation to distant places (2. Intravasation) and this results in
the homing of circulating tumor cells to specific organs or tissues (3. Extravasation). The metastasized
mesenchymal cells transition to the epithelial phenotype through the mesenchymal–epithelial transition
(4. MET). The MET-transformed cancer cells become implanted and interact to form new colonies
(5. Colonization) and ultimately forming a tumor.

The loss of E-cadherin expression is a hallmark and direct event required for the development
of EMT, which is positively correlated to the development of metastatic cancers [94]. Alterations
in various signaling pathways have been shown to induce the loss of E-cadherin and facilitate the
transition from epithelial to mesenchymal state. For example, EMT can be regulated by extracellular
signal-regulated kinases (ERK1/2) [96], tyrosine kinases [97], transforming growth factor β (TGFβ) [98],
insulin like growth factor (ILGF) [99], epidermal growth factor (EGF) [100], platelet derived growth
factor (PDGF) [101], NF-κB [102], protein kinase B (Akt) [103] and the (Wnt)/β-catenin signaling
pathway (Figure 3) [104]. All the above proteins can activate nuclear transcriptional factors, such as
snail, twist and zinc finger E-box binding homeobox (ZEB1/2), which directly bind to the E-cadherin
gene promoter region, suppressing gene expression [105–108]. In addition, mutations in oncogenes
and suppressor genes, DNA methylation and changes in microRNAs are also involved in the induction
process [108]. In contrast to EMT, the mesenchymal–epithelial transition (MET) is the transition of
mesenchymal cells to an epithelial phenotype [109]. The presence of EMT and MET provides cancer
cells with flexibility, where initially they use EMT to detach, pass through the basement membrane
and reach the distant tissues. Subsequently, the cells can adopt the epithelial phenotype again, leading
to the development of metastasis [10].
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Figure 3. Proposed mechanisms by which dietary polyphenols inhibit EMT and cancer metastasis.
The most important extracellular signals are shown, and these promote the epithelial to mesenchymal
transition by binding to individual membrane receptors, eventually activating specific EMT-inducing
transcription factors (snail, Zeb, and/or twist). The effect of the polyphenols on specific proteins in the
signaling pathways at different levels remains to be elucidated. TGF-β: transforming growth factor β;
EGF: epidermal growth factor; HGF: hepatocyte growth factor; FGF: fibroblast growth factor; PTCH1:
Patched 1; SMO: smoothened; WNT: glycoprotein family; TNF-α: Tumor necrosis factor-α; NF-κB:
nuclear factor kappa-light-chain-enhancer of activated B cells; GLI 1: glioma-associated oncogene 1;
ERK: extracellular regulated protein kinases; AKT: protein kinase B.

Wnt/β-catenin signaling and EMT are closely related and are involved in the positive
feedback activation of one another [110]. Wnt/β-catenin signaling is a crucial pathway in cell–cell
communication, where one cell releases the Wnt protein to bind to an adjacent cell’s surface
receptor [111]. This binding results in the initiation of cellular signals that are transmitted to the
nucleus to induce genetic modifications [112]. β-catenin is the key regulatory protein for signal
transmission in Wnt signaling pathways [111]. It is also involved in structural and cell adhesion
functions, where it connects the membrane-associated E-cadherin to cellular actin [95]. Upon activation
by Wnt, cytosolic β-catenin is stabilized and translocated from the cytoplasm to nucleus, interacting
with DNA binding proteins, such as lymphocyte enhancer factor and T cell factor complex (TCF/EF1),
inducing the transcription of several genes (e.g., T-cell factor 1 (TCF1), matrix metalloproteinase-7
(MMP-7), the cluster of differentiation 4 (CD4) protein and cyclin D1) [113]. Finally, these genes
regulate cellular proliferation, development, survival and metastasis [114]. In the absence of the
extracellular Wnt, β-catenin translocation to the nucleus is inhibited by the β-catenin destruction
complex, which consists of adenomatous polyposis coli (APC), axin, glycogen synthase kinase (GSK3β)
and casein kinase 1 (CK1α)) [115,116].

