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Abstract: Phytochemicals are natural compounds synthesized as secondary metabolites in plants,
representing an important source of molecules with a wide range of therapeutic applications. These
natural agents are important regulators of key pathological processes/conditions, including cancer,
as they are able to modulate the expression of coding and non-coding transcripts with an oncogenic
or tumour suppressor role. These natural agents are currently exploited for the development of
therapeutic strategies alone or in tandem with conventional treatments for cancer. The aim of this
paper is to review the recent studies regarding the role of these natural phytochemicals in different
processes related to cancer inhibition, including apoptosis activation, angiogenesis and metastasis
suppression. From the large palette of phytochemicals we selected epigallocatechin gallate (EGCG),
caffeic acid phenethyl ester (CAPE), genistein, morin and kaempferol, due to their increased activity
in modulating multiple coding and non-coding genes, targeting the main hallmarks of cancer.
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1. Introduction

Phytochemicals are listed as secondary metabolites that are naturally found in plants with roles
involved in the restoration of damaged cells, but also in determination of colour, aroma and taste of
the plants. These types of products are classified based on the starting point of their biosynthesis:
phenolic compounds, carotenoids, products with nitrogen, alkaloids and organosulfur compounds
(Figure 1) [1-4]. Every class of phytochemicals is further divided in many other smaller subclasses
forming a complex diagram of classification, with a wide range of isomeric form and different
substituents, that show the different biological active effect [5].
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Figure 1. The main classes of phytochemicals and their bioavailability.

Initially associated with antioxidant properties and prevention of free radicals generation, recent
studies reveal a more complex protective action at cellular and molecular levels for natural
compounds, with important application in disease prevention or treatment. These evidences are
supported by epidemiological studies [5-7]. The benefits of natural products are also underlined by
the so-called “Asian paradox”. In the attempt to find an eligible reason for the reduced rates of lung
cancer within the Asian population, researchers concluded that the high amount of green tea could
be the reason. The catechins within the composition of green tea seem to reduce the risk for
pulmonary diseases among others, despite the fact that the target population is also included in the
list of active smokers. A similar situation is encountered in the case of “French paradox” due to the
high intake of products containing resveratrol [6]. This population is characterized by a reduced risk
of cardiovascular diseases and the current studies attribute this paradigm to the positive action of the
stilbenoid. These population-based studies are contributing to the value of polyphenols as a potent
source for new drug discovery, based on their capacity to modulate numerous pathological processes
including malignant transformation and development, potentiating their secondary usage for the
treatment of chronic diseases, and other health problems [6,7].

A rediscovery of the natural phytochemicals in context of pathological conditions was observed
in the past years. This re-emergence is demonstrated by the increased number of publications focused
on a better comprehension of their biological function and the complex beneficial properties in
human health. This was assessed at a cellular, molecular or genomic level using a wide range of cell
lines or animal models. Based on this, phytochemicals were proved to be involved in a wide range of
key mechanisms in chemoprevention or chemotherapy. Unfortunately, only a limited number of
studies registered a success at the level of clinical trials but with deceptive results [8], due to their low
stability. A possible alternative could be their modification in more stable pro-drugs [9].

Natural phytochemicals were used in cancer prevention and therapy in traditional medicine due
to their safety, lack of side effects and their bioavailability, from a wide range of natural sources. After
the development of last generation research techniques, these natural products were re-evaluated in
terms of beneficial effects. Polyphenols were demonstrated to have impact on human health, having
the capacity to modulate gene expression, non-coding RNAs (ncRNAs) or epigenetic processes [6],
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this being backed by the latest progress related to the “omics” approaches [10]. This paper focuses on
the emphasis of the role of these classes of phytochemicals in cancer therapy via coding and non-
coding related pathways.

2. Phytochemical Compounds Activities Are Determined by Their Structure

The multiple experimental studies have revealed the structure-related function of these
compounds. The knowledge of the structure-activity relationship has a relevant significance,
particularly in the case of developing novel therapeutics derived from natural compounds with
application in cancer therapy [6,11]. Knowing the exact purpose of the functional groups could
improve the treatment options in accordance with their specific effects at molecular level for a wide
range of pathologies, including cancer [11]. In the light of the structure related functions, new
computational approaches, like molecular docking assays, are now at the centre of interest for in silico
determination of targeted compounds towards cancer inhibition [12].

The chemical structure of polyphenols is characterized by the presence of more than one
phenolic group (a hydroxyl group bound to an aromatic ring) per molecule, a structure that provides
the antioxidant function [13]. The antioxidant property via hydroxyl groups is able to eliminate the
harmful free radicals within the cell, in order to maintain the appropriate physiological status. The
function of the additional hydroxyl groups consists of the release of hydrogen molecules that
inactivates the free radicals. Therefore, a compound with an increased number of hydroxyl groups
has a more accentuated protective activity than a compound with a far less functional groups.

Studies regarding the structure-activity relationship in the case of catechins have shown that the
gallate groups, particularly the galloyl groups (at C-3 position), play a major role in their biological
activity due specific binding with bovine serum albumin [14-16]. The epigallocatechin gallate
(EGCG) chemical structure is composed of three aromatic rings, two of them situated in a parallel
pattern and the third one perpendicular on the reminded two rings and has a therapeutic effect by
inhibition of carbonyl-amine crosslinking reactions [17,18].

