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ARTICLE INFO ABSTRACT

Keywords: Polyphenols are one of most important phytochemicals distributing in herb plants, vegetables and fruits, which
Polyphenols known as important anticancer agents. Given the high incidence and mortality of skin cancer, this study aimed to
skin cancer uncover the chemopreventive effects of polyphenols against skin cancer metastasis. Electronic databases in-
signaling pathway cluding Scopus, PubMed, and Cochrane library were used to compile the literature from 2000 to August 2019.
drug dlssovery Only in vivo mechanistic studies with English full-texts were chosen for this review. Polyphenols were included in
metastasis . . P . g . .
this study if they were administered in purified form; while total extract and fractions were excluded. Among the
8254 primarily selected papers, only a final number of 34 studies were included. The chemopreventive effects of
polyphenols as anthocyanins, ellagitanins, EGCG, oleuropeindihydroxy phenyl, punicalagin, quercetin, resver-
atrol and theaflavin, were mainly examined in treatment of melanoma as the highly metastatic form of this
cutaneous cancer. Those properties are mediated by modulation of angiogenesis, apoptosis, inflammation,
metastasis, proliferation, pathways such as EGFR/MAPK, mTOR/PI3K/Akt, JAK/STAT, FAK/RTK2, PGE-2/
VEGF, PGE-1/ERK/HIIF-1a, and modulation of related signals including NF-xB, P21WAF/€IP1 ' Bim  Bax, Bcl2,
Bclx, Bim, Puma, Noxa, ILs and MMPs. Chemopreventive effects of polyphenols are mediated by several sig-

Abbreviation: ASK1, apoptosis signal-regulating kinase 1; BCC, basal cell carcinoma; 4EBP1, 4E binding protein 1; EGCG, epigallocatechin-3-gallate; EGFR/MAPK,
epidermal growth factor receptor/mitogen activated protein kinase; FAK, focal Adhesion Kinase; FOXO1, forehead box O1; GM-CSF, granulocyte-macrophage colony-
stimulating factor; G-CSF, granulocyte-colonystimulating factor; GTPs, green tea polyphenols; HIF1a, hypoxia inducible factor 1-a; HUVECs, Human umbilical vein
endothelial cells; IL-6Ra, IL-6 signal transducing receptor; mPGEs, microsomal prostaglandin-E synthase-1; MMP, Matrix Metalloproteinase; mTOR, Mammalian
Target Of Rapamycin; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; NMSC, Non-melanoma skin cancer; PCNA, proliferating cell nuclear
antigen; PI3K/Akt, phosphatidylinositide 3-kinases/protein kinase B; SCC, squamous cell carcinoma; SOCS3, suppressor of cytokine signaling; STAT3, Signal
transducer and activator of transcription; PTK2, Protein tyrosine kinase 2; TIMP2, Tissue inhibitor of metalloproteinase 2; VCAM, Vascular cell adhesion molecule
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naling pathways against skin carcinogenesis and metastasis, implying the importance of polyphenols to open up
new horizons in development of anti-skin cancer therapeutic strategies.

1. Introduction

Skin cancer is a result of several mutations in cancer-related genes
including proto-oncogenes and tumor suppressors in skin cells, which
causes an imbalance in cell homeostasis and excessive cutaneous cell
proliferation [1]. According to the epidemiologic studies, skin cancer is
considered as the most prevalent type of cancer worldwide with a po-
sitive growth rate of prevalence and mortality in comparison to other
diseases [2]. Furthermore, according to U.S statistics, the average of
total cost spent for skin cancer treatment annually is doubled within 5
years [3]. Therefore, morbidity will remain as the unfavorable con-
sequence of skin cancer development and continue to put an economic
burden on world health system.

Based on the cell type, cutaneous melanoma and non-melanoma are
the main classes of skin cancer. Non-melanoma skin cancer (NMSC) is
originated from keratinocytes of epidermis and is divided in two main
subdivisions which are basal cell carcinoma (BCC) and squamous cell
carcinoma (SCC). Although BCC is the most prevalent form of skin
cancer, it has the lowest mortality rate because of its low potential to
metastasize. In contrast to BCC, melanoma, originating from melano-
cytes at the deepest layer of epidermis, has the lowest prevalence rate
(4%), but the worst prognosis, and is responsible for the 80% of mor-
tality cases from skin cancer [4]. Skin cancer survival rate is high and it
is curable if diagnosed in early stages; however, the metastatic form has
a poor prognosis. Melanoma progression is required for the multistep
changes of melanocyte characteristics. The first step is to gain ability to
proliferate and survive which help to grow horizontally to develop the
melanoma tumor. In the next step, the melanoma cells should be able to
grow vertically and invade to the deep layers of dermis. This enables
melanoma cells to reach endothelium layer and start distant metastasis

via blood circulation [5]. These traits mostly acquired by key triggers
including BRAF and NRAS mutations; however, these mutations alone
could not cause metastatic form of melanoma. For example, mutations
of oncogenes like V60OE BRAF are activated in melanocyte nevi
(moles), but they do not cause development of malignancy [6]. Apart
from melanocyte mutations’ effect on melanomagenesis, micro-en-
vironmental factors including extracellular matrix, microvasculature,
growth factors and cytokines are important during this process [7].

