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A B S T R A C T   

Cancer prevalence and its rate of incidence are constantly rising since the past few decades. Owing to the toxicity 
of present-day antineoplastic drugs, it is imperative to explore safer and more effective molecules to combat and/ 
or prevent this dreaded disease. Flavonoids, a class of polyphenols, have exhibited multifaceted implications 
against several diseases including cancer, without showing significant toxicity towards the normal cells. 
Shredded pieces of evidence suggest that flavonoids can enhance drug sensitivity and suppress proliferation, 
metastasis, and angiogenesis of cancer cells by modulating several oncogenic or oncosuppressor microRNAs 
(miRNAs, miRs). They play pivotal roles in regulation of various biological and pathological processes, including 
various cancers. In the present review, the structure, chemistry and miR targeting efficacy of quercetin, luteolin, 
silibinin, genistein, epigallocatechin gallate, and cyanidin against several cancer types are comprehensively 
discussed. miRs are considered as next-generation medicine of recent times, and their targeting by naturally 
occurring flavonoids in cancer cells could be deemed as a signature step. We anticipate that our compilations 
related to miRNA-mediated regulation of cancer cells by flavonoids might catapult the clinical investigations and 
affirmation in the future.   

Introduction 

Cancer represents a group of malignant disorders developing in 
different tissues and organs, being characterized by uncontrolled growth 
and spreading towards distant sites [1,2]. This heterogeneous disease is 
a global leading cause of death [3–6]. Regrettably, the incidence rate of 
malignant neoplasms is steadily rising all over the world, with a 47% 
increase expected to occur from 2020 to 2040, meaning 28.4 million 

new cancer cases in 2040 [7]. It is clear that new efficient treatment 
modalities are highly needed for fighting against this devastating 
disease. 

Many anticancer drugs currently used in clinical settings are origi
nally derived from different natural sources [4,8]. Vinca alkaloids 
vincristine and vinblastine from Catharanthus roseus (L.) G.Don and 
taxane paclitaxel from Taxus brevifolia Nutt. are just some examples of 
plant-derived anticancer agents that are clinically approved and widely 
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exploited [9]. During the last few decades, interest of researchers around 
the globe in bioactive phytochemicals has rapidly increased, focusing 
especially on polyphenolic compounds. Flavonoids are a large group of 
natural polyphenols, occurring abundantly in fruits, vegetables, nuts, 
seeds, grains, tea and medicinal herbs [10]. These plant secondary 
metabolites exhibit a variety of different bioactivities, including anti
inflammatory, immunomodulatory, antiproliferative, anti-migratory, 
anti-invasive, antimetastatic and anti-angiogenic effects in diverse ma
lignant tissues [11–15]. In doing so, flavonoids modulate multiple mo
lecular targets and intervene in different intracellular pathways 
[16–18]. 

Recent research investigations suggest that dysregulation of micro
RNAs (miRNAs) is a signature step in the anticancer activity of flavo
noids. Deregulation of these small non-coding nucleotide sequences has 
been demonstrated to be associated with the initiation, promotion and 
progression of malignant cells, affecting different carcinogenesis-related 
processes such as epithelial-to-mesenchymal transition, autophagy and 
angiogenesis [19]. Therefore, modulatory action of flavonoids on the 
expression of miRNAs might be important in the suppression of cancer 
development, growth and spread, possibly representing a new promising 
mode to combat such a dreaded malignancy [19]. In this review article 
we provide an up-to-date insight into the anticancer effects of struc
turally different flavonoids (flavonol quercetin, flavonolignan silibinin, 
isoflavone genistein, flavanol epigallocatechin gallate, flavone luteolin 
and anthocyanidin cyanidin) which are mediated by the modulation of 
miRNAs. Additionally, we also discuss the role of miRNAs involved in 
synergistic and/or additive effects of flavonoids with traditional 
chemotherapeutic drugs. The uniqueness of this review is compilation of 
anti-cancer potential of flavonoids from chemistry, miRNa modulation, 
and clinical investigations to synergistic perspectives at a single plat
form. We believe that the preclinical information summarized in this 
comprehensive review article will accelerate the progress towards 

initiating the clinical investigation into flavonoids as potential anti
cancer drugs. 

Flavonoids: understanding about the structure and chemistry 

It is a well-known fact that the chemical structure of flavonoids de
pends on 15-carbon skeleton which comprises of 2 benzene rings i.e., 
“ring A” and “ring B”, respectively [20]. These rings are further linked 
by heterocyclic pyrane “ring C”. Interestingly, flavonoids with “ring B” 
attached to “position 3” of the “ring C” are known as “isoflavones” 
(Fig. 1). However, those phytocompounds where “ring B” is attached to 
4th position with reference to “ring C” are known as” neoflavonoids”. 
Moreover, linkage of “ring B” at “position 2” leads to the categorization 
of flavonoids into numerous classes including flavones (e.g., luteolin, 
apigenin), flavonols (e.g., quercetin, myricetin, kaempferol etc.), flava
nones (hesperetin, naringenin), and flavan-3-ols (catechin, epicatechin 
etc.) [21]. Generally, different classes of flavonoids vary at the oxidation 
levels and the pattern associated with substitution of “ring C”. In 
contrast to this, the diversity of individual compounds/members within 
a particular class rely upon the pattern of substitution at rings A and B, 
respectively [22,23]. Considering the above facts and the potential of 
flavonoids to play a critical role in therapeutic issues (Tables 1 and 2) 
possessing antioxidant, gene regulation, and enzyme inhibition, we 
discuss important members of flavonoids in the further subsections. 

Quercetin 

Among the array of bioflavonoids, quercetin is one of the key dietary 
phytoconstituents which is ubiquitously found in plants including veg
etables, fruits, leaves, seeds etc. Its name is derived from “quercetum” 
which represents “oak forest”. Chemically, it is known as 2-(3,4-dihy
droxyphenyl)-3,5,7- trihydroxy-4H-chromen-4-one [24,25]. It possesses 

Fig. 1. Chemical structures of some commonly occurring derivatives of natural flavonoid’s subclasses (A) Quercetin (B) Luteolin (C) Silibinin (D) Genistein (E) 
Epigallocatechin gallate (F) Cyanidin. 
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a bitter flavor and is utilized as an ingredient in many dietary supple
ments, foods and beverages. The biosynthesis of quercetin involves the 
conversion of phenylalanine to 4-coumaroyl-CoA via phenylpropanoid 
pathway in the presence of enzyme phenylalanine ammonia-lyase, cin
namate-4-hydroxylase, and 4-coumaroyl-CoA ligase, respectively [26]. 
Once 4-coumaroyl-CoA is formed it is further combined to malonyl-CoA 
(3 molecules) under the enzymatic action of 7,2’-dihydrox
y-4’-methoxyisoflavanol synthase which leads to the tetrahydrox
ychalcone generation. Furthermore, the action of chalcone isomerase 
converts tetrahydroxychalcone to naringenin and this compound is 
again converted to eriodictyol with the help of enzyme flavonoid 
3′-hydroxylase. Further, eriodictyol is converted into dihydroquercetin 
which in turn forms quercetin via enzymatic action of flavanol synthase 
[27]. 

In the recent years, quercetin has gained significant attention from 
scientists due to its antioxidant and therapeutic abilities, which include 
anticancer, anti-inflammatory, and anti-obesity activities [28–30]. 
Moreover, it has also shown its potential against many ailments related 
to gout, pancreas, coronary artery, asthma and Alzheimer like diseases 
[31]. Interestingly, quercetin has been reported to reduce the risk of 
cataract owing to diabetic complication and dermatological issues [32]. 

