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Abstract

Flavonoids, a diverse group of polyphenolic chemicals found in plants, have significant attention for their diverse pharmacological
actions and therapeutic potential. Their ability to target multiple pathways, modulate oxidative stress, and regulate inflammatory med-
iators is crucial in preventing and managing chronic diseases like cancer, cardiovascular disorders, diabetes, and neurodegenerative
diseases. Flavonoids have multitargeted actions, providing a safer and general therapeutic approach compared to single-targeted syn-
thetic drugs. This review provides a comprehensive understanding of flavonoids’ biological effects, focusing on their modulation of
key molecular signaling pathways such as nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), mitogen-activated
protein kinases (MAPK), phosphatidylinositol 3-kinase (PI3 K)/protein kinase B (AKT), nuclear factor erythroid 2-related factor 2
(Nrf2), oxidative stress, inflammation, and apoptosis. Their anticancer potential is supported by their ability to induce apoptosis,
modulate autophagy, and influence gene expression, while their anti-inflammatory and antioxidant properties aid in cytoprotection.
Certain hydroxylation and glycosylation patterns enhance their biological efficacy based on structure-activity connections. The review
demonstrates the various benefits of these substances, including their hepatoprotective, neuroprotective, anticancer, antidiabetic, and
cardioprotective properties, based on both experimental and clinical evidence. It discusses the structure–activity relationship (SAR)
that supports their bioefficacy as well as issues with metabolism, bioavailability, and therapeutic translation. It also provides a com-
prehensive understanding of flavonoids as potential agents for chronic disease prevention and management, integrating pharmaco-
logical findings with molecular facts. A method was used to identify works published in reputable journals. Every search result came
from PubMed, Scopus, Web of Science, ScienceDirect, Google Scholar, etc The terms flavonoids, pharmacological properties, dis-
ease, and mechanism of action were utilized. We selected and investigated research papers, review articles, and original studies that
were published up until 2025. Future research should focus on improving flavonoids’ bioavailability using advanced drug delivery
methods like conjugates, liposomes, and nanoparticles, with extensive clinical trials needed for validation. Furthermore, the potential
of flavonoids in therapeutic interventions will be enhanced through the use of computational techniques such as molecular docking,
network pharmacology, and precision medicine. Future perspectives emphasize the need for advanced drug delivery systems, clinical
trials, and molecular docking techniques to enhance their therapeutic efficacy.
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Introduction

Phytochemicals from plants, especially flavonoids, are utilized to
treat and prevent various diseases. These plant-derived substances
feature a benzopyrone ring and include over 6000 distinct types,
categorized as flavones, flavanones, flavanols, isoflavones, antho-
cyanidins, and catechins. Extensive experimental studies have
showcased their versatile pharmacological properties, such as anti-
oxidant, anti-inflammatory, antibacterial, antifungal, antiviral, and
several others, contributing to health benefits across numerous
conditions.1 Flavonoids are chemically defined polyphenolic struc-
tures, widely distributed in plants, vegetables, fruits, and leaves.2

Additionally, flavonoids, or bioflavonoids, are polyphenolic sub-
stances found in fungi and plants. They serve various pharmaceut-
ical purposes and biological roles in plants. Although not
recognized as nutrients, regular consumption offlavonoids is bene-
ficial for human health. They have various pharmacological prop-
erties, including anti-inflammatory, anti-cancer, anti-inflammatory,
anti-Parkinson, anti-depressant, anti-bacterial, and anti-diabetic
effects.3 Flavonoids possess multiple activities, like antioxidant,
anti-inflammatory, analgesic, hepatoprotective, and gastroprotec-
tive activities.4,5 Further, flavonoids inhibit enzymes, regulate hor-
mones, and exhibit anti-inflammatory properties in both
proliferative and exudative stages of inflammation.6 Naringenin
has strong pharmacological properties and therapeutic potential.
It has potential therapeutic uses in neurological, cardiovascular,
gastrointestinal, rheumatological, metabolic, and malignant condi-
tions.7 Quercetin’s strong antioxidant properties absorb ROS,
nitrogen species, and chlorine species. Its structure contains five
functional hydroxyl groups, catching free radicals. It demonstrates
anti-inflammatory, antiviral, antihypertensive, and carcinostatic
effects, prevents LDL oxidation, and inhibits angiogenesis.8

Kaempferol has shownpotential neuroprotective effects on central
nervous system (CNS) diseases bymodifying proinflammatory sig-
naling pathways. Itmodulates proinflammatory signaling pathways
like β-catenin, p38MAPK,NF-κB, and AKT. KPF and its glycosy-
lated derivatives have a multipotential neuroprotective function in
CNS diseases.9 Fisetin alters Bcl-2 family protein expression in
various cancer cell lines, inhibits cell growth, induces apoptosis,
and reduces cancer cell stages. It decreases NF-κB activation and
inhibits TET1 expression.10 Apigenin has therapeutic potential
in preventing infectious diseases and suppressing tumor growth.
Using apigenin with anti-cancer medications can maintain the
cell cycle, inhibit mobility, boost immunity, and inhibit mTOR
activity.11 A study explores the anti-inflammatory properties of fla-
vones luteolin and luteolin-7-O-glucoside, which interact with
NF-κB and JAK/STAT3 pathways. These compounds also
impact inflammatorymetabolic pathways, including lipid peroxida-
tion, diabetes, and cancer cells.12 Baicalin and baicalein have che-
mopreventive and therapeutic uses in managing inflammatory
and cancerous conditions.13 Epigallocatechin gallate (EGCG)
has shown potential in preventing diseases by influencing physio-
logical processes like inflammation and lipid metabolism. It can
alter cell signaling pathways related to oxidative stress (OS), apop-
tosis, and immunological modulation. It also has potential

therapeutic approaches for chronic diseases like cancer, heart dis-
ease, andmetabolic syndromes.14 Genistein has anticancer, cardio-
vascular disease, postmenopausal relief, and osteoporosis
protection. This study demonstrates genistein’s toxicity profile
and anti-inflammatory properties, focusing on signaling pathways
and mediators involved in the inflammatory response. Genistein
suppresses multiple pathways, including NF-κB, prostaglandins,
iNOS, proinflammatory cytokines, and reactive oxygen species
(ROS).15 A study explores the biological effects of daidzein, a com-
pound involved in chronic diseases like cancer, osteoporosis, cardio-
vascular disease, and neurodegenerative diseases (NDs). It regulates
inflammatory mediators, activates antioxidant pathways, and modu-
lates oestrogen receptors, potentially reducing OS, enhancing bone
mineral density, and stopping cancer cell growth.16 In the review, fla-
vonoids, which modulate cellular signaling pathways, have thera-
peutic effects like anti-inflammatory, anti-cancer, antioxidant, and
neuroprotective properties. They also have potential for treating
chronic diseases like cancer, heart disease, and neurodegeneration
by modifying gut flora and enhancing metabolic processes.

