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ABSTRACT 
 

 Flavonoids constitute a diverse family of plant-derived polyphenolic compounds characterized by an 

ordinary C6–C3–C6 backbone and are widely distributed in fruits, vegetables, grains, and medicinal plants. 

These phytochemicals have attracted considerable scientific interest due to their broad spectrum of biological 

activities, including antioxidant, anti-inflammatory, anticancer, antiviral, and cardioprotective effects. This 

review synthesizes current knowledge on flavonoid classification, biosynthetic pathways, metabolism, and 

pharmacokinetics, with particular emphasis on major subclasses, including flavones, flavonols, flavanones, 

isoflavones, flavanols, anthocyanins, and chalcones, as well as their natural sources. Mechanistic perspectives 

highlight their capacity to scavenge reactive oxygen species, chelate pro-oxidant metal ions, modulate redox-

sensitive signaling pathways (including Nrf2 and NF-κB), inhibit key metabolic enzymes, and interact with 

gut microbiota to generate bioactive metabolites. Recent advances in flavonoid-based nutraceuticals, 

pharmaceutical applications, and nanocarrier-mediated delivery systems are also discussed. Despite 

promising preclinical evidence, challenges related to low bioavailability, metabolic instability, and 

incomplete structure-activity relationships remain. This review identifies critical research gaps and outlines 

future directions for translating flavonoid biology into clinically and industrially viable interventions. 
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1. INTRODUCTION 
Flavonoids are a family of significant secondary metabolites that are commonly present in flowers, herbs, 

fruits, vegetables, stems, nuts, seeds, and cereals. Up to now, more than 10,000 flavonoid compounds have been 

isolated and identified. Flavonoids exhibit beneficial biochemical and antioxidant effects across various ailments, 

including cardiac disease, cancer, and neurodegenerative diseases (Sukhamwang et al., 2024). Flavonoids have been 

linked to a wide range of health-promoting activities and are a mandatory ingredient in numerous nutraceutical, 

pharmaceutical, medicinal, and cosmetic products (Iqbal et al., 2024; Gong et al., 2025; Bashir et al., 2025). This is 

largely due to their antioxidant, anti-carcinogenic, anti-inflammatory, and anti-mutagenic effects, as well as their 

ability to modulate the main activity of cellular enzymes. The synthesis of flavonoids is based on the 

phenylpropanoid metabolic pathway, and its composition has 15 carbon atoms in the form of three rings (A, B, C) 

(Li et al., 2020).  Flavonoids have diverse biological roles in animals, bacteria, and plants. Flavonoid compounds 

naturally occur in the leaves, as well as seeds, flowers, and fruits of plants, as they determine their color, smell, and 

taste (San Martin et al., 2021). Plant flavonoids, as significant secondary metabolites, are also associated with the 

processes of seed development, auxin transport, pollination, allelopathy, male fertility, and flower coloring. 

Flavonoids are protective agents in biotic (bacteria, fungi, herbivores) and abiotic (cold, drought, ultraviolet 

radiation, heavy metals and salt) stress (Paździora et al., 2024). The classification of flavonoids depends on their 

chemical structure, unsaturation levels, and carbon ring oxidation, which leads to categories including flavonols, 

chalcones, and anthocyanins (Chen et al., 2023). The distribution of all these flavonoids is widespread. Over the last 

few years, there has been rising interest in the study of flavonoids. Thus, in this review, we systematically 

summarize the latest progress in plant flavonoid research, covering pharmacological activity, classification, 

biosynthesis, and potential applications in the pharmaceutical, cosmetic, and food processing industries (Scassellati 

et al., 2021). We also explain how the omics research can be used in mining functional genes and the identification 
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of novel flavonoid compounds. Moreover, we outline recent advances in research on the role of flavonoid 

nanoparticles in various disorders (Pérez-Llamas et al., 2020). The primary aim of this review is to present the 

current information on the taxonomy, synthesis, medicinal properties, and the possible use of flavonoids (Tamfu et 

al., 2020). The research about flavonoid nanoparticles proves their ability to treat severe diseases while improving 

health results throughout the world (Al-Khayri et al., 2022). 
 

2. Classification and Structural Framework of Flavonoids 

Flavonoids represent a large and chemically diverse group of naturally occurring polyphenolic compounds that 

are ubiquitously distributed throughout the plant kingdom. These secondary metabolites predominantly accumulate 

within plant cell vacuoles, where they are commonly present as O-glycosides or C-glycosides, a modification that 

enhances their stability, solubility, and biological functionality (Speisky et al., 2022). Glycosylation also plays a 

critical role in determining their intracellular localization and physiological activity within plant tissues (Jazvinšćak 

Jembrek et al., 2023). Structurally, flavonoids share a fundamental C6–C3–C6 carbon framework, consisting of two 

aromatic benzene rings (designated as rings A and B) connected by a heterocyclic pyran or pyrone ring (ring C). 