Luteolin 

Luteolin, also known as 3′,4′,5,7-tetrahydroxyflavone, is another 
widely occurring natural phytoconstituent belonging to the class “fla
vones” of flavonoids [33]. It possesses a C6-C3-C6 structure along with 
three rings having a carbon double bond at 2-3 position. Luteolin is 

known to have hydroxyl groups at third, fifth, and seventh carbon po
sitions, respectively [12]. Moreover, the bioactivities of luteolin are 
observed to be dependent upon hydroxyl moieties and a double bond at 
positions “second” and “third” as described above. Additionally, luteolin 
is reported to be associated with glycosylation in plants which in turn 
gets hydrolyzed further to free luteolin [12]. 

Luteolin is a nontoxic as well as heat stable phytocompound. Several 
reports have pointed toward its anticarcinogenic, anti-inflammatory, 
and antioxidant properties [34,35]. It has also shown the capacity to 
protect against cardiovascular diseases and diabetes via stimulating the 
immune response. It also acts as an agent to scavenge nitrogen and ox
ygen species which can harm cellular integrity directly or indirectly 
[36]. Moreover, luteolin can behave as antiestrogenic compound which 
leads to a reduction of cell proliferation, therefore establishing it as a 
potent antiproliferative agent [37]. 

Silibinin 

One of the important flavonoids in plants is silibinin whose name is 
based upon the source plant i.e., Silybum marianum (L.) Gaertn. (milk 
thistle). Generally, milk thistle possesses a variety of phytocompounds 
that together form a mixture called “flavonolignan” [38]. However, the 
first identified constituent in this complex is sylibin also known as sili
binin which itself is a mixture comprising of two diastereomers, i.e., 
silybin A and silybin B. Silibinin is a semipurified commercially avail
able fraction of silymarin [39,40]. Interestingly, the process of biosyn
thesis of silibinin involves the coupling of two important components 
viz., taxifolin and coniferyl alcohol. It has been known to exhibit 

Table 1 
A birdeye view of various anti-proliferatory activities of flavonoids in cancer.  

S. 
No 

Flavonoids Type of cancer Cell model Mechanistic insight Refs. 

1 Quercetin Prostate cancer LNCaP, DU-145, and PC-3 ↑ROS, ↓ Akt, ↓NF-κB apoptosis [154] 
2 Quercetin Breast cancer MCF-7 ↓Bcl-2, ↓ RIPK1, ↓ RIPK3 [155] 
3 Quercetin Lung cancer A549, and H1299 ↑ SIRT1/AMPK [156] 
4 Quercetin Bladder cancer T24 ↑Apoptosis, ↓Cellular elasticity [157] 
5 Quercetin Hepatocellular carcinoma Breast 

cancerColorectal cancer cells 
HepG2, and Hep3B MDA- 
MB-231 HCT116 

↑Lysosome, transcription factor EB, ROS [158] 

6 Luteolin Glioblastoma A172, and U-373MG ↑PARP, ↑autophagy [159] 
7 Luteolin Gliomablastoma U251MG, and U87MG ↑ROS/ER, ↑caspase-3/Bax/Bcl-2, ↓ p-PERK/p-eIF2α/ 

ATF4/CHOP 
[160] 

8 Luteolin Colon Cancer HCT116 ↑p53, ↑autophagy [161] 
9 Luteolin Breast Cancer MCF7-TamR ↓PI3K/AKT/mTOR [162] 
10 Luteolin Hepatocellular cancer Hep3B ↑p21, ↑ER stress [163] 
11 Silibinin Pancreatic cancer SW1990 ↑G1 arrest, ↑apoptosis and ↑JNK/SAPK [164] 
12 Silibinin Breast cancer MCF-7 ↓ERα, ↑ERβ, ↑apoptosis [165] 
13 Encapsulated silibinin Pancreatic cancer MIA PaCa-2 ↓miR-155, miR-222 and miR-21, AKT3, MASPINE, and 

SERPINEA12, 
[166] 

14 Silibinin Renal cell carcinoma 769-P, 786-O, ACHN, and 
OS-RC-2 

↓mTOR-GLI1-BCL2 [167] 

15 Silibinin Epidermal cancer A431 ↑NO, ↑eNOS phosphorylation [168] 
16 Genistein Colon cancer LoVo, and HT-29 ↓NF-κB, ↓Bcl-2, ↑Bax [169] 
17 Genistein Ovarian cancer SK-OV-3 ↑G1 or G2/M, ↑ LDH [170] 
18 Genistein Hepatocellular carcinoma PLC/PRF5, and HepG2 ↑ apoptosis, ↑ DNMT1, ↑DNMT3a and ↑DNMT3b [171] 
19 Genistein Cervical cancer HeLa, CaSki, and C33A ↑Caspase-3, -8, and -9, ↑PARP, ↑Bax, bcl-2 [172] 
20 Genistein Lung adenocarcinoma A549 ↓Bcl-2 and ↑Bax, ↑apoptosis [173] 
21 Epigallocatechin-3-gallate Myeloid leukaemia NB4 ↓peptidyl-prolyl isomerase NIMA-interacting 1 (PIN1), ↓ 

cyclin D1, ↓ NF-κB, c-MYC, and AKT 
[174] 

22 Epigallocatechin-3-gallate Bladder cancer 5,637, and T24 ↑caspase9, ↑caspase3 and ↑BAX [175] 
23 Epigallocatechin-3-gallate Esophageal cancer Eca109, and Ec9706 ↓Bcl-2, ↑Bax, ↑caspase-3 [176] 
24 Epigallocatechin-3-gallate Pancreatic cancer PANC-1, and BxPC-3 ↓PI3K/Akt/mTOR [177] 
25 Epigallocatechin-3-gallate Melanoma cells A375 ↓Bcl-2, ↑Caspase-3, ↓PI3K/AKT/mTOR [178] 
26 Cyanidin chloride Colorectal cancer HCT116, HT29, and 

SW620 
↓NF-κB, ↑Nrf2, [179] 

27 Cyanidin 3-O-Glucoside Osteosarcoma Saso-2, MG-63, and G-292 ↑P21, ↑PPARγ, ↑Bax [180] 
28 Cyanidin-3-O- 

β-glucopyranoside 
Prostatic cancer DU145, and LnCap ↑ROS, ↑tumor suppressor P75NGFR, DNA fragmentation [181] 

29 Cyanidin-3-O-glucoside and 
cisplatin 

Cervical cancer HeLa ↓PI3K/AKT/mTOR, cyclin D1 and Bcl-2 [182] 

30 Cyanidin-3-glucoside Breast cancer MDA-MB-453 ↑caspase-3, ↑DNA fragmentation, ↓Bcl-2, ↑ Bax [95]  
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numerous pharmacological activities, predominantly related to the fatty 
liver including non-alcoholic fatty liver and steatohepatitis and alco
holic liver cirrhosis [38,41,42]. 

Genistein 

Genistein belongs to the subgroup of isoflavones. It is a phytoestro
gen which is mainly derived from leguminaceae plants viz., Vicia faba L., 
Glycine max (L.) Merr., Pueraria lobata (Wild.), Lupinus albus L., etc. 
Chemically, genistein is known as 5,7-dihydroxy-3-(4-hydroxyphenyl) 
chromen-4-one with a similar structure to that of mammalian estro
gens [43]. It comprises 15 carbons possessing two aromatic rings, i.e., 
“ring A” and “ring B” which are further associated with “ring C” which is 
a carbon pyran ring. The carbon skeleton/structure of this phytocon
stituent consists of a double bond between second and third positions, in 
addition to the oxo group at the fourth position of ring C. It also shows 
the presence of three hydroxyl groups at fifth and seventh positions of 
ring A and at the fourth position of ring B. 

