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Abstract: The given review summarizes the various molecular mechanisms responsible for the 

metabolic action of flavonoids as anticancer agents.  Various types of flavonoids have proven to show 

biological & pharmacological activities like anti-inflammatory, antimicrobial, antioxidant, anticancer, 

anti-allergic, and antidiarrheal activities. The chemoprotective nature of flavonoids is also discussed 

due to their ability to inhibit topoisomerase enzymes at various stages of cancer, such as tumor 

initiation, promotion, and progression. The various biomolecular activities which are responsible for 

their role as the chemopreventive agent may be due to their antioxidative effect, anti-angiogenic 

properties, induction of protective enzymes, inhibitory action on the cell-like protein kinase activity 

inhibition, spreading of tumor cells, apoptosis induction, tumor cell invasion to name a few. There has 

been much-emerging evidence based on the versatility of flavonoids, their complex mechanism of 

action, lesser side effects, and varied pharmacological properties that make them potential anticancer 

agents. Challenges associated with their use in extraction, isolation, purification, and checking 

bioefficacy are also discussed.  
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1. Introduction 

In today's scenario, the emergence of cancer has become very prevalent in both urban 

and rural populations. A high rate of breast and cervix cancer has been diagnosed in women 

during prostate cancer and mouth cancer in men due to excessive use of tobacco-related 

products. There has been an established correlation between the fact that the consumption of 

the diet which is rich in fruits and vegetables leads to the reduction in the prevalence of health-

threatening disorders, with polyphenols playing a part. Fruits, vegetables, tea, oils, and seeds 

are all good sources of polyphenols. Flavonoids are a diverse group of polyphenolic 

phytonutrients responsible for the origin of vivid colors in fruits and vegetables. Flavonoids 

are mostly present in large amounts in the genus Citrus and are mainly present in blue- and 

red-colored fruits and vegetables. Recommended Daily Allowance of flavonoid is based on 

clinical trials is 25-30 mg per day to 100-130 mg per day for therapeutic use [1]. The various 

classes of flavonoids based on their structure are flavonols, flavones, flavonones, flavanols, 

anthocyanidins, isoflavones, and chalcones catechins, flavans, dihydrochalcones, and 

bioflavonoids [2]. Dietary phenolic acids and flavonoids have immense potential to work as 

anticancer agents, which has been proved by various in vitro and in-vivo studies carried out by 
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many groups of scientists worldwide. Among the flavonoids mainly Kaempferol, Resveratrol, 

Quercetin, Silibinin, Baicalein, Galangin, and Luteolin, have been identified in 

chemoprevention in hepatocellular carcinoma with preclinical and clinical evidence [3].  Their 

role in molecular mechanisms like induction of apoptosis, cell cycle arrest, downregulation of 

MMP-2 and MMP-9 enzyme activities, inhibition of cell proliferation, immunomodulatory 

effect, etc., are the key pathways targeting all phases of carcinogenesis [4-7]. To date, more than 

10,000 flavonoids have been identified and categorized into different classes showing different 

activities. Along with anticancer effect, they also show antioxidant and anti inflammatory 

responses [8]. Among the other phenolic compounds, tannins also play an important role in 

chemoprotection [9]. Flavonoids studied from 22 plant families showed antimicrobial, anti-

fungal, anti-edematogenic, anti-viral, anti-nociceptive, anti-histamine, and anti-ulcer properties 

[10].   

 
Figure 1. Structures of some important flavonoid compounds with anticancer potential [17,18]. 
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Flavonoids have three characteristic ring systems having phenylated benzopyrone 

rings. The various structural features qualify flavonoids as an important class of compounds. 

The ring B of flavonoids having an ortho-dihydroxy (catechol) structure allows electron 

delocalization by the 2,3-double bond in conjugation in ring C with the 4-oxo function in it. 

The oxo group is hydrogen-bonded with the hydroxyl groups located at positions 3 (in-ring C) 

and 5 (in-ring A). ArO· radical can react with another free radical or ROS to form a stable 

quinone structure indicating its antioxidant characteristics as depicted in Figure 2. The catechol 

moiety is responsible for the flavonoid's metal chelation activity. Therefore, when the 

hydroxylation pattern is studied of the ring B, it basically has a significant impact on the action 

of specific flavones and flavonols, primarily for the inhibition of the protein kinase and the 

antiproliferation activity [17].  