Variations in the oxidation state of the central ring, patterns of hydroxylation, methoxylation, glycosylation, and the 

position of the B-ring attachment give rise to substantial structural diversity within this class (Spiegel & 

Kowalczyk, 2025). These structural modifications not only define the chemical identity of individual flavonoids but 

also strongly influence their physicochemical properties and biological activities. Based on differences in their core 

skeleton and degree of structural modification, flavonoids are broadly classified into seven major subclasses (Silva 

et al., 2021). These include flavones, characterized by a double bond between C2 and C3; flavanols (catechins), 

which lack this double bond and are prominent in tea and cocoa; anthocyanins, the primary pigments responsible 

for red, purple, and blue coloration in plants; flavanones, commonly found in citrus fruits; flavonols, distinguished 

by a hydroxyl group at the C3 position; chalcones, which lack the central heterocyclic ring; and isoflavones, where 

the B ring is attached at the C3 position instead of C2 (Li et al., 2023). This structural heterogeneity underpins the 

wide range of ecological functions and pharmacological properties attributed to flavonoids, including antioxidant, 

anti-inflammatory, antimicrobial, and cytoprotective effects, making them compounds of significant scientific and 

therapeutic interest (Mengheres et al., 2021). 
 

2.1. Flavones and Flavonols 

Flavones are a widely distributed group of flavonoids that share a 4H-chromen-4-one structure with a phenyl 

group attached at position 2. The major form of flavones is 7-O-glycoside form present in celery, parsley, red 

pepper, chamomile, mint and ginkgo. Two common flavones are apigenin and luteolin (Sharma & Kumar, 2021). 

Naturally, apigenin is present primarily in aglycosylated, in which a sugar moiety is attached to the tricyclic core 

backbone by hydroxyl groups (O-glycosides) or also by carbon (C-glycosides) (Alshehri et al., 2021). Apigenin 

exhibits a multifaceted protective profile that extends beyond its well-recognized free-radical-scavenging capacity. 

In addition to directly neutralizing reactive oxygen species, apigenin modulates the activity of key endogenous 

antioxidant enzymes in pancreatic cells, thereby strengthening cellular defense mechanisms against oxidative stress 

(Speisky et al., 2022). Its biological influence also encompasses the regulation of inflammatory signaling pathways, 

leading to a marked reduction in pro-inflammatory mediators. Through these combined actions, apigenin 

demonstrates therapeutic relevance in diverse pathological contexts, including cancer progression, 

neuroinflammatory disorders, and cardiovascular diseases, where oxidative stress and inflammation play central 

roles in disease onset and progression (Paździora et al., 2024). 

The flavonols, also 3-hydroxy flavone, are known to be characterized by certain replacements in their A- and 

B-ring structures, bonded together by a three-carbon chain. Flavonols have hydroxyl sites in positions 5 and 7 in the 

A-ring and are predominantly located in the epidermal cells to shield the DNA against UV-induced damages 

(Ahmad et al., 2020). There are four flavonol compounds (quercetin, galangin, kaempferol, and myricetin) that are 

primarily found in vegetables and fruits, including asparagus, lettuce, broccoli, and apples (Sumi et al., 2021). 

Flavonols have amusing biological properties such as antibacterial, antioxidant, antiviral, and anticancer properties. 

Dietary flavonols can also have a significant impact on reducing the possibility of intestinal cancer among womens 

(Fang et al., 2024). 
 

2.2. Flavanones, Isoflavones and Flavanols 

The flavanones (dihydroflavones) are saturated with the C-ring. The saturated double bond between positions 2 

and 3 of the C-ring is the only structural change that flavanones have with the rest of the flavonoid compounds 

(Fenyvesi et al., 2025; Fernandes et al., 2025). The flavanones are common in citrus fruits, including lemons, 

oranges, and grapefruits. The flavanones possess 5/7 hydroxyl groups at the A-ring and C3/C4 hydroxyl/methoxyl 

groups at the B-ring. The predominance of flavanones is a disaccharidic group bound to the seven aglycone sites 

(Mellidou et al., 2021). The different structural characteristics of flavanones result in their occurrence as hesperidin, 
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naringin, pinocembrin, naringenin, hesperetin, eriodictyol, and likvirtin (Sharma et al., 2024). Among them, the 

predominant dietary flavanones include naringenin and hesperetin, which are almost exclusively found in citrus 

fruits. Naringin is able to activate the anti-oxidant enzymes (SOD, CAT, GPx, and PON) and improve the immune 

system. Also, hesperidin and naringenin are proven to restore the damaged thyroid activity in rats (Cho et al., 2020).  