Recent research studies have established the therapeutic potency of 
genistein in providing protection against cardiovascular diseases, oste
oporosis, postmenopausal problems and cancer [44–46]. It has also 
shown an important role in inflammatory conditions as an 
anti-inflammatory agent [43]. Current findings associated with genis
tein have suggested its role in neurodegenerative disorders through 
autophagy-dependent action [47,48]. 

Epigallocatechin gallate 

Epigallocatechin gallate (EGCG), alternatively known as 
epigallocatechin-3-gallate belongs to the class catechin of polyphenols, 
which is an ester of epigallocatechin and gallic acid. It is observed that 
the cancer chemopreventive potential of Camellia sinensis (L.) Kuntze 
(tea) is regulated by catechins [49]. Among the plethora of catechins, 
EGCG itself is the key phytoconstituent of green tea. Interestingly, the 
overall content of EGCG is found to be maximum in the dried leaves of 
green tea followed by white tea and least in black tea, respectively [50]. 
In the recent years, many researchers have established numerous 
beneficial effects of consuming tea that can be attributed to the presence 
of EGCG. It has shown beneficial action against many diseases including 
inflammation, cardiovascular, rheumatoid arthritis and cancer [51,52]. 

Cyanidin 

One of the important subgroups of flavonoids is anthocyanins which 
are commonly found in plants. These phytocompounds are widely 
distributed in fruits and vegetables viz., blueberries, blackberries, rasp
berries, grapes, cranberries, plums, eggplant, spinach and red cabbage 
[53]. The basic structure of anthocyanin possesses C15 skeleton of 
“anthocyanidins” which consists of “chromane ring” having a second 
aromatic ring B at “position 2” which are glycosylated or acylated at 
particular hydroxylated position, respectively. Overall, there are 600 
natural cyanins and mostly they are either 3,5-diglycosides or 3-glyco
sides. Interestingly, among these cyanins four phytocompounds viz., 
cyanidin 3-, cyanidin 3-glucoside, cyanidin 3-xylosylrutinoside and 

Table 2 
Brief list of undergoing / completed clinical trials related to natural flavonoids as a preventive and/or therapeutic intervention as assessed from clinicaltrials.gov. 
Untimely terminated and unsuccessful trials were excluded for drafting the table.  

Compound Intervention / Treatment Cancer type Clinical trial stage Identifier 

Quercetin Combination of quercetin and genistein Prostate cancer Intended to start with 
unknown phase 

NCT01538316 

Quercetin Combination of quercetin and EGCG Prostate cancer Phase I completed NCT01912820 
Quercetin Combination of radiotherapy, IAluril and IAluril soft gels (combination of 

curcumin, quercetin, hyaluronic acid, chondroitin sulfate) 
Prostate cancer Phase II completed NCT03493997 

Quercetin Combination of Sunitinib and quercetin Renal cell carcinoma & kidney 
cancer 

Phase II; active and recruiting NCT02446795 

Quercetin Quercetin or quercetin-encapsulated nanoparticle Oral cancer Phase II; not yet recruiting NCT05456022 
Quercetin Alone Squamous cell carcinoma Phase II; active with unknown 

recruitment 
NCT03476330 

Quercetin Combination of quercetin, EGCG, ellagic acid, allicin, selenium and omega-3 
fatty acids 

Follicular Lymphoma Phase II; unknown recruitment NCT00455416 

Luteolin Luteolin or nanoparticle encapsulated-luteolin Tongue neoplasms Early phase I; not yet 
recruiting 

NCT03288298 

Silibinin Alone Prostate cancer Phase II completed NCT00487721 
Silibinin Alone Advanced 

hepatocellularcarcinoma 
Phase I completed NCT01129570 

Silibinin Combination of Erlotinib and Silybin-phytosome Non-small-cell-lung carcinoma Phase II completed NCT02146118 
EGCG Alone Colorectal cancer Early phase I; recruitment in 

process 
NCT02891538 

EGCG Combination of EGCG with other polyphenols Basal cell carcinoma Phase III completed NCT02029352 
EGCG Polyphenon E (EGCG as main component) Prostate carcinoma Phase II completed NCT00676780 
EGCG Combination of Erlotinib and Polyphenon E Head & Neck carcinoma Phase I completed NCT01116336 
EGCG Alone Small cell lung carcinoma Undergoing Phase I with 

expanded access status 
NCT01317953 

Genistein Combination of Interleukin-2 and Genistein Metastatic melanoma or kidney 
cancer 

Early phase I; recruitment 
completed 

NCT 
00276835 

Genistein Alone Colorectal cancer Phase II completed NCT01985763 
Genistein Genistein combined polysaccharide Prostate cancer Phase III completed NCT00584532 
Genistein Combination of Cholecalciferol and Genistein Prostate cancer Phase II completed NCT01325311 
Genistein Combination of Gemcitabine and Genistein Breast cancer Phase II completed NCT00244933 
Genistein Alone Breast cancer Phase II completed NCT00290758 
Genistein Alone Bladder cancer Phase II completed NCT00118040 
Genistein Combination of Decitabine and Genistein Non-small cell lung cancer Phase II completed NCT01628471 
Genistein Combination of Erlotinib, Gemcitabine and Genistein Metastatic pancreatic cancer Phase II completed NCT00376948 
Genistein Combination of Decitabine and Genistein Childhood cancer Phase II completed NCT02499861 
C3G Combination of Mirtoselect (C3G) and Meriva (curcumin) Colorectal Adenoma Phase II; active but not 

recruiting 
NCT01948661  
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cyanidin 3-rutinoside have been regularly reported and identified in 
black raspberries [54]. Since cyanidin is chief pigment in berries and 
other fruits, consequently it has been reported to play medicinal action 
in complications related to diabetes, asthma, atherosclerosis and cancer 
via triggering anti-inflammatory response through hydroxylation [55, 
56]. 

Overview of miRNAs and their role in cancer development and 
progression 

Most organisms express small non-coding RNAs called microRNAs 
(miRNAs), which have 21–23 nucleotides [57–59]. In addition, miRNAs 
account for 1-5% of the total human genome (~28,000 miRNAs), which 
play an essential role in regulating gene expression post-translationally 
[60]. Depending on the functions of the cell, miRNAs act as a tumor 
suppressors or oncogenes in various cancer types such as lung [58,59], 
breast [61], ovarian [61], prostate [57], gastric [62], colorectal [63], 
brain cancers [64]. Upregulation of miRNAs may result in the repression 
of tumor suppressor gene expression. At the same time, downregulation 
of miRNAs leads to an increased expression of oncogenes, inducing cell 
differentiation, proliferation, and apoptosis (Fig. 2). In addition phyto
chemicals including flavonoids can regulate the expression and mode of 
action of miRNAs via modulating receptors and/or intracellular targets 
in cancer [65–71]. 