Catechnis are metabolised to unstable quinone metabolites, displaying an mechanism of
oxidative coupling of the galloyl group with the B-ring leading to quinone dimerization. Similar
processes are retrieved in plants responsible for the production of theasinensins [19]. Catechins,
containing a pyrogallol moiety, were able to target electrophile-responsive element (EpRE) being
related to their metabolisation in quinones targeting important genes involved in the detoxification [20].

For the case of caffeic acid phenethyl ester (CAPE), it was also shown that the specific structure
is composed of two phenol hydroxyls groups with a key role in the biologically active process.
Moreover, CAPE activity can be increased by substitution of one hydroxyl group and by extension
of the alkyl chain of the alcohol part [21]. CAPE has a higher hydrophobicity and powerful inhibition
capacity of xanthine oxidase (XO). The inhibition of the enzymatic activity is caused by binding to
the molybdopterin region of the active site [22].

One of the most important biological properties of genistein is related to its chemical structure
and estrogenic activity, having a free hydroxyl group at position 4’ and 7’ [23]. Antiproliferative and
cytotoxic effects are due to inhibition of cellular enzymes through intramolecular hydrogen bonding
which make genistein more hydrophobic [23]. The bioactivity of morin is associated with the location
of the 5-OH and 4-CO, also with 3-OH and 4-CO groups in a molecule [24]. Structure-function studies
have shown that tumour selectivity of morin involves the 2', 4" hydroxyl configuration in the B ring
[25]. The protective effect of kaempferol is closely linked to the o-dihydroxy structure belonging from
B-ring [26]. There is an important role for the antioxidant activity of kaempferol to play when it is
combined with the presence of hydroxyl groups at C3, C5 and C4’ [27].

3. Antioxidant Benefits of Phytochemicals

Numerous studies have shown the important role of phytochemicals in prevention or treatment
for a wide range of diseases (cancer, neurodegenerative diseases, metabolic disease and immune
pathologies). The benefits of phytochemicals or nutraceutical compounds from fruit and vegetables
are even more powerful than is currently understood and this can be demonstrated. The major role
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of the phytochemicals consists of antioxidant protection, since in many processes involved in
metabolism, a production of reactive oxygen species may result [28] in preventing the DNA, lipids, and
proteins damage [29]. In addition, a wide range of phytochemicals were proved to have an important
role in regulation of cell proliferation, cell cycle, immune response, or the reducing of lipid oxidation
[30,31].

The antioxidant activity was related to the number of hydroxyl substituents retrieved in the B-
ring for anthocyanidins; the opposite was observed for catechins. EGCG is represented by the most
bioactive flavone-3-ol phenolic compound, this can be attributed to their eight free hydroxyl groups,
responsible for the high versatile biological role [32]. The substitution with a methoxyl leads to a
reduced antioxidant effect in the case of anthocyanidins compounds. From the main catechins,
different isomers types like the cis-trans isomerism, epimerization, and racemization did not
significantly modify the total antioxidant activity [33].

The cytotoxic effects of EGCG were demonstrated to be connected to its auto-oxidation, leading
to the generation of hydrogen peroxide or other EGCG auto-oxidation products [34]. The mechanism
of auto-oxidation was related to the activation or the mitoagen activated protein kinases (MAPK),
particularly the phosphorylation of the ERK1/2 in Jurkat cells [35]. This mechanism can be related to
contradictory data available on this compound.

The EpRE mediate the expression of two major defence enzymes NAD(P)H-quinone
oxidoreductase (NQO1) and glutathione S-transferases (GSTs), that protect against environmental
toxic agents that generate reactive oxygen species (ROS) [20]. Catechins have the capacity to generate
oxidative stress, and the modulation of intracellular glutathione (GSH) via EpRE activation. Even the
pro-oxidant effect caused by catechins can be considered a health promoting effect due to their
capacity to activate detoxifying enzymes, via quinone formation [20,36].

4. Phytochemical Compounds and Cancer

Phytochemicals modulate coding and non-coding RNA gene expression leading to the
restoration of the normal signal transduction pathways [37-39]. Phytochemical intervention in
chemotherapy are sustained by a higher number of clinical trials that have shown that these
compounds increase the treatment efficiency and decrease the side effects, inducing apoptosis in
cancer cells, reducing drug resistance and also the severity of comorbid conditions. Some relevant
examples are presented in Table 1.

These compounds can act as pro or anti-oxidant, based on the dose and exposure time as
presented by most of the studies [40,41], because they interfere with key cellular processes (cell cycle
regulation, apoptosis, or even angiogenesis, invasion and metastatic processes). The phytochemicals-
related mechanisms of action are summarized in a simplistic form in Figure 2.
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Figure 2. The summary of the workflow in the identification of the novel bioactive agent is extraction,

fractionation, then cell culture based test to evaluate the effects at cellular and molecular level of the
bioactive extract and validation on animal models of the most relevant finding and the final step of a
novel treatment is the clinical trials evaluation.