 
Figure 2. (a) Antioxidant nature of polyphenols; (b) 2-phenyl-1,4-benzopyrone backbone of a flavonoid 

nucleus. 

 
Figure 3. Dietary sources of flavonoids and distribution based on the structure in nature. 
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Flavonoids have the potential to donate hydrogen atoms to carry out the reduction of 

the highly oxidizing free radicals, which include superoxide, hydroxyl alkoxyl, and peroxyl 

radicals [19]. Various numbers of the in vitro work have basically suggested apoptosis 

induction, kinase inhibition activity, suppression of the invasive behavior of the tumor, and 

suppression of matrix metalloproteinases cell growth inhibition as important pathways for 

some flavonoids that are able to act as anticancer agents [20]. There has been an increase in the 

association of the dietary flavonoids and cancer progression, making it important to investigate 

the mechanisms at a molecular level that are involved and qualify the flavonoids as potential 

anticancer agents. 

2. Flavonoids Biosynthesis 

The flavonoids are produced by carrying out the biosynthesis in plants by following the 

phenylpropanoid pathway and transforming phenylalanine to 4-coumaroyl CoA. The A ring is 

commonly derived from a molecule of phloroglucinol, or resorcinol which is generated through 

the acetate pathway. Also, it has a hydroxylation pattern that is distinct and is particularly 

observed at positions 5 and 7 in ring A. The B ring is hydroxylated at 3, 4 or 3, 4, 5 

positions derived from the shikimate pathway. The enzymes that have proven to be specific for 

the synthesis pathway of flavonoids basically include isomerases, chalcone synthase, 

dioxygenases, reductases, and hydroxylases. These enzymes basically modify the basic 

skeleton of the flavonoid that eventually produces numerous sub-classes and transferases, 

which change the backbone of the flavonoid along with methyl groups, sugars, and acyl 

moieties that regulates the physiological activity of the resultant flavonoid by affecting its 

reactivity, solubility, and interaction with cellular targets [21]. Flavones have been synthesized 

conventionally by condensing 2,4-dihydroxyacetophenone with aromatic aldehydes to obtain 

intermediate chalcones, which upon oxidative cyclization forms 7-hydroxy flavonoids [22]. 

Another approach produces an aryl ester by acylating o-hydroxyacetophenone with an aromatic 

acid chloride. The produced ester is then rearranged with the help of a base into a 1,3-diaryl-

1,3-diketone (the Baker-Venkataraman reaction) [23]. The latter molecule undergoes acid-

catalyzed cyclization, yielding 2-arylchromone, which is a flavone. 

In more recent approaches, the Suzuki-Miyaura reaction (1988) was applied for the 

synthesis of flavonoids, unnatural biflavonoids by using palladium [Pd(PPh3)4] cross-coupling 

reactions using 3- halochromones and aryl boronic acid or esters. In a Heck coupling approach 

involving coupling between an unsaturated ketone and aryl iodide, flavonoid moiety can be 

obtained in a single step [24]. A novel microwave-assisted efficient, eco-friendly approach has 

shown excellent yield and shortened reaction time, requiring cheaper reagents involving 

modified Baker-Venkataraman rearrangement [25]. 

3. Molecular Mechanisms for Chemoprotective Nature 

Carcinogenesis is a basically complicated multistep process comprising of three main 

stages [20]: 

i) Initiation (rapid phase) – exposure, interaction and damage of DNA with 

carcinogenic agent.  

ii) Promotion (relatively lengthy) - abnormal cells persist for a long period of time and 

replicate. 
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iii) Progression (final phase) entails the transformation of premalignant cells to 

neoplastic cells with increased invasiveness, metastatic potential, and angiogenesis 

that develops new blood vessels in cancerous tissue. Figure 4 represents the various 

processes and factors that lead to tumor progression from initiation to form 

cancerous tissue. 

 
Figure 4. Schematic representation indicates the biological targets/processes that demonstrate the multistage 

process of initiation, promotion, and progression of carcinogenesis [recreated from reference [26]. 