Regulation of miRNAs in different cancer types by flavonoids 

Nowadays, flavonoids as plant-based naturally-derived secondary 
metabolites (for example, quercetin, silibinin, genistein, epi
gallocatechin gallate, luteolin, cyanidin) play a significant role in the 
anticancer drug discovery field. They are a broad category of com
pounds with anti-inflammatory, antioxidant, anticarcinogenic, and 
antimutagenic effects. These compounds are primarily present in vege
tables, seeds, fruits, cereals, tea, and some alcoholic beverages, such as 
wine [72–77]. These flavonoids possess low toxicity, regulate growth, 
proliferation, differentiation, inflammation, angiogenesis, invasion, and 
metastasis of different cancer types. More recently they have been 
shown to impact the expression of various miRNAs. 

Many studies have shown that natural compounds also used in 
traditional medicine contribute to epigenetic regulation, including DNA 
methylation, histone modification, and the activity of microRNAs due to 
the presence of numerous bioactive compounds [75]. Numerous phy
tochemicals from the group of flavonoids, polyphenols, and alkaloids are 
known for their ability to fight cancer [78]. Although natural substances 
derived from plants have various biological effects, epigenetic modifi
cation gathers attention as powerful cancer prevention and therapy 
method [79]. By altering the expression of methyltransferases and his
tone deacetylases, miRNA can control the epigenetic system [80]. 

According to the current studies, natural substances could directly or 
indirectly affect miRNAs and restrict cancer development ((Fig. 3)). 

Fig. 2. Biogenesis of miRNA and its role in cancer development and progression.  
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They control post-transcriptional gene expression by either silencing or 
degrading the target mRNA, which regulates cell physiological processes 
like cell death and proliferation [81]. Using dietary polyphenol sup
plementation, miRNA and mRNA levels in the livers of apolipoprotein 
E-deficient mice was assessed by researchers [82]. Study revealed that 
out of 119 miRNAs, 92 showed up-regulation and 27 showed 
down-regulations. For example, mmu-miR-374* is up-regulated after 
mutagenesis in apoE mice by a factor of 2.96 comparing to the wild-type 
mice, however when supplemented by polyphenols, this miRNA is 
downregulated in apoE by an average factor of − 2.44. The same 
observation of opposite miRNA expression is also reported for the 
miRNA that are downregulated in the liver after mutagenesis and for 
which an increase in expression was observed after polyphenol supple
mentation. Dysregulation of miRNAs has been implicated in many 
cancers [57]. Mechanistically, flavonoids (quercetin, silibilin, genistein, 
cyanidine-3-O-glucoside, epigallactin-3-gallate, Luteolin) suppresses or 
activates miRNAs expression and modulating the regulation of apoptosis 
[Caspase-3/9, B-cell lymphoma 2 (Bcl 2), sirtuin 1 (Sirt1)/p53, ATP 
binding cassette subfamily E member 1 (ABCE1), multidrug resistance 
(MDR1), retinoid X receptor alpha (RxRα) forkhead Box O3 (FOXO3) 
phosphatase and tensin homolog (PTEN)], cell proliferation (p21, and 
p27), migration and invasion [Smad-2/4, Slug, Sox-4, cyclin G2 
(CCNG2), PTEN, Sprouty 2, zinc finger E-box binding homeobox 1 
(ZEB-1), E-Cadherin, phosphoinositide 3-kinase (PI3K)/ protein kinase B 

(Akt)]. Interestingly, these flavonoids trigger the binding domain of 
apoptosis, cell proliferation and migration, and invasion-related 
markers, resulting in a conformational change in their structure and 
hence modulating miRNA expression by affecting various signaling 
pathways such as NOTCH, PI3K/Akt, etc., [19]. In the subsequent sec
tions, we discuss the role of different flavonoids (quercetin, silibinin, 
genistein, epigallocatechin gallate, luteolin, and cyanidin) in miRNA 
expression regulation in various human cancers. 

Brain tumors 

Glioma is considered to be a very prominent cancer and not easily 
detectable in its early stages. Despite the availability of various tech
niques and therapeutic advancements in cancer treatment, still, the cure 
of glioma is difficult and patients generally survive up to a few months in 
advance stages. For a decade, it has been observed that the survival rate 
of glioma patients is not improving and extensive clinical research needs 
to be conducted. Several case reports suggested that only maximum 5% 
of patients are found to survive more than 3 years. The higher mobility 
rate of glioma is known to impart strong proliferation and infiltration 
features. Therefore, further investigations are necessary to analyze 
molecular bases of glioma therapeutic resistance. Shreds of evidences 
suggested that several signaling cascades are found to be activated in 
glioma to inhibit apoptosis and autophagy [83]. In addition, the 

Fig. 3. The effect of phytochemicals in regulating miRNAs results in inhibition of proliferation, autophagy, and metastasis while promoting apoptosis of cancer cells.  
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expression of various chaperones is upregulated to prolong glioma sur
vival. Therefore, it is highly essential to investigate novel molecular 
targets to inhibit cell proliferation and initiate natural cell death of 
glioma. A synergistic study using silibinin and luteolin in Glioblastoma 
Multiforme cells (U87MG, T98G) upregulated Caspases-3, -8, -9 via 
miR-7-1-3p [84]. Genistein has been found to upregulate miR-218 in 
combination with Propofol to increase apoptotic cell death in Glio
blastoma Multiforme (U251, 9L) via activating caspases [85]. In another 
study using derivatives of cyanidin, proliferation of 
temozolomide-resistant Glioblastoma Multiforme cells (LN-18, Temo
zolomide resistant-LN-18) were inhibited via upregulated miR-214-5p 
and downregulated β-catenin, O-6-methylguanine-DNA methyl
transferase [86]. 

Breast cancer 

Breast cancer is the most common type of tumor and the leading 
cause of cancer-related deaths among women all over the world [87]. 
The American Cancer Society (ACS) estimates that every year, breast 
cancer accounts for 2-3% of all fatalities [7]. The advancement in cancer 
treatment options has increased patients’ life expectancy [88,89]. 
However, there is still room to identify novel targets and their under
lying mechanisms. miRNAs are emerging targets with gene regulatory 
roles and are crucial for cell proliferation and their differentiation pro
cesses, as well as for the development of breast cancer [61]. Several 
flavonoids have been identified for their role in targeting miRNAs 
regulating breast cancer progression [60,77]. Numerous studies have 
demonstrated that flavonoid quercetin (3,3`,4`,5,7-pentahydroxy
flavone) can cause cytotoxic effects, such as reducing cell growth and 
induction of apoptosis in breast cancer cells [90–92]. Quercetin is 
commonly distributed in the human diet because it is simple to extract, 
isolate, and detect. It is plentiful in various plants, including fruits, 
vegetables, nuts, seeds, tea, olive oil, and red wine [92]. 

In this regard, feng Tao et al. found that quercetin reduced cell 
proliferation in a dose- and time-dependent manner in human breast 
cancer cell lines MCF-7 and MDA-MB-231 [93]. Quercetin administra
tion increases miR-146a expression and inhibits tumor growth in an in 
vivo orthotopic xenograft nude mouse model [93] suggesting over
expression of miR-146a caused by quercetin treatment improved the 
suppression of cell growth and proliferation [93]. Mechanistically, 
quercetin treatment activates mitochondrial-dependent pathways, 
including caspase-3, promotes apoptosis, and prevents invasion by 
down-regulating the expression of the EGFR [93]. 

Furthermore, a quercetin derivative, methoxylated quercetin glyco
side (MQG), showed remarkable anticancer properties for triple- 
negative breast cancer (TNBC) [94]. Mechanistically, MQG restricted 
TNBC progression by suppressing the MALAT-1/miR-155/miR-146a 
axis, altering the NO biosynthesis route, immunological ligands for 
natural killer cells, and cytotoxic T-lymphocytes, and ultimately 
reducing the immune-suppressive character of the tumor microenvi
ronment of TNBC cells [94]. 