The only chemical structural difference of isoflavones compared to other flavonoids is that their B-ring is at C3 

position of the heterocyclic C-ring of the diphenylpropane (C6-C3-C6) backbone. The isoflavonoids are distinctive 

legumin plants metabolites that are important in microbial signaling of legumes. The genus isoflavones can be 

grouped into three daidzein, genistein, and glycitein (Das et al., 2022). Isoflavones have a similar molecular 

structure with animal estrogens. Isoflavones are phytoestrogens, which have strong estrogenic activity. The 

phytoestrogens resemble the hormone 17-estradiol of the human female in that they attach to the estrogen receptors. 

Also, isoflavones have a high antioxidant effect, which has the capability to lessen the risk of cancers by preventing 

the damage of free radicals (Nurmilah et al., 2024). 

The flavan-3-ols or catechins are flavanols which contain a hydroxyl group at the C-ring position 3. The C-ring-

23-type of a double bond is absent in flavanols. The majority of fruits contain these flavanols in their composition: 

Gallocatechin 3-Gallate, Catechin, Gallocatechin, Epicatechin, and Catechin 3-Gallate (Wu et al., 2020).The fruits 

which contain these flavanols include blueberries and bananas and pears and apples (Huang et al., 2020). Flavanols 

prevent blood vessels from tobacco damage because they increase the amount of NO which circulates through 

blood vessels. The permanent positive response in endothelial functioning and the prevention of cardiovascular 

diseases can be achieved with the help of the flavanol-rich diet (Abdel-Aleem et al., 2019; Tu et al., 2020). 

 
2.3. Anthocyanins and Chalcones 

The anthocyanins exist as soluble vacuolar pigments which consist of glycosylated polyphenolic compounds 

that display a range of colors, depending on the pH of the micro-environment in seeds fruits and vegetative tissues 

(Wei et al., 2020). The location and the amount of hydroxyl and methoxyl group that have substituted the flavylium 

structure lead to various anthocyanins. In this regard, over 650 anthocyanins have been described in most plants; 

these products can be classified into 5 groups, including delphinidin, cyanidin, malvidin, peonidin, and 

pelargonidin, and their corresponding derivatives (Ferraz et al., 2020). Anthocyanins exist mainly in the external 

cell wall of fruits and vegetables, including blackcurrants and grapes. The antioxidant activity of anthocyanins 

depends on the ring orientation, the free hydroxyl groups surrounding the pyrone ring, and their total amount (Wang 

et al., 2020). Anthocyanins have significant roles in cholesterol breakdown and the risk reduction of cardiovascular 

disease in humans. Moreover, anthocyanins are also used as food colorants (Sharma et al., 2024). 

Chalcones exist as naturally occurring flavonoids that contain up to three modified or unmodified prenyl 

groups distributed across their A and B rings. The bioactive products exist in high abundance throughout the plant 

families Moraceae, Cannabaceae, Fabaceae, and Zingiberaceae. (Sorokina et al., 2021). Their pharmacological 

action is wide in nature (anthelmintic, antioxidant, antiulcer, antiviral, anticancer activity, antiprotozoal, and 

antibacterial). Chalcones are the predecessors of isoflavonoids and flavonoids. They are capable of being 

constructed out of simple aromatic compounds (Ożarowski & Karpiinski, 2021). 

Their outstanding biological activity has prompted the production of chalcone analogs, and small structural 

variation to natural chalcones; these compounds constitute a vast repertoire of bioactive chalcones derivatives. The 

fundamental molecular structure of flavonoids, classification, and distribution in different plants are shown in Fig. 1. 

Two typical derivatives are xanthohumol and isbavirachalone which has a rich therapeutic activity), (Silva et al., 

2021). In most cases, the amount and the location of -OH groups significantly affect the flavonoid bioactivity. The 

benzene ring carbon atoms (3, 5, 7, and 30, 40- dihydroxy pattern of substitution) may be associated with the -OH 

groups and it is this which directly dictates the bioactivity of flavonoids. Another factor affecting flavonoid 

bioactivity was the location of the -OH group (Li et al., 2020). The B-ring structure requires 30, 40-dioxyl 

substitution together with C-3 hydroxyl placement to produce the most potent radical scavengers. The C23 double 

bond does not need to be high activity. The flavanols that lacked the C2-3 double bond showed strong activity. The 

bioactivity is greatly improved by the presence of 3-OH group (Hiramatsu et al., 2020). 