4.1. (-)-Epigallocatechin-3-Gallate (EGCG)

(-)-Epigallocatechin-3-gallate (EGCG) is the major component and the most bioactive phenolic
constituent of green tea. Based on preclinical evidence, it has multiple biological functions, such as
inducing cell apoptosis, inhibiting angiogenesis and suppressing metastasis. EGCG anticancer
activity is proved in cancer cell lines and animal tumour models [42,43], but is also found in an
increased number of clinical trials that involves their chemo-protective or chemotherapeutic role. In
addition to the antioxidant activity, EGCG also acts as a pro-oxidant because of the hydrogen
peroxide formation, the dual role of EGCG being dose-related. It is important to mention that tumour
cells are more vulnerable to oxidative stress than normal cells; meaning a high specificity of action
targets only the altered mechanism on tumoural cells and no cytotoxic effects on normal cells [7]. It
was shown that EGCG inhibits the cell growth, migration and invasion in Hs578T triple negative
breast cancer cells by repressing the expression of VEGF (vascular endothelial growth factor) pro-
angiogenic factor [44,45]. In oral cancers, EGCG compound has a therapeutic role by induction of
apoptosis or autophagy [46], limiting cancer cells proliferation [45,47], reduction of cell migration and
invasion [48] and modulation of essential transcription factors involved in carcinogenesis [49]. Also
in oral cancer cells, the same compound has a general inhibitory role regarding cell proliferation, and
this action was preserved over all stages of carcinogenesis [50]. EGCG is able to inhibit the
proliferation of immortalized Human Papilloma Virus (HPV) by acting on the GO/G1 phase and
stopping the cell cycle [51]. EGCG specifically targets RasGTPase-activating protein-binding protein
1(G3BP1) having chemopreventive effects in lung cancer [52]. In colorectal cancer, EGCG induces the
inhibition of cell proliferation via inhibiting the expression of transcription factor HES1 and
neurogenic locus notch homolog protein 2 (Notch2) [53]. EGCG inhibits human prostate cancer cell
(PC-3) proliferation by PI3-K-dependent signalling pathway [54]. In colon cancer EGCG induces the
activation of mitogen-activated protein kinase (MAPK) [55] and Akt pathways [56]. In silico
modelling approaches reveals that EGCG physically interacts with the ligand-binding domain of
androgen receptor that is overexpressed in prostate cancer, leading to the inhibition of cell growth
[57]. These antitumoural mechanisms were related to the modulating acetylation of androgen
receptor by anti-histone acetyltransferase activity [58].
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4.2. Morin (3,2",4°,5,7-Pentahydroxyflavone)

Morin (3,2',4,5,7-pentahydroxyflavone) is a flavone that belongs to the Moraceae plants family
and is recognized for its anti-carcinogenic and anti-inflammatory roles in different pathologies,
including cancer [25,59,60]. Furthermore, it has been demonstrated to act as a chemopreventive agent
in oral malignancies [25,59]. Morin is also involved in inhibition of hepatocytes transformation by
suppressing AP-1 activity and inducing S-phase arrest [61]. Apoptosis induced by morin in human
leukemia HL-60 cells can involve a mitochondria-dependent pathway and a caspase-3-mediated
mechanism [62]. In the MCEF-7 line of breast cancer cells, this pentahydroxyflavone can target cell
proliferation via caspase-activated mitochondrial pathway or through independent pathways [63].
In a human leukemic cell line, morin treatment was observed to activate the caspase-dependent
apoptosis in a dose-dependent mode. At the same time, it was observed to have an effect on
mitochondrial membrane potential, connected with the realising of citocrome ¢, inhibition the
expression of Bcl-2 and activation of Bax proteins [64]. Morin is an important apoptotic modulator.
In colorectal cancer cells, it was demonstrated that Morin has the capacity to regulate apoptosis via a
caspase-dependent mechanism, by upregulating the Fas receptor but also the intrinsic apoptotic
pathways via Bcl-2 and cIAP-1, anti-apoptotic proteins. Also, it was able to be involved in ROS
generation, which targets the Akt gene [65].

Important pro-apoptotic activity was demonstrated in the case of hepatocellular cancer mouse
models, chemically induced by diethylnitrosamine (DEN). Therefore, the morin treatment was
related with the upregulation of PTEN gene, one important gene with tumour suppressor role,
recognised as negative regulator of Akt [65], also was demonstrated to modulated Bcl-2/Bax ratio,
leading to the activation of cytochrome c and overexpression of caspases 3 and 9 [65].

MDA-MB-231, even at low doses, was observed to have the capacity to inhibit colony formation,
and was proved to increase the expression level for MMP-9 (Matrix metalloproteinase 9), in parallel
with the overexpression of N-cadherin an important epithelial marker and inhibit the activation of
Akt pathways. In mouse models, it was observed to have the capacity to reduce cell progression and
the antimetastatic effect [66]. In a similar study, it was proved to have EMT features via inhibition
VCAMI1 and N-cadherin expression level. Likewise, in mouse models, it was demonstrated to
specifically inhibit lung cancer metastasis [67].