Current treatments for the management of metastatic and/or non-
metastatic melanoma include chemotherapy, immunotherapy, radio-
therapy and targeted therapy which are expensive, highly toxic and, in
some cases, ineffective due to resistance especially in metastatic form
[8]. So, it is important to investigate new effective therapeutic strate-
gies which are also affordable.

Medicinal plants have a long history in disease treatments which
arise from their availability and affordability. From the 174 anticancer
drugs in the market, between 1981 and 2014, only 23 were totally
synthetic and 5 vaccines. All the others, 146, were correlated to natural
products as biological, natural products unmodified in structure,
though might be semi- or totally synthetic, “botanical drug” (in general
these have been recently approved), derived from a natural product and
usually with a semisynthetic modification. The last group, even made
by total synthesis, has a pharmacophore that is/was from a natural
product. For instance, combretastatins are a class of natural phenols
highly methylated and with a similarity of different natural poly-
phenols. Thus should be considering for further research in cancer
therapy.

Numerous phytochemicals gained lots of attention for numerous
diseases even in chemoprevention and for cancer adjuvant treatment in
last decades [9,10]. Thus, once among them polyphenols, that are well
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Fig. 1. The preventive effects of several polyphenols from herbs mediated by a number of signaling factors.
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tolerated, and have various bio-effects correlated to this pathology, as
will be explained below. They will be suitable potential candidates, for
instance, to control metastasis of malignant cells [11].

Bioavailability of polyphenols is defined as the extent of substance
which reached to the circular system and distributed in several tissues
[12]. Not surprisingly, bioavailability and biotransformation seems to
be the two causal hallmarks which influence on effectiveness of poly-
phenols. On the basis of dimension, polyphenols may weakly and/or
without hindrances absorb to the gut interfaces. What is more, it has
been suggested that polyphenols are commonly found as conjugated
forms in the plasma. However, conjugation with proteins in oral cavity
and acidic pH of stomach has been shown to not change the stability
and biological activity of polyphenols [13-15]. Enzymatic glucur-
onidation and methylation of polyphenols in small intestine may affect
the absorbance of polyphenolic reagents [16,17]. After absorbance,
they modified by several additional groups such methyl, glucuronide,
and sulfate ester in several tissues inside the body. Albeit in skin,
convenient penetration of herbal polyphenols needs to be formulated
with hydrophobic-, organic- and cream-based compounds because of
hydrophobic characteristics of outer layer of dermal tissues [18]. In
light of the low bioavailability, nano-, macro- derivation, and co-ad-
ministration and bioengineering-based approaches were developed to
enhance the bioavailability, biological activity and effectiveness of
polyphenols. The biological activity of polyphenols was considerably
affected by metabolic transformation leading to the possible diversities
and controversies in the results of associated studies. For instance, Cis
and Trans isoforms of resveratrol highly affect its variable efficacy and
bioactivity [19,20]. Polyphenolic compounds have been shown to be
transformed via several enzymes in liver, small intestine and colon. As
mentioned above, almost number of polyphenols is found to be ab-
sorbed through digestive system and conjugated with several additional
groups including glycosides. Unabsorbed polyphenols are indicated that
transformed and used by colonic microbiota [21]. This biotransforma-
tion of polyphenols through flora microbiota is required to absorption
of these compounds in intestine. For example, biotransformation of

8254 potentially relevant studies:
PubMed: 3581
Cochrane: 581

Scopus: 4092
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some non-absorbed catechins from green tea using intestinal bacteria
converted them to easily absorbed simple polyphenolics [22]. From
above, it could be concluded that biotransformation of polyphenols
through several enzymes and also gut microbiota affect their avail-
ability and biological activity.

In this review, based on the latest research, phytochemicals with
potential to inhibit metastasis of melanoma and their mechanisms of
actions are discussed based on the most recent studies (Fig. 1).

2. Study design

Electronic databases including PubMed, Cochrane library and
Scopus were searched using the keywords ("Skin cancer" OR "skin
neoplasm" OR "skin malignancy” OR "basal cell carcinoma" OR "squa-
mous cell carcinoma" OR "melanoma") [title/abstract/keyword] AND
("plant” OR "extract" OR "herb" OR "phytochemical" OR "polyphenol" OR
"flavonoid" OR "lignin" OR "coumarin" OR "curcumin" OR "resveratrol")
[all fields]. Datasets were outlined from 2000 to August 2019 which
was updated in June 2018 in order to add latest published papers. To
find relevant studies, articles were primarily screened based on titles
and abstracts by two independent researchers. To confine the search,
only English language papers were included in this review. Inclusion
criteria were herbal polyphenols assessed in the purified form in vivo in
all types of skin cancer which focused on the metastasis-related me-
chanisms. Exclusion criteria were papers evaluating the effect of total
extracts or fractions instead of purified compounds, synthetic com-
pounds, non-herbal materials, lack of mechanistic evaluation of me-
tastasis and lack of in vivo assessments. The flow diagram of the studies
selection process is presented in Fig. 2.

