Inflammopharmacology (2025) 33:2231-2262
https://doi.org/10.1007/510787-025-01729-7 Inflammopharmacology

REVIEW q

Check for
updates

Flavonoids regulating NLRP3 inflammasome: a promising approach
in alleviating diabetic peripheral neuropathy

Saumya Khanna' - Sachindra Kumar' - Pratyasha Sharma’ - Rajni Daksh' - Krishnadas Nandakumar' -
Rekha Raghuveer Shenoy'

Received: 21 January 2025 / Accepted: 25 January 2025 / Published online: 9 April 2025
© The Author(s) 2025

Abstract

A common and serious side effect of diabetes is diabetic peripheral neuropathy (DPN), which is characterised by gradual
nerve damage brought on by oxidative stress, chronic inflammation, and prolonged hyperglycemia. Studies identify NLRP3
inflammasome as a key mediator in the pathogenesis of DPN, connecting neuroinflammation and neuronal damage to
metabolic failure. Because of their strong anti-inflammatory and antioxidant qualities, flavonoids, a broad class of naturally
occurring polyphenols, have drawn interest as potential treatments for DPN. The various ways that flavonoids affect the
NLRP3 inflammasome and their potential as a treatment for DPN are examined in this review. It has been demonstrated that
flavonoids prevent NLRP3 activation, which lowers the release of pro-inflammatory cytokines including IL-1p and IL-18
and causes neuroinflammation. Flavonoids work mechanistically by reducing oxidative stress, altering important signalling
pathways, and blocking the activities of NF-kB and caspase-1, which are both essential for the activation of the NLRP3
inflammasome. Preclinical research has shown that flavonoids have strong neuroprotective benefits, and few clinical evidence
also points to the potential of flavonoids to improve nerve function and lessen neuropathic pain in diabetic patients. The
current review emphasises how flavonoids may be used as a treatment strategy to target inflammation in DPN caused by the
NLRP3 inflammasome. By targeting important inflammatory pathways, flavonoids provide a new way to slow the progression
of this debilitating illness. Further investigation into the mechanisms, clinical translation, and novel drug delivery techniques
could enhance the therapeutic efficacy of diabetic peripheral neuropathy.
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Introduction

Diabetic neuropathy (DN) is one of the most frequent
chronic complications of diabetes mellitus which occurs
in a later stage (Chen and Song 2024) and involves both
peripheral and central nerves, particularly the former,
known as DPN (Diabetic Peripheral Neuropathy), which
affects about one-third of patients with diabetes. Several
metabolic abnormalities are the causes of elevated risk of
various diabetes complications, including neuropathy in
patients suffering from Type 2 Diabetes Mellitus (Oye-
wande et al. 2020; van der Pouw Kraan et al. 2015). This
complication is characterized by pain, paraesthesia, numb-
ness, and loss of sensation which are among the positive
and negative clinical signs and symptoms that result from
the progressive loss of nerve fibres (Yagihashi et al. 2007).

DPN has become a global health challenge as the num-
ber of diabetic patients increases worldwide. Diabetes
has affected an estimate of 537 million adults worldwide
between the ages of 20 to 79 (10.5% of all adults in this
age range) (Kumar et al. 2024). The prevalence of diabetes
mellitus in India is higher at 4.3%, in comparison to 1-2%
in the West. Asian Indians are likely to be more suscepti-
ble to insulin resistance and cardiovascular mortality. The
incidence of diabetic neuropathy (DN) from Southern
India revealed that 19.1% of type 2 diabetic patients suf-
fered from peripheral neuropathy. Around 25-50% of peo-
ple with diabetic neuropathy can suffer from neuropathic
pain, and the effects of this condition go well past the
clinical signs and symptoms (Strand et al. 2024). Based on
various meta-analysis studies across the world, the preva-
lence of DPN in Africa was found to be 38% in type-2
diabetic patients, 21% in Asia, mostly in India, 46.5% in
Caribbean and South America, with high prevalence in
Brazil and based on a population based study in the US
around 14% younger adults and 42% older adults were
suffering from DPN (Savelieff et al. 2025).