 

3. Pharmacological Activities 

The Flavonoids represent a diverse class of naturally occurring polyphenolic compounds that have attracted 

substantial scientific interest due to their broad spectrum of pharmacological activities (Sukhamwang et al., 2024). 

Extensive experimental and clinical research has demonstrated that flavonoids exert potent antioxidant effects by 

scavenging reactive oxygen and nitrogen species, chelating metal ions, and modulating endogenous antioxidant 

defense systems. Through these mechanisms, they play a crucial role in maintaining redox homeostasis and protecting 

cellular macromolecules from oxidative damage, which is a central contributor to aging and various chronic diseases. 

Beyond their antioxidant capacity, flavonoids exhibit pronounced anti-inflammatory properties (Jeong et al., 2024). 
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They regulate key inflammatory signaling pathways by inhibiting the production of pro-inflammatory cytokines, 

suppressing cyclooxygenase and lipoxygenase enzymes, and modulating transcription factors such as NF-κB and 

AP-1. These actions collectively contribute to the attenuation of inflammatory responses implicated in disorders 

such as arthritis, cardiovascular diseases, and neurodegenerative conditions (Wójciak et al., 2024). 
 

Flavonoids have also shown significant anticancer 

potential. Numerous studies indicate that flavanols and 

related subclasses can inhibit tumor initiation, 

progression, and metastasis by inducing apoptosis, 

arresting the cell cycle, inhibiting angiogenesis, and 

modulating multiple molecular targets involved in 

cancer cell survival (Wang et al., 2025). In addition, 

their antiviral properties have been highlighted 

through their ability to interfere with viral entry, 

replication, and protein synthesis, suggesting potential 

applications against a range of viral infections (Singh 

et al., 2025). Cardioprotective effects are another 

notable aspect of flavonoid pharmacology. These 

compounds improve endothelial function, reduce 

platelet aggregation, and modulate lipid metabolism, 

thereby helping prevent atherosclerosis and other 

cardiovascular complications. Collectively, the wide-

ranging biological activities of flavonoids underscore 

their therapeutic relevance and support their growing importance in drug discovery, functional foods, and 

preventive medicine (Gong et al., 2025) (Table 1). 
 

Table 1: Tremendous Pharmacological Activities of Flavonoids 

Flavonoid 

Classification 

Pharmacological 

Activity 

Mechanism / Key Effects Plant Sources Representative 

Compounds / 

References 

Sources 

Flavanols Anti-oxidative Scavenging of reactive oxygen species 

(ROS), metal chelation (Fe²⁺, Cu²⁺), and 

inhibition of pro-oxidative enzymes such 

as NADPH oxidase and lipoxygenase. 

Enhances mitochondrial function and 

activates Nrf2-dependent antioxidant 

pathways. 

Green tea, cocoa, 

apples, grapes 

(–)-Epicatechin, 

(+)-Catechin, 

Epigallocatechin 

gallate (EGCG) 

Chagas et al. 

2022 

 

Flavanols / 

Flavonols 

Anti-

inflammatory 
Downregulation of NF-κB, inhibition of 

TNF-α and IL-1β expression, and 

suppression of nitric oxide synthase 

(iNOS). Reduces macrophage activation 

and cytokine release. 

Tea, cacao, 

berries, citrus 

fruits 

(+)-Catechin, 

Epicatechin, 

Theaflavins, 

Abacopterin A 

Spiegel & 

Kowalczyk, 

2025 

Flavanols / 

Catechins 

Anti-cancer Induction of apoptosis via caspase 

activation, DNA fragmentation, 

inhibition of ODC activity, and 

modulation of cell cycle arrest in 

carcinoma cells. 

Green tea, 

Pronephrium 

penangianum 

Epigallocatechin-3-

gallate, Abacopterin 

C, Triphyllin A 

Speisky et al. 

2022 

Flavanols / 

Theaflavins 

Anti-viral Inhibition of viral proteases (3CLpro) 

and replication in HCV, HIV, and SARS-

CoV-2; strong binding affinity to viral 

enzymes in docking studies. 

Tea leaves 

(Camellia sinensis) 

Epigallocatechin 

gallate, Theaflavin-

3,3′-digallate 

Jazvinšćak 

Jembrek et 

al. 2023 

Flavan-3-ols / 

Proanthocyanidins 

Cardiovascular 

protection 

ACE inhibition, suppression of LDL 

oxidation, improvement of endothelial 

function, and lipid regulation. 