E-cadherin binds directly to β-catenin, where the conserved carboxyl terminus of E-cadherin binds
to the APC binding site of β-catenin in the cytoplasm and interacts with actin microfilaments [117].
This binding is essential for mediating cadherin-based cell adhesion with cytoskeletal actin. A decrease
in the expression of E-cadherin is positively correlated with an increased activation of Wnt/β-catenin
signaling, induction of EMT, and rapid progression of cancer [118,119]. Another interaction between



Nutrients 2017, 9, 911 8 of 23

the two pathways involves the zinc finger transcriptional receptor, snail. It binds to the promoter region
of the E-cadherin gene, mediating the repression of E-cadherin gene expression [120]. The repression
of E-cadherin is positively correlated with the upregulation of Wnt/β-catenin signaling [121].
Snail and β-catenin interact physically and functionally, exerting a positive feedback effect on one
another [122]. The pooling or accumulation of snail in the cytoplasm is regulated by the GSK3β-induced
phosphorylation of snail [122,123]. Thus, Wnt signaling can stabilize and increase the levels of snail in
the cytoplasm by the inhibition of GSK3β [123]. Both snail and β-catenin synergize and stabilize each
other’s biological effects and transcriptionally augment E-cadherin-induced repression on epithelial
cells and facilitate EMT in cancer [124].

Recently, EMT has been identified and recognized as one of the factors contributing to the
development of multidrug resistance (MDR) in cancer cells [125]. Several studies indicate that different
cancer cells expressing MDR phenotypes also typically express the EMT phenotype [126]. These MDR
cells express higher levels of N-cadherin and vimentin, but express lower levels of E-cadherin and
cell-cell junctions, suggesting that EMT is positively correlated with the MDR phenotype [125,127].
In addition, one study has shown that cells undergoing EMT have a significantly lower response
to the chemotherapeutic drug, cyclophosphamide, compared to cells not undergoing EMT [128].
Consequently, MDR could be targeted by developing drugs that also inhibit pathologically-induced
EMT [127,128]. Finally, inhibiting EMT could be a promising strategy to limit cancer cell diffusion and
stemness, which could lower the rate of mortality in patients with metastatic cancer.

3.3. Polyphenols Effectiveness in Reversing Metastasis

The initial studies with polyphenols were predominantly focused on reducing cancer risk by
dietary polyphenols, as well as the treatment of primary tumors [129]. However, over the past
decade, there has been a significant increase in determining the efficacy of polyphenols in metastatic
cancer [130]. Indeed, dietary polyphenols, such as epicatechin, epigallocatechin (EGC), delphinidin
tannins, epigallocatechin-3-gallate (EGCG), green tea catechins, quercetin and luteolin among others,
inhibit cell wound healing and transwell migration in vitro in several cancer cell lines [131,132].
Carnosol, a dietary diterpene, has been reported to inhibit the viability of human breast, ovarian
and intestinal tumor cell lines [133]. The combination of carnosol with curcumin also significantly
inhibited the viability of primary cancer cells isolated from the pleural fluid or ascites of patients
with metastatic cancers [133]. The antimetastatic efficacy of certain polyphenols was also reported
in vivo, where polyphenols inhibited the development of metastasis and significantly improved
the survival of animals in metastatic models [134]. The mechanisms by which these compounds
produce antimetastatic efficacy are complex. For example, polyphenols significantly downregulate
the expression of matrix metalloproteinases, such as MMP-2 and MMP-9, which promote cellular
invasion [135,136]. The hepatocyte growth factor receptor (HGFR or MET) activates epithelial cell
dissociation and invasive branching, is also significantly inhibited by several polyphenols, including
(−)-Epigallocatechin-3-gallate (EGCG) [137,138]. Polyphenols significantly reduce the activation and
the nuclear translocation of NF-κB, further inhibiting the signaling pathways and affecting certain
genes [139,140]. The formation of new blood vessels, known as angiogenesis, is considered to be a
primary mechanism for metastatic cells to reach the blood and migrate to new sites in the body [141].
Polyphenols have been reported to interfere with vascular endothelial growth factor (VEGF)-mediated
angiogenesis [142]. Finally, polyphenols also decrease EMT signaling and reverse metastasis by altering
the levels of proteins involved in this pathway.

