
BioMedicine BioMedicine 

Volume 14 Issue 2 Article 2 

2024 

Unveiling the Power of Flavonoids: A Dynamic Exploration of Their Unveiling the Power of Flavonoids: A Dynamic Exploration of Their 

Impact on Cancer through Matrix Metalloproteinases Regulation Impact on Cancer through Matrix Metalloproteinases Regulation 

Follow this and additional works at: https://www.biomedicinej.com/biomedicine 

 Part of the Life Sciences Commons, and the Medical Sciences Commons 

This work is licensed under a Creative Commons Attribution 4.0 License. 

Recommended Citation Recommended Citation 
Rajendran, Peramaiyan (2024) "Unveiling the Power of Flavonoids: A Dynamic Exploration of Their Impact 
on Cancer through Matrix Metalloproteinases Regulation," BioMedicine: Vol. 14 : Iss. 2 , Article 2. 
DOI: 10.37796/2211-8039.1447 

This Review Article is brought to you for free and open access by BioMedicine. It has been accepted for inclusion in 
BioMedicine by an authorized editor of BioMedicine. 

https://www.biomedicinej.com/biomedicine
https://www.biomedicinej.com/biomedicine/vol14
https://www.biomedicinej.com/biomedicine/vol14/iss2
https://www.biomedicinej.com/biomedicine/vol14/iss2/2
https://www.biomedicinej.com/biomedicine?utm_source=www.biomedicinej.com%2Fbiomedicine%2Fvol14%2Fiss2%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/1016?utm_source=www.biomedicinej.com%2Fbiomedicine%2Fvol14%2Fiss2%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/664?utm_source=www.biomedicinej.com%2Fbiomedicine%2Fvol14%2Fiss2%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.37796/2211-8039.1447


Unveiling the power of flavonoids: A dynamic
exploration of their impact on cancer through matrix
metalloproteinases regulation

Peramaiyan Rajendran a,b

a Department of Biological Sciences, College of Science, King Faisal University, Al Ahsa, 31982, Saudi Arabia
b Centre of Molecular Medicine and Diagnostics (COMManD), Department of Biochemistry, Saveetha Dental College & Hospitals,
Saveetha Institute of Medical and Technical Sciences, Saveetha University, Chennai 600 077, Tamil Nadu, India

Abstract

Cancer stands as a significant contributor to global mortality rates, primarily driven by its progression and widespread
dissemination. Despite notable strides in cancer therapy, the efficacy of current treatment strategies is compromised due
to their inherent toxicity and the emergence of chemoresistance. Consequently, there is a critical need to evaluate
alternative therapeutic approaches, with natural compounds emerging as promising candidates, showcasing demon-
strated anticancer capabilities in various research models. This review manuscript presents a comprehensive examina-
tion of the regulatory mechanisms governing the expression of matrix metalloproteinases (MMPs) and delves into the
potential therapeutic role of flavonoids as agents exhibiting specific anticancer activity against MMPs. The primary aim
of this study is to elucidate the diverse functions associated with MMP production in cancer and to investigate the
potential of flavonoids in modulating MMP expression to inhibit metastasis.
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1. Introduction

C ancer is a prominent contributor to global
disease burden and mortality. Consequently,

over the past twenty years, extensive biomedical
research has produced a vast quantity of knowledge
on the molecular processes involved in the devel-
opment of cancer and the signaling pathways that
contribute to its growth. The intricate interactions
between tumor cells and the tumor microenviron-
ment are crucial in determining the outcome of this
process [1]. Research undertaken for over four de-
cades has consistently shown increasing evidence
that extracellular matrix remodeling proteinases,
namely matrix metalloproteinases (MMPs), play a
crucial role in the changes observed in the micro-
environment throughout the evolution of cancer [2].
They also have a role in pathological situations like
inflammatory, vascular, and autoimmune disorders,
as well as carcinogenesis. MMPs have been regar-
ded as promising diagnostic and prognostic bio-
markers in many forms and phases of cancer.

Natural products have emerged as promising con-
tenders in cancer research, offering a rich source of
bioactive compounds with diverse therapeutic po-
tential. Among these, flavonoids stand out for their
remarkable properties [3]. Extensively found in
fruits, vegetables, and other plant sources, flavo-
noids have garnered attention for their anti-cancer
effects, particularly in modulating key processes
such as matrix metalloproteinases expression. Their
multifaceted actions make them valuable candidates
for further exploration in cancer treatment,
providing a natural and holistic approach to combat
this complex disease [4]. The ongoing research into
the impact of natural products, including flavonoids,
holds great promise for the development of novel
and effective strategies in the fight against cancer.
MMPs, belong to the extensive metzincin super-

family, which includes other enzyme families such
as astacins, serralysins, reprolysins, and adamaly-
sins metalloproteinases [5,6]. Traditionally, MMPs
were thought to have a primary role in degrading
various elements of the extracellular matrix (ECM)
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and the basement membrane, primarily associated
with tissue remodeling and maintenance. However,
recent investigations into MMP substrates have
unveiled a more complex picture. These enzymes
are now recognized for their involvement in the
regulation of the release or activation of crucial
molecules such as chemokines, cytokines, growth
factors, antimicrobial peptides, and other bioactive
compounds [7,8]. Consequently, MMPs contribute
significantly to a broader range of physiological
processes, including innate and adaptive immunity,
inflammatory responses, angiogenesis, bone
remodeling, and the growth of neurites [7,9e12].
MMPs play a pivotal role in cancer metastasis,

which is the process by which cancer cells spread
from the primary tumor to distant organs or tissues,
contributing significantly to the lethality of many
cancer types [13e16]. MMPs are a family of enzymes
that are responsible for the degradation and
remodeling of the ECM, a crucial scaffold of proteins
that surrounds cells. In the classical view, MMPs
were primarily regarded as tissue remodeling en-
zymes, but their influence on cancer metastasis has
become increasingly evident [11,12,14,17,18]. Cancer
cells exploit MMPs to facilitate their metastatic
journey in several ways. Firstly, MMPs assist cancer
cells in breaking down the ECM, creating pathways
through which they can invade nearby tissues and
blood vessels. They degrade components of the
basement membrane, which is a barrier that sepa-
rates tumor cells from the bloodstream. This allows
cancer cells to intravasate into the bloodstream or
lymphatic system, enabling them to travel to distant
sites in the body. Moreover, MMPs can activate pro-
inflammatory cytokines and chemokines, which in
turn attract immune cells to the tumor microenvi-
ronment. These immune cells may create an envi-
ronment that supports cancer cell survival and
further migration. Additionally, MMPs are impli-
cated in angiogenesis, the formation of new blood
vessels, which is essential for providing oxygen and
nutrients to growing tumors. The overexpression of
specific MMPs is often associated with increased
metastatic potential in various cancer types. Elevated
MMP levels can disrupt the delicate balance be-
tween ECM synthesis and degradation, promoting
tumor invasion and facilitating metastasis [19]. This
makes MMPs attractive targets for potential thera-
peutic interventions to impede cancer metastasis.
While the role of MMPs in cancer metastasis is well-
established, the complexity of their functions and the
various factors influencing their activity make them
subjects of ongoing research. Targeted therapies and
inhibitors are under development to selectively
block MMP activity and, in turn, hamper metastatic

progression, potentially providing new avenues for
cancer treatment and improving patient outcomes.
Understanding the intricate interplay between
MMPs and cancer metastasis is crucial for advancing
our knowledge of the disease and developing effec-
tive strategies for its control and management.
Flavonoids, a diverse group of natural compounds

found abundantly in fruits, vegetables, and plant-
based foods, have garnered significant attention for
their potential role in cancer metastasis [20e23].
Emerging evidence suggests that flavonoids may
exert a range of effects that can influence the various
stages of the metastatic process in cancer [24e26].
Flavonoids are known for their antioxidant and anti-
inflammatory properties, which can help counteract
the cellular processes involved in tumor invasion,
migration, and angiogenesis [27e32]. These com-
pounds have been shown to suppress the activity of
MMPs, enzymes critical in degrading the extracel-
lular matrix and facilitating tumor cell dissemina-
tion. Furthermore, flavonoids have the potential to
modulate key signaling pathways involved in cancer
metastasis, influencing the expression of genes
related to cell adhesion, motility [33e35]. In addition
to their direct effects on tumor cells, flavonoids have
demonstrated the ability to regulate the tumor
microenvironment, creating an inhospitable terrain
for cancer cells to establish secondary growths [36].
While the body of research on flavonoids and their
antimetastatic properties is expanding, more in-
vestigations are needed to elucidate the specific
mechanisms of action, optimal dosages, and poten-
tial therapeutic applications. This comprehensive
review compiles a range of preclinical investigations
that underscore the impact of flavonoids on matrix
metalloproteinases (MMPs) in the context of cancer
metastasis. We delve into the intricate cellular
mechanisms involved and provide insights from
pre-clinical studies, underscoring the potential of
flavonoids in mitigating metastasis, both as a stand-
alone therapeutic approach and in conjunction with
conventional treatments, with the aim of augment-
ing the overall effectiveness of cancer management
for patients.