Another most prevalent flavonoid found in fresh fruits and vegeta
bles, cyanidin-3-glucoside (C3G), shows outstanding antioxidant char
acteristics. C3G accelerates cell death by altering the apoptotic proteins, 
including cleaved caspase-3 and DNA fragmentation [95]. In addition, 
C3G reduced the expression of miR-138 in TNBC, which elevated Sirt1 
protein via mRNA translation suppression and consequentially modu
lated epithelial marker E-cadherin, mesenchymal marker N-cadherin, 
vimentin, and EMT-associated transcription factors Snail1/Snail2, 
reversing breast cancer EMT [96]. This suggests that the aggressiveness 
of TNBC could be reduced by C3G by causing the mesenchymal to 
epithelial transition (MET). 

Next, one more important isoflavonoid found in soybeans called 
genistein is also found to inhibit protein tyrosine kinase phosphoryla
tion, induce apoptosis, and promote cell differentiation in breast cancer 
[97]. A recent study discovered that genistein treatment alters miRNAs’ 

expression in the MCF-7 breast cancer cell line. Genistein was admin
istered to the cells for three days at an IC50 dosage. As a result, miR-23b 
expression was elevated in the genistein-treated group. Previous studies 
have validated the tumor suppressor role of miR-23b, which suppresses 
P21-activated kinase 2 (PAK2) gene expression in MCF-7 and 
MDA-MB-231 cell lines [98]. De La Parra et al. showed that genistein 
could prevent breast cancer by blocking miR-155 [99]. 
Genistein-induced miR-155 downregulation has been shown to prevent 
tumor growth and cancer cell proliferation while causing cell-cycle ar
rest through the overexpression of CK1. CK1 then breaks down β-catenin 
and inhibits the production of the β-catenin target, cyclin D1, which in 
turn prevents tumor development [99]. 

Luteolin (3′,4′,5,7-tetrahydroxyflavone) is another common flavo
noid naturally occurring as a glycosylated form found in fruits, vegeta
bles, and medicinal herbs [99]. Luteolin’s anticancer activity is related 
to inducing apoptosis, which inhibits cancer cell growth and lowers 
metastasis and angiogenesis by involving protein kinases, redox regu
lation, and DNA damage [100]. The first study on luteolin to find its role 
in breast cancer suggested that it activates ERK and p38, which help in 
the nuclear translocation of apoptosis-inducing factor (AIF), ultimately 
leading to caspase-independent apoptotic cell death in human breast 
cancer cell lines [101]. In another study, luteolin was found to suppress 
breast cancer progression by inhibiting the expression of Notch-1, Hey1, 
Hes-1, Hey2, and cyclin D1 genes of Notch signaling pathway [102]. 
Furthermore, luteolin treatment, along with Notch-1 silencing, also 
suppressed angiogenesis and metastasis in breast cancer by down
regulating VEGF, MMP-2, and MMP-9 expressions. Interestingly, they 
also found that luteolin treatment regulates certain miRNAs, ultimately 
leading to inhibition of breast cancer progression. Upregulated 
miR-139-5p, miR-246, miR-34a, miR-181a, miR-224, and down
regulated miR-155 could inhibit breast cancer progression in 
luteolin-dependent as well as luteolin-independent manner [102]. Gao 
et al. revealed that the anticancer and anti-EMT agent luteolin is effec
tive against breast cancer cells [103]. The anti-tumor effects of luteolin 
have been brought about by luteolin’s ability to promote miR-203 
expression and decrease Ras/Raf/MEK/ERK signaling [103]. This 
study also found that luteolin caused apoptosis while suppressing the 
viability of MCF-7 and MDA-MB-453 cells [103]. Given that the equi
librium between Bax and Bcl-2 was skewed and caspase-3 was cleaved, 
the apoptotic death caused by luteolin administration may have 
occurred via a mitochondria-dependent mechanism [103]. 

Zhang et al. investigated how the anti-TNBC mechanism of luteolin 
was affected by the TINCR- miR-761 molecular module. According to 
their findings, luteolin may inhibit tumor cell proliferation and cause 
apoptosis in TNBC by down-regulating TINCR and miR-761 expression 
levels in a dose-dependent way. However, this protective effect was 
somewhat reduced when TINCR and miR-761 were abnormally upre
gulated. Additionally, the effect of miR-761 on the anti-TNBC activity of 
luteolin was largely eliminated with the use of si-TINCR [104]. Magura 
et al. studied luteolin cytotoxicity against the breast cancer cell line 
(MCF-7) in a dose- and time-dependent manner [105]. It exerts an 
anticancer effect in MCF-7 cells by attaching to multi-mature miRNAs 
(miR-16, miR-21, and miR-34a) and modifying the levels of their cyto
plasmic expression. Bcl-2 is known to be regulated by the miRNAs 
miR-16, miR-21, and miR-34a [105]. Interestingly, during treatment 
with 100 μg/mL of luteolin for 48 h, miR-16 and miR-34a were upre
gulated, and miR-21 and Bcl-2 were downregulated [105]. Thus, treat
ment with luteolin increases the expression of miR-16, miR-21, and 
miR-34a while decreasing the production of miR-21, which inhibits 
the expression of Bcl-2 and causes apoptosis in breast cancer [105]. 

Lung cancer 

Not only is lung cancer the most prevalent cancer type diagnosed 
globally, but it also accounts for the majority of cancer deaths, with 
around 1.6 million new cases and 1.4 million fatalities each year 
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[106–108]. The two morphological subtypes of this disease are 
non-small cell lung cancer (NSCLC) and small cell lung cancer. The 
majority of lung cancer patients are diagnosed at an advanced stage, 
which is nearly incurable [109]. Less than 15% of patients receiving 
chemotherapeutic medicines reach five years of survival as their ability 
to prolong life has been severely restricted by the emergence of multi
drug resistance [110]. Thus, innovative therapeutic agents and thera
peutic targets may offer more clinical advantages and signal improved 
outcomes in the treatment of lung cancer. 

In a significant population-based case-control study, Lam et al. found 
that increased consumption of foods rich in quercetin was linked to a 
decreased risk of lung cancer. Their research revealed that eating foods 
high in quercetin is connected to specific miR expression, as per the 
histological analysis [111]. In conclusion, diets rich in quercetin affected 
the expression of several miRNAs in the tumor tissues of former smokers 
with adenocarcinoma but not those of squamous cell carcinoma and 
current smokers [111]. Kang et al. showed that Notch-1 overexpression 
is responsible for radioresistance in NSCLC cells. Their findings revealed 
that rhamnetin (a quercetin derivative) administration with radiation 
has a lot of potential to be a successful anti-lung cancer therapy 
approach [112]. Mechanistically, it increased p53 acetylation, which 
upregulates miR-34a expression, producing radiosensitization effects 
[112]. Thus, targeting Notch-1 with rhamnetin in combination with 
radiotherapy could overcome radioresistance and ultimately increase 
the efficacy of radiation therapy for treating NSCLC [112]. 

Next, Sonoki et al. proved that quercetin reduces claudin-2 produc
tion by increasing its mRNA instability in A549 cells. Additionally, their 
findings suggest that quercetin reduces claudin-2 expression through 
increased miR-16 expression. So, quercetin partially inhibits carcino
genesis in human lung cancer via increasing miR-16 and decreasing 
claudin-2 expression. Consequently, a diet rich in quercetin influences 
the expression of miRNA and is linked to a lower risk of lung cancer 
[113]. 