This review conducted a literature search of major databases
(PubMed, Scopus, Web of Science, ScienceDirect, Google
Scholar) using the keywords ‘flavonoids,’ ‘pharmacological
properties,’ ‘disease,’ and ‘mechanism of action.’ Research arti-
cles, review articles, and original studies published up to 2025
were selected and analyzed.

Chemical Structure and Bioavailability

Flavonoids are naturally occurring phenolic metabolites that are
primarily found in plants. Flavonoids are found in various plant
tissues, both externally and internally.17 Additionally, flavonoids
have various health benefits, including antimalarial, cytotoxic,
and cancer-fighting properties, and are beneficial in treating dia-
betes, Alzheimer’s disease (AD), and age-related conditions.17,18

Flavonoids possess characteristics such as selective protein bind-
ing, scavenging free radicals, and chelating metals. A fifteen-
carbon skeleton connected to two benzene rings, A and B, by
a C (heterocyclic pyrene) ring is the fundamental component
of flavonoids. Chemical classes vary in A and B-ring substitution
sequence, while flavonoid classes differ in oxidation degree and
C-ring arrangement.17 Furthermore, flavonoids can be classified
into subgroups based on carbon in the C ring, oxidation, and
substitution degree, and other factors. Isoflavones have a B
ring in the third position, while neoflavonoids have a B ring in
the fourth position. Flavonoids include flavanols, catechins,
anthocyanins, flavonols, flavones, flavanones, and chalcones.19

Ninety percent of total anthocyanins are glycosylated with vari-
ous sugar units and hydroxylation and methylation patterns on
the B ring.20 Flavanonols, also known as dihydroflavonols, are
a subgroup of flavonoids comprising flavanones and their
3-hydroxy derivatives, distinguished by the saturation of the C
ring in flavanones. Eriodictyol, hesperetin, and naringenin are
the flavanones that are most frequently reported. Citrus fruits
typically contain flavanones.21 Flavones are the largest subgroup
of polyphenols. They have a ketone at position 4 and double
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bonds between positions 2 and 3. Flavones include luteolin, tan-
geretin, isoorientin, apigenin, baicalein, and polymethoxylated
flavones like tageretin, nobiletin, and sinensetin.22 Moreover, fla-
vanols, also known as flavan-3-ol, are formed by attaching a
hydroxyl group at ring C’s position 3, lacking a C4 carbonyl
and a double bond between C2 and C3. They can have two chiral
centers, resulting in four potential diastereoisomers.23,24

Flavonoids are known for their increased bioactivity, bioavail-
ability, and stability. Flavonoids are converted into glycosides
through the enzyme glycosyltransferase, which combines a sugar
moiety with an aglycone portion. Methylation of flavonoids sig-
nificantly alters their pharmacological and biological properties,
similar to how methyltransferase binds methyl moieties to agly-
cone, forming C-methylated or O-methylated compounds.25 Fat
consumption enhances intestinal absorption and improves fla-
vonoid bioavailability by increasing bile salt output, which
increases the incorporation of flavonoids in the micellar.26

Protein consumption can decrease the bioavailability of flavo-
noids, affecting the efficacy of antioxidants and the digestibility
of proteins.27 Aglycones, being lipophilic, pass-through passive
diffusion into intestinal epithelial cells, while intestinal epithelial
transporters regulate the uptake of glycosides. Microbes that div-
ide their heterocyclic oxygen-containing ring break down
unabsorbed flavonoids in the colon, which may be absorbed
as hydroxylated phenyl carboxylic acids.28

Pharmacological Activities of Flavonoids

Antinociceptive Effect

Cistus species extracts have been used to treat inflammatory
conditions like kidney and rheumatism. Two in vivo
models showed the extracts’ effects on inflammation in
mice. Three active components, 3-O-methylquercetin,
3-O-dimethylquercetin, and 3-O-dimethylkaempferol, were
identified as the primary active components. These flavonoids
showed strong antinociceptive properties and were found to
be safe without acute toxicity or stomach damage.29

7-Hydroxyflavone, 3-hydroxyflavone, and 2-hydroxyflava-
none effectively reduce nociceptive and neuropathic pain by
targeting inflammatory mediators like TNF-α, IL-6, IL-12,
and protein kinases.4,5 A Chinese study found that safflower
and kaempferol glycosides effectively suppressed nociception
and reduced paw edema from cinnamon aldehyde, while also
reducing inflammation during both carrageenan-induced
phases.30 Black mulberry suppresses pro-inflammatory cyto-
kines, demonstrating their anti-inflammatory and antinoci-
ceptive properties. The dry weight total flavonoid content
was 20.9 mg/g, and the fruit contained two anthocyanins.31

A study analyses the differences in terpenoids and flavonoids
among ethyl acetate extracts from ten locations and evaluates
their antinociceptive potential. Despite variations in metabol-
ite content, the antinociceptive effects of Salvia semiatrata at a
dose of 300 mg/kg were consistent, validating its traditional
use as an analgesic.32

Anti-Inflammatory Effect

Flavonoids, found in various plants, have numerous therapeutic
benefits. They activate antioxidant pathways, inhibit lysozymes and
β-glucuronidase release, and control cytokine expression and gene
expression. Flavonoids also inhibit pro-inflammatory enzymes.33