Preventive measure for mutagenic effects includes the primary strategy against cancer. 

Cancer can be controlled in the early phases of carcinogenesis by various mechanisms, 

including control of signal transduction pathway, antioxidant mechanisms, hormones, 

angiogenesis inhibition, etc. Prevention of tumor invasiveness and the ability to spread is the 

most important strategy to treat cancer. There have been numerous modes of action found in 

the fight against tumor initiation. It mainly entails the inactivation of carcinogen, apoptosis 

induction, antioxidant effect, cell cycle arrest, angiogenesis inhibition, antiproliferation, 

multidrug resistance reversal, and combinatorial mechanisms [27]. Antioxidant activity is one 

of the important mechanisms contributing to the protective effects of flavonoids. Flavonoids 

(such as quercetin, genistein, and biochanin A) protect cells from reactive oxygen species by 

reducing Fenton-type reactions in the presence of Fe2+ ions through chelation. Flavonoids' 

prooxidant effects may be linked to cell signaling, in which flavonoids aid in the coordination 

of cell processes. The transmission of the growth factor signals to the nucleus is caused by a 

family of proteins called tyrosine kinases. They essentially compete with the catalytic domain 

of various oncogenic tyrosine kinase's ATP binding sites. Drugs that particularly suppress 

tyrosine kinase activity are considered potential anticancer agents because they do not have 

cytotoxic side effects like traditional chemotherapy. Inhibition of tyrosine kinase, 

inflammatory enzymes cyclooxygenase (COX), and lipooxygenase by quercetin reduce 

inflammatory mediators such as prostaglandins and leukotrienes at cancer-related sites chronic 

inflammation [26]. Quercetin also induces cytoprotective autophagy.  A group of flavonoid 

compounds having similarities with estrogen or phytoestrogen shows binding affinity towards 

ERα and ERβ (the estrogen receptors present in the uterus and mammary glands, respectively). 

High exposure to estrogen is related to a greater risk for breast cancer [28]. Because quercetin's 

chemical structure, which includes a phenolic ring and a 2-hydroxy group, is relatable to 

https://doi.org/10.33263/BRIAC125.59835995
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC125.59835995  

 https://biointerfaceresearch.com/ 5988 

estrogen and can bind to the estrogen receptors and regulate cell cycle progression. Certain 

other flavonoids like xanthohumol, ellagic acid, fisetin, apigenin, kaempferol, luteolin, morin, 

resveratrol have also shown inhibition of production of estrogen by modulation of estrogen 

receptors. Aromatase inhibition, anti-inflammatory mechanisms, antioxidant mechanisms, and 

anti-estrogenic processes can all be attributed to the polyphenol's powerful anticancer effect 

[29-34]. Aromatase is basically an estrogen synthase that is basically expressed in the tissue of 

breast cancer. Flavones such as luteolin and isoflavone have been shown to bind active sites of 

aromatase as estrogen receptors [35]. In carcinogenesis, an imbalance in the actions of cell cycle 

advancement proteins (Cyclins and cyclin-dependent kinases or CDK) and cell cycle arrest 

proteins (CDK inhibitors) causes significant cell proliferation. Several polyphenols and 

flavonoids have been used to cause cell cycle arrest and apoptosis in the G2/M phase, including 

quercetin, apigenin, resveratrol, and quercetin-3-methyl ether. Apoptosis (also called 

programmed cell death) is very important for carrying out many physiological processes, 

including homeostasis and further development. There are two types of apoptosis pathways- 

intrinsic and extrinsic.  Intrinsic apoptosis, which is mitochondrial type, is primarily regulated 

by B cell lymphoma family proteins, whereas the extrinsic pathway is triggered by the 

interaction of death receptors and their ligands. Many breast cancer cell lines mainly include 

the following; T47D, MCF-7, MDA-MB-453, and SK-BR-3 have been found to be inhibited 

through diverse mechanisms by quercetin, apigenin, resveratrol, genistein, and fisetin. It is 

observed that cancer stem cells develop multidrug resistance and resist chemotherapy leading 

to tumor recurrence. The overexpression of the transporter proteins that bind ATP serves as 