4.3. Caffeic Acid Phenethyl Ester (CAPE)

Caffeic acid phenethyl ester (CAPE) is one of the most important bioactive agents retrieved in
high concentration in propolis. CAPE has multiple biologic active properties among which we can
list: antiviral, antibacterial, antioxidant, anti-inflammatory and overall anti-cancer activities [68-70].
CAPE is targeting the NF«B transcription factor, promoting apoptosis in a wide range of cell lines
[71-74]. For example, HL-60 cells of human leukemia subjected to the CAPE treatment revealed
increased apoptosis by activation of different regulatory elements caspase-3 and BAX regulator and
suppression Bcl-2 [69]. The same inhibitory activity was observed in colon cancer cells (HCT116 and
SW480) [75]. Also, in a dose-dependent manner, CAPE decreased the malignant potential of MDA-
MB-231 and Hs578T [76], two relevant in vitro models for triple negative breast cancer [70]. Growth
inhibition caused by CAPE treatment in PC-3 cells are accompanied by p21Cipl induction and
suppression of Akt signalling [77]. CAPE was demonstrated to act as a biomarker with active role in
chemoprevention and chemotherapy in oral cancer patients inhibiting Akt signalling, cell cycle
regulatory proteins and NFkB function [78,79]. It has been demonstrated that CAPE has potential
application in cervical cancer [80] or ovarian cancer also [74].

4.4. Kaempferol

Kaempferol is a natural flavonol, a type of flavonoid found in a variety of plants and plant-
derived foods with antioxidant properties. Multiple investigations confirmed the chemo protective
effect of these compounds [81-84]. Thereby, kaempferol promotes apoptosis of ovarian cancer cells
through down regulation of cMyc [85]. This natural compound also inhibited pancreatic [86], oral
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[87], hepatic [88] and breast cancer cell proliferation [84,89,90] by activating different pathways of the
apoptosis. In human glioma cells, kaempferol treatment induced inhibition of cell proliferation
through caspase-dependent mechanisms [91]. Cell death in leukemia cells as result of kaempferol
treatment is accompanied by decreasing the expression of Bcl-2 and increasing the expressions of Bax
[92]. An increase in reactive oxygen species (ROS) generation by kaempferol was associated with
induction of cell death in human glioma cells [91]. For bladder cancer, kaempferol was demonstrated
to have a therapeutic role intermediated by induced expression of PTEN and Akt inhibition [93], or
via c-Met/p38 signalling pathway [94], finalized with decreased cell proliferation and accentuated
apoptosis [94].

Epithelial-mesenchymal transition (EMT) and metastatic-related comportments of MCF-7 were
evidenced to be regulated by kaempferol [95]. These effects were shown to be modulated via
regulation of the estrogenreceptos expression [95]. Kaempferol was demonstrated to have the
capacity to inhibit TGF-fl-induced EMT and migration by inhibiting Aktl-mediated
phosphorylation of Smad3 in lung cancer models [96].

4.5. Genistein

Genistein, the major compound of soy, is an isoflavone with bioactive roles and has been
revealed to exercise tumour suppressing roles in numerous cancer inhibition mechanisms (apoptosis,
cell proliferation, immune response or angiogenesis and invasion) in colon, breast, prostate, lung
cancers or hematological malignancies [97,98]. Some of the intermediary signalling pathways
targeted by genistein responsible for modulating the anti-tumour activities are: Akt, NFkB, Wnt and
P53 [98,99]. In AML cell lines genistein determined increased apoptosis of the cell [100,101] and in
CRC lines are suppressing the migratory characteristics of tumour cells [102]. Also this isoflavone
acts as tumour suppressor in human breast [103,104] and prostate [99,105] cancer. Also, we have to
take into consideration that in some case genistein is related to an increase of the proliferation rate at
higher doses [106].

Genistein activates the mitochondrial apoptotic pathways in colorectal cancer cells, by
preventing the phosphorylation of Akt protein [107]. In the MCF-7 cells the inhibition of IGF-1R and
p-Akt was observed and a downregulation of the Bcl-2/Bax protein ratio as exposure to genistein
[108]. A microarray study on breast cancer at different doses revealed different altered pathways and
by overlapping the gene networks, the most significant functions were those related to cell cycle [109].

In colorectal cancer cells, genistein was proved to reduce cell proliferation, invasion and
metastasis, via downregulated matrix metalloproteinase 2 and FMS-related tyrosine kinase 4, a
receptor for the VEGEF. The validation on orthotopic mice models, of colorectal tumours, the genistein
treatment (oral delivery) did not significantly reduced tumour growth, but was able to prevent
distant metastasis [110]. In oral cancer the antimetastatic effect was related by regulating the MMP-2
expression by inhibition of ERK1/2 and the activator protein-1 signalling pathways [111]. At
physiological concentration, it was proved to target hormonal receptors [112]. A complex proteomic
study reveals that the genistein treatment was related with the alteration of 332 regulated
phosphorylation sites on 226 proteins, which are involved in key cellular processes (DNA replication,
cohesin complex cleavage, and kinetochore formation) [112].
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Table 1. Preclinical studies related to the implication of some relevant phytochemicals as antitumoral

