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Abstract

Epithelial to mesenchymal transition (EMT) is a physiological process that assumes a primary role in the induction of cancer
metastasis. This results in increased cell renewal, and resistance to cell death and therapies. EMT, therefore, represents an
effective strategy for regulating cancerous cell activity. A need for efficacy and low cytotoxicity epithelial to mesenchymal
transition modifying drugs has led to the investigational testing of the efficacy of plethora of different groups of phytonu-
trients. Luteolin is a natural flavonoid inhibits the growth of cancer cells by various mechanisms, such as the stimulation
of cancer cell apoptosis, cell cycle arrest, inhibition of cell replication, tumor growth, improvement of drug resistance,
prevention of cancer cell intrusiveness and metastasis. This review article focuses on the anti-cancer and anti-metastatic
potential of luteolin targeting various transcription factors, markers and signaling pathways associated with the repression

of epithelial to mesenchymal transition.

Keywords Luteolin - Cancer metastasis - Epithelial to mesenchymal transition (EMT) - Luteolin and EMT

< Haroon Khan
hkdr2006 @ gmail.com; haroonkhan @awkum.edu.pk

Jing Hao Cui
jhcui@suda.edu.cn

Gaber El-Saber Batiha
gaberbatiha@ gmail.com

Philippe Jeandet
philippe.jeandet@univ-reims.fr

Jiangsu 221400, People’s Republic of China

Department of Pharmacy, Abdul Wali Khan University
Mardan, Mardan 23200, Pakistan

Department of Molecular Pharmacology, Albert Einstein
College of Medicine, Bronx, NY 10463, USA

Department of Pharmacology and Therapeutics, Faculty
of Veterinary Medicines, Damanhour University,
Damanhour 22511, Egypt

EA 4707, SFR Condorcet FR CNRS 3417, Faculty

of Sciences, University of Reims Champagne-Ardenne, PO

Box 1039, 51687 Reims Cedex 2, France

College of Pharmaceutical Sciences, Soochow University,

Research Unit, Induced Resistance and Plant Bioprotection,

Introduction

Cancer is the most prevalent threat to public health show-
ing a massive disease burden. The critical and special
characteristic of cancer cells is reflected in their ability to
invade healthy tissue and to migrate from their main site to
peripheral sites, in response to enhanced and persistent divi-
sion and proliferation. This form, referred to as metastasis,
leads to over 90% of the mortality of human cancer [1]. The
metastasis cascade is typically composed of several steps:
localized incursion; systemic circulation intravasation; trans-
port survival, extravasations, micro metastasis settlement
in distant sites; and macroscopic metastasis colonization
[2]. Luteolin has a range of beneficial properties, includ-
ing anti-inflammatory and anticancer [3]. The underlying
mechanisms of these properties have not been completely
understood, but are partially due to properties regulating
luteolin redox and estrogen. The mechanism for luteolin spe-
cific cytotoxicity in cancerous but not in healthy cells have
yet to be established [4].

Cancer cells undergo drastic and complex changes in
the expression pattern of adhesion molecules during tumor
progression. The separation of cells from the basal tissue
and the presentation of a cell result in these modifica-
tions—an intrusive phenotype. The epithelial-mesenchymal
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transformations commonly recognize the pre-mentioned
changes [5]. Epithelial-mesenchymal transformations are
the mechanism by which epithelial cells are converted into
mesenchymal cells and it has been shown that many human
malignancies play a significant role in cancer metastasis [6,
71.

In both normal development and cancer metastasis, epi-
thelial-mesenchymal transformations play an essential role.
Cancer metastasis is not only a hallmark of disease devel-
opment, but also the primary cause of failure of treatment
and death [8]. A long series of concurrent, interrelated steps
facilitate cancer metastasis. Many cancer patients are diag-
nosed with metastasis, poor prognosis, often at an advanced
stage [9]. For cancer treatment, an effective therapeutic agent
designed to target the metastasis process is therefore impor-
tant. At any of the metastasis phases, a failure or insuffi-
ciency can interrupt the phase [10].

For the treatment of a number of solid cancers, including,
breast, pancreatic, colorectal, oesophago-gastric and lung
cancer, neoadjuvant therapy, comprising chemo, radiation,
and hormone therapy, shows efficacy. Improved diagnosis
is likely to occur in cancers down regulated by neoadjuvant
therapy [11-13]. Around 20% of patients treated with neo-
adjuvant therapy have a beneficial response that lengthens
survival [11]. Radiotherapy, however, has been reported to
carry risks of short-term toxicity and long-term complica-
tions such as radiation exposure to structures that is neigh-
boring. In addition, about 40 to 60 percent of patients do not
react to neoadjuvant therapy while awaiting surgery [15-17].