2. Methods

The objective of this review is to explore and
synthesize the anti-cancer attributes of flavonoids,
with particular attention to their influence on critical
stages of cancer advancement, encompassing cancer
cell migration, invasiveness, and the creation of
metastatic growths. This comprehensive review
aims to consolidate existing knowledge regarding
the effectiveness of flavonoids in impeding cancer
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progression by analyzing both preclinical and clin-
ical research in the field of oncology. Given the
encouraging outcomes observed in laboratory and
animal studies, this review underscores the signifi-
cance of integrating flavonoids into clinical in-
vestigations. This strategy underscores a precise and
individualized approach to anti-cancer therapy. The
primary data source for this review was the
biomedical literature, primarily acquired through
searches within the PubMed database. The search
terms encompassed “metastasis” and various sub-
categories of flavonoids, including “flavonoids,”
“flavanones,” “flavonols,” “flavones,” “flavanols,”
“isoflavonoids,” “chalcones,” “anthocyanidins,” and
related terminology. Furthermore, this review
particularly spotlights recent scientific articles pub-
lished between 2015 and 2023 to ensure the currency
and relevance of the data and insights pertaining to
the latest developments in the realm of flavonoid
research and their potential anti-cancer attributes.

3. Structure and functions of MMPs

To date, researchers have identified and charac-
terized at least 25 distinct MMPs in vertebrates [37].
Within the human genome, there are 24 different
MMPs, including two identical forms of MMP-23,
which are encoded by two separate genes, known as
MMP23A and MMP23B [38]. The remarkable di-
versity observed in today's mammalian MMP gene
families primarily arises from an extensive history of
gene tandem duplication and exon shuffling that

occurred during the course of evolution among
tetrapods. It is important to note that some of the
existing MMP members are likely derived from a
single ancestral gene, leading to the formation of a
cluster of MMP genes [38]. The primary role of
MMPs, has long been associated with the degrada-
tion and clearance of ECM components within tis-
sues, it is increasingly evident that this enzymatic
activity extends to modifying crucial cellematrix
and cellecell interactions [39]. Table 1 provides
illustrative instances of MMP actions that hold the
potential to influence diverse cellular processes,
including cell migration, differentiation, prolifera-
tion, inflammatory responses, angiogenesis, and
apoptosis [40]. It has been reported that MMP-2 is
present intracellularly within cardiac myocytes, as
well as co-localizing with troponin I in cardiac
myofilaments in several studies [41]. Nuclear ex-
tracts from the heart and liver of rats have been
found to contain MMP-2 activity [42]. MMP2 is
capable of cleaving poly ADP-ribose polymerase, an
enzyme integral to DNA repair processes [43]. MMP
inhibitors have shown to effectively inhibit this
cleavage in in vitro studies. MMP-2's presence
within the nucleus suggests it may play an impor-
tant role in poly ADP-ribose polymerase degrada-
tion, which may have implications for DNA repair
[44,45].
This unique organization of MMP genes has been

conserved from amphibians through to mammals,
underscoring its evolutionary significance. Among
these, considerable attention has been directed

Table 1. Bioactive processes facilitated through MMP enzymatic cleavage.

MMPs Substrate cleaved Biological Effect Ref

1 MMP-1, 2, and 3 Fibronectin Cell migration [46e48]
2 MMP-2, MT1-MMP,

MMP-19
Laminin 5g2 chain Epithelial cell migration [11]

3 MMP-1, 3, 7 and �9 Processing IL-1b from
the precursor,
Pro-TNFa

Pro-inflammatory [49,50]

4 MMP7 Heparin-binding
EGF

Vasocontriction and cell
growth

[51e53]

5 MMP7 RANK ligand Osteocleast activation [54]
6 MMP9 Galactin-3 Hypertrophic chondrocytes

apoptosis and recruitment of
osteoclast

[55,56]

7 MMP3 Plasminogen Generation of angiostatin-like
fragment

[57]

8 MMP3 E-cadherin Epithelial-mesenchymal
conversion

[58,59]

9 MMP2 and 7 Decorin Increased bioavailability of
TGF-b

[39,60]

10 MMP3 and MMP7 E-cadherin Disrupted cell aggregation and
increased cell invasion

[61,62]

11 MMP2 Chondroitinsulphate
proteoglycan

Neurite outgrowth [63]
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towards MMP-2 and MMP-9 (Fig. 1), recognized as
gelatinases for their ability to degrade type IV
collagen, a prominent constituent of basement
membranes that serve as a crucial barrier separating
epithelial cells from the underlying stromal tissue
[64]. The elevated expression and activity of MMP-2
and MMP-9 in tumor contexts instigate the break-
down of these basement membranes, a pivotal step
in tumor invasion and the metastatic process [6].

4. Molecular mechanism of MMPs on cancer
metastasis

Among the 25 recognized MMPs, several MMPs
have been associated with the development and
advancement of cancer [65]. Elevated expression of
MMP1, MMP2, MMP3, MMP7, MMP9, MMP13, and
MMP14 has been consistently associated with tumor
progression, metastasis, and a less favorable prog-
nosis. MMP9, for instance, has demonstrated a
critical role in driving tumor progression and
metastasis, notably in triple-negative breast cancer
and the early stages of melanoma [14,66]. Research

has unveiled mixed findings regarding MMP9
expression in relation to breast and colon cancer
survival rates, indicating its multifaceted impact on
cancer outcomes [67e69]. Notably, studies involving
mice deficient in MMP2 or MMP9 have underscored
their essential role in promoting colonization and
tumor proliferation [70]. Additionally, over-
expression of MMP3, MMP13 and MMP14 has been
linked to the promotion of mammary carcinogenesis
[71,72]. In the context of colon cancer, survival rates
have shown correlations with MMP12 expression
[73,74]. These findings collectively emphasize the
intricate roles played by various MMPs in cancer
growth and metastasis. Importantly, the expression
levels and functions of MMPs are influenced by the
specific cancer stage and type, underscoring the
complex relationship between MMPs and cancer
progression.
In numerous cancer types, MMPs are expressed;

however, the key to assessing tumor metastatic po-
tential lies in the levels of activated MMPs rather
than their total presence. Post-transcriptional regu-
lation of MMP activity is governed by two primary

Fig. 1. MMPs role in cancer.
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mechanisms: the activation of latent precursors, or
zymogens, and the inhibition of active enzymes by
tissue inhibitors of MMPs, also known as tissue in-
hibitors of metalloproteinases (TIMPs). Inactive pro-
enzyme MMPs are secreted and are subsequently
activated extracellularly, and it's noteworthy that
some MMPs can activate each other. For instance,
MMP1 and MMP14 can jointly activate MMP2. The
catalytic site of MMPs, particularly the zinc ion, is
subject to regulation by TIMPs. TIMP1 and TIMP2
are recognized as the most versatile inhibitors,
effectively blocking the activity of most MMPs.
Notably, studies in mice have demonstrated that
elevating TIMP1 levels can diminish the occurrence
of brain and liver metastasis [75].
Upregulation of MT1-MMP expression has been

shown to enhance metastasis, predominantly
through the induction of epithelial-to-mesenchymal
transition (EMT) [76,77]. This transition is marked
by the downregulation of E-cadherin (E-Cad) and
the concurrent upregulation of transcription factors
such as TWIST, ZEB, and ZEP-1 in squamous cell
carcinoma [78e80]. EMT programs in cancer are
activated by various signaling molecules, including
TGF-b, epidermal growth factor (EGF), and Hepa-
tocyte growth factor (HGF) [81e84]. Cadherins,
which are transmembrane glycoproteins facilitating
cellecell adhesion, not only support these connec-
tions but also help maintain normal tissue archi-
tecture. In cancer, different cadherins serve diverse
roles in tumor development. A notable occurrence
during EMT is the cadherin-switch, where E-Cad is
lost, and N-Cadherin (N-Cad) is expressed [85,86].
This switch can induce or intensify the metastatic
potential of tumor cells. E-Cadherin, by preventing
the dissociation between cells within the tumor
mass, functions as a barrier to inhibit the spread of