agents.
Natural, Dose Preclinical Test Target Mechanism Target Reference
Phytochemical Gene
Colon cancer (HT-29 and
HCT-116), human Apoptosis activation
0-50 uM embryonic k.idney (HP;K)— and Feducfion .of cell  Akt, ERK1/2, (56]
293T cell, Triple negative proliferation via p38
breast cancer cells (MDA- targeting MAPK
231)
BAD, BAK,
FAS, IGFIR,
el i
0-200 UM oral cancer (SSC5) proteration, ZEB1 (48]
activate apoptosis
nd autoph CASPS,
anc autophagy MYC, and
TP53
EGCG Colorectal cancer cells (LoVo  induced the
0-35 M cells, SW480 cells, HT29 apoptosis and HES1 and [56]
cells, and HCT-8 cells) and affected the cell cycle  Notch2
animal models via Notch signalling
Inflammatory breast cancer Inhibit tumoural
0-160 uM t lik VEGFD 113
H¥ T cells (UM-149 and SUM-190)  SETm 1@ [113]
comportment
0-25 M Triple negative breast cancer Inve'lsion an'd VEGFA [45]
cells angiogenesis
. Cell proliferation RS/MAPK/p-
0-50 uM  Breast cancer and nude mice and invasion S6K1 [55]
. Cell proliferation,
11 -
0-100 uM G(ilStI'IC cancer cells and nude cell cycle, invasion Wnt/ﬁ [114]
mice . catenin
and metastasis
human leukemic cells (U937 caspase-.de}?endent BAX, BCL-2,
0-350 uM apoptosis via [64]
cells) . cytochrome c
intrinsic pathway
human colon cancer cells ROS generation, i:ll;zfaalrrljly
-4 insi 4
0-400uM - 1yeT116) ::rr::slm and s members, [64]
Mori Sic apoprosts Fas and Akt
rin
© Triple necative breast cancer Cell adhesion, EMT, TNF-q,
0-200 uM | PIC IEBAUVE DICASTCAnNCEr 4 sion and inhibit ~ VCAMT and [67]
cells, nude mice . .
lung metastasis N-cadherin
AKT and
50 M Triple negatiYe breast cancer ~ EMT, inv'asion and related [66]
cells, nude mice metastasis targets,
MMP-9
Activate apoptosis NFEkB, Fas,
0-100 pM  Breast cancer (MCF-7) and reduce cell p53, Bax and [79]
proliferation JNK
Suppress the
0-50 uM  Oral cancer cells (TW2.6) Prohf'eratlon, Akt and [115]
invasion and NFkB
CAPE . .
metastatic potential
th 70S6K and
0-12uM  Prostate cancer cells (PC-3) suppresses the an [116]
proliferation Akt
Cycle arrest and Skp2, p53,
0-50 uM  Prostate cancer cells (CRPC)  growth inhibitionin ~ p21Cip1 and [117]
CRPC cells p27Kipl
spoptosis i GF 1. IR
N A -
Genistein 0-100 pM  breast cancer cells (MCF-7) AKE-Bol-2 and Bax- z:rllcg g;i—Z, [108]

mediated pathways
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GLIPR1,
10 CDC20,
wmol/L breast cancer cells (MCE-7) Cell cycle regulation ~ BUBI, [109]
MCM2 and
CCNB1
Colorectal Car.u:er models Ce.ll 1nV.a51o.n a?c% MMP-2 and
0-50 uM  and orthotopic mouse migration, inhibit [110]
. . FLT4
models distant metastasis
Activate
0-100 uM  colon cancer cells (HCT-116) ~ mitochondrial Akt and Bax [107]
apoptosis
0.5-10 Prostate cancer cells LAPC-4 Cell proliferation
wmol/L and PC-3 and hormonal ER-B [106]
receptor
Modulated EMT,
25 uM Breast cancer cells (MCEF-7) inhibit migration, ER [95]
and invasion
0-100 pM  Bladder cancer Inthnt CEI,I c-Met/p38 [94]
proliferation
Kaempferol Modulated EMT, TGFp1,
0-50 uM  Lung cancer cells (A549) inhibit migration, SMADS3, [96]
and invasion Aktl
MMP-2and
0-100 pM  Oral cancer cells (SCC4) anti-metastatic effect ]TLIJAI\/gJ;i dc i [111]
ERK1/2

5. Dietary Phytochemicals as Non-Coding Genes Regulators

The term non-coding RNA (ncRNA) is frequently used for those RNA trancripts that do not
encode a protein, but are able to regulate gene expression, with important implication in pathological
status, including cancer [10,118]. MicroRNAs (miRNAs) are endogenous, small non-coding RNA
molecules of 19-25 nucleotide length able to regulate the levels of expression of different genes at the
posttranscriptional level [119,120]. Alterations of miRNA expression were observed in many human
diseases, especially in cancer where they act as tumour suppressors or oncogenes [118,121,122].
Therefore, manipulation of miRNAs as molecular targets in cancer treatment represents an
encouraging method [123]. miRNAs are key transcripts involved in the regulation of transcriptomic
and epigenetic mechanisms [123,124]. The effects of natural phytochemicals on modulation of
miRNA expression and its related target genes level on different solid tumours are presented in Table
2.