Epithelial-mesenchymal transformations (EMT) repre-
sent a novel therapeutic strategy with increased percentage
of patients who respond to neoadjuvant therapy. In order
to increase the effectiveness of treatment and mitigate non-
specific toxicity, photochemical have recently been investi-
gated for possible auxiliary use [12]. In addition, it has been
recognized that epithelial cells require multiple molecular
pathways to acquire a mesenchymal phenotype. Numerous
genes are abundantly expressed during the epithelial-mesen-
chymal transformations process, as shown by genetic screen-
ing [19-21]. The EMT mechanism, ultimate cancer growth
and metastasis have been correlated with many indirect
pathways and a collection of signaling molecules. Such sig-
nals might play a significant role in guiding the cancer cell
EMT process, thus forecasting patient care and clinical out-
comes. Collectively, the reversal or inhibition of EMT and
its concerned signaling pathways by phytochemicals could
be a very potential therapeutic strategy that may eliminate
or restrict cancer metastasis [13].

During EMT, cancer cells become susceptible to metas-
tasis by dropping the epithelial-specific protein expression
and mesenchymal development properties by greater mes-
enchymal-specific protein expression. EMT is among the
most important causes of neoadjuvant therapy resistance that
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results in poor tumor growth. Therefore, herein, we address
studies relevant to EMT and highlight luteolin’s efficacy in
reversing EMT or regulate the epithelial to mesenchymal
transformations signal, paving the way for inhibition of
tumor regression through luteolin-EMT interaction.

Luteolin

Luteolin is a pure yellow crystal bioflavonoid. It exists natu-
rally in the plant kingdom and is commonly used in the pro-
duction of various traditional medicines for the treatment of
ailments due to its abundance in edible plants [14, 15]. Due
to its anti-inflammatory and antioxidant properties, Luteolin
has been shown to be a potent nitrogen and oxygen-contain-
ing reactive species scavenger [16].

Chemistry

Luteolin is a 3, 4', 5, 7-tetra hydroxyl flavonoid. It exhibits
three benzene rings in its structure with a chemical com-
position of C¢-C5.Cq carbon atoms. Within the structure
(Fig. 1), the initial two rings are pure benzene based, while
the third ring at 2-3 position is composed of oxygen-carbon
double bond [17]. The biochemical and biological proper-
ties of luteolin are associated with the presence of hydroxyl
group and moieties attached at 2-3 bonds [18]. Luteolin is
also glycosylated, as are other flavonoid, and its glycoside
is hydrolyzed to free luteolin during intestinal absorption.
Apart from it, a few molecules of luteolin are also trans-
formed into glucuronides after moving via the intestinal
mucosa. Luteolin is heat stable in nature so interestingly
cannot be loosed during cooking [19].

Sources

In various vegetables such as broccoli, fennel, onion leaves,
parsley, carrots, cauliflowers, peppers, and chrysanthemum
flowers, luteolin is one of the important food-based phyto-
nutrients. It is abundant in fruits, with apple skin deemed as

Fig.1 Chemical structure of Luteolin
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a major source of luteolin [20]. With 37.96 mg/100 g, the
vegetable (broccoli, fennel, onion leaves, parsley, carrots,
cauliflowers, peppers) is a popular source of luteolin, accom-
panied by raw Chinese celery with 35 mg/100 g of luteolin.
In herbs, the prominent source of luteolin is oregano, with
a maximum concentration of 1,029 mg/100 g. Mostly in
case of fruits and plants, healthy origins of luteolin with 1.5
and 16.7 mg/100 g luteolin, respectively, are pure peel-free
lemons and fresh sage [4]. A detail of luteolin sources are
shown in Table 1.

Pharmacokinetics

In order to comprehend and clarify the relationship bet-
ter, between luteolin in vitro activities and luteolin in vivo
actions, a successful awareness of the ADME processes
(absorption, distribution, metabolism and excretion) of this
compound is becoming increasingly important. The absorp-
tion of food-released dietary luteolin by chewing will rely
on their physicochemical characteristics, like molecular size,
shape, solubility in water and pKa. Luteolin being agly-
cone is absorbed from small intestine [32]. Luteolin and its
metabolites are preferentially to the gastrointestinal, liver,
kidney, and lungs. The elimination pathway of conjugated
luteolin is regulated by biliary excretion. Pharmacokinetic
tests have shown that luteolin in the rat intestine is quickly
and effectively absorbed and then extensively metabolized,