cancer to other tissues. The loss of E-Cadherin can
also lead to the mislocalization of b-catenin and
p120 catenin, subsequently triggering MAPK acti-
vation [87]. E-Cad operates as a tumor-suppressor
protein, significantly influencing cancer progression
[88]. The transition from E-Cad to N-Cad in the
cadherin switch is tightly regulated by signaling
pathways like Wnt and TGF-b, orchestrating the
downregulation of E-Cad while inducing the
expression of N-Cad. This molecular shift triggers
N-Cad to activate cell proliferation through PI3K/
AKT, SMAD and MAPK pathways [80,84,89e91].
MMPs also play a pivotal role in epithelial-to-
mesenchymal transition (EMT) through various
mechanisms (Fig. 2). EMT-prone cells tend to pro-
duce higher quantities of MMPs, facilitating inva-
sion and metastasis. Among the MMPs implicated
in EMT, MMP1, MMP2, MMP3, MMP7, MMP9,
MMP14, and MMP28 are the prominent contribu-
tors [92]. During EMT, cells acquiring a stromal-like
phenotype further advance cancer progression by
promoting additional MMP production [93]. This
intricate interplay of MMP activity is a fundamental
feature in both normal physiological processes and
pathological conditions, and its regulation hinges on
diverse mechanisms.

5. Flavonoids on cancer metastasis

Cancer therapeutic goals include both preventing
metastasis in high-risk patients and preventing
additional metastases. Metastasis' biological het-
erogeneity is a major obstacle to treatment. Failure
in any of these steps can prevent metastasis. MMPs
play a key role in cancer formation and metastatic
niche establishment in secondary organs. Cell
adhesion and cytoskeleton proteins, chemokines,

Fig. 2. MMPs on Epithelial Mesenchymal Transition (Image created from Biorender dated 19.10.2023).
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growth factors and ECM degradation play a crucial
role in cancer progression.
Nonetheless, the characteristics of metastatic tu-

mors diverge from those of the initial parent cells.
Metastasis signifies the emergence of a resilient and
invasive subset of the primary tumor, marked by
additional genetic or epigenetic modifications, often
compounded by previous therapeutic interventions.
In several studies, flavonoids have been shown to
suppress the metastasis of various types of cancer
[94e98] (Fig. 3).
Plants flavonoids as a secondary metabolic prod-

uct, consisting of 15-carbon phenylpropanoid chains
linked by a heterocyclic pyran ring [20,99,100].
Among the most common natural compounds
found in cereals, fruits, stems, herbs, nuts and
flowers these are responsible for flowers' color and
fragrance [101]. There are six basic types of flavo-
noids: flavonols, flavanones, isoflavonoids, antho-
cyanidins, flavones and flavanols [21]. Flavonoids
have been shown to inhibit cancer, invasion, and
metastasis in numerous in vitro and in vivo studies
(Fig. 3, regulating apoptosis, ECM remodeling,
EMT, oxidative stress and inflammation [22,23,102].

Cancer-related signaling pathways such as MAPK,
Akt, JNK, NF-kB, and growth factors like VEGF,
cytokines, and chemokines can be modulated by
flavonoids [36,103e106] (see Fig. 4).

5.1. Apigenin on MMPs regulation

Numerous vegetables, among them tarragon,
celery, parsley, onions, and more, are known to
contain apigenin. In its natural state, apigenin is
commonly found in the form of glucosides,
including 7-O-glucosides and 6- or 8-C-glucosides
[107]. Importantly, apigenin can be converted into
its free form following ingestion. This property
raised substantial safety concerns, as well as the
intriguing capability of apigenin to differentiate
between normal cells and cancerous ones [108].
Apigenin is capable of modulating several key
mediators involved in the process of metastasis.
Notably, it can effectively inhibit STAT3, a protein
associated with the promotion of angiogenesis,
resistance to apoptosis, and the upregulation of
MMP2, MMP-9, and Twist1 [109]. By curtailing the
phosphorylation of STAT3 and the subsequent

Fig. 3. The chemical structure of flavonoids that regulate the expression of MMPs.
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expression of downstream genes like MMP-2 and
MMP-9, apigenin exerts a suppressive effect on
the invasion and migration of cancer cells [110].
Both in vitro and in vivo studies have demon-
strated that apigenin's inhibitory action on STAT3
is more pronounced in hepatocellular carcinoma
cells compared to normal liver cells, leading to
reduced migration and metastatic markers [111].
Apigenin's interference with metastasis is multi-
faceted, encompassing the inhibition of various
kinases, such as MAPKs, and the suppression of
the IGF/IGFBP-3 pathways [112,113]. Within lung
and colon carcinoma cells, apigenin exhibits the
potential to enhance the expression of anti-meta-
static proteins, including CD26 [114,115]. Addi-
tionally, its role in inhibiting metastasis extends to
the suppression of the PI3K/Akt pathway. This
pathway is known to be activated by HGF, which
can trigger invasion and metastasis [116]. Specif-
ically, HGF induces cellematrix adhesion through
the PI3K pathway. Apigenin intervenes by inhib-
iting the phosphorylation of PI3K/Akt, thereby
mitigating these alterations in MDA-MB231 breast
cancer cells. Furthermore, apigenin's inhibitory
effect on Akt contributes to the downregulation of

MMP-9, a pivotal driver of malignant metastasis
[116,117].
Research investigating the impact of apigenin on

the MMP/uPA/TIMP protein family in gastrointes-
tinal cancers remains relatively limited in this realm
of cellular regulation. Nevertheless, flavonoids like
apigenin have demonstrated the capacity to induce
epithelial differentiation and modulate cell migra-
tion in colon epithelial cells, potentially involving
MMPs [118]. Although a portion of these effects has
been primarily observed in breast cancer cells, api-
genin has shown the ability to inhibit uPA mRNA
production and protein secretion while leaving uPA
receptor levels unaffected [115,118]. Additionally, it
effectively suppresses the expression of MMP-9
triggered by both phorbol 12-myristate 13-acetate
and epidermal growth factor, alongside basal MMP-
9 production. There is evidence to suggest that
apigenin effectively impedes the metastasis of
OVCAR-3 cells by targeting MMP2, MMP9 through
the PI3K/AKT/mTOR/p70S6K1 signaling pathways
[119]. In Western blotting experiments, it was
observed that apigenin can also lead to a reduction
in MMP-2 expression. Furthermore, various studies
have indicated that apigenin exerts its inhibitory

Fig. 4. Signaling pathways regulating MMPs by Flavone Apigenin.
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effects on MMPs activity in diverse cell types by
modulating the ERK MAPK pathway [120,121]. In in
vitro cell studies, apigenin has demonstrated its
ability to inhibit tumor growth through various
pathways, encompassing NFeB, JNK, and ERK
pathways. These pathways are believed to play a
role in apigenin's induction of apoptosis in MDA-
MB-231 cells. Furthermore, apigenin, by reestab-
lishing the equilibrium between MMP and its
counterpart TIMP, effectively hinders the metastasis
of breast cancer. Exposure to apigenin has been
shown to lead to a decrease in proliferation and the
expression of genes associated with invasion and
metastasis in human pancreatic cancer cells BxPC-3
and PANC-1 [122,123]. This effect is notable in the
reduction of MMP-1, MMP-2, and MMP-9 activity,
lowered mRNA levels of KRAS and GSK3, and an
increase in TIMP-1 levels.
he canonical Wnt pathway has been shown to

promote epithelialemesenchymal transition (EMT)

through multiple mechanisms. Wnt/beta-catenin
signaling upregulates various mesenchymal
markers, such as SLUG, ZEB1, and TWIST, which in
turn repress E-cadherin and elevate MMPs. MMP-3,
by cleaving the ectodomain of E-cadherin, remodels
the extracellular matrix, enhancing invasion while
inactivating E-cadherin [124]. Additionally, Wnt
signaling can upregulate SNAIL through the inhi-
bition of GSK3B phosphorylation and SNAIL
degradation, contributing to EMT [125]. This WNT
pathway activation has been associated with
increased cancer metastasis. In a study aimed at
assessing whether osteosarcoma progression could
be disrupted through apigenin consumption by
inhibiting the Wnt/beta-catenin pathway, apigenin
was found to suppress both the intrinsic and acti-
vated transcriptional activities of beta-catenin/TGF,
significantly reducing its nuclear concentration
[126,127] (Fig. 5). Activation of MMP9, by contrast,
was observed to inhibit osteosarcoma invasiveness

Fig. 5. Signaling pathways regulating MMPs by Genistein and Naringin.