3.4. Polyphenols Reverse Metastasis by Targeting EMT

As discussed above, polyphenols, in part, produce their antimetastatic efficacy by targeting the
EMT pathways. Currently, only a few studies have determined the effects of whole plant polyphenols
extract. The majority of the studies were focused on a certain class or specific polyphenolic compounds.
Consequently, this does not allow researchers to determine the effect of whole plant polyphenol
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extracts on EMT and related pathways. There are data suggesting that whole polyphenol extracts
can reverse metastasis and modulate EMT. For example, the extracted polyphenols from A. annua
L. (pKAL), including hydroxycinnamic acids and flavonoids, were evaluated in metastatic breast
cancer cells (MDAMB-231) [143]. The compound pKAL significantly inhibited the TNF-α-induced
migration and invasion of MDAMB-231 cells (1–30 µg/mL), with minimal toxicity in normal cells.
Furthermore, pKAL caused cells to become a more rounded, epithelial-like phenotype [143]. pKAL
also significantly inhibited the mesenchymal markers N-cadherin and snail, but not E-cadherin or
β-catenin. Thus, the modulation of EMT could play a role in the anti-metastatic mechanism of action
in MDAMB-231 cells [143]. In addition, the anti-metastatic efficacy of the polyphenol mixtures, mainly
quercetin and kaempferol from Euphorbia supina (PES), was determined in metastatic breast cancer
MDA-MB-231 cells [46]. PES significantly inhibited the expression levels of N-cadherin, snail and
MMP-9 at concentrations up to 5 µg/mL [144]. Curcumin (20–40 µM) significantly inhibited the
Wnt/β-catenin-mediated activation of EMT, where β-catenin, vimentin, and TCF4 were significantly
downregulated and E-cadherin was significantly upregulated in SW620 cells [145]. These findings
support the hypothesis that polyphenols may produce their chemopreventive and antimetastatic
efficacy primarily by modulating EMT and its network of proteins. The role of the most important
classes of polyphenols and their members in the prevention and reversal of EMT-mediated cancer
metastasis is discussed below in detail.

3.4.1. Flavonoids

Flavonoids are the most abundant dietary polyphenols in fruits, vegetables, flowers, chocolate, tea,
wine and other edible plants [74]. The basic chemical structure for all members in the flavonoid family
is two benzene rings, connected by a 3-carbon bridge, forming a heterocycle (i.e., C6–C3–C6) [146].
The anticancer and antimetastatic efficacy of the flavonoids has been investigated extensively and
confirmed in both in vitro and in vivo models [147]. However, the exact mechanisms by which
these compounds produce their efficacy remains to be elucidated, as with other polyphenols [148].
However, there is robust evidence that modulation of EMT and its related signaling pathways is
one of the primary determinants of their efficacy [149]. For example, epigallocathechin gallate
(EGCG), a flavan-3-ol, induced apoptosis (40 µM), significantly inhibited colony formation and cell
migration (20 and 40 µM) in nasopharyngeal carcinoma (NPC) cancer stem cells (CSC), including the
sphere-derived NPC TW01 and TW06 cell lines [150]. Interestingly, EGCG significantly upregulated
the expression of the epithelial marker, E-cadherin, and downregulated the expression of snail
and vimentin at 20 and 40 µM [150]. The incubation of the invasive and metastatic A431-III cell
line with 20 µM luteolin and quercetin, for 48 h, significantly suppressed the expression of the
following mesenchymal markers and transcriptional factors: Fibronectin, vimentin, twist, snail,
and N-cadherin and relocalized E-cadherin adhesions on the cell membrane, yielding a more
epithelial-like phenotype [151]. In addition, 20 µM of luteolin and quercetin reversed the migration
and invasiveness of the A431-III cells and downregulated MMP-9 expression, which significantly
induces EMT and cell invasion [151].