Table 1 Various source of luteolin and its concentration

Source Contents References
(mg/100 mg)
Vegetables Dried parsley 19.75+0.08 [20-23]
Chinese celery 34.87+0.04
Radicchio 37.96+0.10
Hot chili 5.11+0.01
Raw spinach 1.11+£0.01
Beets 0.37+0.03
Cauliflowers 0.08 £0.007
Cabbage 0.04 +0.008
Chinese cabbage 0.06 +0.009
Pepper Serrano 4.14+0.02
Fresh peppermint 11.33+0.02
Plants Rosemary 4.00+0.20 [24-26]
Chives 0.15+0.07
Sage 16.70+0.7
Herbs Thyme 51+3.40 [27-29]
Oregano 1028 +5.6
Berries 69+2.30
Fruits Peel-free lemons 1.50+0.03 [30, 31]
Leaves of sweet 0.20+0.01

potato

which was responsible for a low 17.5% availability of
unchanged luteolin [33].

Methylation has also been identified as an essential meta-
bolic pathway of luteolin, in addition to glucuronidation.
One such investigation indicated that luteolin could be meth-
ylated into chrysoeriol and diosmetin by catechol-O methyl-
transferase in rats [34]. Luteolin is susceptible to substantial
metabolism after oral administration on the basis of these
previous studies and thus reaches systemic circulation pre-
dominantly as conjugated metabolites. However, the entire
pharmacokinetic profile of systemic luteolin metabolites, not
to include the tissue distribution and excretion route of each
metabolite, is not yet clearly established.

The key conjugate metabolism of luteolin is uridine
diphospho-glucuronosyl transferase and sulfotransferases
in an in vivo study. Luteolin, on the other hand, displays a
faster rate of elimination when orally administered to rats,
and catechol-O-methyl transferase is possibly a significant
mechanism that triggered lower exposure to luteolin [34, 35].
The pharmacokinetics of luteolin and luteolin-7-O-glucoside
isolated from Dendranthema morifolium shows that the later
one is hydrolyzed into luteolin in GIT followed by systemic
circulation absorption [36]. An absorption and excretion
study of luteolin has shown that luteolin is absorbed effi-
ciently with a slow phase excretion from the living system
which indicates a hypothesis for the accumulation of luteolin
in the body [37]. It can be inferred from luteolin study that
luteolin is passively absorbed in rat intestine and that its
absorption in the jejunum and duodenum is more effective
than in the colon and ileum. The bioavailability of luteolin
in peanut hull extract was considerably higher than that of
pure luteolin [38].

The pharmacokinetics of luteolin and its glucuronides/
sulphate conjugates were analyzed in rats administered as
an intravenous bolus or oral solution after a single 50 mg/
kg dose of luteolin. The results demonstrated that, luteo-
lin has high distribution volume and high clearance. Also
after intravenous and oral administration, double peaks were
observed, indicating enterohepatic recirculation after an oral
administration [39]. In short, the pharmacokinetic studies of
luteolin clearly indicate that it can be useful clinically.

Luteolin in cancer

Luteolin suppresses cancer-promoting protein expression,
decreases tumor growth, viability growth, VGF secre-
tion based on progestin, and increases Bax expression are
amongst others promising mechanical pathways. As a poten-
tial agent against cancer, luteolin exhibits prevents prolif-
eration of cells and disrupts EGF-induced p-STAT3, p-Akt,
p-EGFR and p-Erk1/2 expression conducted at Breast can-
cer cell lines especially MCF-7. In addition, it inhibits the
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EGFR up regulating activity induced by EGF in the cell
lines of human breast cancer [40—43]. Earlier studies into the
7, 12-dimethylbenz anthracene-induced tumor have shown
luteolin prevents the growth of large tumors and to drasti-
cally reduce vascular endothelial growth factor levels in rats
[44].

Luteolin also alters the cell cycle, the forming of chan-
nels; the expression proteins linked to Notch signaling and
controlled miRNAs in breast cancer cells (MDA-MB-231) of
human. In addition, luteolin decreases the viability of tumor
cells, vascular endothelial growth factor secretion based
on progestin and the development of xenograft tumors of
human breast cancer cells dependent on medroxyprogester-
one acetate. It also reduces the density of blood vessels and
prevents the acquisition of stem cell-like characteristics in
breast cancer cells (T47-D/BT-474) induced by medroxypro-
gesterone acetate [45, 46]. A group of researchers found that
inactivation of Akt and ERK signaling blockage in MCF-7
and HER18 breast cancer cell line and same mechanism
with MDA-MB-231 and SkBr3 cells were found exhibiting
synergistic effects of the combined therapy of luteolin and
celecoxib [47]. In addition, luteolin disrupted the progres-
sion at the sub-G1 as well as G1 levels of the cell cycle,
increased the expression of death receptors (DRS), while
triggered caspase cascades. Apart from it, the activation of
caspases-8 and -9 mediated caspase 3 involvement in the
apoptosis of extrinsic and intrinsic pathways. Study results
have also shown that luteolin increases collapse of the mem-
brane potential associated with mitochondrion and release
of cytochrome c by inhibition of Bcl-2 and increases Bax
expression [48].