BioMedicine
2024;14(2):12e28

P. RAJENDRAN
POWER OF FLAVONOIDS

19

R
E
V
IE
W

A
R
T
IC

L
E



by downregulating Wnt/beta-catenin signaling.
Apigenin has been shown to inhibit MMPs activity
and expression in various cancer cell types,
including breast, prostate, and melanoma. By doing
so, apigenin can impede the invasive capabilities of
cancer cells and reduce their potential to metasta-
size. This promising attribute of apigenin un-
derscores its potential as an anti-metastatic agent in
the fight against cancer.

5.1.1. Malvidin on MMPs regulation
Malvidin stands out as the primary anthocyanin

monomer within blueberry anthocyanins. When
administered to Huh-7 cells, malvidin yielded
several notable effects: it inhibited cell proliferation
and the cells' ability to form colonies, induced cell
cycle arrest, and triggered apoptosis in a dose-
dependent manner. Additionally, through the
regulation of MMPs expression, malvidin effectively
curtailed the migration and invasion potential of
Huh-7 cells. In summation, these findings under-
score the anti-hepatocellular carcinoma (HCC) po-
tential of malvidin, which is associated with its
inhibition of MAPK, Akt/PTEN, and MMP pathways
[128]. Malvidin were also found to exert an inhibi-
tory effect on cellular migration, as evidenced by
wound healing and Boyden chamber assays. In the
intricate process of cancer cell metastasis, matrix-
degrading proteinases play a crucial role. Notably,
treatment of B16eF1 cells with varying concentra-
tions of malvidin resulted in a reduction of ECM
proteinases, specifically MMP-2 and MMP-9, as
demonstrated by gelatin zymography assays.
Further insights from Western blotting assays
revealed diminished expression levels of key pro-
teins, including Ras, PI3K/AKT, and NF-kB in mal-
vidin-treated B16eF1 cells. This collective evidence
suggests that malvidins have the potential to
modulate B16eF1 cell metastasis by suppressing
MMP-2 and MMP-9 activities through the inhibition
of the Ras/PI3K signaling pathway. Additionally,
B16eF1 melanoma cells were inoculated into the
right groin of C57BL/6 mice, who were concurrently
administered malvidin in their diet [129]. Malvidin
effectively curbed the proliferation, polarization,
migration, and invasive potential of HepG2 cells by
modulating the protein expression of key markers.
This included the downregulation of cyclin D1,
cyclin B, and cyclin E, as well as an upregulation of
caspase-3, cleaved caspase-3, and Bax. Furthermore,
it activated phosphatase and tensin homologue
deleted on chromosome 10 (PTEN), concomitant
with a reduction in p-AKT levels. Importantly,
Malvidin also attenuated the protein expression of
MMP-2 and MMP-9 [130].

5.2. Regulation of MMPs by flavanone naringin

Among the flavonoids found in citrus fruit, nar-
ingin emerges as a prominent constituent. Findings
from animal studies suggest that naringin boasts
anticancer, antioxidative, and anti-atherogenic
properties [131e133]. Notably, in the context of U251
glioma cells, naringin exhibited inhibitory effects on
invasion and migration across various concentra-
tions. It also led to a decrease in MMP-2 and MMP-9
expression, as well as a reduction in proteinase ac-
tivity [134,135]. Simultaneously, the expressions of
TIMP-1 and TIMP-2 increased. The phosphorylation
of p38 was significantly attenuated by naringin
treatment. Furthermore, when combined with
SB203580 and MMP-2 and MMP-9 inhibitors, it
resulted in a synergistic reduction in MMP-2 and
MMP-9 expression and an increase in TIMP-1 and
TIMP-2 expressions [135,136]. In U87 cells, naringin
attenuated MAPK signaling pathways, including
ERK, JNK, and p38, ultimately leading to the
downregulation of MMP-2 and MMP-9 expression
and their associated activity [135,137]. These find-
ings underscore the potential utility of naringin as
an anti-metastatic agent. Exposure of pancreatic
cancer cells, specifically aspc-1 and panc-1, to TGF-
b1 triggered distinct changes in their characteristics.
This included notable alterations in their EMT
morphology, increased cell motility, and the devel-
opment of resistance to gemcitabine. These changes
were accompanied by an elevation in the expression
of EMT markers, such as vimentin, N-cadherin,
MMP2, and MMP9 [138e140]. Importantly, Nar-
ingin intervened by inhibiting the TGF-b1/Smad3
signaling pathway, effectively curbing both the
mRNA and protein expression of EMT markers in
these pancreatic cancer cells [141]. Consequently,
naringin not only suppressed their migration and
invasion capabilities but also reversed their ac-
quired resistance to gemcitabine [142]. In TNF-a-
induced VSMC, treatment with the aglycone nar-
ingenin yielded comparable outcomes to naringin
[143]. These included similar levels of MMP-9
expression, invasion, migration, and AKT phos-
phorylation. Naringin effectively inhibited TNF-a-
induced VSMC by targeting the PI3K/AKT/mTOR/
p70S6K pathway, leading to the repression of inva-
sion, migration, and MMP-9 expression [104].
Additionally, MMP-9 expression was suppressed
through the modulation of NF-kB and activator
protein-1 [144]. Naringin's efficacy in blocking
Smad3 and Smad7 signaling within the TGF-b-rich
tumor microenvironment was demonstrated in
mouse models of melanoma and lung carcinoma
[145]. This inhibition resulted in a significant
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suppression of tumor invasion and metastasis.
Naringin effectively targeted the NF-kB and MT1-
MMP axis, thereby inhibiting Smad3-mediated
MMP2 transcription and concurrently increasing
TIMP levels [146]. Furthermore, Naringin boosted
Smad7 expression, leading to the suppression of
TGF-b/Smad3 signaling while activating MMP2.
The combined action of naringin effectively thwar-
ted melanoma invasion and metastasis by targeting
MMP2 at multiple levels, encompassing transcrip-
tion, post-translational activation, and function, all
through the modulation of the TGF-b/Smad
pathway. Naringin has been shown to inhibit MMP
expression and activity in various cancer cell lines,
including glioma, glioblastoma, and breast cancer.
This action of naringin hinders the ability of cancer
cells to invade surrounding tissues and metastasize,
making it a potential candidate for anti-metastatic
therapies in cancer treatment.

5.3. Flavonols (kaempferol) on MMPs regulation

Tea, grapes, broccoli, and berries contain high
levels of kaempferol, a naturally occurring poly-
phenol in the flavonoid group. Kaempferol has been
found to have antioxidant, anti-inflammation, and
antitumor properties in several previous studies
[3,147]. Human ovarian cancer cells were found to
be susceptible to kaempferol inhibitory effects on
angiogenesis and VEGF expression. Human glioma
and leukemia cells were also apoptotic by kaemp-
ferol through AKT expression. According to recent
studies, kaempferol inhibits the G2/M cell cycle in
human hepatic cancer cells and induces autophagic
cell death. Lin et al. reported that kaempferol exerts
its down-regulatory effect on MMP-2 by inhibiting
ERK1/2 phosphorylation and activating AP-1 [148].
Additionally, in another study, it was found that
kaempferol significantly reduced the phosphoryla-
tion of AKT, while leaving the MAPK pathway un-
affected. These observations suggest that
kaempferol diminishes AKT activation, which may
play a role in the expression of MMP-9 and cell
invasion. Collectively, these findings underscore the
potent antimetastatic activity of kaempferol in HCC
cells [149]. Kaempferol demonstrates a remarkable
ability to curb the invasion and migration of 786-O
renal cell carcinoma (RCC) cells without exerting
any cytotoxic effects. To decipher the underlying
mechanisms responsible for its anti-invasive prop-
erties, comprehensive Western blot analyses were
conducted. The results revealed that kaempferol
effectively mitigates the expression and activity of
MMP-2. This inhibitory effect on MMP-2 can be
attributed to the downregulation of Akt and focal