Dietary phytochemicals are recognized to activate or suppress different miRNAs in order to
counteract the effect of activated oncogenic miRNA or to restore normal expression level in the case
or the miRNAs with tumour suppressor role (Figures 3 and 4) [120,125]. Phytochemicals were
demonstrated to be able to modify miRNA expression pattern and their mRNA targets, leading to
the alteration of different processes involved in cancer (apoptosis cell proliferation and
differentiation, angiogenesis, metastasis, and assimilation of drug resistance in cancer
[6,118,120,126,127]. The let-7 family of miRNA is listed as one of the key families involved in cancer,
where increased expression of this sequences can exercise a decreasing role on tumour growth [128—
133]. Increased expression of miR-16 and miR-15a had positive effects in chronic lymphocytic
leukemia in the form of increased apoptosis [134,135]. The same effect is attributed to miR-34a in
pancreatic cells [136]. miR-203 overexpression inhibited pancreatic cell proliferation [137] and tumour
growth in a mouse model [138]. miR-17-92 is an oncogenic cluster [139-141], but also a tumour
suppressor [142]. miR-210 could be an important biomarker, overexpression of this miRNA being
associated with poor prognosis in acute myeloid leukaemia (AML) [143] and glioblastoma (GBM)
patients [144].
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Figure 4. Effects of phytochemicals on regulation the expression of tumour suppressor miRNA and
oncomiRNA, with important significance in tumoural pathology. Red arrows display multiple
interventional targets of selected phytochemicals on miRNA biogenesis, with important role in the
modulation of physiological and pathological processes.

In lung cancer cells from mouse and human origins, EGCG administration increased the
expression values for miR-210 through stabilization of HIF-1a (hypoxia-inducible factor 1-a), action
that concluded with low proliferation activity for cancer cells [145]. The same treatment in
osteosarcoma U20S cells established that increased expression of miR-126 induce apoptosis acts as a
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tumour suppressor [146]. miRNA-30b was downregulated by the treatment of HepG2 liver cancer
cells with EGCG [147]. EGCG enhanced the curative effect of cisplatin in a BALB/c nude mice model
with nonsmall cell lung cancer through downregulation of miR-98-5p, suggesting that hsa-miR-98-
5p might be a potential target in clinical cisplatin treatment [148]. EGCG exercised anti-tumour
activity upregulating miR-34a/E2F3/Sirt1 in human colon cancer cell lines [149]. The miR-16 lead to
apoptosis in HepG2 cells treated with EGCG reducing protein Bcl-2 [150] and in a murine breast
cancer model [151]. Chakrabarti et al., in a study of human malignant neuroblastoma cells, showed
that EGCG decreased expression of oncogenic miRNAs (miR-92, miR-93 and miR-106b) and
increased expression of tumour-suppressor miRNAs (miR-7-1, miR-34a and miR-99a) [152]. EGCG
administration in HCC cells (human hepatocellular carcinoma) revealed a pattern of 13 upregulated
miRNAs and 48 decreased miRNA [150]. Similar, EGCG treatment determined the downregulation
of 5 miRNAs (miR-30b, miR-453, miR-520-e, miR-629, and miR-608) in HepG2 hepatocellular
carcinoma cells [153].

Regarding morin and kaempferol, the studies on influence on miRNA are very few in scientific
literatures and remain a very interesting field that needs more exploration. Quercetin and kaempferol
3-rutinosides protected CCD-18Co normal colon cells against reactive oxidative species (ROS) by up-
regulation of miR-146a, a negative regulator of NFkB activation [154]. Both in vitro and in vivo
research activities confirmed that CAPE increases the expression of miR-148a and downregulates the
cancer stem cells-like (CSCs-like) characteristics [155].

Genistein treatment leads to the inhibition of oncogenic miR-27a and result in a decreased
proliferation rate in ovarian cancer [156] or pancreatic cancer [157]. In other study on MDA-MB-435
and Hs578t cells was observed the antirproliferative effects are via miR-155 and its target genes,
FOXO3, PTEN, casein kinase, and p27 [158]. Both in A-498 line of kidney cancer cells and in the
tumours of immunocompromised mice, the photochemical suppressed the expression of miR-21 and
reduced tumour formation [159]. The same agent suppressed the proliferation of prostate cancer cells
associated with the downregulation of miR-151 [160]. MiR-1260b was significantly downregulated
by genistein in prostate cancer tissues [161]. Qin ]. et al., demonstrated that in CRC cells it was
observed a significantly reduction of miR-95 levels after genistein treatment [162]. In pancreatic
malignancies, genistein determined the induction of apoptosis related with miR-223 inhibition [163].
MiR-27a expression was decreased in aggressive melanoma cells simultaneously with the growth of
tumours after genistein treatment [164]. It was observed that miR-23b up-regulation after the
exposure with a single dose in breast cancer cells might be crucial in patients’ therapeutic strategies
[165].

Table 2. Target miRNAs for different phytochemicals in cancer and their capacity to modulate the

expression level of some relevant target genes (overexpression: ! or downregulation: V).

miRNA Expression in miRNA
Phytochemicals . P Target Role References
Transcripts Cancer
Gene
Hepatocellul
miR-16 cpatoceiiuiar B2 Apoptosis induction [150,166]
carcinoma/|
t i d
miRNA-330 Breast cancer/t AR antagonizes a1.1 rogen [57]
receptor function
t i d
miR-21 Breast cancer/| AR antagonizes a1.1 rogen [57]
receptor function
Epigallocatechin E.nhar.lce the effect of
3-Callate ciplatin and
(EGCG) miR-98-5p Lung cancer/t - determines the [148]
upregulation of p53
gene
miR-30b, Regulation of
miR-453, Hepatocellular inflammation, insulin
miR-520-¢, carl)‘cinoma / secretion, [147]
miR-629, glycolysis/gluconeoge

miR-608 nesis pathways
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miR-210