MDA-MB-231 is a human breast cancer cell line, treated
with luteolin and paclitaxel decreased both tumor weight
and size, triggered caspase-8, -3, and increased Fas ligands
expression. In addition, the increased Fas expression in a
xenograft tumor model was due to the blockage of STAT-
3. Similarly, luteolin administration in MCF-7 cells, sup-
pressed cancer proliferation in a time and dose-dependent
manner by reducing Bcl-2 protein expression, curbing the
rate of migration by 71.07 percent, reducing MMP-2 and
AEG-1 expression by 82.34 and 85.70 percent, respectively
[43, 49]. In vitro studies have shown that interleukin-8 and
metalloproteinase matrix 9 play a significant role in prolif-
erating metalloproteinase cancer of the breasts. Treated with
12-O-tetradecanoylphorbol-13-acetate, activation of MMP-9
and stimulation of IL-8 were inhibited by luteolin in MCF-7
breast cancer cells. Apart from it, it blocked the expression
of mRNA via suppression of the signaling pathway of mito-
gen activated protein kinase while down-modulation of
NF-kB and AP-1 [50].

Luteolin significantly impairs MCF-7 cell proliferation
stimulated by IGF-1, inhibits cell cycle growth, and activates
cell death. Also, without disrupting Erk1/2 phosphorylation,
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luteolin reduced IGF-1-dependent IGF-1R and pAkt path-
way based on significantly [51]. Definitively, it is concluded
from the gathered literature that luteolin is capable of tack-
ling breast cancer through multiple pathways.

Luteolin’s anti-inflammatory and antioxidant action is
responsible for its efficacy in colon cancer along with its
serious comorbidities, notably its decreasing effect on the
expression of iNOS and COX-2. In addition, its resisting
activity on MMP-2 and 9 expressions has also provided
important proof of its ability to handle cancer of the colon.
By suppressing the expression of P and aryl hydrocarbon
receptor-dependent cytochrome P450 enzyme activity, luteo-
lin on colon cancer cells line of human has been shown to
provide an inhibitory effect. In addition, luteolin decreased
the transport of elevated metabolites of B(a)P due to its
Interaction with resistance protein transporter concerned
with breast cancer cells. Luteolin hindered both the metab-
olism of Phase-I and Stage III transport, which induces an
intracellular threefold accumulation of B (a)P radioactively
labeled for further proceedings [52].

Luteolin, in contrast, provides a base for protective mech-
anism in carcinogenesis of the mouse colon induced by azox-
ymethane following shrinkage of the size and prevalence
of the tumor, reducing the argyrophilic nucleolar organizer
region, and increasing the index of cell nuclear antigen.
By decreasing its colon carcinogenesis inhibitory effect, it
exerts inhibitory cell proliferation effect induced by AOM,
including Wnt, p-catenin pathways [53]. Comparably, orally
administered luteolin, in mice have reversed the induced
modifications and lowered the secondary marker level for a
region depleted with Mucin in colon cancer animals (AOM-
induced) [54]. Luteolin has been shown effective in man-
agement of the apoptosis induction, arrest of cell cycle, the
down regulation of signaling and protein phosphorylation
in pancreatic cancer. Luteolin induces cell death in vivo in
pancreatic cancer cells due to its promising anticancer activ-
ity by suppressing the pathway of K-ras / GSK-33 / NF-uB
signaling, which is followed by cytochrome c release, cas-
pase 3 activation, and Bcl-2 / Bax ratio reduction [55]. Simi-
larly, luteolin administration in cancer cells decreased the
phosphorylation of cellular proteins development, protein
tyrosine kinase modulated actions like the EGFR activity
and PTK activity that triggers EGFR autophosphorylation
and enolase transphosphorylation have been suppressed. Lit-
erature study also reveals that, following the mechanism of
cellular proliferation and protein phosphorylation inhibition
along with apoptosis as well as DNA degradation luteolin
results in coping with pancreatic cancer [56].