pumps and is required to reduce the intracellular drug concentration and is further connected 

to multidrug resistance. Polyphenols such as daidzein, silymarin, resveratrol, quercetin, 

naringenin, and hesperetin block the activity of these mentioned transporter proteins, which 

prevents drug efflux [36]. The cell cycle arrest, blocking of angiogenesis, induction of 

apoptosis, suppression of telomerase activity, and the inhibition of DNA topoisomerase II 

enzyme are the processes by which isoflavone, genistein, show anticancer properties.  Certain 

novel synthetic flavonoids have specific methoxylated side-chain allow improved 

bioavailability and delivery to cancerous tissue. Flavone 8-acetic acid (FAA) is found to be a 

new chemical structure that has undergone numerous clinical studies as an anticancer 

medication [37]. Another semisynthetic flavone flavopiridol inhibited cyclin-dependent kinases 

and displayed unique anticancer properties. Phase I and phase II trials have proven to be 

successful clinical trial against renal, prostate, colon and gastric carcinoma has used 

flavopiridol as a monotherapy [38].  

Figure 5 describes the intrinsic and extrinsic apoptosis pathways and the genes involved 

in regulating them. Flavonoids also regulate proteins like breast cancer-resistant protein 

(BCRP), multidrug resistance proteins (MRP), and P-glycoprotein.  The apoptosis is proceeded 

by two pathways: intrinsic pathway (mitochondria-mediated) as well as extrinsic pathway 

(death receptor-mediated). The extrinsic pathway is a receptor-driven pathway, whereas the 

intrinsic pathway is a stimuli-driven mitochondrion pathway. First, the extracellular ligands get 

attached to the transmembrane receptors' domain extracellularly. Both the pathways have their 

initiator caspases (cysteine-dependent aspartic directed proteases), which are caspases 2, 8, 9, 

and 10. These enhance proteolytic maturation by catalyzing the caspases of the effector. 

Executioner caspases 3, 6, and 7 cause the caspase cascade initiation and lead to cell 

demolition. Caspases play an important role in cell proliferation, tumor suppression, cell 

differentiation, and aging. Their deficiency can cause the induction of tumors. The damage of 
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DNA initiates and speeds up apoptosis by undergoing the activation of protein p53, which is a 

tumor suppression protein. This step involves the transcription of the BAX (BCL2 Associated 

X, Apoptosis Regulator) and BAK (BCL2 Antagonist), which also inhibits the transcription of 

BCL-2 and surviving, which are anti-apoptotic genes. There is a cytoplasmic interaction 

between the MCL-1 (Myeloid cell leukemia-1) and BCL-2 family proteins, which is anti-

apoptotic and p53. It takes place in the mitochondria, which involves the release of cytochrome-

c from the outer membrane of the apoptosis. Also, p53 interacts directly with Bak/Bax by 

causing the activation by a mechanism which is commonly called "hit and run" that leads to 

the outer mitochondrial membrane permeabilization [39]. 

Figure 5. Intrinsic and extrinsic apoptosis pathways indicate the upregulation and downregulation of various 

genes involved. 

The flavonoids have some effects on the process of initiation and promotion stages of 

the carcinogenicity as observed in vitro studies may be due to the following: 

i) Kinase activity Inhibition (Quercetin as tested in human phase I trial) 

ii) Induction of Apoptosis  

iii) Matrix metalloproteinases suppression (MMPs) 

iv) Tumour invasive behavior suppression 

The anti-cancerous activity of flavonoids over various human/mouse cancer cell lines 

is tabulated in Table 1. Anticancer activity can be verified by various in-vivo studies following 

molecular mechanisms mentioned below: 

i) Downregulation of mutated p53 gene producing protein (its accumulation caused the 

initiation of cancer) causing cell cycle arrest at G2-M phase 

ii) Tyrosine kinase inhibition 

iii) Antiproliferation 

iv) Inhibition of protein tyrosine & focal adhesion kinase, the transduction of signal from 

enzymes taking place from the cell surface  

v) Inhibition of tumor pathways of angiogenesis 

vi) Inhibition of proteins protecting from heat shocks 
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vii) Inhibition of expression of RAS oncogenic proteins used for cancer cell growth and 

differentiation  

Table 1. Role of flavonoids studied in vitro on various cancer cell lines from reference [40]. 