3. Polyphenols as anti-skin cancer agents

Cancer preventive and therapeutic potential of natural agents such
as polyphenols have been demonstrated in several preclinical, clinical
and epidemiologic studies. Polyphenols with at least one aromatic ring
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y

34 reports were finally
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7 because the metastasis was not assessed
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Fig. 2. Flow diagram related to selection process of papers.
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and hydroxyl group encompass a wide spectrum of secondary meta-
bolites [23]. Accumulating evidence from the last decades reveals the
promising anticancer efficiency of some of these compounds such as
anthocyanins, epigallocatechin-3-gallate (EGCG), resveratrol, among
others isolated from plants [24-28]. Polyphenols are the most abundant
natural antioxidants in human diet. Rich source of these phytochem-
icals are fruit, vegetables, cereals, chocolate, olive oil, and beverages
namely tea and wine.

Resveratrol, as a phytoalexin derived from more than 70 plant
sources including grapes, pines, plums, berries and peanuts, which is
produced and secreted in response to environmental stimulators such as
stress and pathogens [29]. In preclinical studies, the anticancer effects
of resveratrol have been examined in skin, breast, prostate, gastro-
intestinal and lung cancers [30]. The underlying antigrowth mechan-
isms of resveratrol in mouse skin carcinogenesis models have been
shown to be due to induction of antioxidant systems, apoptosis, ame-
lioration of inflammation and cell cycle suppression [31-35]. In the 7,
12- dimethylbenz(a)anthracene (DMBA) induced mammary tumors and
xenograft breast cancer animal models, resveratrol showed growth in-
hibitory effects through the down regulation of proliferation and an-
giogenesis, induction of apoptosis, as well as the modulation of hor-
mones such as estrogen, progesterone and their receptors [36-40].
Modulation of genetics and epigenetic factors has been suggested as the
principal anticancer mechanisms of resveratrol. In this line, resveratrol
inhibits the activity of DNA methyltransferases through demethylation
of tumor suppressive genes in esophageal, gastric and colorectal cancer
cells [41]. The cancer modulating effects of resveratrol was also de-
monstrated in a few clinical studies. The phase I study showed the
antigrowth effects of resveratrol in lymphoma and colon cancers. Al-
beit, clinical studies of resveratrol should be continued to develop a
drug with full chemopreventive and therapeutic potentials [30].

EGCG, its synthetic analogs and prodrugs are widely studied poly-
phenols in cancer prevention and treatment. Various studies docu-
mented its antitumor properties [42-47). Curcumin, a polyphenol ex-
tracted from the Curcuma longa L., show several biological activities

Pharmacological Research 151 (2020) 104584

such as antioxidant, anti-inflammatory and anticancer effects [48,49].
The chemopreventive effects of this compound have been demonstrated
in several tumors mediated by induction of apoptosis [49,50]. In a re-
cent study, the anti-metastatic effects of chitosan-coated-nanoparticles
containing curcumin was reported in vitro and in vivo by suppression of
cell viability and induction of apoptosis [51].

Those are some of the more identified examples, however these
model structures can be amplify for further research with similarities
with them.

4. Signaling pathways involved in preventive effects of
polyphenols against skin cancer metastasis

Whereas several biological processes had been targeted for cancer
treatment, cellular processes such as gene expression, cell cycle pro-
gression, development of proliferation and migration are considered
key factors in cancer regulation and prevention. The anticancer and the
cytoprotective properties of polyphenols are generally attributed to
their antioxidant and pro-oxidant properties [52]. With respect to pro-
oxidant activity, polyphenols are able to generate ROS in cancer cells
that lead to induction of apoptosis, suppression of cell cycle and down-
regulation of proliferation through modulation of several signaling
pathways such as epidermal growth factor receptor/mitogen activated
protein kinase (EGFR/MAPK), phosphatidylinositide 3-kinases/protein
kinase B (PI3K/Akt) [53,54], and nuclear factor kappa-light-chain-en-
hancer of activated B cells (NF-kB) [55] and [4] anti-inflammatory
factors [56].

Different polyphenols exhibit anticancer properties through their
own unique targeting systems. Some of the commonly known pathways
are discussed below (Fig. 3).