Flavonoids can regulate these inflammatory responses, inhibiting
inflammatory indicators and preventing brain damage. This anti-
inflammatory activity ismainly associatedwithmicroglial cell control
via NF-κB signaling pathways and MAPKs.34 Naringenin reduces
inflammation by decreasing OS, NF-κB activation, MPO pathway,
and MAPK signaling activation.35 Flavonoids such as quercetin,
genistein, apigenin, kaempferol, and epigallocatechin 3-gallate
modulate the expression and activation of cytokines like IL-1β,
TNF-α, IL-6, and IL-8, along with the gene expression of various
pro-inflammatory molecules, including NF-κB, AP-1, ICAM,
VCAM, and E-selectins. They also inhibit pro-inflammatory
enzymes like inducible nitric oxide synthase, cyclooxygenase-2,
and lipoxygenase.33

Antidiabetic Activity

Flavonoids can reduce hyperglycemia through different mechan-
isms. Boswellic acid, ellagic acid, quercetin, and rutin reduce
hyperglycemia by inhibiting glucose transport, increasing uptake
in isolated cells (Figure 1).36 Apigenin, cosmosin, and quercitrin
have a significant hypoglycemic effect as compared to metfor-
min.37 Baicalein reduced advanced glycation end-products
(AGEs) and tumor necrosis factor (TNF) levels, suppressed
NF-κB activity, and mitigated histopathological damage.38

Furthermore, quercetin lowers glucose levels, improves glucose
tolerance, reduces insulin resistance, and maintains beta cell
structure in mouse models.39,40 Protein Tyrosine Phosphatase
1B (PTP1B) is a promising target for treatment due to its role
in insulin resistance. DPP-4 inhibitors are a new treatment, but
flavonoids’ antidiabetic properties have not yet been explored.
The study aims to identify beneficial flavonoids for inhibiting
PTP1B and DPP-4.41 A study investigates flavonoids as inhibi-
tors of PTP1B and DPP-4 activities, focusing on their inhibition
types, experimental conditions, and structure-activity relation-
ships. These enhance their potential as therapeutic agents for
Type 2 Diabetes.41

Antibacterial Activity

Flavonoids are a diverse group of phenolic secondary metabo-
lites known for their antibacterial properties. These may exert
antibacterial effects by damaging cytoplasmic membranes, inhi-
biting energy metabolism, and interfering with nucleic acid syn-
thesis.42 A study evaluated the antibacterial properties of six
organic acids and thirteen common flavonoids using clinical
strains of four pathogenic bacteria. Salicylic acid had the stron-
gest inhibitory effect, but its biological activity was modest or
low. Flavones, chrysin, apigenin, and luteolin showed no effect
on antibacterial activity.43 Flavonoids are increasingly recognized
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for their antibacterial properties. Two regression equations were
recognized, revealing that flavonoids have a minimum inhibitory
concentration (MIC) against gram-positive bacteria. The MICs
are estimated to be around 10.2, with flavonoids primarily affect-
ing gram-positive bacteria through cell membrane degradation,
ATP synthesis suppression, and respiratory chain disruption.44

Antifungal Activity

Baicalein andmyricetin have potent inhibitory effects onCandida sp.,
with MICs of 1.9–21 and 3.9–64 μg/mL, respectively.45 Curcumin
has potential anti-candidal activity against various clinical isolates of
C. albicans and C. gattii.46 Flavonoid phytoalexins are formed in
grasses infected by fungi, but little is known about their induction
in maize. Researchers found biosynthetic enzymes contributing to
the production of O-methylflavonoids in maize. Two tautomers
of xilonenin were found to significantly suppress maize diseases.
TwoO-methyltransferases (OMTs) were found, with unique regios-
pecificity onvariousflavonoid classes.A cytochromeP450monoox-
ygenase functioned as a flavanone 2-hydroxylase.47 Flavonoid
metabolism in maize affected by fungi, key biosynthetic enzymes

responsible for O-methylflavonoid formation. Identified two
O-methyltransferases, FOMT2 and FOMT4, that exhibit distinct
regiospecificity among flavonoids, as well as a cytochrome P450
monooxygenase from the CYP93G subfamily acting as a flavanone
2-hydroxylase, which is essential for FOMT2’s xilonenin produc-
tion. Overall, diverse O-methylflavonoids with antifungal properties
are produced in maize upon fungal exposure.47

Antiviral Activity

Flavonoids are known for their antiviral properties, targeting viral
infections at various stages. They are effective against various
disease-causing viruses, including SARS, hepatitis, AIDS, the flu,
and herpes. Despite their potential, there are currently no viable
therapies for these diseases. A study examined various flavonoids
in vitro, in vivo, and in silico testing settings. Some flavonoids showed
stronger antiviral activity compared to commercially availablemed-
ications.48 EGCG has a dose-dependent effect against influenza A
and B. Baicalin inhibits various stages of replication of Japanese
Encephalitis virus. Quercetin and baicalin inhibitory potential
have been reported in some studies. Naringenin, silymarin,

Figure 1. The diagram illustrates how flavonoids can potentially aid in managing blood sugar levels in diabetics. Flavonoids reduce insulin
resistance and improve glucose homeostasis by several mechanisms. These promote glycogenesis and glycolysis while inhibiting gluconeogenesis
and glucose output in the liver. These also decrease inflammatory cytokines (IL-1β, IL-6), which enhances insulin action and β-cell function.
Additionally, these improve insulin sensitivity and glucose consumption by activating insulin signaling pathways, including insulin receptor substrate
(IRS) phosphorylation and the phosphatidylinositol 3-kinase (PI3 K)-protein kinase B (PKB)/Akt pathway.
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apigenin, ladanien and sorbifolin, and epigallocatechin are studied
as effective against HCV.48 Flavonoids like apigenin, vitexin, quer-
cetin, rutin, and naringenin have antiviral properties due to altering
viral proteins and inhibiting viral neuraminidase, proteases, and
DNA/RNA polymerases. Recent drug delivery techniques have
overcome the poor bioavailability of flavonoids, making it crucial
to test flavonoid cocktails’ antiviral properties to prevent viral
infections and enhance existing treatments.49 A study investigates
the antiviral activity of flavonoids against the Chikungunya virus
(CHIKV), a mosquito-borne disease. The compounds were tested
using various assays, including Western blotting, immunofluores-
cence, and quantitative reverse transcription polymerase chain
reaction (qRT-PCR). Baicalein, fisetin, and quercetagetin showed
strong suppression of CHIKV infection with negligible cytotox-
icity. These impacted CHIKV RNA synthesis and viral protein
expression, providing the intracellular anti-CHIKV activity.50