3.4.2. Stilbenes

The stilbene polyphenolic compounds are characterized by a di-methylene bridge connecting the
two phenolic rings [152]. Resveratrol is the most well-known of stilbenes and has been reported to
significantly inhibit the metastasis of various cancers [136,153,154]. Resveratrol significantly inhibits the
metastasis of colon cancer cell line (LOVO) both in vitro and in vivo (significantly at >50 mg/kg) [153].
Resveratrol also significantly inhibited gastric cancer cell (SGC-7901) metastasis in vitro and reversed
both hedgehog and EMT signaling at ≈100 µM [155]. The glioma-associated oncogene 1 (Gli-1),
N-cadherin and snail were significantly downregulated, in tandem with a subsequent significant
upregulation in E-cadherin levels [155]. Resveratrol (6–60 µM) induced the presence of epithelial
characteristics in cancer cells following their exposure to compounds that induce EMT [154,156].
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For example, resveratrol, at 6 µM and 12 µM, significantly inhibited TGF-β1-induced (10 ng/mL
for 48 h) EMT in LOVO cells by upregulation of E-cadherin and downregulation of vimentin [153].
Similarly, epidermal growth factor (100 ng/ml) induced EMT in MCF-7 breast cancer cells, and this
was prevented and reversed by 25 µM of resveratrol, which, in turn, inhibited EMT [154]. Resveratrol,
at 25 µM, inhibited wound healing and cell motility, significantly downregulated vimentin and
N-cadherin, and significantly upregulated E-cadherin levels in MCF-7 cells [154]. Resveratrol (25 µM)
also significantly downregulated EMT-inducing transcriptional factors, such as ZEB 1/2 and snail [154].
Similar results were obtained in ovarian cancer cells, where resveratrol (20–60 µM) significantly
inhibited cisplatin-induced EMT [156]. Finally, novel analogues of resveratrol have been reported
to enhance the inhibition of the proliferation and migration of ovarian cancer cells, compared to
resveratrol [157]. These analogues also inhibited the expression of epithelial to mesenchymal transition
(EMT) markers [157]. Overall, these results indicate that resveratrol exerts a significant part of its
anti-metastatic efficacy through altering the EMT pathway.