Li et al. demonstrated that hyperoside (a quercetin derivative) could 
inhibit the proliferation of A549 cells by causing apoptosis and G1/S 
phase arrest. Mechanistically, hyperoside caused apoptosis by activating 
caspase-3 under the control of Bcl-2/Bax, whereas in combination with 
let-7a-5p the antiproliferative response was synergistic. A bioinformat
ics investigation revealed that let-7a-5p possesses binding sites on the 
3′UTR of cyclin D1 (CCND1), indicating that let-7a-5p may target 
CCND1. In addition, let-7a-5p suppressed cellular growth by causing cell 
cycle arrest at the G1 phase in A549 cells by controlling CCND1 gene 
expression [114]. 

Quercetin was also found to suppress Bcl-2 and Chk1 expression 
while inducing p53 and Bax expression in NSCLC cells. The expression of 
miR-16-5p was also upregulated by quercetin, and the effects of quer
cetin were proportional to its dose and duration of therapy [115]. 
Furthermore, miR-16-5p inhibitors remarkably reversed the inhibitory 
effect of quercetin on NSCLC cell survival and partially diminished 
quercetin’s contribution to the promotion of NSCLC radiosensitivity 
[115]. In light of this, it was determined that quercetin affects the 
expression of miR-16-5p to reduce vitality and increase the radiosensi
tivity of NSCLC cells. Additionally, quercetin increased the expression of 
miR-16-5p, and its effects were related to both its concentration and the 
length of the therapy [115]. Quercetin’s inhibition of NSCLC cell sur
vival was also drastically reversed by miR-16-5p inhibitors, and its role 
in boosting NSCLC radiosensitivity was diminished. Thus, it was found 
that quercetin regulates the expression of miR-16-5p to decrease NSCLC 
cell survival and increase radiosensitivity [115]. Furthermore, 
miR-16-5p was discovered to significantly lower WEE1 expression in 
NSCLC cells. The dual luciferase reporter assay showed that miR-16-5p 
had no effect on mutant WEE1 but drastically reduced the luciferase 
activity of wild-type WEE1, indicating WEE1 as a miR-16-5p target gene 
in NSCLC cells [115]. Additionally, quercetin administration signifi
cantly decreased WEE1 expression. Therefore, quercetin affects the 
miR-16-5p/WEE1 axis in NSCLC [115]. 

Quercetin lowered SNHG7 and increased miR-34a-5p levels in 
NSCLC cells. Target-binding sequences between SNHG7 and miR-34a-5p 
were discovered using the RNA-binding protein immunoprecipitation 
assay, luciferase reporter gene assay, and transfection assays. Over
expression of SNHG7 or the miR-34a-5p inhibitor increased the devel
opment and spread of tumor cells and promoted NSCLC cell 
proliferation. Co-transfection of an inhibitor of miR-34a-5p or an 
SNHG7 mimic blocked the therapeutic effects of quercetin on NSCLC 
cells. NSCLC cells’ survival, proliferation, migration, and invasion were 
decreased by quercetin, while their apoptosis was boosted [116]. 

Many cellular regulatory pathways in lung cancer have been re
ported to be affected by epigallocatechin-3-gallate (EGCG). EGCG spe
cifically upregulated the expression of miR-210, a major miRNA 
regulated by HIF-1, in both human and mouse lung cancer cells [117]. 
Furthermore, they discovered that overexpression of miR-210 reduces 
cell proliferation rate, anchorage-independent growth, and sensitivity to 
EGCG. EGCG regulates miR-210 in a mechanism that involves the 
hypoxia-response element in the miR-210 promoter. In addition, it was 
discovered that the overexpression of miR-210 following EGCG therapy 
was associated with the stabilized HIF-1 in lung cancer cell lines [117]. 
The stabilization of HA-tagged HIF-1 explained the EGCG-induced sta
bilization of HIF-1, implying that EGCG targets the oxygen-dependent 
degradation (ODD) domain. Thus, EGCG anticancer activity involves 
an increase in miR-210 in lung cancer cell lines, which is mediated by 
HIF-1 stabilization [117]. 

Another study suggests that epigallocatechin-3-gallate (EGCG) 
increased the efficacy of cisplatin in NSCLC. The tumor size in the 
cisplatin and EGCG group was considerably lower than in the cisplatin- 
only group in an in vivo model. In contrast, EGCG reduced the effec
tiveness of cisplatin in NCI-H460 cells, a different kind of NSCLC cell. 
Following EGCG treatment, hsa-miR-98-5p and hsa-miR-125a-3p 
expression levels in these two cell lines were found to differ. After 
transfection with the hsa-miR-98-5p inhibitor, both the A549 and NCI- 
H460 cells’ survival fraction after receiving cisplatin was decreased 
[118]. Hsa-miR-98-5p was silenced, which resulted in an increase in 
p53, a crucial regulator of cisplatin-induced apoptosis. These results 
suggested that EGCG increased the effectiveness of cisplatin by 
decreasing the expression of hsa-miR-98-5p, which was followed by an 
elevation in p53 [118]. The traditional MAPK pathway and 
hsa-miR-125a-3p have a close interaction, according to a bioinformatics 
study. These results imply that the clinical cisplatin therapy of NSCLC 
may consider targeting hsa-miR-98-5p. Certain forms of NSCLC may 
respond favorably to the therapeutic combination of EGCG and cisplatin 
[118]. 

According to Jiang et al. miR-485 is crucial in controlling NSCLC 
chemoresistance compared to A549 cells. MiR-485 was shown to be 
downregulated in A549/Cisplatin-resistant cells. MiR-485 inhibitors 
improved the stemness of A549/cisplatin-resistant cells, whereas miR- 
485 overexpression decreased CSC-like characteristics. Additionally, 
EGCG promoted cell death and reduced the growth of A549/Cisplatin- 
resistant cells. EGCG increased the expression of miR-485 and sup
pressed the CSC-like characteristics induced by miR-485 [119]. 

Jiang et al. also demonstrated that EGCG, a potent anticancer com
pound derived from green tea, can boost hsa-miR-4855p expression. 
Mir-485-5p mimics significantly inhibited NSCLC cell growth and 
induced apoptosis. Inhibiting hsa-mir-485-5p significantly enriched 
CSC-like traits [120]. MiR-485 was found to be crucial in controlling 
NSCLC chemoresistance. Interestingly, miR-485 was downregulated in 
A549/Cisplatin-resistant cells compared to A549 cells [119]. 
A549/Cisplatin-resistant cells had more stemness when miR-485 was 
inhibited than when it was overexpressed, which decreased CSC-like 
characteristics. Furthermore, A549/Cisplatin-resistant cell prolifera
tion was reduced by EGCG, which also caused cell death [119]. 

Bhardwaj et al. used NGS to study the effect of EGCG in regulating 
miRNA expression in NSCLC and validated the functional role of hsa- 
miR-548o-5p, hsa-miR-21-5p, hsa-miR-212-5p, and hsa-miR-181c in 
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EGCG treated cell line A549. The MAPK pathway was found to be the 
most effective pathway by which EGCG modulated microRNAs accord
ing to KEGG and PANTHER pathway analyses [121]. 