adhesion kinase (FAK) phosphorylation [150].
Remarkably, research findings have illuminated
kaempferol capacity to impede the proliferation of
liver cancer cells. This inhibitory action is achieved
by activating mitochondrial signaling pathways,
while simultaneously suppressing migration and
invasion through the inhibition of the PI3K/mTOR/
MMP signaling pathway [151].
Furthermore, a detailed exploration of the un-

derlying mechanism revealed that kaempferol
treatment effectively hampers the activation of the
transcription factor AP-1 and the MAPK signaling
pathway. Moreover, kaempferol exerts its influence
by suppressing the translocation of protein kinase
Cd (PKCd) and the MAPK signaling pathway,
consequently repressing phorbol-12-myristate-13-
acetate (PMA)-induced MMP-9 expression and ac-
tivity. Intriguingly, these results extend beyond the
laboratory setting, as kaempferol has been shown to
obstruct lung metastasis of B16F10 murine mela-
noma cells while simultaneously reducing the
expression of MMP-9 in vivo. In summation, these
findings collectively underscore the potential of
kaempferol as a promising therapeutic candidate for
combatting cancer metastasis [152]. In a study con-
ducted by Qin and colleagues in 2016, they made
significant observations regarding the impact of
kaempferol on cholangiocarcinoma cell lines, spe-
cifically HCCC9810 and QBC939 [153]. Their
research unveiled that kaempferol, administered at
concentrations of 50 and 100 mM for 24 h, exhibited
the ability to inhibit the migration and invasion of
these cell lines. Furthermore, the study highlighted
that kaempferol led to a reduction in MMP-2 ac-
tivity, while concurrently promoting the expression
of TIMP-2. Notably, there were no observed
changes in the expression of MMP-9 and TIMP1.
Additionally, kaempferol was found to exert its ef-
fects by inhibiting Akt and PI3K/Akt activation,
shedding light on the underlying molecular mech-
anisms behind its inhibitory properties against
cholangiocarcinoma cell migration and invasion
[153].

5.4. Regulation of MMPs by Iso flavonoid genistein

Genistein, also known as 40,5,7-trihydroxyiso-
flavone, is a naturally occurring compound abun-
dant in soy-based products. Individuals who
incorporate soy into their diet tend to have higher
levels of genistein in their bloodstream compared to
those following a Western-style diet centered
around red meat. This difference in genistein levels
has demonstrated varying effects in diverse clinical
scenarios, including its impact on cholesterol
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regulation, osteoporosis, and cancer [154,155]. In the
realm of oncology, genistein has garnered increased
attention as a potential therapeutic agent. Popula-
tion-based studies have highlighted the association
between genistein consumption and a reduced risk
of mortality from various cancer types, with notable
emphasis on prostate and breast cancer [156,157].
This has spurred significant interest in exploring the
potential benefits of genistein in the context of
cancer prevention and treatment. The research
conducted by the Shafiee group revealed that gen-
istein possesses the capability to reduce MMP-2
expression across a spectrum of human prostate
cancer cell lines, spanning from primary noncan-
cerous cells to well-established metastatic variants
[156].
Interestingly, little to no impact on MMP-9 was

observed within this study. These effects were
noticeable even at relatively low genistein concen-
trations, reaching as low as 10 nM. Furthermore,
corroborating evidence of genisteins MMP-2
reduction has emerged from other scientific in-
vestigations, not only in prostate cancer but also in
breast cancer and glioblastoma cell lines [158,159].
In the context of breast cancer, genistein treatment

has been linked to decreased MMP-7 and MMP-9
expression [160]. Likewise, in vitro studies involving
prostate cancer, glioblastoma, and pancreatic cancer
have indicated a reduction in MMP-9 expression
when exposed to genistein [161,162]. In the case of
melanoma, breast cancer, and prostate cancer cells,
genistein treatment results in a decrease in general
zymographic activity, serving as a metric for MMP
activity [162]. These collective findings illustrate that
genistein exhibits the ability to selectively inhibit the
production of specific MMPs. This property may
have a substantial impact on a cancer cell's capacity
to invade and infiltrate the surrounding tissue. The
effects of genistein on MMP-9 and TIMP-1,
observed in in vitro studies, have also been sub-
stantiated by in vivo investigations using nude
mouse xenografts populated with MDA-MB-231
and MCF-7 cells [159]. In these xenograft models,
genistein exhibited the capacity to impede tumor
growth, promote apoptosis, and enhance the
expression of p21WAF1/CIP1 [163].
3D QSAR studies have substantiated the predic-

tive capacity of genistein's inhibitory activity against
MMP1, MMP9, and MMP13. These predictions were
derived from models established by taking into ac-
count the IC50 values for the compounds discussed
in the article [164,165]. Genistein exhibits inhibitory
effects on angiogenesis, both in in vitro and in vivo
models [166]. By impeding the formation of new
blood vessels, it disrupts the supply of vital

nutrients to tumor cells and their connection to the
circulatory system, thereby thwarting tumor
metastasis. This intricate process is closely tied to
alterations in the expression and activity of MMPs,
highlighting the intricate interplay between c-erbB-
2, NF-kB, MMPs, angiogenesis, basement mem-
brane degradation, and tumor metastasis.
Increased MMP secretion by tumors is associated

with lower apoptotic tendencies, reflecting the
intricate regulation of MMPs and their inhibitors.
Research findings underscore the multifaceted in-
teractions between c-erbB-2, MMPs, telomerase,
143-3, Akt, and NF-kB DNA binding activity in
influencing cell growth, differentiation, and
apoptosis. Furthermore, this study reveals that
genistein down-regulates c-erbB-2, suppresses the
secretion of MMP-2 and MMP-9 in a dose- and
time-dependent manner, and mitigates tumor cell
invasion in the context of Head and Neck Squamous
Cell Carcinoma (HNSCC), concurrently reducing
the levels of 14-3-3 and phosphorylated Akt [167].
Xu and Daymond's research demonstrates genis-
tein's ability to impede prostate cancer (PCa) cell
invasion. This inhibitory effect is linked to MAP
kinase, which plays a role in the activation of MMP-
2 and cell invasion. Furthermore, genistein has the
capacity to prevent the activation of p38 MAP kinase
by TGFb [168]. Genistein inhibitory effects on
MMPs are attributed to its ability to modulate
signaling pathways involved in cancer progression.
Specifically, it has been demonstrated to down-
regulate the expression and activity of MMP-2 and
MMP-9, key enzymes involved in extracellular ma-
trix degradation and tumor invasion. By interfering
with MMPs, genistein may play a significant role in
suppressing cancer cell migration and metastasis.
The clinical significance of flavonoids in the

context of MMPs in cancer holds considerable
promise for advancing therapeutic strategies.
Extensive preclinical studies have demonstrated the
ability of flavonoids to modulate MMP expression
and activity, pivotal factors in cancer progression
and metastasis. The inhibitory effects of flavonoids
on MMPs not only impede tumor invasion and
angiogenesis but also exhibit potential in preventing
the formation of distant metastases. Such findings
suggest that flavonoids may have a clinically rele-
vant role in mitigating the aggressive behavior of
various cancers. Furthermore, the natural origin of
flavonoids and their well-established safety profiles
make them attractive candidates for integration into
clinical interventions. As we transition from pre-
clinical investigations to clinical trials, elucidating
the specific mechanisms and optimizing dosage
regimens, flavonoids may emerge as valuable
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adjuncts to conventional cancer therapies, offering a
targeted and well-tolerated approach for improving
patient outcomes.