Human 

Cancer 

Cell line Flavonoid Action References 

Oral SCC-25, 
HSC-2, 

HSG 

Flavanones, isoflavans, chalcones, 
genistein, quercetin 

Antiproliferative & 
decreases polyamine level, 

induction of apoptosis 

[41-44] 

Breast MCF-7 Genistein, Flavanones, daidzein, 

luteolin, quercetin 

Antiproliferative [45,46] 

Thyroid WRO, 

NPA, 

ARO 

Chrystin, biochanin A, Apigenin 

kaempferol, genistein, luteolin 

Antiproliferative [47,48] 

Lung SW900, SK-

LU1, A549, 
H441, H661 

Flavone, quercetin, catechin Cytotoxic, suppression of 

tumour invasion and 
metastasis 

[49,50] 

Prostrate DU145, 

LNCaP, PC3 

Quercetin, catechin, apigenin, 

kaempferol, myricetin, 
epigallocatechin-3-gallate, 

silymarin, genistein, luteolin 

Inhibition to synthetase 

activity of fatty acid and 
lipogenesis 

[51-53] 

Colon HCT-15, 

Caco-2, IEC-

6,   HT-29 

Genistein, Flavone, anthocyanin, 

quercetin  

Antiproliferative [54-56] 

Leukemia K562,   HL-

60, Jurat 

Genistein, Apigenin, chalcones, 

myricetin, quercetin 

Antiproliferative [49] 

Mouse 
Melanoma 

B16-BL6, 
4A5 

Chalcone Phosphorylation and 
inhibition of mitogen-

activated protein kinase 

[57] 

4. Quercetin – the Most Important Anticancer Flavonoid 

Quercetin is thought to cause mitochondrial death and G2/M cell cycle arrest in 

proliferating lymphoid cells via a p53-dependent mechanism. In vitro studies on P-388 

leukemia cells, human breast cancer cells, gastric cancer cells (HGC-27, NUGC-2, NKN-7, 

and MKN-28), human squamous, colon cancer cells (COLON 320 DM), ovarian cancer cells, 

and gliosarcoma cells (CNS tumor cells) found quercetin to inhibit the growth of a variety of 

aggressive tumor cell lines [58]. The reduction of tumor cell growth by quercetin is thought to 

be because of its interaction with nuclear type II estrogen binding sites (EBS). Furthermore, an 

experimental model of quercetin verified its antiproliferative action by inhibition in signal 

transduction in human breast cancer cells. The phase I and phase II clinical studies on humans 

with intravenous doses ranging from 60 mg/m2 to 1700 mg/m2 were proven effective against 

ovarian cancer patients studied during three weeks [59]. 

5. Challenges faced in using Flavonoids as Anticancer Agents 

Flavonoids are basically one of the most important polyphenols. These can be found 

mainly in fruits, chocolates, vegetables, and many plant sources. Flavonoids have proven to 

have some anticancer efficacy without any major side effects, and, as a result, these are used 

in the development of many medicinal drugs. But some challenges are faced in the extraction 

of the flavonoids when extracted from their original plant sources. If there is a continuous 

extraction of flavonoids from their plant sources, extinction is possible. As a result, the whole 

biodiversity gets disrupted. A multistep is followed for the extraction of the flavonoids as it 

first involves its identification, isolation, and then purification. To carry out the procedure, a 

combination is used of several technologies just for the preliminary steps. The steps include 
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column chromatography, solvent extraction, high-performance liquid chromatography 

(HPLC), etc. Despite their enormous pharmacological values, there are still certain challenges 

to overcome, like low bioavailability limits due to their low permeability and lower solubility 

in the gastrointestinal tract. Also, their glycosylated form may get hydrolyzed under acidic pH 

in the stomach. For this, microencapsulation by biocompatible coating polymers approach has 

been suggested as scientific advancement [60]. The accurate results and the implementation of 

these set of procedures are very time-consuming and have a high-cost involvement. Also, the 

yield obtained by such processes is very low and not up to the desired value. The most 

important factor that restricts the pathway of flavonoid extraction is the biosynthetic pathway. 