A study demonstrated the capacity of the genistein-miRNA-29b- 
loaded hybrid nanoparticles (GMLHN) to attack numerous targets, 
resulting in an improved anticancer effect, making GMLHN a promising 
therapeutic option for NSCLC. Additionally, GMLHN over individual 
miRNA-29b and genistein-loaded nanoparticles showed enhanced 
apoptosis [122]. Moreover, genistein limits the growth of NSCLC cells by 
controlling the circ 0031250/miR-873-5p/FOXM1 axis. This indicates 
that the presence of genistein in soy foods may make them useful in the 
diet for treating NSCLC [123]. 

Another study showed that luteolin inhibits the formation of the 
tumor by causing apoptosis and decreasing the proliferation of NSCLC 
cells both in vivo and in vitro. MiR-34a-5p greatly adds to the anticancer 
effects produced by luteolin by preferentially targeting MDM4 and 
increasing the activation of the p53 pathway. Furthermore, cells were 
treated with luteolin and transfected after NSCLC-vascular endothelial 
cells (VECs). As a result, luteolin decreased the viability, migration, 
angiogenesis, and invasion of NSCLC-VECs while increasing the 
expression of miR-133a-3p. A miR-133a-3p inhibitor overrode this effect 
by promoting vitality, migration, angiogenesis, and invasion. VEGF, 
MMP-2, and MMP-9, as well as components relevant to the PI3K/Akt 
and MAPK signaling pathways, were all suppressed by luteolin, while 
the inhibitor of miR-133a-3p reversed this effect on NSCLC-VECs. MiR- 
133a-3p was inhibited by luteolin, which reduced the amount of purine- 
rich element binding protein B (PURB). ShPURB increased the level of 
miR-133a-3p in NSCLC-VECs while counteracting the effects of miR- 
133a-3p inhibitors that boosted migration and invasion in NSCLC [124]. 

Ovarian cancer 

In addition to breast and lung cancer, ovarian cancer is also known as 
the "silent killer" because of its poor diagnosis at early stages. It is one of 
the most highly fatal gynecological malignancies [125]. Recent studies 
identified the significant contribution of flavonoids in regulating the 
expression of underpinnings molecules, such as dysregulated miRNA, 
which is responsible for the alteration of the cascade of downstream 
molecules. For example, quercetin, a dietary flavonoid, induces the 
apoptosis of human ovarian cancer cell lines SKOV-3 and A2780 via 
regulating miR-145 expression. Zhou et al. demonstrated that quercetin 
treatment of 25, 50, and 100 μM/ml stimulates the expression of 
miR-145 in SKOV-3 and A2780 cells and upregulates caspase-3 levels 
regulating cell growth and apoptosis [126]. 

Another dietary flavonoid, genistein, regulates miRNA expression in 
ovarian cancer. According to Xu et al. ovarian cancer cells treated with 
genistein had their proliferation and migration inhibited. Sprouty2, a 
suspected miR-27a target gene, was expressed more when genistein 
decreased miR-27a expression. This suggests that genistein acts as a non- 
toxic inactivator of miR-27a and inhibits the proliferation and migration 
of ovarian cancer cells [127]. 

Gastric cancer 

Gastric cancer is found to be 3rd most common cause of death among 
cancer patients worldwide. Surprisingly, it has been observed that more 
than 50 % of GC cases are observed in Eastern Asian population [128]. 
Reports suggested that 20% of patients survive up to 5 years after 
detection and the majority of patients eventually die of cancer metas
tasis or poor diagnosis [129]. Presently, investigations are going on to 
explore alternative treatment methods including combinatorial thera
peutics with novel RNA-based mechanistic insight. In a study, miR-143 
pretreated cells of gastric cancer (AGS, MNK28) were found to be 
sensitized toward quercetin. Treatment leads to decrease in cell 
viability, and can increase apoptotic cell death via caspase activation 
[130]. Another study, using gastric cancer cells (AGS, SGC7901) 

revealed the modulation of LINC00511/miR-29b/KDM2A axis and 
apoptosis induction by epigallocatechin-3-gallate treatment [131]. 

Prostate cancer 

Prostate cancer is among the leading cause of cancer-associated 
mortalities in old age men. Currently, androgen deprivation is consid
ered as a treatment therapy for newly diagnosed patients. However, 
prostate cancer may convert into castration-resistant even after 
androgen depletion therapy [132]. Prostate cancer in advanced stages 
shows limited response, therefore novel therapeutic methods such as 
miRNAs could be beneficial to inhibit tumor progressions. Chen et al., in 
their study found that quercetin exhibits its anticancer effect in prostate 
cancer (C4-2-IRR, 22Rv1) via modulating circNHS / miR-512-5p / 
XRCC5 signaling [133]. Similarly, genistein mediated downregulation 
of miR-1260b in prostate cancer (PC3, DU145) leading to a decrease in 
cell viability by inducing apoptosis, cell cycle arrest, and inhibiting 
tumor mobility [134]. In another study, genistein upregulated 
miR-574-3p, mir-34a, and downregulated miR-151 in prostate cancer 
(PC3, DU145) resulting in apoptotic cell death [135,136]. Majid et al. 
[137] reported that genistein mediated upregulation of miR-1296 and 
cell cycle arrest via inhibiting CDK2, CDC7, CDT1 in prostate cancer 
(PC3, LNCaP). Downregulation of miR-221 and miR-222 in prostate 
cancer (PC3) by genistein resulted in upregulation of ARH1 that is 
essential for maintaining ADP-ribosylation and cancer suppression 
[138]. Epigallocatechin-3-gallate downregulated androgen receptor and 
the proliferation rate of prostate cancer (LNCaP, 22Rv1) in mice models 
via upregulation of miR-330 and downregulation of miR-21 [139]. 

Colorectal cancer 

Colorectal cancer (CRC) is found to be 2nd most common cause of 
death worldwide. The diagnosis and mortality rates of CRC are 
increasing rapidly among low- and middle-income countries. Statistical 
analysis revealed that incidences of CRC will rise to 60 % more and 
might be responsible for the death of 1.1 million cancer patients by 
2030. Hence, more investigations are needed to lower down adverse 
effects of CRC and to improve early diagnosis and treatment aspects 
[140]. Novel therapeutic strategies using miRNA may not only provide 
an alternative route of treatment but may also reduce toxicity and 
adverse effects. Quercetin-mediated differential modulation of 83 miR
NAs (19 downregulated and 64 upregulated) was found to suppress the 
growth of colorectal cancer (HCT116) proliferation via apoptosis in
duction [130]. In a study using colorectal cancer cell line model, a 
combination of quercetin and resveratrol resulted in suppression of 
miR-27a along with decreased cell proliferation and increase in 
caspase-3, PARP cleavage [141]. Genistein-mediated downregulation of 
miR-95 was found to induce apoptosis via inhibiting Bcl-2, ERK1, SGK1 
in colorectal cancer (SW620) [142]. Upregulation of miR-34a, miR-145, 
miR-200c was observed in colorectal cancer with 5-fluorouracil-resist
ant cells (HCT116, SW480) with epigallocatechin-3-gallate treatment. 
Mechanistic insight revealed induction of apoptosis and cell cycle arrest 
along with the downregulation of cMYC, NOTCH1, OCT4, and Nanog 
[143]. 