Cocoa, grapes, 

berries 

Oligomeric flavan-

3-ols, 

Epigallocatechin 

Mandić et al. 

2023 

Phenyl-γ-
valerolactones 

Neuroprotective 

/ Vascular 

protection 

Activation of autophagy, reduction of 

oxidative stress, and modulation of 

amyloid-β toxicity in neurodegenerative 

models. 

Microbiota-derived 

metabolites from 

flavan-3-ols 

5-(3′,5′-
dihydroxyphenyl)-

γ-valerolactone 

Zamanian et 

al. 2025 

Flavanols / 

Derivatives 

Miscellaneous 

activities 

Exhibits antimicrobial, anti-parasitic, and 

anti-alkaline phosphatase activities; 

promotes mineralization. 

Various medicinal 

plants 

 (–)-epicatechin-3-

O-β-D-

allopyranoside 

Li et al. 2023 

 
 
Fig. 1: The fundamental molecular structure of flavonoids, 

classification, and distribution in different plants. 
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3.1. Anti-Oxidation 

Flavanols have been universally believed to be a 

natural source of antioxidant compounds. The 

antioxidant effects of Flavan-3-ols are through three 

major mechanisms. The antioxidants have been 

demonstrated to have three general mechanisms 

including: (i) scavenging of free radicals, (ii) enzyme 

inhibition, and (iii) transition metal chelation, which 

are flavan-3-ols as shown in Fig. 2. Free radicals are 

extremely reactive species with an unsaturated 

electron in the valence shell. Redox reactions involve 

the transfer of one electron or hydrogen atom or the 

equivalent of one electron and one proton to a free 

radical. The standard method for anti-oxidation 

involves the removal of H2O2 and superoxide (O−2) 

and hydroxyl radical (OH) species. The most 

commonly used stable free radicals are 1, 1-diphenyl-

2-picrylhydrazyl (DPPH) and 2, 20-amino-di-ethyl-

benzothiazoline sulphonic acid-6 ammonium salt 

(ABTS) (Li et al., 2022). The capacity to neutralize 

free radicals is used to measure their antioxidative 

power and activity. The third-generation flavan-3-ols 

establish stable complexes with divalent transition 

metals which reduces their oxidative power through 

metal ion reduction. Another mechanism that is 

crucial to flavan-3-ols is enzyme inhibition; 

particularly to oligomeric flavan-3-ols (Merecz-

Sadowska et al., 2025). They show antioxidant effect 

by inhibiting prooxidative enzymes and lipoxygenase. 

(-)-Epicatechin was important in redox regulation of 

cells. Also, epi-catechin acts on cell membranes, 

slowing down the lipid oxidation rate and controlling 

the activity of membrane-bound enzymes/receptors 

(An et al., 2021). It additionally enhances the function 

and structure of mitochondria, reducing the 

development of hydrogen peroxide and superoxide 

anion. In addition, it prevents ER (endoplasmic 

reticulum) stress, which causes augmented oxidant production (Zhang et al., 2022). Moreover, epicatechin activates 

antioxidant defence through the activation of the Nrf2 (NF-E2-related factor 2). Epicatechin, epigallocatechin, 

epicatechin gallate, and epigallocatechin gallate exhibit a good free radical scavenging activity, as in the amount of 

extract used to give 50% decrease in DPPH radical absorbance. Trolox positive control on the other hand needed 

48.8M. The study by Guo et al. (2022) describes the role of NADPH in lipid peroxidation during the autoxidation 

process of linoleic acid and microsomes. The antioxidant effects result from the scavenging of free radicals, which 

disrupts the peroxidation chain reaction. The compounds prevent autoxidation of linoleic acid when V-70 is added 

at an IC50 value of 0.625.3g/mL (Girigoswami and Girigoswami, 2022). The substances show radical scavenging 

activity against DPPH radical at EC50 values of 1.4 Compound 18 showed dose-dependent scavenging activity 

which produced better results than peroxynitrite (3.3713.26 mmol AA/g), and hydroxyl radical (5.038.91 mmol 

AA/g) as a positive control using ascorbic acid (AA) (prepared by dissolving 0.05mmol in water) (Thapa et al., 

2025). A significant number of flavan-4-ol glycosides were also found to exhibit outstanding free radical 

neutralizing effects. D-Gal is an oxidisable, normal, reducing sugar in vivowhich is capable of oxidizing to free 

radicals in case of excessive levels, resulting in oxidative stress and cell damage (Zhu and Hou, 2021). The research 

shows that one of the flavan-4-ol extracted out of Prone phriumpe nangiana is abacapterin E, which is capable of 

the treatment stops free radicals while changing how antioxidant enzymes operate and decreasing lipid peroxidation 

inside the hippocampus of D-Gal-treated mice (Al-Khayri et al., 2022). 
 