5. Cell proliferation and apoptosis

Cell proliferation can be defined as the cyclic behavior of the cells
(i.e how quickly cells pass through the four phases of G, S, G, and M)
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Fig. 3. [1] Control of tumor progression through check points by polyphenols in mTOR signalling pathways (i) reducing the expression of PI3K (ii) Hypo-phos-
phorylation of pRb, induce the expression of pro-apoptotic Bax, Bak, blocking phosphorylation of S6K1 and AKT Ser473 residue. [2] Inhibition of JAK-STAT pathway
by polyphenol (i) suppressing the activation signaling molecules (IL’s and GF’s) (ii) Inhibit MMP-2 (iii) suppressed phosphorylation of HER-2 and Cdk’s [3], MAPK is
regulated through (i) UVB-induced phosphorylation of ERK1/2, JNK and p38 proteins (ii) activation of intracellular ROS, (iii) Inhibit level of TNF-a, IL-6 and IL-1f.
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and the number of cells that are active cycling in a cell cycle. Apoptosis
is the controlled and/or programed cell death occurring at a continuous
phase. It is a process by which dysregulated cells in the body are re-
moved and the balance is maintained between the generation of fresh
and removal of the old ones; thereby maintaining the accurate number
of cells in a tissue. Several polyphenols are known to control cancerous
cell growth through inhibition of cell proliferation and induction of
apoptosis mainly regulated through mTOR/PI3K/AKT, STAT3, MAPK/
ERK, Ras-Raf and JNK p38 signaling pathways and cell arrest in dif-
ferent stages of cell cycle (Fig. 1).

5.1. Mammalian Target of Rapamycin (mTOR)

Phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) is a chain
of signalling pathway as the members of serine/threonine protein ki-
nase family which are responsible for physiological processes such as
proliferation, motility, survival and growth of cells, gene transcription,
protein synthesis and autophagy. mTOR is regulated through several
activation points and phosphorylation of effector kinases and is one of
the targets of polyphenols in inhibition of cancerous cells growth.

Green tea polyphenols (GTPs) are the most studied natural poly-
phenols for their antioxidant properties. It has been reported that
protease inhibitor MG132 in combination with GTPs in cells resulted to
apoptosis through degradation of class I HDACs (Histone deacetylase)
and induction of cell cycle arrest in the Go/G; phase [57]. GTPs lead to
increased accessibility of histone H3 with the promoter region of the
p21WAFI/CIPL ahd Bax gene in cancer cells through proteosomal de-
gradation of class I HDACs and enhanced acetylation of histone H3.

EGCG, an important polyphenol from GTPs, is known to inhibit and
prevent cancer by extending the cell viability through induced autop-
hagy in mTOR-dependent and PKA-independent pathways. EGCG de-
lays apoptotic cell death by up-regulating autophagy-dependent sur-
vival, thus forming a major asset in control of cancerous cell
proliferation and survival [58]. The anti-proliferative effects of EGCG in
skin cancer was attributed to the retinoblastoma (pRb) + E2F/DP
pathway by Ahmad et al.(2002) [59].Treatment of cells with EGCG
resulted in down regulation of pRb and other members of the pRb fa-
mily. Hypophosphorylation of pRb also leads to recruitment of free E2F
and subsequently suppression of cell cycle progression at GO/G1 phase
transition and apoptotic cell death [59]. Singh and Katiyar found that
EGCG is able to down-regulate the expression of cAMP in skin cancer
cells by reducing the expression of PI3K and p-Akt proteins. In addition,
exposure of cells to EGCG is associated with reduction the expression of
c-Myc and VEGF, as the downstream targets of -catenin [56].

Rapamycin, is an important inhibitor of mTOR pathway which in-
hibits the kinase activity of mTORC1 by binding to prolyl isomerase
(PPIase) and, is also, an activator of mTORC1, RHEB. The inhibition of
TPA-induced mTORC1 and AKT (Thr308, Ser473) by rapamycin results
in a significant reduction of the number of labeled epidermal cells,
induction of hyperplasia and mTORC2 upon prolong exposure. These
processes were associated with dramatic decrease of inflamed cuta-
neous cells and reduced infiltration T cells, macrophages, neutrophils,
NK cells and mast inflammatory cells [60]. Loss of RICTOR/mTORC2
may also lead to dephosphorylation of AKT at Ser473 and forehead box
01 and O3 (FOXO1 and FOXO03) transcription factors [61]. Changes in
the mTOR pathway by down regulating the PTEN and TSC2 effector are
moreover reported from rapamycin against tumour cells [62].

Phenolic and polyphenic compounds, like anthocyanins from po-
megranate, proanthocyanidins from grapes and caffeic acid found in
many natural sources, show an important potential in the inhibition of
mTORC1 activities by blocking the phosphorylation of S6K1 and AKT at
Ser473 residue mediating by mTORC1. Other mechanisms may include,
mTOR kinase inhibitor as well as, ATP competitive inhibitors of mTOR,
DNA-PK, and PI3K [52,63-68].