3.4.3. Phenolic Acids

The phenolic acid class of polyphenols is the second most abundant group in the family,
accounting for 30% of the dietary polyphenols [158]. The phenolic compounds are divided into
either hydroxybenzoic acid compounds, such as gallic acid or hydroxycinnamic acid, such as caffeic
acid and ferulic acid [159,160]. These members of the phenolic family were evaluated for anticancer
and antimetastatic efficacy and their effects on the mesenchymal characteristics of cancer cells [161,162].
Caffeic acid, ellagic acid, gallic acid and ferulic acid inhibit cancer cell proliferation and metastasis
in different cancer models [161,163–165]. Furthermore, anacardic acid suppresses prostate cancer
angiogenesis and migration alone or in combination with radiation by different mechanisms [166,167].
In primary human umbilical vascular endothelial cells (HUVECs), anacardic acid (20 µM) inhibited
Src and focal adhesion kinase (FAK), activation of RhoA-GTPase and inactivation of Rac1 and
Cdc42-GTPases [167]. Phenolic compounds have also been reported to reverse metastasis induced by
EMT. For example, caffeic acid (50–100 µM for 48 h) significantly inhibited the migratory capability
and reversed EMT to MET (epithelial and adhesive phenotype) in the skin cancer cell line, HaCaT [168].
Additionally, caffeic acid (100 µM) significantly inhibited the activation of the NF-κB/snail signal
pathway, a strong inducer of EMT [168]. Furthermore, E-cadherin expression was significantly
increased, whereas N-cadherin and vimentin levels were significantly downregulated by caffeic
acid (100 µM) [168]. Ferulic acid significantly inhibits EMT-induced metastasis of MDAMB-231 cells
in vitro (10–30 µM) and in an in vivo mouse xenograft model (100 mg/kg/day) [165]. Ferulic acid
(200 µM) significantly blocked P-Smad2/3 activation and attenuated all of the EMT changes induced
by 5 ng/ml of TGF-β1 in rat kidney epithelial cells (NRK-52E) [169]. Furthermore, ferulic acid (200 µM)
significantly upregulated E-cadherin and downregulated fibronectin, snail, and integrin linked kinase
(ILK) in the same cell line [169]. Although the direct effect of other phenolic compounds was not
investigated directly on EMT markers, such as N-cadherin or vimentin, they modulated other proteins
that significantly affect EMT. Proteins, such as MMP-9, TGF-β, IL-6, β-catenin, NFκB, VEGF, and other
oncogenic signaling proteins, were significantly downregulated by caffeic acid, ellagic acid, gallic acid
and other phenolic acid compounds at 50–200 µM [66,161,169–172]. Ellagic acid, when combined with
luteolin and punicic acid, at 64 µg/component/day, significantly inhibited primary prostate cancer
growth, prevented metastasis, and significantly decreased VEGF and IL6 levels in vivo [172]. Gallic
acid significantly inhibited the migration and invasion of A375.s2 human melanoma cells by inhibiting
the zinc-dependent, proteolytic enzyme MMP-2 [173].

3.4.4. Lignans

The dimerization of two cinnamic acids results in a 2,3-dibenzylbutane structure, forming the
lignans class in the polyphenolic family [174]. Secoisolariciresinol and matairesinol are the two most
well-known lignans [175]. Lignans have been shown to have chemopreventitive efficacy in breast
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and prostate cancers in humans [176–178]. Flaxseed supplementation of secoisolariciresinol (SDG) at
73, 147 or 293 µmol/kg, which is equivalent to 2.5%, 5% or 10% flaxseed diet, significantly reduced
metastasis in a melanoma mice model where the percent of animals that had >50 lung tumors was
reduced to 30%, 21%, and 22%, respectively, compared to the control (59%) [178]. In addition, a 10%
flaxseed diet, given as 0.2 g/kg secoisolariciresinol diglycoside (SDG) and 36.53 g/kg flaxseed oil (FO),
significantly reduced the growth and metastasis of estrogen receptor positive breast cancer, in part due
to the presence of lignan [179]. However, to date, there have been no published reports correlating the
antimetastatic potential of lignans to EMT modulation. Further studies are required to the effect of
polyphenolic lignans on EMT and its interlinked pathways.

4. Future Directions

4.1. Effects of Polyphenols on Specific Proteins in the EMT Pathway

Currently, it is unknown as to what specific proteins in the EMT pathway or related pathways are
affected by the polyphenols. It remains to be determined if polyphenols are altering the EMT pathways
directly or act through the higher level signaling pathways or via a combination of multiple targets.
A summary of the general effects of important polyphenols on EMT markers and related proteins are
listed in Table 1. The direct effect of polyphenols on specific targets can be achieved by studying the
EMT and related signaling pathways at the level of gene expression. For example, investigating the
impact of dietary polyphenols on the expression levels and activities of microRNAs that control the
mesenchymal properties of epithelial cells has not been thoroughly evaluated. Recently, the correlation
of microRNA with cancer is gaining significant interest [176]. Such research would provide a better
understanding and new perspectives in defining the exact targets for the efficacy of polyphenols and
their exact relationship with EMT in cancer metastasis.

Table 1. A summary of the effect of selected polyphenolic compounds on the EMT markers and
proteins in the related pathways.