3.2. Anti-Inflammation 

The anti-inflammatory properties of flavanols have been demonstrated through multiple experiments which 

scientists have conducted. Scientists use NO levels together with nuclear factor kappa-B (NF-kB) and tumor 

  
 

Fig. 2: Flavonoid antioxidant activities in vitro mechanisms. (a 

and b) Direct neutralizing of reactive oxygen species; Activation 

of antioxidant enzymes; (c and d) Activation of metal-chelating 

activity; Raising -tocopheryl radical levels; (e and f) Inhibiting 

NADPH oxidases; Mitigating oxidative stress produced by NO; 

(g and h) Raising the concentrations of antioxidant and low-

molecular-weight antioxidants; Uric acid levels. 
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necrosis factor-alpha (TNF) to identify the inflammatory process. The immune system responds to infection by 

producing NO together with multiple interleukins through macrophages to fight against the invading pathogen as 

shown in Fig. 3. The expression of cytokines which regulate chronic inflammation and cause leukocytosis and 

hyperplasia and tissue breakdown depends on NF-kB according to Parvathy et al. (2025). The main feature of 

oxidative-based diabetic aortic pathology inflammation exists through the NF-kB nuclear signaling pathway. The 

system functions as a vital proinflammatory mechanism which regulates the release of cytokines such as monocyte 

chemoattractant protein and vascular endothelial growth factor (Naeimzadeh et al., 2024). The two mechanisms of 

Catechin work to suppress NO release by removing NO activity directly and by blocking the production of nitric 

oxide synthase protein as shown in Zhou et al. (2023). The anti-inflammatory properties of (+) Catechin together 

with epicatechin inhibit TNF and NF-k activation in HepG2 cells at IC50 values of 14.1 and 16.5 M according to 

Shi et al. (2025). Theaflavins are anti-inflammatory agents that suppress the NF- KB activations in macrophages. 

30-digallate, theaflavin-3, that has two gallic acid moieties, is the most active in terms of anti-inflammatory activity 

based on its inhibitory effect against inducible NO synthase induction (Tian et al., 2020; Chen et al., 2023). 

 

Theaflavin without the gallic acid moiety was the 

least inhibitory. Based on the findings, we can 

conclude that the gallic acid group plays a vital role in 

the anti-inflammatory action of theaflavins. This has 

been shown to take place in the same way with 

epigallocatechin gallate (Cai & Zhang, 2022). It is 

stated that the (+)-catechin, and dimeric fraction of it 

suppress NF-B with inhibiting the interleukin-2 

production in T cells during the pro-inflammatory 

stimulation (Marrero et al., 2024). The compounds 

gallocatechin and gallocatechin-3-gallate together with 

gallic acid show inhibitory effects the process of 

activation of the nitric oxide synthase by the 

Lipopolysaccharide (LPS)-activated activation in the 

mouse peritoneal macrophages due to the presence of 

the gallocatechin and the hydroxyl group. NF-_B 

expression and the reduction of the inflammatory reaction (Zhan et al., 2023). The 6-(2-pyrrolidinone-5-yl)-

epicatechin and 8-(2-pyrrolidinone-5-yl)-epicatechin function as inhibitors for AGE formation with IC50 values of 

13.5 and 17.9g/mL respectively. The research shows that multiple flavan-4-ols function as powerful anti-

inflammatory substances. Abacopterin A shows anti-inflammatory effects which function as inhibitors. The 

expression of NF-_B leads to a reduction in the body's inflammatory response. The results describe how 

Abacopterin A functions as a inflammation potential treatment (Thakre et al., 2025). 

 
3.3. Anti-Cancer and Anti-viral 

Cancer is a severe illness in the world and is 

highly associated with the failure to regulate 

apoptosis. Apoptosis is a dynamic process, which is 

active and controlled by a genetically programmed 

mechanism which automatically ends the life of cells 

and is also referred to as programmed cell death (Fig. 4). 

The disruption or obstruction of an apoptotic pathway 

causes unregulated cell division that, in the long term, 

causes the development of tumors (Jhade et al., 2025). 