Antimalarial Properties

Rhodiola fastigiata contained nine known flavonoids (Figure 2),
including herbacetin-8-O-β-d-xylopyranoside, kaempferol,
herbacetin-8-methylether, and others, along with a new flavonoid
glycoside, herbacetin-8-O-methyl glucuronide. Notably,
herbacetin-8-O-β-d-xylopyranoside exhibited strong in vitro anti-
malarial activity against Plasmodium falciparum 3D7 at 50 µM, sig-
nificantly reducing mitochondrial membrane potential.51

Another study utilized UPLC-ESI-MS/MS to identify chemicals
in marigold flower methanol extract (MFE) and quantified flavo-
noids hesperidin and rutin via RP-HPLC-DAD. Antileishmanial
potential was tested against Leishmania major using both promasti-
gotes and amastigotes, while a 4-day in vivo antimalarial test
against Plasmodium berghei used infected mice. Molecular docking
studies evaluated flavonoids’ binding mechanisms to Leishmania
major’s enzymes, and in silico assessment revealed antimalarial
properties against Plasmodium falciparum. UPLC-ESI-MS/MS iden-
tified twenty compounds in MFE, highlighting hesperidin
(36.17 mg g−1) as significantly more abundant than rutin
(3.65 mg g−1). The IC50 values against Leishmania major showed
hesperidin, rutin, and MFE exhibit substantial antileishmanial
activity.52 Cissampelos pareira is notable for its pleiotropic medicinal
uses and unique pharmacological properties, primarily attributed
to its isoquinoline alkaloids and flavonoids. Traditional applica-
tions include using flavonoid-rich leaf juice to treat malarial fever.
In silico molecular docking studies revealed strong binding affin-
ities of flavonoids, particularly quercetin-3-O-sophoroside, to key
Plasmodium proteins. Pharmacokinetic analyses indicate these
compounds meet several ADME-Tox criteria, and molecular
dynamics simulations show stable interactions with PfLDH and
other targets. Cissampelos pareira is a broad-spectrum antimalarial
agent for developing innovative treatments against malaria.53

Anti-Atherosclerotic Effect

Flavone 3’,4’,35,7-pentahydroxyflavone enhances aorta vasore-
laxation, lowers systolic blood pressure. Quercetin improves

dyslipidemia, decreases OS by stimulating lipolysis activity, and
regulates adipocyte gene expression, thereby increasing beta oxi-
dation.54 Kaempferol (30-150 mg/kg/day) in high-cholesterol
rabbits increased antioxidant enzyme Superoxide dismutase,
and decreased lipid-peroxidation marker MDA.55 Flavonoid
has anti-atherosclerotic potential and potential use as a func-
tional food additive for atherosclerosis patients.56 A study inves-
tigates the protective effects of alfalfa flavonoid extract (AFE)
against atherosclerosis in rats on a high-fat diet and HUVEC
cells treated with lipopolysaccharide. It inhibits the NF-κB and
MAPK pathways and reduces proinflammatory factors. It also
lowers triglycerides and cholesterol while increasing high-density
lipoprotein, thereby mitigating vascular endothelial damage. It
promotes lipid catabolism through CYP7A1 and downregulates
lipid production and uptake genes, improving hepatic steatosis.
It is also a functional food to aid patients with atherosclerosis
by addressing inflammation and lipid metabolism issues.56

Another study using the thoracic aorta vascular ring formed
an AS model that assessed blood vessel morphology, VSMC
proliferation, and inflammatory markers. These inhibited
VEGF, CRP, JNK2, p38, and NO expression at varying levels.
The primary anti-inflammatory mechanism involved lowering
CRP expression, blocking JNK2 and p38 kinase activity, and
suppressing the MAPK pathway.57

Anticancer Activity

Cancer is a global disease-causing mortality. Traditional treatments
include antitumor medications, surgical excision, and radiation
therapy.However, developing intelligent, targeted anti-cancer med-
ications has been challenging. The emergence of medication resist-
ance, tumor recurrence, and metastasis highlights the need for
innovative therapeutic approaches. Flavonoids, dietary substances,
and herbs are being used in complementary therapies for cancer
patients. This study highlights the molecular processes behind fla-
vonoids’ pharmacological actions and discusses potential
approaches to creating anticancer treatment by fusing traditional
drugs with flavonoid nutraceuticals.58 Flavonoids have potential
anticancer effects. They inhibit various biological targets, such as
topoisomerases, protein kinases, angiogenesis, apoptosis, cell cycle
arrest, multidrug resistance, and anti-oxidative properties, which
can impede the growth of malignant cells. The study highlights
the structural characteristics and mechanisms of flavonoids’ antic-
ancer effects, including their inhibition of protein kinases, P-gp
regulation, antiangiogenesis, and topoisomerase inhibition.59

Quercetin inhibits tyrosine kinases, an enzyme family responsible
for transmitting growth signals to the nucleus and overriding cell
growth. Quercetin inhibits the growth of various types of carcin-
omas in various organs such as the lung, colon, prostate, and breast.
Quercetin’s growth inhibitory potential is attributed to its ability to
induce apoptotic induction and arrest cancer cell cycle.60Quercetin
reduced intracellular ROS levels and inhibited the growth of
HepG2 cells, which are responsible for hepatocellular carcinoma.61