Intervention of microRNAs in the synergistic effect of flavonoids 
and antineoplastic agents 

As described in the previous section, miRNAs are known to play 
crucial role in cancer dissemination and are thus rendered as a prom
ising target for the prevention and/or treatment of various malignancies 
[144]. The potential of flavonoids to alter the levels of miRNAs through 
a variety of pathways, including transcription, epigenetic, and miRNA 
processing, modulating tumor suppressor and oncogenic miRNAs, is 
remarkable. Furthermore, as shown in Table 3, flavonoids can increase 
the sensitivity of chemotherapeutic agents and drug molecules, 
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suggesting a promising new anticancer medication for malignancies 
[60]. Many previous studies showed that flavonoids like EGCG, quer
cetin etc. show a strong antineoplastic role when combined with several 
anticancer agents by regulating different types of miRNAs [145]. Effi
cacy of cisplatin has been shown to be enhanced by EGCG with a 
mechanism involving downregulation of hsa-miR-98-5p and upregula
tion of p53 in non-small-cell lung cancer (NSCLC) cells [118]. Another 
study showed that EGCG is an effective adjuvant therapy in combination 
with cisplatin for lung cancer treatment as it targets miR-98-5p which in 
turn reduces CTRI-induced chemoresistance [146]. Furthermore, ac
cording to La et al. and colleagues, EGCG inhibits the 
GRP78/NF-B/miR-155-5p/MDR1 pathway, increasing the susceptibility 
of colorectal cancer cells to 5-fluorouracil [147]. In a mouse model of 
castration-resistance prostate cancer (CRPC), the potential enhancement 
of the therapeutic efficacy of docetaxel using a combination of green tea 
and quercetin was examined. The treatment combination was found to 
increase docetaxel’s effectiveness by twofold, and significant increase in 
the tumor-suppressor genes miR-15a and miR-330 in cancerous tissue 
[148]. According to Zhang et al. quercetin at a concentration of 5 μM 
increases sensitivity of cisplatin by modifying the miR-217/KRAS axis in 
osteosarcoma cells. The oncogene KRAS was downregulated both at the 
mRNA and protein levels, whilst miR-217 expression was upregulated. 
MiR-217 knockdown reversed the effects of quercetin on the induction 
of cisplatin sensitivity [149]. Recent studies have demonstrated that a 
curcumin derivative (difluorinated curcumin) suppressed colorectal 
cancer cells resistance to oxaliplatin and 5-fluorouracil by down
regulating miR-21. Authors showed that PTEN, a tumor suppressor gene, 
is downregulated by miR-21. Resistance to standard treatments and 
resurgence of cancer after initial treatment is caused by decreased PTEN 
function [150]. Cyanidin-3-O-glucoside (C3G) also showed 
tumor-suppressive role in TMZ-resistant LN-18/TR glioma cells by 
upregulating miR-215-5p and enhancing the cytotoxic effect of temo
zolomide (TMZ) [86]. Chakrabarti and Ray in 2016 found that silibinin 
(50 µM) and luteolin (20 µM) synergistically increased apoptosis, inhi
bition of invasion and migration in two human glioblastoma cell lines 
(U87MG and T98G) by upregulating miR-7-1-3p [84]. Zaman et al 
demonstrated that genistein synergistically acts with 
5-aza-2′-deoxycytidine, Trichostatin A in PC-3 cells, and induces 
apoptosis/ cell cycle arrest via up regulating miR-145 [138]. In addition, 
cancer is also characterized by tumor escape from immune eradication. 

The most effective immunotherapeutic treatment for cancer to date is 
therapeutic targeting with checkpoint blockage [151,152]. The combi
natorial method, however, appears to be a superior option to enhance 
the treatment and inhibit immunosuppressive signals in the tumour 
microenvironment. For instance, using HCC, single immunotherapeutic 
drug is linked to therapeutic failure, whereas plant-based antiangiogenic 
flavonoids and immunotherapy combination found to be more effective 
[153]. 

Conclusion and further perspectives 

The data presented in this review article clearly show the strong 
potential of structurally different flavonoids to modulate the expression 
of miRNAs in many different cancer types, affecting the development, 
growth and spread of malignant tumors. Despite this preclinical evi
dence, further investigations are definitely required to establish the 
clinical usefulness of these effects and validate flavonoids as a miRNAs- 
targeting cancer treatment. Modulation of the expression of cancer- 
related miRNAs might be an important mechanism among the multi
targeted bioactivities of flavonoids, intensifying their complex anti
cancer action and providing an additional weapon to the current 
anticancer arsenal. Since bioavailability of flavonoids is known to be low 
representing the major challenge of their in vivo application, the future 
studies should focus also on the possibilities of chemical modification 
and targeted delivery of these promising natural molecules to gain the 
maximal benefit of their anticancer potential. 
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Table 3 
Synergistic action of flavonoids with various drug molecules.  

Flavonoid miRNA and its 
expression 

Combination drug 
molecule 

Physiological effect Model system (cell lines) Refs. 

Quercetin Suppresses miR-21 Hyperoside Apoptosis ↑, Caspase-3↑, Migration ↓, 
Invasion ↓, ROS↓ 

Prostate cancer (PC3) [183] 

Quercetin Suppresses miR-21, miR- 
19b, miR-148a 

Arctigenin Proliferation↓, Migration ↓, AR signaling↓, 
PI3K/AKT signaling↓ 

Prostate cancer (LAPC4, LNCaP) [184] 

Quercetin Suppresses miR-27a Resveratrol Cell proliferation↓, Apoptosis ↑, Caspase-3, 
PARP cleavage ↑ 

Colorectal cancer (HT29) [141] 

Quercetin Suppresses mir15a and 
mir330 

Docetaxel Tumor growth↓, Ki67↓, cleaved caspase 7↑ Prostate cancer (PC3) [148] 

Quercetin Upregulates miR-217 Cisplatin KRAS↓ Osteosarcoma (143B) [149] 
Difluorinated 

curcumin 
Downregulates miR-21 5-Flurouracil +

Oxaliplatin 
PTEN↓, Akt phosphorylation↓ colon cancer HCT116 cells 

SCID mice xenografts 
[150] 

Silibinin Upregulates miR-7-1-3p Luteolin Apoptosis ↑, Autophagy ↓, Caspase-3, -8, 
-9↑ 

Glioblastoma Multiforme (U87MG, 
T98G) 

[84] 

Genistein Upregulates miR-145 5-aza-2′-deoxycytidine, 
Trichostatin A 

Apoptosis ↑, Cell cycle arrest in G2/M 
phase↑ 

Prostate cancer (PC3) [138] 

Genistein Upregulates miR-218 Propofol Apoptosis↑, Proliferation↓, Caspase-3 ↑ Glioblastoma Multiforme (U251, 9L) [85] 
Epigallocatechin-3- 

gallate 
Upregulates miR-155-5p 5-FluoroUracil Apoptosis ↑, MDR1↓, GRP78 ↓, NF-κB ↓, 

Proliferation ↓, tumor growth in mice ↓ 
Colorectal cancer (HCT116, DLD1) [147] 

Epigallocatechin-3- 
gallate 

Downregulates hsa-miR- 
98-5p 

Cisplatin Apoptosis↑, p53↑, MAPK↓ Non-small cell lung cancer (A549) [118] 

Epigallocatechin-3- 
gallate 

NEAT1/hsa-mir-98-5p 
crosstalk 

Cisplatin CTR1↑, Cell growth↓, Non-small cell lung cancer (A549, H460 
and H1299) Nude mouse xenograft 

[146] 

Cyanidin-3-O- 
glucoside (C3G) 

Upregulates miR-214-5p Temozolomide (TMZ) β-catenin↑, MGMT↑ Glioma TMZ-resistant LN-18/TR [86]  
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