Resveratrol is another polyphenol known to induce the suppression
of cell cycle at S phase through ATM/ATR-Chk1/2-Cdc25C pathway by
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phosphorylation of Cdc2-tyrl5 [69]. ATM phosphorylates and stabilize
p53 which followed by p53-dependent G1/S cell cycle arrest. It has
been shown that resveratrol lead to cell cycle arrest at the S and G2/M
phases through inhibition of Cdk7 and p34 Cdc2 kinases. Additionally,
resveratrol supresses the proliferation of human epidermal carcinoma
cells through decreasing of the expression of cyclin D1, cyclin D2, and
cyclin E) resulting in down regulation of cdk-2, cdk-4 and cdk-6) and
upregulation of p21WAF1/CIP1 [69-71]. Resveratrol is also known to
increase the expression of pro-apoptotic Bax, Bak, PUMA, Noxa, and
Bim, and decreases the expression of anti-apoptotic Bcl2, Bcl-XL, and
Mcl-1 by modulation of the mitochondrial death pathway [69].

5.2. Signal transducer and activator of transcription (STAT3)

STAT3 is a transcription protein, mediating the expression of a
variety of genes in response to cell stimuli, and is also a potential target
for inhibition of cell proliferation and apoptosis which are mostly ac-
tivated by cytokines (IL-6, IL-17 and IL-22) and growth factors (EGF &
FGF) [72]. Polyphenols have the ability to inhibit the expression of
STAT3 either by blocking the activity of JAK or suppressing the acti-
vation of signaling molecules (IL’s and GF’s). Apigenin and luteolin, are
able to inhibit IL-6 and modulate the expression of IL-6 signal trans-
ducing receptor (IL-6Ra) and suppressor of cytokine signaling (SOCS3)
protein. The inhibitory effect on the expression and secretion of the
extracellular matrix degrading enzyme, matrix metalloproteinase-2
(MMP-2), has been credited to regulate the STAT3 pathways [73].
Myricetin and resveratrol are known to directly bind to the catalytic
domain of the JAK1 protein and inhibit the phosphorylation of STAT3/
JAK1 [74,75]. Quercetin is reported to suppress the activation of STAT3
by IL-6 through reduction of cyclin D1 and the secretion of MMP-2. It
results in inhibition of cell proliferation and migration through accu-
mulation of cells in S and G2/M proliferative phases of the cell cycle
[76,77]. The role of EGCG in suppression of STAT3 activation is
achieved by suppressed phosphorylation of HER-2 that further corre-
lates with suppressing the promoter of c-fos and cyclin D1 and en-
hancement the levels of cyclin D1 and Bcl-XL leading to cell cycle arrest
and apoptosis [78].

Butein, a polyphenol extracted from Butea frondosa, was reported to
suppress the IL-6-inducible and constitutive forms of STAT3 through
inhibition of tyrosine kinases as JAK1, JAK2 and c-Src signaling pro-
teins. In addition, this compound down-regulated the expression of
STATS3 target genes like Bcl-xL, Bcl-2, cyclin D1, and Mcl-1 causing an
elevated stage of apoptosis [79]. In the case of the compounds celastrol
and curcumin, they inhibit the constitutive and IL-6-induced activation
of STAT3 and phosphorylated STAT3, leading to a decrease in the
mRNA expression level of Bcl-2 and increase in the accumulation of
cells in the sub-G1 and G2/M phase, respectively. It further results in
activation of caspase-3, ensuing a suppressed cell proliferation and in-
duced apoptosis [77,80].

The MAPK/ERK pathway, also known as Ras-Raf cascade, is a group
of serine/threonine proteins including the c-Jun NH2-terminal kinases
(JNK), and p38 that communicates signals from a receptor protein on
the surface of the cell to the DNA in the nucleus of the cell.
Overexpression and/or mutation in the signaling factors are the
common hallmark of proliferative disorders such as cancer is involved
in tumor initiation, progression and metastasis. Several polyphenols
have been recognized to regulates the MAPK/ERK pathway and thus
inhibit the cancerous cell growth. Among the prominent ones, sily-
marin, retinoids, and GTPs like EGCG are known to effectively reduce
UVB-induced phosphorylation of ERK1/2, JNK and p38 proteins of the
MAPK family. GTPs are able to inhibit UVB-induced translocation of
NF-xB/p65 and NF-kB/p65 DNA-binding activity followed by activation
of IKKa, phosphorylation and degradation of IaBa [81]. In the specific
case of EGCG, it also controls cell proliferation in tumor cells by in-
hibiting phosphorylation of ERK1/2, JNK, p38 proteins and H,0,
generation, leading to inactivation and suppression of MAPK pathways
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[63,82]. Inactivation of MAPK pathways and other cell proliferative
routes was also achieved by peritoneal mast cells incubated with GTPs
through reduced production of histamine. The underlying mechanism
of histamine depletion is mediated by a garlic acid-mediated raise in the
level of cAMP and reduction in the content of intracellular calcium
which ultimately leads to inhibition of pro-inflammatory cytokines,
TNF-a and IL-6 through inactivation of NF-xB and p38 MAPK signaling
factors [83].