Luteolin anti—carcinogenic and chemotherapeutic func-
tion targeting prostate cancer is related to its efficacy in sup-
pressing the invasion in cancer cells, stop proliferation of
cells, trigger apoptosis, decrease extracellular matrix expan-
sion, decrease Rho activation, and suppress phosphorylation
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induced by VEGF [57]. Likewise, the development of andro-
gen-sensitive as well as independent prostate cancer cell line
was suppressed by luteolin, significantly back-regulated by
the miR-301, and mediated LNCaP and PC3 cell apoptotic
cell death [58]. Combination therapy of luteolin with gefi-
tinib greatly influenced cell viability in cell lines of pros-
tate cancer, significantly suppressed the expression of GAK
protein and increased expression of miR-5703 and miR-630
[59].

Luteolin treatment with prostate cancer cells (human
PC-3) has been shown to decrease the genes up-regulation
involved in multiple cell cycle and epidermal growth factor
receptor signaling pathway [60]. In a study conducted in
humans, researchers found that by cell apoptosis induction,
up-regulation of prostate-derived Ets factor, androgen recep-
tor down regulation and gene overexpression, luteolin at a
30 pM concentration was found effective against prostate
carcinoma LNCaP cells [61]. Mechanisms include, B- cell
gene-2 translocation and gene-ldown stream regulation
using N-myc [62, 63]. Due to its capacity to activate many
critical targets, luteolin exhibits an effective potential in lung
cancer therapy. Pathways involved include cell death, cell
cycle progression arrest; knock down of HNF4 alpha expres-
sion, M2 and IL-4 associated genes secreted by TAM. In
summary, literature has shown that, due to its natural origin,
protection and affordable prices compared to conventional
anti-cancer drugs, luteolin can be used an effective alterna-
tive medication for the treatment and prevention focusing a
variety of cancers.

EMT: from basics to cancer involvement

EMT is a mechanism wherein epithelial cells shed their
polarity and junctions during embryogenesis, creating
migratory mesenchymal types of cells such as mesoderm
and neural crest [64]. Initially, developmental biologists
described epithelial-mesenchymal transition, a phenotypic
transformation which helps to facilitate embryonic develop-
ment [65]. During the gastrulation stage, the epiblast cells
of the primal ectoderm experience EMT to transform into
primary mesenchymal cells. At the time of palatal merger in
the oral cavity, EMT transforms certain cells of each palatal
layer into mesenchymal form, resulting in the development
of the secondary palate to create the proper differentiation
of oral and nasal cavities in mammalian cavities [66, 67].
Epithelial to mesenchymal transformation is mediated via
EMT-activating transcription factors, namely, ZEB, SNAIL
and TWIST families in particular. In all stages of cancer
progression from initiation, primary cell proliferation, incur-
sion, spread and metastasis to colonial expansion, as well as
in therapy resistance, EMT-TFs play a significant role [64].
Conflicting perspectives emerged regarding the importance

of EMT in cancer biology because the EMT is not a unified
pathway-defined standardized programmed and, secondly,
since EMT-TFs have several other functions in addition to
triggering the ’classical’ epithelial to mesenchymal trans-
formation. The transformation from epithelial cells to cells
with a mesenchymal phenotype, characterized by quintes-
sential markers such as E-cadherin and vimentin, occurs due
to classical epithelial to mesenchymal transition [68, 69].

EMT is followed by the dissolution of adhesive junction
proteins and close junction destruction, resulting in epithe-
lial cell dissociation. EMT, induces mesenchymal marker
proteins expression and promotes the attachment to the
extracellular matrix as well as the development of mesen-
chymal characteristics like spindle-shaped cell morphology
and the restructuring of actin stress fibres, thus allowing
individual migration and invasion via walls of lymphatic
system and basement membranes. After intravasation, EMT
cells survive as circulating tumor cells in the bloodstream
and ultimately extravasate into surrounding tissues [70].
Cancer cells are considered to endure the MET while pro-
ducing metastases to recover their epithelial features and
form subsequent tumors. In addition to enhancing their
motile capacities, cancerous cells experiencing EMT have
more violent phenotypes, such as sensitivity to anti-cancer
drugs and different pressures, senescence, anoikis inhibition,
immunosuppression and cancer stem cell acquisition-like
characteristics [70, 71].