Lung cancer/|

HRE

Disable cell
proliferation and
suppress cell growth

[167]

miR-let7b

Melanoma/|

67LR

Inhibits melanoma
cells growth via
inhibition of HMGA?2

[168]

miR-126

Osteosarcoma/|

Induction of
apoptosis and
inhibition of cell
proliferation

[169]

Morin

No direct
studies
focused on
miRNA
expression
levels in
cancer

Oral tumours,
breast, colon and

other cancer types/-

Anticancer activity
via suppression of
cell growth and
invasion; determines
increased sensitivity
to chemotherapeutic
agents

[66,170-173]

Caffeic acid
phenethyl ester
(CAPE)

No direct
studies
focused on
miRNA
expression
levels in
cancer

Lung, prostate and

liver cancer/-

Anticancer activity
through modulation
of inflammatory and
oxidative stress
parameters.
Neuroprotective,
cardioprotective and
hepatoprotective
functions

[174-177]

Genistein

miR-27a

Ovarian cancer/{

Sprouty?2

Oncogenic miRNA,
promoting tumour
growth and migration

[156,178]

miR-27a

Pancreatic cancer/t

inhibition of miR-27a
suppressed cell
growth and induced
apoptosis as well as
inhibited invasion

[157]

miR-574-3p

Prostate cancer/|

RACI,
EGFR,
EP300

Tumour suppressor
miRNA, inhibiting
cell proliferation,
migration and
invasion

[160]

miR-155

Breast cancer/t

0X03,
PTEN,
casein
kinase,
and p27

Oncogenic miRNA,
promoting tumour
growth and migration

[158]

miR-34a

Prostate cancer/|

HOX

Tumour suppressor
miRNA; apoptosis,
low invasiveness,
decreased cell
proliferation

[179]

miR-1296

Prostate cancer/|

MCM

Inhibits MCM gene
family (oncogenes)
which was associated
with prostate cancer
progression

[180]

miR-221,
miR-222

Prostate cancer/|

ARH1

Regulates the
expression of ARH1
gene, determining
decreased
proliferation and
invasiveness

[181]
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N4BP1, Inhlbmon.of m1R7151
was associated with

ASZI, decreased cell
miR-151 Prostate cancer/t IL1RAPL1, . . [182]
migration and
SRY, . ion. but not
ARHGDIA ‘mvasion, butno

proliferation

Induction of
apoptosis in the

miR-23b-3p Renal cancer/t PTEN moment of

[183]

downregulation

Increased apoptosis

SFRP1, and decreased cell

miR-1260b Renal cancer/t Dkk2,
Smad4

proliferation and [184]

migration

Inhibitory activity
regarding the
ZEBI1, epithelial-to-

ZEB2 mesenchymal [96]

miR-200 Lung cancer/|

transition and
migration

Inhibitory effects on
Kaempferol No other numerous cancer
direct types, affecting a

studies .
Bladder, pancreatic, wide range of
focused on

miRNA breast, gastric and - genes/pathways: [40,185-187]

matrix
X prostate cancer/- at )
expression metalloproteinase-9,

levels in PTEN, ABCG2, p53,
cancer NF-kB, AhR and Nrf2

6. LncRNAs (Long Non-Coding RN As) as Targets of Dietary Phytochemicals

As the name suggests, long non-coding RNAs are non-protein coding transcripts longer than
200 nucleotides [188]. LncRNAs do not undergo the process of translation, remaining at the stage of
RNA fragments with different lengths that further divide the group into small-non coding RNA and
long non-coding RNA [189]. Recent studies demonstrated the potential role of ncRNAs as key
regulators of oncogenic and tumour suppressive pathways in cancer, thus leading to different
therapeutic strategies targeted on this sequences [190,191].

Administration of phytochemicals acts as suppressor of cell proliferation and invasion,
metastasis and stimulators of apoptosis via regulation of InNRNAs expression (Table 3). A novel
mechanism of decreasing drug resistance in lung cancer by EGCG, was proved to be via NEAT1
upregulation, leading to an increased response to cisplatin and preventing activation of drug
resistance mechanisms in lung cancer [192].

Genistein showed promising results, inhibiting the expression of HOTAIR (HOX transcript
antisense RNA) in prostate cancer cell lines, an oncogenic INRNA that is highly expressed in this type
of malignancy. HOTAIR promotes invasiveness and metastasis by silencing the HOXD genes and
others, playing an important role in cancer advancement [179]. Also, the same phytochemical
compound was showed to be a down regulator of HOTAIR in breast cancer, an upregulated predictor
of low survival rate, with the same anti-tumour activities as in the case of prostate cancer [193].
Thereby, administration of genistein supports anti-cancer effects, reducing cell proliferation,
migration and apoptosis trough down-regulation of oncogenic HOTAIR, in both prostate and breast
cancer pathologies [194].
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Table 3. The role of epigallocatechin gallate (EGCG) and genistein on modulation of IncRNA in
malignant pathologies ( ! upregulate the expression level; ¥ downregulate the expression level).