Similar anti-apoptotic properties of polyphenols from black tea
(theaflavins and thearubigins) were reported by Bhattacharya et al.
[108] via induction of cell death in tumor cells through activation of
intracellular ROS generation. They induce apoptotic death of human
malignant melanoma cells (A375) through activation of apoptosis
signal-regulating kinase 1 (ASK1), MAPK kinase, and JNK-p38 cascade.

Proanthocyanidins extracted from grape seeds, as well as antho-
cyanins and ellagitannins from pomegranate fruit were found to have
dose- and time-dependent inhibition of irradiation-induced phosphor-
ylation of ERK1/2, JNK1/2, p38 and Akt signalling factors by re-
activation of MAPK phosphatases and induction of MAPKs cascades
[84]. The inhibition of TNF-[], IL-6 and IL-1[JJcontent in skin tumour
cells was reported [67,85].

6. Growth factors

Growth factors are glycoproteins secreted by the cells of the im-
mune, fibroblast, and endothelium and epithelium system. They play
vital role in proliferation, motility, and invasion of cancerous cells.
Growth factors employ or activate different c-jun proto-oncogenes and
downstream signals through various signaling pathways such as Lyn/
JAK/STAT3 or MAPK/ERK1/2 pathways leading to cell proliferation
and invasion [86]. Although numerous growth factors are present in
human body, granulocyte colony-stimulating factor (G-CSF), granulo-
cyte-macrophage colony-stimulating factor (GM-CSF), insulin-like
growth factor-1 receptor, and the vascular endothelial growth factor
(VEGF) are the more prominent ones in the development of non-mel-
anoma skin cancers (Fig. 4) [87].

The concentration of HGF, VEGF, IGF-I and IGFBP-3 in serum was
observed to be significantly reduced in patients treated with EGCG by
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inhibiting the phosphorylation of ERK p42/p44 [88]. This compound is
able to inhibit HGF-induced migration and invasion of parental and
HGF/SF-transfected B16F10 melanoma cells via blocking the Inl B-de-
pendent activation of Met and blocking activation of Met receptor
which is upstream of ERK1/2 and p70S6 kinase as reported [69]. EGCG
under hypoxic conditions secretes a soluble VEGF receptor that in-
activates VEGF and thus exerts anti-angiogenic effects [89]. In the case
of curcumin, the treatment of keratinocyte cells with this compound
could inhibit IGF-1-induced phosphorylation of the IGF-1 receptor, in-
sulin receptor substrate-1, Akt, S6K, and 4EBP1 in a dose-dependent
manner. It also lowered the TPA-induced phosphorylation of Akt, S6
kinase (S6K), and eukaryotic translation initiation factor 4E binding
protein 1 (4EBP1) [90].

For resveratrol, the results of the research published show that is
able to inhibit the proliferation and induce the apoptosis in human
multiple myeloma (MM) cells by interference with the signalling
pathways initiated by IL-1b [70].

The anti-angiogenic effects of rapamycin in inhibition of hypoxia-
induced and VEGF-induced endothelial cell proliferation were reported
by Guba et al. [81]. Rapamycin also decreased the production of VEGF
by cancer cells through the inhibition of mTORC1-dependent transla-
tion and activity of HIFla [91-93]. Resveratrol has been shown to
mediate disruptions of Src kinase activation mediated by ROS and VE-
cadherin tyrosine phosphorylation showing the critical impact on the
inhibition of VEGF-induced angiogenesis [94].

7. Adhesion and Migration

Cell adhesion to the extracellular matrix (ECM) is a key factor for
regulation of cellular morphology, migration, proliferation, survival,
and differentiation. MMPs, focal Adhesion Kinase (FAK), vascular cell
adhesion molecule (VCAM), and E-cadherin are important regulators
for cell adhesion and migration and thereby, are the targets of cancer
research (Fig. 4).

MMPs are a class of zinc-containing endopeptidases with a specific
substrate known to involve in various pathophysiological processes
including aging, healing of cutaneous wound, and angiogenesis. MMPs
are activated through several processes like MAPK and NF-xB upon
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Fig. 4. Polyphenols reducing the activity GF (Growth factors) through (i) blocking activation of upstream ERK1/2 and p70S6 kinase (ii) secretes binding receptors for
VEGF (iii) Lowered the TPA-induced phosphorylation of Akt & S6 kinase (S6K). Adhesion and Migration is regulated by (i) inhibiting the expression of MMP’s (ii)
Recovery of UVB induced procollagen type I (iii) Modulates LPS-induced expressions of ICAM-1 and VCAM-1 (iv) Upregulation of forkhead box O1 (FOXO1) and IxkBa

to suppress activity of NF-kB.
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exposure to UVB radiations (290-320 nm), causing degradation of
collagen and elastin, reduction in procollagen synthesis and subse-
quently, photoaging of cells [95]. It has been suggested that inhibition
of UVB irradiation leads to reduced expressions of collagenase (MMP-
1), gelatinase (MMP-2, MMP-9), stromelysin (MMP-3), marilysin
(MMP-7), and elastase (MMP-12) subsequent reduction of NF-xB acti-
vation, down regulation of proapoptotic caspase-3, and of the cell cycle
arrest in GO/G1 phase resulting in angiogenesis and formation of tu-
mour mass [96,97].