Polyphenol
subfamily Member Effect on EMT markers or related

proteins Studies type

Flavonoids

EGCG ↑ E-cadhrin,
↓ Veminten , Snail In vitro

Quercetin
↑ E- cadherin
↓ Fibronectin, Vimentin, Twist, Snail,
MMP-9, and N-cadherin

In vitro

Stilbines Resveratrol
↑ E-cadherin
↓ N-cadherin and Snail, Vimentin,
ZEB 1/2, and TGF-β,

In vitro

Phenolic acids

hydroxybenzoic
acid

gallic
acid

↓MMP-9, TGF-β, IL-6, β-catenin,
NFκB, VEGF In vitro

hydroxycinnamic
acid

caffeic
acid

↑ E-cadherin
↓ NF-κB/snail, N-cadherin and
Vimentin

In vitro

Ferulic ↑ E-cadherin
↓ P-Smad2/3, Fibronectin, Snail

In vitro &
in vivo

Lignans
Secoisolariciresinol

No data corelate their effect to EMT
Matairesinol
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Studying the Impact of Polyphenols on EMT-Related miRNAs

MicroRNAs (miRNA) are a specific type of single stranded RNA sequences that do not code for
proteins. These sequences are usually short in length, consisting of only a few nucleotides (typically
19–25) and they negatively regulate their targets [180,181]. miRNA act at the mRNA level, where they
complementary interact with their target mRNA. However, their binding sites lack strict specificity,
so each miRNA can bind and target several mRNA, affecting apoptosis [182], disease progression [183],
cancer development and metastasis [184,185]. The miRNAs are initially expressed from their genes by
RNA polymerase II as Pri-miRNA. Subsequently, they become either pre-miRNA in the nucleus or
mature miRNA in the cytoplasm through cleavage of different sites in their structures [186]. Recent
reports indicate that more than 21 thousand mature miRNA molecules have been isolated in many
different species [187].

In cancer, miRNAs are located mostly in cancer-related genomic areas, where miRNA can be either
oncogenes or tumor suppressors [188]. Tumor suppressor miRNAs repress the oncogenes that induce
tumor proliferation, resistance and metastasis; for example, miRNA-15 and 16 are strong inhibitors
of the anti-apoptotic protein Bcl-2 [189]. Many miRNAs are significantly altered in different cancers,
including breast [190], colorectal [191], brain, and others [192].

In contrast, the role of miRNA families in EMT development is diverse and controversial.
Whereas some miRNAs significantly inhibited adoption of the mesenchymal phenotype in epithelial
cells, other miRNAs were involved in the induction and maintenance of EMT [193]. miRNA 200
and miRNA 205 are strong suppressors of EMT and promotors of MET phenotype and produce
their effects by directly binding to the promotor region of EMT, inducing transcriptional factors
(e.g., snail, ZEB1/2 and twist) [194]. The ectopic overexpression of miRNA200 significantly induced
higher E-cadherin levels and significantly reduced the levels of ZEB1/2 [194]. There is a significant
reduction in the expression of the miRNA 200 subfamilies in metastatic breast cancer, in tandem with
increased expression of the ZEB1/2 [195]. miRNA-30a significantly silenced snail transcriptional
factor, inducing significant inhibition of EMT in lung carcinoma [196]. Given that EMT can facilitate
cell detachment and motility, and thus cell metastasis, EMT-related miRNAs significantly affect the
progression of metastasis [197]. Furthermore, some miRNA subfamilies, such as miRNA-9 [198],
miRNA-103/107 [199] and miRNA-155 [200], promote cancer metastasis through the induction of EMT.
Indeed, miRNA-9 enhanced the invasive and metastatic properties in breast cancer cell lines by directly
binding and inhibiting the transcription of the E-cadherin gene (CDH1) miRNA-103/107 significantly
suppressed the inhibition of the inhibitory effect of miRNA-200 by silencing its gene expression [201].