Currently, many drugs have been used as a treatment
for Diabetic Neuropathy, like Gabapentin, Pregabalin,
TCA (Tricyclic Antidepressants), and SNRIs (Seroto-
nin and norepinephrine reuptake inhibitors). Second-line
treatment drugs include capsaicin patches, opioids, and
lidocaine patches, and third-line treatment includes strong
opiates. Still, all these drugs come with a lot of limitations,
like drowsiness, addiction, limited efficacy, and serious
adverse effects (Cohen et al. 2015; Khdour 2020). Despite
advances in the therapy of diabetes complications includ-
ing DPN, still, there is a deficiency of effective therapeutic
agents (Kabir et al. 2021).

Flavonoids are a broad group of secondary metabo-
lites, recognized to possess a diverse range of biologi-
cal activities, including antioxidant, anti-inflammatory,

anti-diabetic and diabetes-related complications like
diabetic neuropathy, anti-microbial, anti-cancer, neuro-
protective, and cardioprotective-properties (Panche et al.
2016; Testa et al. 2016). In addition, inflammation is a
critical aspect of Diabetic Neuropathy and flavonoids
are known to act by inhibiting the inflammation process.
Inflammasomes are the groups of multiple proteins found
in immune cells initiating inflammatory reactions (Demir
2020; Sartor et al. 2002). Among various inflammasomes
NLRP3 (nucleotide-binding domain, leucine-rich-contain-
ing, pyrin domain-containing-3) inflammasome is known
to play a critical role in triggering an immune response
thereby causing nerve damage in diabetic neuropathy (Li
et al. 2022a, b; Sun et al. 2019).

This review highlights the potential effects of flavonoids
on NLRP3 inflammasome and various mechanisms involved
in diabetic neuropathy and discuss about the current pre-
clinical and clinical research with respect to therapeutic
effect of flavonoids in diabetic neuropathy and various novel
techniques to tackle the problems associated with the bio-
availability of flavonoids along with their advantages and
limitations. Therefore, in this review, we systematically sum-
marize the molecular mechanisms of flavonoids in regulat-
ing NLRP3 inflammasomes and their major role in diabetic
neuropathy. This could be helpful to promote natural sources
as potential therapeutic options designed to ameliorate neu-
ropathic pain or functional changes associated with diabetic
neurons.

Flavonoids: types and sources

Flavonoids are a group of plant-derived compounds with
numerous potential health benefits, including antioxidant,
anti-inflammatory, anti-cancer, anti-diabetic, neuroprotec-
tive, and cardioprotective effects (Tatipamula and Kukavica
2021). Over 9000 flavonoids have been found and identi-
fied in a variety of plants. These substances show a vari-
ety of biological effects and have gained a lot of interest in
pharmacology, medicine, and nutrition because of potential
health advantages (Gao et al. 1999). The various types of
flavonoids along with their sources and chemical structures
are shown in the Table 1.

Pharmacokinetic properties of flavonoids

In nature, flavonoids appear in the form of glycosides and
aglycones (free form) and are also present in the form of
methylated and acetylated derivatives (Cassidy and Mini-
hane 2017). These flavonoids are obtained from various
sources such as foods and beverages among which, fruits,
vegetables, flowers and seeds contain the highest content of
flavonoids (Dias et al. 2021). Absorption of the flavonoids
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Table 1 The following table provides the list of flavonoids and their types, along with their sources and chemical structure

¢) Baicalein

Obtained from the roots of

Scutellaria /ateriflora. and

S.No | Flavonoids Types Source Chemical Structure Reference
OH 0
a) Apigenin ' ‘ (Johnston et
Obtained from, Parseley, ’ ’ al., 2009;
celery, and chamomile tea. o N No Shabalala et
al., 2017)
OH
Sources include celery,
chrysanthemum  flowers, (Lin et al,
b) Luteolin sweet bell peppers, carrots, 2008; Saleem
onion leaves, broccoli, and etal., 2021)
parsley. ‘ o
Flavones
1.
(Li et al,
OH 2022,