6. Conclusion

In conclusion, the dysregulation of MMPs holds
significant clinical implications in the context of
cancer. Elevated MMP expression is often associ-
ated with tumor invasion, metastasis, and angio-
genesis, making them crucial players in the complex
landscape of cancer progression. Understanding the
clinical relevance of MMPs opens avenues for tar-
geted therapeutic interventions. Several MMP in-
hibitors are currently under investigation as
potential anti-cancer agents, aiming to disrupt the
intricate network of proteolytic activity that pro-
motes tumor aggressiveness. While the potential for
MMP-targeted therapies is promising, it is essential
to acknowledge the existing limitations, including
the complexity of MMP regulation and the need for
precise targeting to avoid unintended conse-
quences. Moreover, the heterogeneity of cancer
types and individual patient responses underscores
the importance of personalized approaches for
effective MMP-based interventions.
Despite these challenges, ongoing research into

MMPs provides valuable insights into their clinical
significance, offering potential prognostic markers
and therapeutic targets. By unraveling the intricate
roles of MMPs in cancer progression, we pave the
way for innovative strategies that harness this
knowledge for improved patient outcomes. As we
navigate the clinical landscape of MMPs in cancer, a
nuanced understanding of their implications and
limitations becomes paramount in shaping the
future of precision oncology.
The multifaceted properties of flavonoids position

them as promising candidates for the targeted
regulation of cancer metastasis. Extensive research
has revealed the potential of flavonoids in modu-
lating both MMPs and EMT, pivotal processes in
cancer metastatic cascade. The ability of flavonoids
to inhibit MMP expression and activity contributes
to their anti-metastatic effects by impeding crucial
steps in tumor invasion and angiogenesis. Further-
more, flavonoids have demonstrated the capacity to
interfere with EMT, inhibiting the transformation of
cancer cells into a more invasive phenotype. This
dual impact on MMPs and EMT underscores the
comprehensive potential of flavonoids in disrupting
the intricate molecular mechanisms driving cancer
metastasis.
The exploration of flavonoids as agents targeting

both MMP and EMT opens up avenues for the

development of innovative therapeutic strategies
against metastatic cancers. Their natural origin,
coupled with demonstrated efficacy in preclinical
studies, suggests that flavonoids may hold promise
for clinical applications in cancer treatment. How-
ever, it is crucial to recognize the complexities of
cancer biology and the need for further translational
research to optimize the therapeutic potential of
flavonoids. As we advance our understanding of
these natural compounds, harnessing the synergis-
tic effects on MMPs and EMT, we may unlock novel
avenues for precision medicine approaches that
combat cancer metastasis with greater specificity
and efficacy.

Author contributions

P.R. contributed to the design and implementa-
tion of the research, to the analysis of the results and
to the writing of the manuscript.

Ethical approval

Not applicable.

Informed consent statement

Not applicable.

Availability of data and materials

Not applicable.

Funding

This work was supported by the Deanship of
Scientific Research, Vice Presidency for Graduate
studies and Scientific Research, King Faisal Uni-
versity Saudi Arabia [Grant 5036].

Conflicts of interest

The authors declare no conflict of interest.

References

[1] Gialeli C, Theocharis AD, Karamanos NK. Roles of matrix
metalloproteinases in cancer progression and their phar-
macological targeting. FEBS J 2011;278:16e27.

[2] Wells JM, Gaggar A, Blalock JE. MMP generated matri-
kines. Matrix Biol 2015;650:122e9.

[3] Rajendran P, Rengarajan T, Nandakumar N,
Palaniswami R, Nishigaki Y, Nishigaki I. Kaempferol, a
potential cytostatic and cure for inflammatory disorders.
Eur J Med Chem 2014;86:103e12.

[4] Ponte LGS, Pavan ICB, Mancini MCS, da Silva LGS,
Morelli AP, Severino MB, et al. The hallmarks of flavonoids
in cancer. Molecules 2021;26:2029.

[5] Laronha H, Caldeira J. Structure and function of human
matrix metalloproteinases. Cells 2020;9:1076.

BioMedicine
2024;14(2):12e28

P. RAJENDRAN
POWER OF FLAVONOIDS

23

R
E
V
IE
W

A
R
T
IC

L
E



[6] Cabral-Pacheco GA, Garza-Veloz I, Castruita-De la Rosa C,
Ramirez-Acuna JM, Perez-Romero BA, Guerrero-
Rodriguez JF, et al. The roles of matrix metalloproteinases
and their inhibitors in human diseases. Int J Mol Sci 2020;
21:9739.

[7] Bassiouni W, Ali MA, Schulz R. Multifunctional intracel-
lular matrix metalloproteinases: implications in disease.
FEBS J 2021;288:7162e82.

[8] Li K, Tay FR, Yiu CKY. The past, present and future per-
spectives of matrix metalloproteinase inhibitors. Pharmacol
Ther 2020;207:107465.

[9] Olejarz W, Łacheta D, Kubiak-Tomaszewska G. Matrix
metalloproteinases as biomarkers of atherosclerotic plaque
instability. Int J Mol Sci 2020;21:3946.

[10] Mehana ESE, Khafaga AF, El-Blehi SS. The role of matrix
metalloproteinases in osteoarthritis pathogenesis: an
updated review. Life Sci 2019;234:116786.

[11] Quintero-Fabi�an S, Arreola R, Becerril-Villanueva E,
Torres-Romero JC, Arana-Arg�aez V, Lara-Riegos J, et al.
Role of matrix metalloproteinases in angiogenesis and
cancer. Front Oncol 2019;9:1370.

[12] Niland S, Riscanevo AX, Eble JA. Matrix metalloproteinases
shape the tumor microenvironment in cancer progression.
Int J Mol Sci 2021;23:146.

[13] Alaseem A, Alhazzani K, Dondapati P, Alobid S,
Bishayee A, Rathinavelu A. Matrix Metalloproteinases: a
challenging paradigm of cancer management. Semin Can-
cer Biol 2019;56:100e15.

[14] Conlon GA, Murray GI. Recent advances in understanding
the roles of matrix metalloproteinases in tumour invasion
and metastasis. J Pathol 2019;247:629640.

[15] Cox TR. The matrix in cancer. Nat Rev Cancer 2021;21:
217e38.

[16] Gonzalez-Avila G, Somme B, García-Hern�andez AA,
Ramos C. Matrix metalloproteinases' role in tumor micro-
environment. Adv Exp Med Biol 2020;1245:97e131.

[17] Barillari G. The impact of matrix metalloproteinase-9 on the
sequential steps of the metastatic process. Int J Mol Sci 2020;
21:4526.

[18] Karamanos NK, Theocharis AD, Piperigkou Z, Manou D,
Passi A, Skandalis SS, et al. A guide to the composition and
functions of the extracellular matrix. FEBS J 2021;288:
6850e912.

[19] Mustafa S, Koran S, AlOmair L. Insights into the role of
matrix metalloproteinases in cancer and its various thera-
peutic aspects: a review. Front Mol Biosci 2022;9:896099.

[20] Panche AN, Diwan AD, Chandra SR. Flavonoids: an over-
view. J Nutr Sci 2016;5:e47.

[21] Ullah A, Munir S, Badshah SL, Khan N, Ghani L,
Poulson BG, et al. Important flavonoids and their role as a
therapeutic agent. Molecules 2020;25:5243.

[22] Perez-Vizcaino F, Fraga CG. Research trends in flavonoids
and health. Arch Biochem Biophys 2018;646:107e12.

[23] Maleki SJ, Crespo JF, Cabanillas B. Anti-inflammatory ef-
fects of flavonoids. Food Chem 2019;299:125124.

[24] Kopustinskiene DM, Jakstas V, Savickas A, Bernatoniene J.
Flavonoids as anticancer agents. Nutrients 2020;12:457.

[25] Raffa D, Maggio B, Raimondi MV, Plescia F, Daidone G.
Recent discoveries of anticancer flavonoids. Eur J Med
Chem 2017;142:213e28.

[26] P�erez-Cano FJ, Castel M. Flavonoids, inflammation and
immune system. Nutrients 2016:659. 2; 8.

[27] Likhanov A, Oliinyk M, Pashkevych N, Churilov A,
Kozyr M. The role of flavonoids in invasion strategy of
Solidago canadensis L. Plants 2021;10:1748.

[28] Tavsan Z, Kayali HA. Flavonoids showed anticancer effects
on the ovarian cancer cells: involvement of reactive oxygen
species, apoptosis, cell cycle and invasion. Biomed Phar-
macother 2019;116:109004.

[29] Dziedzic A, Kubina R, Wojtyczka RD, Tanasiewicz M,
Varoni EM, Iriti M. Flavonoids induce migration arrest and
apoptosis in Detroit 562 oropharynx squamous cell carci-
noma cells. Processes 2021;9:426.

[30] Fan JJ, Hsu WH, Lee KH, Chen KC, Lin CW, Lee YA, et al.
Dietary flavonoids luteolin and quercetin inhibit migration
and invasion of squamous carcinoma through reduction of
Src/Stat3/S100A7 signaling. Antioxidants 2019;8:557.