It is possible that the polyphenols produce their beneficial effects by altering the expression
levels of several miRNAs [202]. However, only a few studies have investigated the relationship
between polyphenols and miRNAs, particularly the reversal of cancer metastasis. One study showed
that dietary polyphenols can alter the expression of several miRNAs that control important cellular
signaling pathways such as TGF-β and Wnt signaling, which are inducers of EMT [202]. Another
study demonstrated that 10 µM of a mixture of isoflavones (70.5% genistein, 26.3% diadzein, 0.3%
glycitein) resulted in the significant upregulation of miRNA 200 and miRNA let-7, as well as significant
upregulation of E-cadherin and downregulation of mesenchymal markers, including vemintin, ZEB1
and slug in gemcitabine-resistant pancreatic cancer cells [203]. These results tentatively suggest that
polyphenols can reverse EMT and cancer metastasis by altering the expression of miRNAs. Therefore,
additional preclinical and clinical studies are needed to focus on the role of polyphenols and their
analogs in modulating miRNAs expression and its effect on reversing EMT-mediated metastasis. Such
studies would enhance our understanding of the detailed mechanisms of action of polyphenols in
cancer metastasis.

4.2. Whole Extract/Combining Polyphenols Studies

Only a few studies have been focused on elucidating the effects of whole polyphenol extracts
on EMT, EMT-related pathways and metastasis, while most investigations determined the efficacy of
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certain polyphenols isolates or individual compounds. Therefore, future studies should be conducted
to determine the efficacy of whole polyphenol extracts in reversing metastasis and identifying the
molecular mechanisms. This is important as several studies have reported that the combination
of several polyphenolic compounds can further enhance their anticancer efficacy and produce
synergistic efficacy against cancer cells proliferation, migration, and invasiveness in vitro [204,205].
The combination of polyphenols with other micronutrients, such as vitamin C, was also efficacious [206].

4.3. Use of Doses or Concentrations That Resemble Those Consumed from Dietary Sources

Similar to other natural products, polyphenols are present in dietary sources as complexes with
other natural products and chemicals. As indicated earlier, polyphenols are typically extensively
metabolized, which further limits their bioavailability. The majority of past studies used high
concentrations or doses of polyphenols that were significantly higher than what humans consume
in their diet or receive in clinical settings. Therefore, future studies should consider the complex
nature of polyphenols, as well as their suboptimal pharmacokinetic profile. It is important to use
doses or concentrations that more closely resemble those obtained from dietary consumption in both
preclinical and clinical studies to further understand potential health benefits of polyphenols in cancer
and other diseases.

5. Conclusions

In conclusion, the anticancer efficacy of polyphenols may be due in part to their effects on the EMT
pathway. Polyphenols may also produce their efficacy by inducing apoptosis, increasing ROS levels and
modulating the immune system and other mechanisms as previously discussed in this paper. Notably,
EMT is particularly important in mediating cancer cell migration and invasive properties, and this can
explain, in part, the antimetastatic efficacy of many polyphenolic compounds and mixtures. Different
types and mixtures of polyphenols with versatile structural and chemical properties significantly
upregulate epithelial markers such as E-cadherin, while significantly downregulate mesenchymal
proteins such as N-cadherin, vimentin, and fibronectin. Polyphenols also significantly alter the
expression levels of EMT-inducing transcriptional factors such as snail and twist. Importantly, other
signaling pathways that interact with the EMT pathway were also affected, possibly explaining
the so-called EMT efficacy of the polyphenols. Although efficacious in limiting the EMT process,
dietary polyphenols also have limitations that should be considered, including poor and complex
biodistribution, kinetics, and metabolic fate in vivo. Polyphenols may have limited oral absorption,
undergo extensive metabolic degradation, and significantly interact with other ingested drugs and
foods, among others. Many of the studies on the effects of polyphenols on EMT signaling are in vitro
studies that do not reflect the concentrations achieved in vivo. Accordingly, additional in vivo studies
are needed that focus on using concentrations and doses of polyphenols that reflect those consumed
from dietary sources and clinical studies which are safe and equivalent to the achieved in vivo levels.
The identification of specific cellular targets is another limitation. The specific receptors, proteins or
transcriptional factors that are directly affected by polyphenols remain to be elucidated.
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