Cancer cells with partial epithelial to mesenchymal transi-
tion exhibit greater risk as compared to complete mesenchy-
mal transition [72]. Cancer cells are induced by successful
metastasis despite complete loss of epithelial morphology
and maximum retention of mesenchymal morphology. Thus,
cancer cells with epithelial-mesenchymal phenotypes may
trigger mutual cell migration via their residual epithelial
feature upon acquisition of partial epithelial to mesenchy-
mal transition and strengthen adherence to the extracellular
matrix by acquiring migration of mesenchymal features.
That’s why the risk of partial transition is high [73]. Patho-
logically, regulation of E-cadherin, is found in cancer cells
at the margins of tumor colonies and at the invasion front of
multicellular spheres, while E-cadherin is mostly normally
produced in cancer cells at the core of solid tumor nests,
causing epigenetic diversity [74].

Interestingly, several researchers have also shown that
any single epithelial to mesenchymal transition—inducing
transcription factors activation or suppression is sufficient
to induce a partial single epithelial to mesenchymal trans-
formation programmed without any compensation from
other EMT-inducing transcription factors [75, 76]. In cor-
relation with the recognition of the presence of a partial
epithelial to mesenchymal transition mechanism, the use of
an in vitro models system has shown that cells with that
kind of a mechanism have strengthened migration capacity

@ Springer



66 Page6of 12

Medical Oncology (2021) 38:66

[77]. In addition, cancerous cells experiencing epithelial to
mesenchymal transition display increased sonic hedgehog
secretion, avoiding desert and Indian hedgehog secretion.
Also, it involve to trigger accelerated metastasis by activat-
ing the Gli-1 transcription factor by epithelial-like cancer
cells with poorly metastatic tendencies [78]. The single and
collective cell migration is shown in Fig. 2.

Cancerous cells that are resistant to the chemotherapeutic
drugs trametinib - MEK blocker, are able to restore their
potential to proliferate through FGF-2 signal reactivation
[79]. In contrast, the molecular mechanism for Ras in epi-
thelial to mesenchymal transition is not fully illustrated yet.
By phosphorylation of the Smads’ linker domain, Ras inhibit
TGF-p signals and promote suppression of their signal trans-
duction while facilitating their deterioration [80]. Such an
induction of epithelial to mesenchymal transition by Ras is
shown in Fig. 3. The resulting mutants are triggered when-
ever the presumed phosphorylation domains are mutated
throughout the linker region of Smads, relative to wild-
type Smads. Similarly, the resulting mutants cause Snail

induction that leads to epithelial to mesenchymal transition
stimulation that are directly analogous to wild-type Smads,
indicating that, in cooperation with TGF-f [81, 82]. The
comprehensive exact mechanism remains uncertain, but in
collaboration with Ras signals, STAT3 is partially engaged
in the induction of epithelial to mesenchymal transformation
by TGF-p.

Partial epithelial to mesenchymal transition is more criti-
cal than complete transition in cancer progression but not
in cancer growth [83]. While research into unique mark-
ers to identify cancer cells experiencing EMT is in focus
on the basis of improvements in alternative splicing during
EMT. Immunocytochemical analysis reveals that in normal
epithelium, certain epithelial splicing proteins differential
expression are poor, and in contrast significantly up-regu-
lated in precancerous lesions and in invasive cancer, retained
in progressed cancer cells, while eventually dysregulated in
aggressive frontier cells [84].

During epithelial to mesenchymal transition, the alter-
nate splicing of fibroblast growth factor receptor-encoding

... Death ligands
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Lysosomal
vacuolization

@
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(For)

Death receptors
B —

Y

DNA disruption

Fig.2 Single and combine cancer cell migration and invasion. First
portion shows the single cancerous cells migration. It is also termed
as mesenchymal migration. The morphology of such migration is
similar to fibroblast. The second portion shows the collective migra-
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tion of cancer cells. Such a migration is featured by clusters of multi
cells just like a grapes bunch and is led by fibroblast migration and
invasion of cancer cells. N stands for N-cadherin while E for E-cad-
herin
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Fig.3 Single and combine can-
cer cell migration and invasion.
The Ras signaling stimulates
TGF that in turn induces tran-
scription factors and ultimately
leads to activation of epithelial
to mesenchymal transition. The
suppression of TGF by Ras
signaling inhibit the cell growth
while STAT-3 also leads to
induction of epithelial to mesen-
chymal transition via mediation
of TGF. TGF; transforming
growth factor, Ras; rat sarcoma,
STAT; signal transducer and
activator of transcription

(Cancer single cell migration)

@anccr collective cell migration)

MT1-MMP

o

E

Collective migration of cancer
cells led by fibroblast

Collective cell migration led by
fibroblast and putative epithelial
to mesenchymal transition

translations is induced by epithelial splicing regulatory pro-
teins (ESRP1 and ESRP2). These regulatory proteins get
bind specifically to alternatively spliced transcript regions
encoding growth factor receptor, cluster of differentiation
- 44, catenin p122, and Mena (mammalian ena—a protein
family) [85]. Although the roles of specific ESRPs differ
substantially from one another, in epithelial cells these regu-
lating proteins are predominantly expressed while epithelial
to mesenchymal transition enduring cells these proteins are

[ ¢
. ') Collective migration

highly down regulated. Epithelial to mesenchymal transition
following transcriptional mechanisms are shown schemati-
cally illustrated in Fig. 4.