[31] Mirossay L, Varinsk�a L, Moj�zi�s J. Antiangiogenic effect of
flavonoids and chalcones: an update. Int J Mol Sci 2017;19:27.

[32] Gong G, Wang H, Kong X, Duan R, Dong TT, Tsim KW.
Flavonoids are identified from the extract of Scutellariae
Radix to suppress inflammatory-induced angiogenic re-
sponses in cultured RAW 264.7 macrophages. Sci Rep 2018;
8:17412.

[33] Warner EF, Zhang Q, Raheem KS, O'Hagan D,
O'Connell MA, Kay CD. Common phenolic metabolites of
flavonoids, but not their unmetabolized precursors, reduce
the secretion of vascular cellular adhesion molecules by
human endothelial cells. J Nutr 2016;146:465e73.

[34] Catarino M, Talhi O, Rabahi A, Silva A, Cardoso S. The
antiinflammatory potential of flavonoids: mechanistic as-
pects. Nat Prod Chem 2016;48:65e99.

[35] Kandhari K, Agraval H, Sharma A, Yadav UC, Singh RP.
Flavonoids and cancer stem cells maintenance and growth.
In: Rani V, Yadav U, editors. Functional Food and Human
Health. Singapore: Springer; 2018. p. 587e622.

[36] Forni C, Rossi M, Borromeo I, Feriotto G, Platamone G,
Tabolacci C, et al. Flavonoids: a myth or a reality for cancer
therapy? Molecules 2021;26:3583.

[37] Miyamoto N, Yoshida Ma, Koga H, Fujiwara Y. Genetic
mechanisms of bone digestion and nutrient absorption in
the bone-eating worm Osedax japonicus inferred from
transcriptome and gene expression analyses. BMC Evol Biol
2017;17:17.

[38] Djuric T, Zivkovic M. Overview of MMP biology and gene
associations in human diseases. In: Francesco T, editor. The
RoleofMatrixMetalloproteinase inHumanBodyPathologies.
InTech; 2017, p. 1e12. https://doi.org/10.5772/intechopen.
70265.

[39] Jabło�nska-Trypu�c A, Matejczyk M, Rosochacki S. Matrix
metalloproteinases (MMPs), the main extracellular matrix
(ECM) enzymes in collagen degradation, as a target for
anticancer drugs. J Enzym Inhib Med Chem 2016;31:177e83.

[40] Cayetano-Salazar L, Nava-Tapia DA, Astudillo-Justo KD,
Arizmendi-Izazaga A, Sotelo-Leyva C, Herrera-
Martinez M, et al. Flavonoids as regulators of TIMPs
expression in cancer: consequences, opportunities, and
challenges. Life Sci 2022;308:120932.

[41] Jobin PG, Butler GS, Overall CM. New intracellular activ-
ities of matrix metalloproteinases shine in the moonlight.
Biochim Biophys Acta Mol Cell Res 2017;1864(11 Pt A):
2043e55.

[42] Hardy E, Hardy-Sosa A, Fernandez-Patron C. MMP-2: is
too low as bad as too high in the cardiovascular system? Am
J Physiol Heart Circ Physiol 2018;315:H1332e40.

[43] Kato H, Duarte S, Liu D, Busuttil RW, Coito AJ. Matrix
metalloproteinase-2 (MMP-2) gene deletion enhances
MMP-9 activity, impairs PARP-1 degradation, and exacer-
bates hepatic ischemia and reperfusion injury in mice. PLoS
One 2015;10:e0137642.

[44] Rehman A, Ali S, Lone MA, Atif M, Hassona Y, Prime SS,
et al. Areca nut alkaloids induce irreparable DNA damage
and senescence in fibroblasts and may create a favourable
environment for tumour progression. J Oral Pathol Med
2016;45:365e72.

[45] Kimura-Ohba S, Yang Y. Oxidative DNA damage mediated
by intranuclear MMP activity is associated with neuronal
apoptosis in ischemic stroke. Oxid Med Cell Longev 2016;
2016:6927328.

[46] Zhang X, Chen CT, Bhargava M, Torzilli PA. A comparative
study of fibronectin cleavage by MMP-1,-3,-13, and-14.
Cartilage 2012;3:267e77.

[47] Esparza J, Vilardell C, Calvo J, Juan M, Vives J, Urbano-
M�arquez A, et al. Fibronectin upregulates gelatinase B
(MMP-9) and induces coordinated expression of gelatinase
A (MMP-2) and its activator MT1-MMP (MMP-14) by

24 P. RAJENDRAN
POWER OF FLAVONOIDS

BioMedicine
2024;14(2):12e28

R
E
V
IE
W

A
R
T
IC

L
E

https://doi.org/10.5772/intechopen.70265
https://doi.org/10.5772/intechopen.70265


human T lymphocyte cell lines. A process repressed
through RAS/MAP kinase signaling pathways. Blood 1999;
94:2754e66.

[48] Nagase H, Visse R, Murphy G. Structure and function of
matrix769 metalloproteinases and TIMPs. Cardiovasc Res
2006;69:562e73.

[49] Sokolik VV, Shulga SM. Effect of curcumin on accumulation
in mononuclear cells and secretion in incubation medium
of Аb(40) and cytokines under local excess of Аb(42)-
homoaggregates. Ukrainian Biochem J 2016;88:83e91.

[50] Rohl J, Murray RZ. Matrix metalloproteinases during
wound healing-a double774 edged sword. Wound Pract Res
2013;21:174e82.

[51] Hao L, Du M, Lopez-Campistrous A, Fernandez-Patron C.
Agonist-induced activation of matrix metalloproteinase-7
promotes vasoconstriction through the epidermal growth
factorereceptor pathway. Circ Res 2004;94:68e76.

[52] Prado AF, Pernomian L, Azevedo A, Costa RA, Rizzi E,
Ramos J, et al. Matrix metalloproteinase-2-induced
epidermal growth factor receptor transactivation impairs
redox balance in vascular smooth muscle cells and facili-
tates vascular contraction. Redox Biol 2018;18:181e90.

[53] Prado AF, Batista RI, Tanus-Santos JE, Gerlach RF. Matrix
metalloproteinases and arterial hypertension: role of
oxidative stress and nitric oxide in vascular functional and
structural alterations. Biomolcules 2021;11:585.

[54] Sambandam Y, Sundaram K, Liu A, Kirkwood KL, Ries WL,
Reddy SV. CXCL13 activation of c-Myc induces RANK
ligand expression in stromal/preosteoblast cells in the oral
squamous cell carcinoma tumorebone microenvironment.
Oncogene 2013;32:97e105.

[55] Shekhte AB, Balakireva AV, Kuznetsova NV, Vukolova MN,
Litvitsky PF, Zamyatnin Jr AA. Collagenolytic enzymes and
their applications in biomedicine. Curr Med Chem 2019;26:
487e505.

[56] Khoswanto C. Role of matrix metalloproteinases in bone
regeneration: narrative review. J Oral Biol Craniofac Res
2023;13:539e43.

[57] Brauer R, Beck IM, Roderfeld M, Roeb E, Sedlacek R. Matrix
metalloproteinase 19 inhibits growth of endothelial cells by
generating angiostatin-like fragments from plasminogen.
BMC Biochem 2011;12:1e8.

[58] Blavier L, Lazaryev A, Shi XH, Dorey FJ, Shackleford GM,
DeClerck YA. Stromelysin-1 (MMP-3) is a target and a
regulator of Wnt1-induced epithelialmesenchymal transi-
tion (EMT). Cancer Biol Ther 2010;10:198e208.

[59] Zhu Y, Yan L, Zhu W, Song X, Yang G, Wang S. MMP2/3
promote the growth and migration of laryngeal squamous
cell carcinoma via PI3K/Akt-NF-kBmediated epitheliale
mesenchymal transformation. J Cell Physiol 2019;234:
15847e55.

[60] Costanza B, Umelo IA, Bellier J, Castronovo V, Turtoi A.
Stromal modulators of TGF-b in cancer. J Clin Med 2017;6:7.

[61] Grabowska MM, Day ML. Soluble E-cadherin: more than a
symptom of disease. Front Biosci 2012;17:1948.

[62] Pytliak M, Vargov�a V, Mechírov�a V. Matrix metal-
loproteinases and their role in oncogenesis: a review.
Onkologie 2012;35:49e53.

[63] Lau LW, Cua R, Keough MB, Haylock-Jacobs S, Yon VW.
Pathophysiology of the brain extracellular matrix: a new
target for remyelination. Nat Rev Neurosci 2013;14:722e9.