Additionally, kaempferol used ROS-mediated mitochondrial tar-
geting to cause cytotoxicity in rat hepatocellular carcinoma cells.62
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Figure 2. It demonstrates the chemical structure of flavonoids in pharmacological action. These have pharmacological action in the different types
of diseases.
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Anti-Alzheimer Activity

Alzheimer’s disease (AD) is a severe ND affecting the elderly due
to genetic, environmental, and lifestyle factors. The buildup of
neurofibrillary tangles and Aβ peptides causes cognitive dysfunc-
tion and behavioral impairment. Flavonoids can enhance cognitive
performance and prevent AD aggregation. Consuming foods high
in flavonoids boosts cognitive function and delays the senescence
cycle. Flavonoids interact with multiple signaling pathways, produ-
cing beneficial neuroprotective effects and slowing the progression
of NDs.63 Flavonoids decrease amyloid beta protein synthesis and
scavenge ROS.64 Okinwa propolis and its main components
demonstrated in vitro inhibition of acetylcholine esterase.65

Rhoifolin has been investigated in an animal model of
streptozotocin-induced AD. It significantly enhanced memory,
cognition, and spatial learning in AD animals.66 EGCG has neuro-
protective potential against AD by reducing Aβ protein accumula-
tion and promoting α-secretase and β-secretase activity.67

Flavonoids (Figure 3) can reduce AD progression by reducing
insulin resistance, enhancing mitochondrial dysfunction, reducing
OS, and improving memory impairment through molecular path-
ways alteration.68 Resveratrol reduced cognitive impairment in AD
mice by activating the first stage of autophagy. Quercetin elimi-
natedAβ aggregates, reducedbrain damage, and postponed paraly-
sis by triggering macroautophagy in vitro and in vivo.69 Moreover,
quercetin, silibinin, andwogonin have efficacy in removing amyloid
by inducing autophagy via the ULK1/mTOR pathway.70

Anti-Parkinson’s Effect
Parkinson’s disease (PD) is an ND causing symptoms like rigidity,
tremor, and bradykinesia, influenced by OS, neuroinflammation,
mitochondrial dysfunction, and insufficient neurotrophic sup-
port.71 Flavonoids reduce the risk of PD by promoting antioxida-
tive stress, anti-inflammatory, and anti-apoptotic mechanisms.72

Baicalein inhibits α-synuclein formation, a presynaptic neuronal
protein, instigating neuronal death.73 Furthermore, baicalein inhi-
bits autophagy and increases α-synuclein aggregates in rats
exposed to 1-methyl-4-phenylpyridinium (MPP+), a neurotoxin
used to cause PD in animal models.74 Apigenin reduced DA neur-
onal loss and behavioural abnormalities in a rotenone-induced rat
model of PD. These outcomes were linked to the inhibition of
OS-induced apoptosis and neuroinflammation. Apigenin also
increased dopamine production and dopamine D2 receptor
expression, which regulated DA neurotransmission and reduced
α-synuclein aggregation.75 Furthermore, quercetin mitigates the
loss of striatal dopamine and mitochondrial complex I activity in
a rotenone model of PD.76 Moreover, a study on a rat model of
PD using a 6-OHDA lesion showed that troxerutin has neuropro-
tective properties. The troxerutin pretreatment reduced the latency
and overall time on the narrow beam task, while also improving the
bias caused by apomorphine-induced rotational behavior. The
beneficial effects were eliminated by centrally administering an
ERβ antagonist or PI3 K inhibitor. Additionally, troxerutin
reduced striatal lipid peroxidation, ROS, astrogliosis, and apoptosis

and stopped the death of nigral TH-positive neurones. Troxerutin
is a potent neuroprotective drug against PD by reducingOS, apop-
tosis, and astrogliosis. Troxerutin’s positive effects may be influ-
enced by PI3 K/ERβ signaling.77

Anti-Epileptic Activity

Epilepsy is a condition that affects millions of people throughout
the world. The primary pathophysiological pathways include OS,
neuroinflammation, and neuropathies. Flavonoids are highly
recommended for their potential to disrupt inflammatory func-
tions and help prevent various diseases.78 Additionally, epilepsy
is often caused by an imbalance between excitatory and inhibitory
neurotransmitters, with GABA receptor malfunction leading to
inadequate inhibition and glutamate receptor abnormalities caus-
ing excessive neuronal excitation, resulting in seizures. Current
anti-epileptic medications have drawbacks like drug resistance
and high costs. Flavonoids have neuroprotective effects in epilepsy
by interacting with signaling pathways and modifying their activity.
These have potential as multitargeted, accessible, and affordable
substitutes for traditional anti-epileptic drugs.79 Flavonoids treat
epilepsy by addressing multiple pathophysiological mechanisms.
These block inflammatory mediators and strengthen antioxidant
defenses. These also provide neuronal protection by blocking
important inflammatory mediators and pathways. Enzymes are
regulated to enhance the body’s natural antioxidant defenses.
Furthermore, flavonoids affect important antioxidant response
pathways such as Nrf2, PKA, JNK, and PI3 K/AKT.80

Furthermore, baicalein’s anti-inflammatory effect in TRM rats
was linked to ERK activation, p-JNK and MAPK inhibition,
and NF-кB activation.81