Several polyphenol members of the Rubiaceae family exhibit anti-
photoaging activity via inhibiting the expression of MMP-1, MMP-3,
and MMP-9, and of MAPK [98,99]. GTPs added in drinking water to
mice were recognized to reduce UVB-mediated increase in MMP-2 and
MMP-9, CD31, VEGF, and proliferating cell nuclear antigen (PCNA)
resulting in increased production of cytotoxic CD8* T cells and greater
activation of caspase-3 as well as inhibition of AP-1 activity in the tu-
mour cells [81].

Resveratrol by reducing the level of MMP-2 and MMP-9 was re-
ported to inhibit the invasion of a number of cancer cells such as oral,
human bladder, lung adenocarcinoma, breast, skin and so on. In addi-
tion, DMBA-induced MMP-9 expression was inhibited by resveratrol
through suppression of NF-kB DNA-binding activity and activation of
AP-1 signalling factor [100]. EGCG was found to competitively inhibit
the phosphorylation of ELK-1 by ERK1/2 through competing to bind the
active site on ERK1/2, JNK and p38 [101]. Other potential inhibitory
routes of MMPs in cancer include inhibition of TGF-f [102], amelio-
rated RNA levels of MMPs, procollagen type I, TNF-a, and IL-6 by
rosmarinic and caffeic acid [103].

Pomegranate extracts containing ellagitannins and anthocyanins
significantly increases the expression of miR-126 in VCAM-1 that reg-
ulates and controls VCAM expression in response to cytokines. They are
responsible for down-regulation of pro-inflammatory enzymes NOS and
COX-2 messenger RNA (mRNA) and their protein expression in epi-
thelial cells. Besides, ellagitannins and anthocyanins suppress NF-xB
and inhibit phosphorylation of PI3K/AKT, as well as mTOR expression
[100]. Theaflavins, from black tea, inhibit the level of adhesion mole-
cules through inhibition of NF-kB and JNK activation in intestinal
epithelial cells. These compounds also down-regulate the LPS-induced
expressions of ICAM-1 and VCAM-1 through JNK signaling pathway
[104]. The suppression of Akt, NOSs and PVQ-induced PDT effects
causes significant apoptosis in VCAM-1(+) and HUVECs by inducing
self-destruction of cells through ROS generation and are therefore
considered to be beneficial against melanoma cell adhesion [105,106].

Focal adhesion kinase (FAK)/ Protein tyrosine kinase 2 (PTK2) as a
cytoplasmic protein tyrosine kinase is responsible for cell adhesion,
chromatin condensation and nuclear fragmentation during apoptosis.
Overexpression of FAK is associated with inhibition of apoptosis and an
increase in the prevalence of metastatic tumors or advanced-stage solid
cancers [107]. Cellular motility, survival and proliferation via FAK is
mediated by kinase-dependent and kinase-independent mechanisms.
FAK are mostly regulated by NF-xB and p53 signaling pathways.

Dieckol, a polyphenol from Ecklonia cava, suppressed the migration
and invasion of HT1080 human fibrosarcoma cells by phosphorylation
and inhibition the expression of FAK [108]. Polyphenol-enriched ex-
tracts from Hibiscus sabdariffa were found to regulate the metastasis of
cancer cells through increased tissue inhibitor of metalloproteinases 2
(TIMP2) and suppression of FAK and CD44/c-MET signaling [109].
Anthocyanins from this plant were also reported to inhibit migration of
B16-F1 cells negative modulation of HUVECs tube formation through
inhibition of the PI3K/Akt and Ras/MAPK cascade pathways and its
downstream effectors VEGF and MMP-2/-9 [110]. Similarly, a mulberry
polyphenol extract show to be capable to inhibit FAK/Src/PI3K sig-
naling pathway and related factors like FAK, Src, PI3K, Akt, c-Raf in-
teraction. It showed that MPE reduced the expression of small GTPases
(RhoA, Cdc42 and Racl) to affect F-actin cytoskeleton rearrangement,
down regulated expression of MMP2 and vascular endothelial growth
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factor (VEGF) mRNA through NFxB signaling and thereby inhibited
A715 cell migration [72].