Epigallocatechin-3-gallate possessed tremendous 

impacts on apoptotic induction and cell cycle control 

in human carcinoma cells (Guo et al., 2022). The 

possibilities of gallocatechin-3-gallate in inducing 

apoptosis and cell cycle regulation of human 

carcinoma and mouse carcinoma cells are high (Zhu and Hou, 2021). The emergence of the inter-nucleosomal 

fragments of DNA, as well as the following appearance of the apoptosis of cells of A431 and SMMC-7721, were 

caused by epitatechin-3-gallate and others. The substance 12-o-tetrahydrocannabinol 13-acetate functions as a 

powerful tumor promoter. The combination of TPA with oligomeric flavanols allows these compounds to inhibit 

ornithine decarboxylase (ODC) which serves as a potential cancer treatment method. The research by Tian et al. 

 
 
Fig. 3: Anti-inflammation mechanism of Flavanols in vitro. 

 
 
Fig. 4: Molecular mechanism of flavonoid bioactivities. 
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(2020) shows that oligomeric flavan-3-ols inhibit the process with the highest effectiveness seen in trimer forms 

followed by dimer and monomer forms. The compounds abacuperin C, abacuperin D, eruberin C and triphyllin A 

showed strong antitumor effects in laboratory tests by blocking HepG2 cells at 50 -M concentration. The drug 

delivery system of penangian offers a possible synergistic site of cancer treatment (An et al., 2021). A superior 

silver nanocluster system used to detect cytochrome c as well as screen natural drugs was also developed. The 

innovative fluorescence-enhanced nanoprobe, called DNA-AgNCs@tween 80, was used to measure the production 

of Cyt c by apoptotic tumor cells, confirming its effectiveness. Abacapterin C is a possible medication in the 

treatment of anti-colon tumors (Olanrewaju et al., 2024). 

Theaflavin, theaflavin-3, 30-gallate, and theaflavin-3, 30-digallate are epigallocatechin-3-gallate with antiviral 

effects. Epigallocatechin-3-gallate is also a good inhibitor of viral infections, including porcine reproductive and 

respiratory syndrome virus (PRRSV), human immunodeficiency virus (HIV), West Nile virus (WNV), and the 

hepatitis C virus (HCV). Theaflavins were found to inhibit viral infections and HCV, Tobacco Mosaic Virus (TMV) 

(Merecz-Sadowska et al., 2025). COVID-19 is an infectious illness that leads to inflammation of the mucosal 

membrane and influence epithelial cells of the respiratory system. The epidemic threatens the lives of people 

worldwide. SARS-CoV-2 is an innovative positive-sense single-27 stranded RNA coronavirus that causes COVID-

19 and 3CL pro is a druggable target, which has a significant role in the viral cell replication (Zhang et al., 2022). 

Theaflavins, along with epicatechin-3-O-gallate, function as inhibitors of 3CL pro at low concentrations and exhibit 

strong binding to this target. Theaflavin-3-gallate and epigallocatechin-3-gallate were used in the molecular 

docking, where they indicated that the tea polyphenols were better dockers to the potential targets of COVID-19. 

Possible 3CL pro inhibitors include theaflavin and epicatechin 3-O-gallate to treat COVID-19 (Chagas et al., 2022). 

 
3.4. Cardiovascular and Vascular Protection 

The medical community uses lipid-lowering therapy to control cardiovascular and cerebrovascular diseases 

which pose a major threat to human life. There is a strong association between ACE activity and cardiovascular and 

cerebrovascular diseases (Li et al., 2022). Researchers conducted ACE-inhibitory activity tests to evaluate how 

intestinal bacterial metabolites of compound 21 and tea catechins affect this process. The combination of oligomeric 

flavan-3-ols and epigallocatechin effectively blocked two distinct enzyme activities (Zhan et al., 2023). The 

oligomeric flavan-3-ols employ two distinct mechanisms to protect the heart by inhibiting low-density lipoprotein. 

The low-density lipoprotein in the blood can be stored in the arterial wall, and it can easily be oxidized. Flavan-3-

ols have the potential to lower the level of cholesterol, normalize the lipid levels and inhibit the transformation of 

LDL into dangerous oxidized chemical forms (Singh et al., 2025). 

Flavan-3-ols serve as treatments for neurodegenerative diseases, including Alzheimer's and Parkinson's 

diseases. Alzheimer's disease (AD) represents the most common neurodegenerative disorder, which results in 

dementia. The disease presents two primary features: intense protein aggregation and amyloid-β accumulation in 

senile plaques, together with tau protein buildup in neurofibrillary tangles (Shi et al., 2025). The two largest 

catabolic routes of eukaryotic cells are the ubiquitin-proteasome system (UPS) and autophagy-lysosomal (Parvathy 

et al., 2025). The UPS system manages the breakdown of nuclear proteins, which include short-lived proteins, while 

autophagy removes protein aggregates together with malfunctioning organelles (Cai and Zhang, 2022). The age-

related reduction of protein activity leads to the buildup of abnormal proteins which results in the formation of these 

unusual proteins during aging (Zhou et al., 2023). The concentration of LC3II increased in SH-SY5Y control cells 

but p62 protein levels showed no substantial modification, indicating that the initial stages of the autophagic route 

were activated in the cell line (Assefi et al., 2024). 