Expression Target
Phytochemicals ncRN{\ E‘xpresswn after Natural Coding o Role References
Transcript in Cancer Non-Coding
Treatment
Gene
EGCG induced CTR1
Lun sponein and enhanced lung
EGCG NEAT1 & 1 ponsing cancer cell sensitivity [192]
cancer/| mir-98 . L.
oxaliplatin via hsa-
mir-98-5p and NEAT1
ABL2 SNAIL,
LAMBS3, Oncogenic role;
Prostate . .
HOTAIR ncer/t l LAMC2, regulates invasion and  [179,195,196]
cance MMP9 and metastasis
VEGF
Genistein Breast HOXD, Oncogenic role;
HOTAIR ncer/t l ABL2, SNAIL  regulates invasion and [193,197]
cance and LAMB3 metastasis
Oncogenic role;
Breast _ . .
HOTAIR ! p-Akt Inhibit proliferation [194]
cancer/1

and activate apoptosis

7. Multidrug Resistance and Polyphenols Relationship

Multidrug resistance (MDR) in cancer is a major issue regarding the efficiency of anti-cancer
drugs, where cells develop an insensitive phenotype and are able to overcome the cytotoxic effects of
chemotherapeutics [198]. MDR affects patients with a wide spectrum of malignant pathologies, from
blood cancer to solid tumours like lung, ovarian, breast and colorectal cancer. Being one of the reasons
for the high mortality within the oncology area, MDR is now in the spotlight for inhibition or
reversing strategies. These strategies include also the administration of natural compounds that are
able to sensitize cancer cells and contribute to a better response in cancer therapy [199].

MDR is primarily associated with the overexpression of two key membrane “pumps” able to
expulse outside of the malignant cell the administrated drug and avoid the associated inhibitory
action. The most discussed two molecules in the context of MDR are P-glycoprotein (permeability
glycoprotein, Pgd) and so-called multidrug resistance-associated protein (MRP), both representing a
target for a wide range of phytochemicals as the latest studies suggests. The research area that
comprises the inhibition of the reminded pump have offered to the clinic three generations of
inhibitors, but at the current time there are no molecules that could be used as potent and safe
inhibition structures due to their negative side effects or incomplete target action. In this sense,
natural products are now considered the fourth generation inhibitors with major expectations
regarding their ability to reverse MDR. A major positive aspect of these types of molecules is
represented by the tolerance of the organism with minimum side effects and also by the diversity of
the material that can be used for anticancer strategies [199] and a source for drug discovery of novel
natural compounds derivatives with a superior therapeutic effect [200].

Curcumin is an intensively studied polyphenol in cancer scenarios, including the reversal of
MDR. It has been shown that this compound is able to restore drug sensitivity in cancer cells that
exhibit high amounts of Pgp, MRP1 through direct inhibition of these pumps [201-203]. The
downside aspect of curcumin is represented by the poor bioavailability of the molecule, but this
aspect can be also exceeded by encapsulation of natural compounds inside nanocapsules that increase
the administration specificity significantly and also the persistence of the compound inside the
organism.

Flavonoids represent one of the biggest classes within the group of plant secondary metabolites
with numerous members being studied in the context of MDR [204]. These compounds inhibit the
expulsion of cancer drugs outside of the malignant cells mainly by competitive binding to the site
responsible for the recognition and recruitment of the specific ligands. This action thus prevents the
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binding of cytotoxic molecules and implicit their evacuation within the cancer cell. Moreover,
polyphenols can act also on the ATP binding sites, molecule that is mandatory for the activity of
membrane pumps, or even impair the hydrolysis activity at the domains for nucleotide binding
[204,205]. Another inhibitory action of flavonoids on MDR is represented by the modulation of the
surface expression of Pgp or MRP, considerably decreasing the number of molecules expressed by
the cancer cells and affecting the amount of anti-cancer drugs expulsed from the cells [206].

Considering the latest advances in the context of natural compounds as MDR inhibitors there
are increased chances for these structures to become potent inhibitors administrated in the clinic
under the form of malignant inhibitory drugs. Moreover, a better approach could be represented by
the co-administration of the classical chemotherapeutics along with phytochemicals that could
increase their cytotoxicity.

8. Conclusions

Phytochemicals are now studied as important regulators of key pathological processes,
especially cancer, increasing the awareness regarding the significant contribution of phytochemicals.
Furthermore, their action also consists of increased chemotherapeutic sensitivity to numerous
treatment agents, improving the overall survival rate in cancer patients. Passing the classical concept
as antioxidants associated with natural compounds activity, phytochemicals have been shown to
regulate coding, but also non-coding genes with important significance in cancer therapy. In this way,
they act as inhibitory compounds towards oncogenic coding and non-coding transcripts and also
stimulatory agents that target tumor suppressor transcripts, including miRNAs. Another important
aspect consists of the capacity of natural compounds to partially reverse the MDR phenotype of
cancer cells, this issue being as one of the major drawbacks in terms of cancer survival rates.

Following these studies, natural agents are now exploited for the development of alternative
therapeutic strategies, increasing the action of the conventional treatment schemes in cancer
prevention and treatment, through their multitargeting capacity. However, the main obstacle still
consists of the reduced bioavailability and stability. In order to overcome this issue, numerous
attempts are made in the form of nanostructures, chemical adjustment, and synthetic production and
so on. The success of these research activities will significantly contribute to a better manipulation of
cancer pathologies, improving the effects of conventional therapies, but also enriching the success of
prevention methods.
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