Gastroprotective Activity

Nobeletin protects gastric mucosa from ethanol and HCl/etha-
nol injuries, but weakly prevents aspirin-induced ulcers.
Flavonoids like quercetin andmyricetin decrease glutathione con-
tent, potentially causingDNAdamage.82 The cure rate ofH. pylori
infections was significantly increased when outpatients with pep-
tic ulcers andH. pylori infections were treated with sofalcone and a
triple therapy.83 A study investigated the gastroprotective effects
of a crude extract from Pulicaria odora in a mouse model of
ethanol-induced ulcers. In vitro antioxidant activity was assessed
using DPPH and ABTS techniques, while anti-inflammatory
properties were evaluated through human red blood cell mem-
brane stabilization and bovine serum albumin denaturation
methods. The extract showed a significant dose-dependent inhib-
ition of ulcer formation, reducing it by up to 99.91% at 200 mg/
kg. The aqueous fraction exhibited the highest gastroprotective
efficacy, with 95.56% inhibition at 50 mg/kg. Additionally, the
extract demonstrated strong anti-inflammatory effects with
IC50 values comparable to ascorbic acid and high free radical
scavenging capacity. LC-ESI-MSn analysis identified nine flavon-
oid derivatives, which may inhibit stomach acid production by
affecting the proton pump.84 Flavonoid-rich subfraction of
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Fridericia chica exhibits gastroprotective properties. In experiments
with rats, Fridericia chica, administered at 30 mg/kg, significantly
reduced ethanol-induced gastric ulcerations by 81% and
piroxicam-induced ulcerations by 77%. Antioxidant benefits
were noted through the maintenance of GSH and LPO levels,
as well as SOD and CAT activity, comparable to non-ulcerated
controls. Fridericia chica also prevented increases in TNF, IL-6,
IL-4, and IL-10 levels, alongside myeloperoxidase activity.
Additionally, it enhanced mucin staining in ulcerated rats. The
gastroprotective mechanism involves both antisecretory actions
and interactions with nitric oxide (NO) and nonprotein sulfhydryl
compounds (NP–SH). Fridericia chica interacts with NO synthase
and cyclooxygenase-1.85

Hepatoprotective Activity

Quercetin has potent antioxidant and anti-inflammatory properties.
It significantly reduced serum liver enzymes, lipid peroxidation, and
histological damage in CCl4

- and acetaminophen-induced liver injury
models, while enhancing antioxidant enzyme levels. Silymarin con-
sists primarily of flavonolignans and is a clinically recognized hepa-
toprotective agent. It stabilizes hepatocyte membranes, inhibits lipid

peroxidation, and stimulates ribosomalRNApolymerase, enhancing
protein synthesis and regeneration of hepatocytes.86 Naringenin and
Naringin are effective against hepatotoxicity induced by alcohol,
CCl4, and high-fat diets. Naringenin modulates lipid metabolism,
enhances antioxidant enzyme expression, and reduces steatosis
and inflammation in NAFLD models.87 Five flavonoids, including
reduced nitric oxide synthase, heme-oxygenase-1, luteolin, hespere-
tin, chrysin, and apigenin, enhance antioxidant capacity, prevent
NF-κB phosphorylation, and prevent proinflammatory cytokines.
These also prevent liver damage from D-GalN/LPS.88

Flavonoids (Table 1) have hepatoprotective, antioxidant, anti-
inflammatory, and antihistamine properties. Kaempferol, quercetin,
myricitrin, malvidin, luteolin, apigenin, epicatechin, and hesperetin
were found to be effective against liver damage. Furthermore, low-
ering malondialdehyde and nitric oxide reduces NLRP3 inflamma-
some, regulates Nrf2 signaling, and prevents autophagy, oxidative
effects, and apoptosis.88–90 In cases of cholestatic liver damage, quer-
cetinmay be useful. Cholestatic liver diseases lead to the depletion of
platelets, loss of granules, and impaired function of their intended
function. ORAI-1 gene expression affects platelet hypofunction in
the bile duct ligationmodel, suggesting quercetin as a potential thera-
peutic target in haemostatic diseases due to its calcium entry

Figure 3. Flavonoids demonstrate anti-AD properties. These protect against AD by reducing neuronal degeneration. These also prevent the
production of neurofibrillary tangles and Aβ accumulation, preserve tau protein structure, and stabilize microtubules, enhancing healthy neuron
survival. Consequently, these contribute to restoring neuronal integrity and improving brain health and function affected by Alzheimer’s.
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enhancement.91 Additionally, quercetin’s therapeutic properties
include its hepatoprotective activity against triptolide-induced liver
damage. It can prevent Triptolide-induced liver damage by restoring
the balance between Th17 and Treg cells, inhibiting the
TLR4-MyD88-NF-κB signaling pathway, retinoid-related orphan
receptor-t, proinflammatory cytokines, and the Th17 transcription
factor, thereby preventing liver damage.92 Hyperoside is a quercetin
derivative that exhibits hepatoprotective properties. In liver diseases,
it prevents hepatic OS by operating antioxidant activity.93 It was
found that by blocking CYP4502E1, hyperoside, at a dose of
60000 μg/kg, can protect the liver from oxidative damage and regu-
late glutathione-related metabolites and enzymes. Hyperoside
reduces QKI expression, YY1 complex activity, and hepatic tumor
cell proliferation and metastasis, inhibiting cell growth and stopping
the cell cycle.94 HD-4d, a hesperetin derivative, showed anti-
inflammatory properties in RAW264.7 cells and liver damage in
C57BL/6J mice, by increasing NLRP12, suppressing inflammatory
factors, and inhibiting p65 protein phosphorylation.95 A study using
TUNEL showed that hesperetin significantly reduced liver

hepatocyte apoptosis caused by APAP. Acetaminophen overdose
significantly increased liver caspase 3 activity in mice, but dose-
dependent hesperetin inhibited this increase in the liver of mice
exposed to lethal acetaminophen dosage.96 Hesperetin derivative
(HD-16) shows hepatoprotective and anti-inflammatory benefits
on a range of hepatic diseases at doses of 25000, 50000, and
100000 μg/kg. HD-16 demonstrated antifibrotic effects on LX-2
cells stimulated by TGF-β1 and mouse hepatic fibrosis caused by
carbon tetrachloride in vitro and in vivo. HD-16 was found to have
an antifibrotic effect by controlling the AMPK/SIRT3 pathways.
Additionally, HD-16 reduced inflammation and damage in the
mouse liver fibrosis caused by CCl4.97 Another study found that a
weekly dose of 0.1–0.2 g/kg P.O. of a substance called apigenin
reduced liver failure severity and enzyme concentration. Apigenin
pretreatment reduces hepatic NF-κB levels, increases liver protein
expression of PPARγ and Nrf-2. Apigenin exhibits anti-
inflammatory, antioxidant, and protective properties against hepatic
lesions in mice caused by D-galactosamine/lipopolysaccharide. It
may work via modulating NF-κB/PPARγ-mediated inflammation

Table 1. The hepatoprotective actions of key flavonoids are summarized based on various in vitro and in vivo models. The table demonstrates the
role of various flavonoids in mitigating liver injury through alterations in molecular pathways, including OS regulation, inflammation suppression,
apoptosis inhibition, and activation of signaling pathways. Findings include reduced inflammatory cytokines, strengthened antioxidant defenses,
enhanced platelet function, inhibition of fibrosis indicators, and mitigation of toxin-induced damage. Flavonoids can be therapeutically utilized to
prevent liver damage by targeting various molecular pathways.