It basically results in the variable composition of the flavonoid that occurs at the different stages 

of the growth of a plant and is followed by a different set of environmental conditions. If there 

is a variation in the flavonoid composition, the flavonoid yield's predictability gradually 

decreases. As a result, an inconsistency in the data could be observed after every extraction. 

Another limitation that could be recorded is that the flavonoids are labile because of a high 

level of degradation, and alteration could be recorded in their chemical structures, which 

ultimately results in the loss of the activity during the process of purification. 

There may be certain biological challenges that may be faced for flavonoids absorption. 

As the oral administration of the flavonoids is followed, there is a possibility that a significant 

degradation in their activity by microflora and enterohepatic circulation depends on the 

compound used. The most common and abundant microbiome that is observed in human beings 

is colonic microflora. These microorganisms could show the biotransformation of certain drugs 

to metabolites that tend to alter their efficacies and toxicities. They can even reduce cholesterol 

absorption and even increase the rate of mucus secretion in the gut. Their role in the 

bioavailability of flavonoids remains completely ineffective. They even tend to bio-transform 

to the small phenolic groups having similar effects. The flavonoids like apigenin, kaempferol, 

genistein, and naringenin are more prone to degradation caused by the microflora, resulting in 

lower bioavailability.  

Certain environmental factors like temperature, UV radiation, oxygen exposure, pH, 

etc., have proven to reduce the stability of the flavonoids and may even cause their degradation 

to occur. The most important factor that could get optimized during the process of extraction, 

purification, and storage of flavonoids is temperature. Light can also alter the biosynthesis as 

well as the biochemical activities of flavonoids. The interaction of fiber with dietary flavonoids 

affects the absorption process of flavonoids. This occurs in a way that the dietary fiber forms 

the complex with flavonoids by trapping it in their matrix. It enhances the gastric viscosity of 

the fluid, decreasing the absorption property of flavonoids. 

We can overcome these challenges by optimizing the isolation and purification methods 

to increase the yield of flavonoids production. The method that was incorporated for the 

optimization is RSM which is known as the response surface methodology. Also, by the use of 

high speed and counter-current chromatography, the cost could be reduced, and a higher yield 

can be obtained. The other technology that can be incorporated and is widely emerging is nano-

harvesting. The nanoparticles are used to harvest flavonoids as they can easily bind those 

compounds considered a target and can even carry out the cells without harming the plants. 

As mentioned earlier, the extraction of certain compounds from the original plant 

source can cause harm to the plant commodities directly. So, microbe production of natural 

products like flavonoids is considered an attractive approach. This approach has the advantage 
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as it preserves the environmental resources and the economic stocks. Moreover, it consumes 

the minimum amount of energy, and waste emission is negligible [59]. 

6. Conclusions 

Flavonoids have a significant impact on the immunological events that occur during the 

genesis and progression of cancer. Flavonoids and important enzymes linked to neoplastic cells 

and metastasis interact, providing fresh information for cancer researchers. The two signaling-

related pathways, apoptosis, and autophagy are altered by polyphenol therapy as per recent 

studies with proven experimental evidence. There is a fine balance between pro-and antioxidant 

properties exhibited by flavonoids which involve a complex mechanism of action [61]. Lotha 

and Kavitha et al. have recommended positive associations with the dietary flavonoid intake 

and anticancer impact on human health [39,62,63]. In vitro studies have efficiently proved 

flavonoids to be cell growth and kinase activity inhibitor, antioxidant, apoptotic inducer, 

suppressor of matrix metalloproteinases, tumor invasive behavior, and cause reversal of 

multidrug resistance (limitation of chemotherapy). In vivo studies have shown that using 

flavonoids in a desirable amount reduces inflammation, inhibits proliferation, increases 

latency, and reduces tumor growth and spread. The experimental studies and increasing 

knowledge about flavonoids' mechanisms of action and the structure-activity relationship 

(SAR) have resulted in intriguing new research rationales for cancer prevention. The various 

molecular mechanisms discussed in this review arising due to structure-activity relationships 

and In vivo studies lead to a promising outcome presenting flavonoids as effective anticancer 

agents. 
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