E-cadherin is a cell-cell binding protein Ca?*-dependent manner
and found in epithelial tissue. Loss of E-cadherin expression is a hall
mark associated with late tumor stage [65]. Polyphenols extracted from
olive oil, as oleuropein, hydroxytyrosol, and verbascoside were able to
attenuate the TGFB1/Smad pathway in Met5A. Treatment with olive oil
extracts along with TGFf1 leads to an increase in the expression of E-
cadherin and its promoter activity in mesothelial cells, Met5A; while
phosphorylating SMAD3 and reducing transactivation of SMAD4 in
MeT5A cells. Displacement of SNAIL, from nuclear compartment, was
also observed [111]. Black tea extracts were reported to induce upre-
gulation of E-cadherin as an epithelial marker as well as SNAIL-1 and
Vimentin as mesenchymal markers. BET is also shown to have anti-EMT
properties through inhibiting the phosphorylated forms of FAK and
paxillin in carcinoma cells [112]. Drugs like tamoxifen are popular for
blocking the activation of the transforming growth factor (TGF)-1 and
subsequently, the mesothelial-to-mesenchymal transition (MMT)
through reduction of E-cadherin and mesenchymal-associated mole-
cules such as SNAIL, fibronectin, collagen-I, a-smooth muscle actin, and
MMP-2 [113].

8. Inflammation (TNF-a, ILs, IFNy, NF-xB)

TNF-a is an important inflammatory cytokine involved in in-
flammatory signaling pathways. Upon activation by macrophages or
other cells of the immune system, conformational change occurred to
dissociate TNF-a from the intracellular death domain. This leads to
association of the adaptor protein TRADD to the death domain, causing
the modulation of the NF-kB and MAPK pathways, and death signaling
through cysteine protease caspase-8.

Polyphenols from different natural sources have been successfully
used for inhibition of TNF-a. For instance, punicalagin from pome-
granate was used to protect human dermal fibroblasts against cell death
induced by UV irradiation through down regulation of - NF-kB caspase-
3, and upregulation of GO/G1 phase transition and DNA repair me-
chanisms [66]. Other polyphenol compounds, such as EGCG and re-
sveratrol, could effectively alleviate UVB-induced ROS upregulation of
IL-6 and TNF-a, mRNA levels and then reduced the expression of NF-kB,
resulting in overall anti-inflammatory activity [114]. Resveratrol re-
duce the expression of transforming growth factor-32 (TGF-32) induced
by UVB exposure in skin cells which is associated with blockade of TGF-
B2/Smad-dependent and -independent pathways [90]. While most
polyphenols target TNF factors, grape polyphenols upregulate forkhead
box O1 (FOXO1) and IkBa, thus inhibiting NF-kB activity [115]. In the
case of the structures of theaflavins, from black tea prevent in-
flammation by inhibition of integrin linked kinases (ILK) and NF-kB
signaling pathways and suppression of TNF-a [116,117].

Comparative evaluation among GTPs and BTP in suppression of
adverse effect of TNF-a induced inflammation showed that both ex-
tracts were highly potent in inhibiting TNF-a by reversing the down
regulation of TNF-a through increase in alkaline phosphatase con-
centration [118]. Other example, includes the study involving Kuding
tea polyphenols (HKTP) that were able to reduced serum levels of IL-6,
IL-12, TNF-a, IL-1B, interferon-y (IFN-y), motilin (MOT), IL-6 mRNA
expression by lowering the expression of MAPK, NF-kB, inducible NOS
(iNOS), and cyclooxygenase-2 (COX-2) [119]. In a recent work, Callcott
et al. [111] showed that colored rice-derived polyphenols might in-
teract with biochemical pathways to elicit their antioxidant and anti-
inflammatory activity. In particular, the suppression of TNF-a by co-
lored rice polyphenols extract through a reduce malondialdehyde
without modulating plasma IL-6 concentrations was reported [120].
The extract is principally comprised of anthocyanins being cyanidin-3-
glucoside and peonidin-3-glucoside the most abundant.

As understood that TNF-a phosphorylates Akt in a PI3K- and NF-kB-
dependent way blocking the phosphatidylinositol 3-kinase (PI3K), and
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explored in further drug discovery research (Table 1). Among all, in-
duction of antioxidant and apoptosis via induction of ASK-1, Caspase-3,
JNK-p38 and pRb; suppression of cell cycle by upregulation of p21,
Bcl2, and Bcl-x and down regulation of Bim, Bax, Puma ans Noxa; re-
duction of proliferation and angiogenesis through upregulation of
EGFR, MAPK, mTOR, PI3K/Akt, FAK/PTK2, JAK/STAT, VEGF and HIF-
la (Table 1). It has been shown that several phenolic and polyphenolic
compounds isolated from various plants have the potential to inhibit
cellular proliferation, invasion and metastasis by modulating the ex-
pression of a number of inflammatory and cytokine genes including IL-
6, IL-1, GM-CSF and TNF-a, IL-2, GM-CSF and INF-y and IL-18 in
melanoma models. In light of these evidence, unraveling the underlying
anticancer molecular mechanism of these biocompounds bring a sig-
nificant advantage in defeating carcinogenesis and metastasis of skin
cells.
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