Flavonoids Liver injury Mechanism Finding Ref.

Hesperetin Mouse liver is induced by alcohol and
lipopolysaccharide-stimulated RAW264.7
cells.

In two in vivo and in vitro models, an
increase in NLRP12, which inhibits
the production and
phosphorylation of P65 proteins
and reduces inflammatory factors.

Reduced inflammation and liver
damage by stimulating NLRP12
via NF-κB.

95

Quercetin Rats with cholestatic liver damage Boost the expression of the ORAI-1
gene

In a bile duct ligation model of
cholestasis in rats, increased
ORAI-1-mediated SOCE
improves platelet function.

91

Epicatechin By preventing oxidative and inflammatory
damage to the liver, hepatic sinusoidal
obstruction syndrome

Rats treated with epicatechin showed
increased Nrf-2 translocation and
increased expression of
downstream antioxidant genes.

Decreased hepatic sinusoidal
syndrome by lowering OS and
hepatic inflammation at a dose
of 0.02–0.04 g/kg.

102

Genistein Chronic liver damage and hepatic fibrosis in
rats caused by D-galactosamine

Inhibited decreased α-SMA
expression, collagen matrix
deposition, and blood serum AST
and ALT levels.

Inhibited the histopathological
changes caused by D-GlN
(5 mg/kg BW).

103

Apigenin In the rat liver and kidney, edifenphos caused
toxicity by altering the caspase signal
pathway, OS, and mitochondrial
dysfunction.

Mitigated the oxidative damage caused
by edifenphos.

Reduced liver damage caused by
OS.

98

Daidzein Effects of LPS on Hepatotoxicity Reduced AST, ALT, IL-6, IL-1β, and
TNF levels to inhibit inflammation
and OS. Increase SOD levels by
upregulating and downregulating
Keap-1.

Mitigated inflammation and OS in
the process of LPS-induced
hepatotoxicity.

100

Malvidin Liver damage caused by lipopolysaccharide Reduced inflammation by inhibiting
proinflammatory cytokines and
mediators, NLRP3 inflammasome
activity, apoptosis, autophagy, and
oxidative damage.

Reduced autophagy and
hepatocyte death by
upregulating the Nrf2 signaling
pathway.

89
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and increasing Nrf-2-mediated antioxidant enzymes.90

Furthermore, apigenin, by protecting hepatic cells and reducing
mitochondrial degradation,mitigates the liver damage caused by edi-
fenphos (EDF). Oral EDF disrupted the intracellular antioxidant
system, leading to the production of intracellular ROS. EDF can
lead to negative effects like DNA damage, OS, mitochondrial mem-
brane potential reduction, ROS production, caspase 3/9 activation,
and histo-renal histopathology anomalies. Apigenin reduced oxida-
tive damage and apoptosis caused by EDF. An effective dietary anti-
oxidant that reduces OS brought on by EDF is apigenin.98

Epicatechin proved effective in treating an amoebic liver abscess
in hamsters. Syrian golden hamsters were given intraperitoneal injec-
tions of Entamoeba histolytica trophozoites. Epicatechin dose
(10 mg/100 g, I.P.) slowed the progression of the liver abscess
and helped remove trophozoites to repair the liver.99 Daidzein
improves hepatotoxicity caused by LPS. The substance reduces
inflammation and OS, thereby reducing the damage caused by
LPS to hepatocytes. The mechanism by which daidzein affects hep-
atocyte injury was investigated. At 100 μM, daidzein reduces AST
and ALT expression levels without causing cytotoxicity.100

Another study found that chicory, daidzein, and their combination
dramatically lower the expression of the cyclin A/CDK2 and cyclin
D1/CDK4 axis in liver tissue. Growth is prevented by inducing cell
cycle arrest, inhibiting Ki-67 expression, and causing apoptosis
through Bcl-2 downregulation.101

NLRP12: NOD-Like Receptor Family Pyrin Domain
Containing 12, P65: RelA (p65 Subunit of NF-κB), NF-κB:
Nuclear Factor-κB, ORAI-1: Calcium Release-Activated Calcium
Channel Protein 1, SOCE: Store-Operated Calcium Entry,
Nrf-2: Nuclear Factor Erythroid 2-Related Factor 2, α-SMA:
Alpha-Smooth Muscle Actin, AST: Aspartate Aminotransferase,
ALT: Alanine Aminotransferase, D-GalN: D-Galactosamine,
BW: Body Weight, OS: Oxidative Stress, LPS:
Lipopolysaccharide, IL-6: Interleukin-6, IL-1β: Interleukin-1
Beta, TNF: Tumor Necrosis Factor, SOD: Superoxide
Dismutase, Keap-1: Kelch-Like ECH-Associated Protein 1,
NLRP3: NOD-Like Receptor Family PyrinDomain Containing 3.