The involvement of EMT-TFs in cancer is exacerbated by
the fact that their additional objectives are sometimes tumor-
specific and anti-redundant. For example, in breast cancer
SNAIL has been shown to cause metastasis. Yet, it has no
influence on metastases in a model of pancreatic cancer.
Even so, ZEB1 supports metastasis in pancreatic cancer, as
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Ras
Active

Co-factor

Co-factor

Growth Inhibition
l ZEBs/Snail

Apoptosis

Epithelial to Mesenchymal
Transition

Fig.4 Ras and TGF synergistic effect for triggering epithelial to
mesenchymal transition. The alternative splicing series is induced
by epithelial to mesenchymal transitional factors after reducing the
expression of epithelial slicing regulatory proteins. Thus, the splicing
programme induction favors the concerned transition

compared to SNAIL [86, 87]. As seen in melanoma, mem-
bers of the same EMT transcription factors family may also
have antagonistic roles, where ZEB1 encourages tumor
and ZEB2 decreases tumor assertiveness. Therefore, it
seems that triggering EMT is now the only unifying factor
of EMT associated transcription factors that have several
unique functions. The fact that EMT-TFs are commonly
expressed and have significant effects on numerous non-
epithelial tumors is another reason why the word EMT in
cancer biology sometimes creates confusion. That involves
glioblastomas, melanomas, multiple forms of sarcoma, and
even leukemia [88-90].

In most tumor forms, EMT are likely to encourage
tumors, but they are in some tumors can even be suppressive
and sometimes alter their frameworks on the progress phase
i.e. dissemination versus colonization. The pleiotropic roles
of EMT, however and the detection of their unique effects on
various types of human tumors at various stages of progres-
sion will also influence the development of therapy strate-
gies to combat tumor growth from initiation to metastasis.

Luteolin and EMT

Luteolin triggers epithelial to mesenchymal transition results
in targeting various pathways that ultimately leads to can-
cer therapy. In women the colorectal cancer is the second
while in men third most common cancer. Luteolin-induced
mesenchymal-to-epithelial transformation leads to colorec-
tal cancer therapy via reduction of mesenchymal marker
expressions and inhibition of in vitro cell proliferation [91].
In addition, as discussed before, during the development of
multiple epithelial cell carcinomas, epithelial-mesenchymal
transformation typically occurs and is intimately associ-
ated with the invasion and metastasis of different tumors,
such as colorectal cancer [92]. During tumor development,

@ Springer

proliferation, and metastasis, the modulation of signaling
pathways like the TGF-f, Smads, JAK2 or STAT3 pathways
plays an important role [93].

Natural products have been shown as effective anti-cancer
agents against colorectal cancer metastasis and invasion. For
example, luteolin’s efficacy in colorectal cancer indicates
that this natural product apart from inhibition of cAMP
responsive element binding protein-1 (CREB-1) expression
also inhibits epithelial to mesenchymal transition. As a result
cope with the colorectal cancer [94].

Cadherin N and E are adhesion molecules. The expres-
sion of E-cadherin is predominant in epithelial cells while
the N-cadherin is expressed in mesenchymal domain [95].
In addition to transcription factors, the multifunctional
cytokines like TGF-f induces epithelial to mesenchymal
transition via posing many various biological processes
like differentiation, migration and proliferation [96]. In this
regard it has been shown that TGF-p triggered epithelial
to mesenchymal transition in pulmonary cancer is inhib-
ited by luteolin. PI3K/Akt-NF-xB-Snail-E-cadherin signal-
ing pathway is the main mechanism behind dealing with
lung cancer by luteolin [97]. In addition to it, in a research
study conducted on non-small cell lung cancer reveals that
luteolin significantly targets focal adhesion kinase and p-1
integrin. Its inhibition leads to reversal of hypoxia induced
epithelial to mesenchymal transition in non-small cell lung
cancer [98].