 
3.5. Miscellaneous Activities, Metabolism and Pharmacokinetics 

Flavanols exhibit a broad spectrum of biological activities that contribute to their therapeutic relevance. 

Beyond their well-documented antioxidant potential, these compounds demonstrate notable antimicrobial effects 

against diverse pathogenic microorganisms (Chen et al., 2023). Flavanols have also been reported to inhibit 

acetylcholinesterase (AChE), suggesting possible applications in neuroprotective strategies, while simultaneously 

modulating ALP activity linked to bone metabolism and mineralization (Olanrewaju et al., 2024). Additionally, 

their antiparasitic and antiviral properties further enhance their pharmacological significance. Recent findings 

highlight that tannin extracts possess strong antimicrobial activity, in addition to AChE inhibition, with an IC₅₀ 

value of 15.23 µM. Moreover, (–)-epicatechin-3-O-D-allopyranoside significantly enhanced ALP activity and 

mineral deposition, underscoring the multifunctional nature of flavanols (Ilyas et al., 2024). 

The body produces phenyl-valerolactones together with their phenyl valeric acids as the major breakdown 

products of flavan-3-ols (Ul Hassan et al., 2025). Oshima and Watanabe introduced the concept of PVLs as flavan-

3-ol metabolites during their 1958 research. The research focus moved to human body functions because scientists 

identified 5-(30, 50-dihydroxyphenyl)-valerolactone as the main ring-fission product of compound 21 and 
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discovered its blood-brain barrier penetration exceeded 21 while it showed neuritogenic activity at 0.05 M in SH-

SY5Y cells (Roy et al., 2024). Moreover, the antioxidative activity of metabolites of 21 has been validated (5-(30, 

40-dihydroxyphenyl)-valerolactone), which is majorly generated by intestinal microorganisms in the rat (Hu et al., 

2025). The metabolites were observed to have radical scavenging capacity much stronger than Trolox positive 

medicine (almost as powerful) (Ayaz et al., 2024). 

 

4. Future Challenges, Directions and Conclusion 

Scientists have not yet determined the complete range of flavonoid biology. The specific expression patterns 

and transcription factor activities that regulate this branched pathway remain unconfirmed, according to Alamri et 

al. (2023). The existing literature provides insufficient data on protein-protein interactions that establish metabolic 

pathways for pathway optimization, and researchers have not yet determined how flavonoids enter vacuoles, 

according to Chachad et al. (2024). The response to the question will be of high essence so as to have the flavonoid 

pathway in plants efficiently engineered. Additionally, the genetic tools of A thaliana plants have been shown to 

facilitate the study of various aspects of plant secondary metabolism (Shimu et al., 2025). The evolution of diverse 

plant species has resulted in multiple flavonoid structures that scientists have identified so far, and they anticipate 

discovering additional uncharted structures in future research (Minich et al., 2024). Scientists will conduct further 

research on different plant species to discover new structural elements and metabolic pathways. Future research will 

also advance the floricultural, food, pharmaceutical, and chemical industries (Belakredar et al., 2024). The health 

benefits of flavonoids for people, together with the use of natural compounds, stand out as key points for preventing 

diseases that are increasingly prevalent worldwide, and this curiosity is unlikely to decrease in the near future 

(Wang et al., 2023). 
Flavonoids form the primary group in plant secondary metabolites, which are found in the different tissues of 

various plants. Scientists have achieved the production of numerous valuable flavonoids through metabolic 
engineering by synthesizing these compounds and controlling transcription factors and non-coding RNA. The seven 
subgroups of flavonoid compounds exist because of skeleton variations which include flavones, flavonols, 
flavanones, isoflavones and catechins and anthocyanins. The food industry and cosmetic and pharmaceutical sectors 
use flavonoids as bioactive compounds to enhance human health through their antioxidant and free radical 
neutealizing abilities. The review presents various therapeutic activities of flavonoid compounds which include 
their cardioprotective effects and antioxidant properties and anticancer effects and antimicrobial effects and anti-
inflammatory effects and skin protection benefits. The review provides a summary of omics research methods that 
discover new functional gene metabolites and nanotechnology-based flavonoid engineering techniques for their 
synthesis. The review presents a complete examination of all flavonoid compound research, which includes both 
fundamental and practical studies. 
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