[64] Jayadev R, Sherwood DR. Basement membranes. Curr Biol
2017;27:R207R211.

[65] L€offek S, Schilling O, Franzke CW. Biological role of matrix
metalloproteinases: a critical balance. Eur Respir J 2011;38:
191e208.

[66] Isaacson KJ, Jensen MM, Subrahmanyam NB,
Ghandehari H. Matrix- metalloproteinases as targets for
controlled delivery in cancer: an analysis of upregulation
and expression. J Contr Release 2017;259:62e75.

[67] Augoff K, Hryniewicz-Jankowska A, Tabola R, Stach K.
MMP9: a tough target for targeted therapy for cancer.
Cancers 2022;14:1847.

[68] Salem N, Kamal I, Al-Maghrabi J, Abuzenadah A, Peer-
Zada AA, Qari Y, et al. High expression of matrix metal-
loproteinases: MMP-2 and MMP-9 predicts poor survival
outcome in colorectal carcinoma. Future Oncol 2016;12:
323e31.

[69] Yang XZ, Cui SZ, Zeng LS, Cheng TT, Li XX, Chi J, et al.
Overexpression of Rab1B and MMP9 predicts poor survival
and good response to chemotherapy in patients with colo-
rectal cancer. Aging (Albany NY) 2017;9:914e31.

[70] Wang X, Yang B, She Y, Ye Y. The lncRNA TP73-AS1 pro-
motes ovarian cancer cell proliferation and metastasis via
modulation of MMP2 and MMP9. J Cell Biochem 2018;119:
7790e9.

[71] Ameli F, Nassab FG, Masir N, Khatib F. Tumor-derived
matrix metalloproteinase-13 (MMP-13) expression in
benign and malignant breast lesions. Asian Pac J Cancer
Prev APJCP 2021;22:2603e9.

[72] Cai R, Tressler CM, Cheng M, Sonkar K, Tan Z, Paidi SK,
et al. Primary breast tumor induced extracellular matrix
remodeling in premetastatic lungs. Sci Rep 2023;13:18566.

[73] Klupp F, Neumann L, Kahlert C, Diers J, Halama N,
Franz C, et al. Serum MMP7, MMP10 and MMP12 level as
negative prognostic markers in colon cancer patients. BMC
Cancer 2016;16:494.

[74] Teng Y, Fu X, Zhang Q, Wang F, Liu Y, Zou Z. Prognostic
and clinicopathological significance of MMP12 in various
cancers: a meta-analysis and bioinformatics analysis. Bio-
markers Med 2023;17:623e34.

[75] Rai GP, Baird SK. Tissue inhibitor of matrix metal-
loproteinase-3 has both antimetastatic and anti-tumouri-
genic properties. Clin Exp Metastasis 2020;37:69e76.

[76] Knapinska AM, Fields GB. The expanding role of MT1-
MMP in cancer progression. Pharmaceuticals 2019;12:77.

[77] Tanaka N, Sakamoto T. MT1-MMP as a key regulator of
metastasis. Cells 2023;12:2187.

[78] Hseu YC, Lin YC, Rajendran P, Thigarajan V, Mathew DC,
Lin KY, et al. Antrodia salmonea suppresses invasion and
metastasis in triple-negative breast cancer cells by reversing
EMT through the NF-kB and Wnt/b-catenin signaling
pathway. Food Chem Toxicol 2019;124:219e30.

[79] Kucuk U, Ekmekci S, Talu CK, Pekcevik Y, Cukurova I.
Relationship of E-cadherin, Beta-catenin, N-cadherin, ZEB1
and aSMA as Epithelial Mesenchymal Transition markers
with prognostic factors in early and advanced stage laryn-
geal squamous cell carcinomas. Indian J Pathol Microbiol
2023;66:237e45.

[80] Loh CY, Chai JY, Tang TF, Wong WF, Sethi G,
Shanmugam MK, et al. The Ecadherin and N-cadherin
switch in epithelial-to-mesenchymal transition: signaling,
therapeutic implications, and challenges. Cells 2019;8:1118.

[81] Syed V. TGF-b signaling in cancer. J Cell Biochem 2016;117:
1279e87.

[82] Liu F, Song S, Yi Z, Zhang M, Li J, Yang F, et al. HGF in-
duces EMT in nonsmall-cell lung cancer through the hBVR
pathway. Eur J Pharmacol 2017;811:180e90.

[83] Jiao D, Wang J, Lu W, Tang X, Chen J, Mou H, et al. Cur-
cumin inhibited HGF- induced EMT and angiogenesis
through regulating c-Met dependent PI3K/Akt/mTOR
signaling pathways in lung cancer. Mol Ther Oncolytics
2016;3:16018.

[84] Guo Z, Ashrafizadeh M, ZhangW, Zou R, Sethi G, Zhang X.
Molecular profile of metastasis, cell plasticity and EMT in
pancreatic cancer: a pre-clinical connection to aggressive-
ness and drug resistance. Cancer Metastasis Rev 2023:1e25.

[85] Cao ZQ, Wang Z, Leng P. Aberrant N-cadherin expression
in cancer. Biomed Pharmacother 2019;118:109320.

[86] Wang M, Ren D, Guo W, Huang S, Wang Z, Li Q, et al. N-
cadherin promotes epithelial-mesenchymal transition and
cancer stem cell-like traits via ErbB signaling in prostate
cancer cells. Int J Oncol 2016;48:595e606.

[87] Venhuizen JH, Jacobs FJ, Span PN, Zegers MM. P120 and E-
cadherin: doubleedged swords in tumor metastasis. Semin
Cancer Biol 2020;60:107e20.

BioMedicine
2024;14(2):12e28

P. RAJENDRAN
POWER OF FLAVONOIDS

25

R
E
V
IE
W

A
R
T
IC

L
E



[88] Kaszak I, Witkowska-Piłaszewicz O, Niewiadomska Z,
Dworecka-Kaszak B, Ngosa Toka F, Jurka P. Role of cad-
herins in cancerda review. Int J Mol Sci 2020;21:7624.

[89] Ashrafizadeh M, Zarrabi A, Hushmandi K, Kalantari M,
Mohammadinejad R, Javaheri T, et al. Association of the
epithelialemesenchymal transition (EMT) with cisplatin
resistance. Int J Mol Sci 2020;21:4002.

[90] Ashrafizadeh M, Mirzaei S, Hashemi F, Zarrabi A,
Zabolian A, Saleki H, et al. New insight towards develop-
ment of paclitaxel and docetaxel resistance in cancer cells:
EMT as a novel molecular mechanism and therapeutic
possibilities. Biomed Pharmacother 2021;141:111824.

[91] Ashrafizadeh M, Shahinozzaman M, Orouei S, Zarrin V,
Hushmandi K, Hashemi F, et al. Crosstalk of long non-
coding RNAs and EMT: searching the missing pieces of an
incomplete puzzle for lung cancer therapy. Curr Cancer
Drug Targets 2021;21:640e65.

[92] Scheau C, Badarau IA, Costache R, Caruntu C, Mihai GL,
Didilescu AC, et al. The role of matrix metalloproteinases in
the epithelial-mesenchymal transition of hepatocellular
carcinoma. Anal Cell Pathol 2019;26:9423907.

[93] Yan T, Cai Y, Wei Y, Xie Q. Expression of matrix metal-
loproteinases and their association with clinical character-
istics of solid tumors. Gene 2023;850:146927.

[94] Liskova A, Koklesova L, Samec M, Smejkal K, Samuel SM,
Varghese E, et al. Flavonoids in cancer metastasis. Cancers
2020;12:1498.

[95] Hosseinzadeh A, Poursoleiman F, Biregani AN,
Esmailzadeh A. Flavonoids target different molecules of
autophagic and metastatic pathways in cancer cells. Cancer
Cell Int 2023;23:114.

[96] Pal HC, Diamond AC, Strickland LR, Kappes JC,
Katiyar SK, Elmet CA, et al. Fisetin, a dietary flavonoid,
augments the anti-invasive and anti-metastatic potential of
sorafenib in melanoma. Oncotarget 2016;7:1227e41.

[97] Subbaraj GK, Kumar YS, Kulanthaivel L. Antiangiogenic
role of natural flavonoids and their molecular mechanism:
an update. Egypt J Intern Med 2021;33:29.
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