Similarly, another research on such scenario showed that,
by shrinking the cytoskeleton, stimulating the biomarker
associated with epithelial transition like E-cadherin expres-
sion while down regulating the biomarkers concerned with
mesenchymal transition i.e., N-cadherin, vimentin as well
as Snail, luteolin significantly reversed epithelial to mesen-
chymal transition. In addition to it, luteolin also inhibited
notch-1 signaling while it’s down regulation ultimately leads
to inhibition of metastasis in gastric cancer. The complex
formed by f-catenin and notch-1signaling in gastric cancer
was significantly regulated by luteolin that further blocked
invasion and migration. That suggests that in the treatment
of gastric cancer, luteolin may act as an efficient anti-tumor
drug [99].

Cancer cell metastases are evocative of epithelial-mesen-
chymal transition that typically occurs in embryonic growth,
cell regeneration, and distant metastasis. It should be noted
that the use of medicinal herbs or their bioactive constitu-
ents has become a more and more interesting prospect to
cancer treatment via targeting such a metastatic process
[100]. In this regard a research study was conducted on
breast cancer (triple negative) to check the luteolin effect
focusing epithelial to mesenchymal transition. The results
indicate that, p-catenin was down regulated by luteolin that
in turn reversed the epithelial to mesenchymal transition and
suppressed breast cancer metastasis [101]. Skin cancer has
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attracted an attention worldwide [102]. Recently an in vitro
and in vivo study on hypoxia induced epithelial to mesen-
chymal transition showed that luteolin significantly revered
the epithelial to mesenchymal transition in skin cancer cells.
It suggests that Luteolin’s reversal of EMT can be effectively
used as a way of cancer therapy [103].

In malignant cancers, elevated ubiquitin E2S ligase leads
to cell motility via activation of epithelial to mesenchymal
transition. The high level of ubiquitin E2S ligase also mim-
ics the invasive and metastatic behaviors of cancer cells.
Such an epithelial to mesenchymal transition signaling
was reversed by luteolin taking its part in treating cervi-
cal cancer [104]. Ovarian cancer is the worst among all
gynecologic cancers due to delayed detection, prevalence,
as well as chemical resistance growth. Hypothetically it is
believed that in ovarian cancer cells resistant to paclitaxel,
epithelial to mesenchymal transition is up-regulated while
luteolin knockdown the epithelial to mesenchymal transi-
tion and can contribute to chemo sensitization. It was found
in a research study that, transcription factors and markers
associated with epithelial to mesenchymal transition are
up regulated in ovarian cancer accompanied by paclitaxel
resistance. Luteolin significantly suppress the expression of
proteins associated with these markers and transcription fac-
tors overcoming the epithelial to mesenchymal transition in
ovarian cancer metastasis [105].

Pancreatic carcinogenesis is closely associated with aci-
nar-ductal metastasis and proliferation. Luteolin is suspected
to have possible anti-pancreatic cancer activity. The results
of a recent study on pancreatic cancer showed that, luteolin
via inhibition of epithelial to mesenchymal transition exhibit
its anti-pancreatic cancer potential. The mechanism involved
were reduction of SOX-9 protein and p-STAT-3 [106]. As
chemo preventive/anti proliferative agent, luteolin demon-
strate amazing capability and can do that by minimizing
tumor progression via reversing epithelial to mesenchymal
transition in epidermal cancer. Luteolin triggers reversal of
cadherin switching as well as down regulate the associated
markers of epithelial to mesenchymal transition in A431-I1I
cells of epidermal metastatic cancer [107].

Conclusion and remarks

Epithelial to mesenchymal transition induction facilitates
tumor metastasis by inducing aggressive and anti-apoptotic
processes in cancer cells. Therapeutic resistance and disease
progression are facilitated by diverse cancer cells with stim-
ulated EMT signaling feature. As an alternative treatment
for cancer metastasis, phytonutrients have attracted attention
given their anticancer effects, low toxicity and easy adop-
tion as nutritional supplements. The signaling molecules and
factors associated with epithelial to mesenchymal transition

are targeted by many phytochemicals including luteolin. A
variety of signaling pathways, including TGF-f, Smads,
FGF, and p-catenin signaling, are used to induce epithelial
to mesenchymal transition. All these signaling pathways are
subject to regulation by luteolin.

It nonetheless remains essential to evaluate the use of
the potential of luteolin to impose a synergistic effect on
epithelial to mesenchymal transition signaling pathways by
increasing their systemic availability in various associated
models. The influence of luteolin on the expression pattern
and the behaviors of miRNAs that regulate epithelial cell-
mesenchymal properties have not been discussed elaborately
that need further focus and attention.

In nutshell, the integration into clinics of the promising
findings from luteolin is the need for the moment to set the
stage for bioactive phytochemicals to evolve as a safer option
therapy for cancer metastasis abridgment by potentially dis-
rupting the process of epithelial to mesenchymal transition.
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