Anti-Neuropathic Activity

Neuropathic pain is a chronic, multifactorial pathological sensa-
tion resulting from a lesion or disease affecting the somatosen-
sory system’s anatomy or physiology.4,5 Neuropathic pain is
characterized by paroxysmal pain, independent of stimulus,
and can be triggered by sympathetic activity. Peripheral nerve
injury can lead to a chronic, multi-symptom, and heterogeneous
form of pain called neuropathic pain. Chronic inflammation in
central and peripheral nerves is the major cause of the induction
and maintenance of neuropathic pain.104 Naringenin has ameli-
orative potential against diabetes induced neuropathy and spinal
nerve ligation-induced neuropathy.105 Flavonoids reduce
pro-inflammatory biomarkers in the neuropathic pain model,
with single diosmin treatment reducing IL-1β, IL-33, and St2
expressions, while sustained therapy decreases TNFα, IL-1β,
IL-33, and St2. A single treatment reduced oligodendrocyte

and microglia expression, while a longer treatment reduced
astrocytes, microglia, and oligodendrocytes.106 Fisetin, when
administered to animals with CCI, effectively reduced spinal
monoamine levels and 5-HT/5-HTP ratio while simultaneously
lowering MAO-A. The study found that co-administration of a
5-HT7 receptor antagonist reduced fisetin’s antihyperalgesic
effect, indicating its role in its antinociceptive activity.107 A study
found that the combination of hesperidin and diosmin, when
combined with naloxone, bicuculline, and haloperidol, did not
significantly reduce its antihyperalgesic effect. The receptors
are involved in the antihyperalgesia induced by hesperidin and
diosmin in the CCI model of neuropathic pain.108 Flavonoids
inhibit diabetic neuropathy pathways, including the inhibition
of α-glucosidase enzyme and the reduction of OS.109

Anti-Addictive and Modulating Effects

Fisetin influences key transmitter systems related to alcohol use dis-
order, such as dopamine andNMDA. In a study using conditioned
place preference (CPP) with 50 mice, fisetin was administered
before ethanol conditioning (2 g/kg) over eight days to assess its
effects on ethanolmotivation. Fisetin (20 and 30 mg/kg) facilitated
the extinction of CPP and reduced its acquisition (30 mg/kg). It
reduced the reinstatement of CPP triggered by ethanol. It is also
a therapeutic agent to curtail ethanol-seeking behavior and
decrease relapse risk.110 A study impacts on adolescent mice
regarding ethanol-induced conditioned place preference
(ethanol-CPP). Mice received intraperitoneal ethanol to induce
CPP and were treated with varying doses of quercetin before etha-
nol injections. Quercetin pretreatment decreased acquisition and
reinstatement of ethanol-CPP and expedited its extinction. It has
potential as an adjunct therapy in ethanol addiction manage-
ment.110 Another study utilized CPP tests to investigate the effects
of myricetin on ethanol reward and addiction. Mice received etha-
nol (2 g/kg, i.p.) during the conditioning phase, whilemyricetinwas
administered before ethanol to evaluate its impact on alcohol
addiction. Myricetin (5 and 10 mg/kg, i.p.) significantly inhibited
the development of ethanol addiction (p< 0.05) and promoted
extinction while reducing reinstatement post-contextual exposure.
Notably, neither ethanol nor myricetin affected motor coordin-
ation or locomotor activity. Thus, myricetin demonstrates potential
as an adjunct therapy for alcohol addiction by attenuating its
rewarding properties in mice.111 Furthermore, a study investigates
the neuroprotective and anti-inflammatory effects of naringenin,
focusing on its role in reducing ethanol-induced neuroinflamma-
tion and craving via TRPM3 involvement. Adolescent male
Sprague-Dawley rats received daily naringenin (50 mg/kg, i.p.)
before ethanol administration (2 g/kg, i.p.) for two weeks.
Behavioral assessments through open field tests and conditioned
place preference were conducted. Ethanol increased dopamine
levels in the AcbSh, preference scores, locomotion, TRPM3
expression, and inflammatory markers (TNF-α and IL-6).
Naringenin reversed these effects, suggesting its potential anti-
addictive properties and supporting TRPM3 as a treatment target
for alcohol use disorder.112
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Conclusion and Future Perspectives

Flavonoids, a class of natural polyphenols, are highly researched
due to their exceptional pharmacological diversity and therapeutic
significance. Studies have demonstrated their ability to regulate OS,
inhibit pro-inflammatory mediators, induce apoptosis, alter autop-
hagy, and interact with key signaling pathways like NF-κB,MAPK,
PI3 K/Akt, and Nrf2. These processes have positive effects on
various chronic diseases like cancer, cardiovascular issues, diabetes,
metabolic syndromes, and neurodegenerative pathologies.
Flavonoids’ SAR offers a deeper understanding of how specific
hydroxylation, glycosylation, and methoxylation patterns influence
their potency and bioactivity. Flavonoids are being identified as
potential multitarget therapeutic agents that could bridge the gap
between curative and preventive medicine. However, despite
promising preclinical and experimental data, there are significant
obstacles in transforming flavonoids into successful treatments.
Their therapeutic efficacy in humans is limited by their low bio-
availability, poor solubility, fast metabolism, and inconsistent
absorption. The integration of these drugs into mainstream medi-
cine is inhibited by the absence of large-scale randomized con-
trolled trials and standardized dosage schedules. Furthermore,
current research primarily focuses on individual chemicals,
but there is limited understanding about the synergistic effects
of dietary patterns high in flavonoids. Future research should
explore nanotechnology-based delivery systems like micelles,
liposomes, nanoparticles, and polymer conjugates for resolv-
ing pharmacokinetic issues. Flavonoids may enhance thera-
peutic efficacy and reduce side effects when combined with
current pharmacological and chemotherapeutic treatments.
Further clinical trials are urgently required to ensure safety,
effectiveness, and optimal dosage in diverse patient popula-
tions. To predict multitarget interactions and direct precision-
based therapies, computational techniques like molecular
docking, network pharmacology, and systems biology must
be integrated. Nutrigenomics and personalized medicine
advancements enable new methods for determining patient-
specific reactions to flavonoid therapy, enhancing their use in
therapeutic and preventive methods. In conclusion, flavonoids
hold significant potential as next-generation therapeutic agents
for combating degenerative and chronic diseases through
multitargeted approaches. Flavonoids can transform from
dietary supplements into clinically proven pharmacological
interventions through interdisciplinary research, innovative
formulation technologies, and clinical validation. This will
bridge the gap between natural product research and modern
medicine.
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