Sameiyan et

Scutellaria baicalensis. Ho al., 2019)
N 9. (Feng et al.,
o extracted from the root of ‘
d) Baicalin A 2019; Zhou et
Scutellaria baicalensis. ‘ o ‘
e N al., 2021)

OH

take place in the small intestine, where the lactase phlorizin
hydrolase hydrolyses flavonoid glycosides into respective
aglycones (Cassidy and Minihane 2017; Hollman 2004).
Most of the flavonoid glucosides need to be deglycosylated
in the small intestine prior to absorption; however, the struc-
ture and location of the sugar substitution determine the
rate at which this process occurs. Enzymes hydrolyse the

@ Springer

flavonoids that are not deglycosylated in the colon, helping
them to be reabsorbed or excreted in feces (Dias et al. 2021).
After the absorption of flavonoids, they undergo the phase
I and phase II metabolism, which includes the process of
sulfation, glucuronidation, methylation, and glycine conju-
gation (Sandoval et al. 2020). Phase I involves hydroxylation
of the aromatic rings after which, the phase II metabolism
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Table 1 (continued)

Flavonols

a) Quercetin

The major sources are

vegetables and  fruits
including apple, wolfberry,
strawberry, tomato, apricot,
grape, brussels, sprout,
lettuce, cauliflower, onion

and broccoli.

HO

(Mamun et al.,
2022; Zizkova
etal., 2017)

b) ] \ 2022; Sudhesh
vera (L.), Delile, Ginkgo 0 o :
Kaempferol ‘ Dev et al,
biloba L, Euphorbia {
‘ ot 2023)
pekinensis ~ Rupr, and

Broccoli, apples, tea, beans
and strawberries. It is found

in herbs including Aloe

Rosmarinus officinalis.

J OH

(Archoo et al.,

¢) Myricetin

Isolated from the aerial part
of Abelmoschus

moschatus (Malvaceae).
The

families Myricaceae, Polyg
onaceae, Primulaceae, Pina
ceae, and Anacardiaceae ar
e the richest sources of
myricetin. It is found in
fruits, vegetables, berries,

tea, and wine.

(Eddouks et
al., 2014,
Imran et al.,

2021)

) and fruits, such
d) Morin i 2024; Liao et
as Artocarpus HO H 1., 2023)
al.,
heterophyllus Lam, o o
Cudrania

Isolated  from  plants
belonging to the family of
mulberry, such as

orange, Maclura pomifera,

it is present in many herbs

tricuspidata Carriére
Moraceae fig, and other

species.

(Jasemi et al,,
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Table 1 (continued)

e) Rutin

Present in abundance in,
berries, buckwheat,
amaranth, asparagus, citrus
Morus

fruits such as

alba (mulberry) and Ruta

(Ganeshpurka
r & Saluja,
2017;

Rahaman et

quantities it is also present

in cocoa, water mint,

OH

r al., 2022)
graveolens (common rue). o
Obtained from the seeds (Shayan et al.,
. of Silybum  marianum (or 2023; Ugoeze
f) Silibinin ) )
milk thistle) and Cynara « & Odeku,
scolymus (or artichoke), : ~ 2022)
Found in olive oil, grapes,
in citrus fruits and onions,
in conifers such as the
OH 0
Siberian larch, Larix |
o sibirica, in Cedrus (Das et al,
g) Taxifolin X
deodara, Pinus roxburghii, "o ¢ w 2021)
in the Chinese yew, Taxus ) o
chinensis var. mairei, and o
is obtained from the extract
of silymarin.
Present in various 0
) J (Khan et al.,
vegetables and fruits such oH
o I 2013;
h) Fisetin as apples, grapes, o
) ) Ho 0 Srinivasan et
strawberries, persimmon,
) o al., 2023)
cucumber, and onion.
OH
It is present in citrus fruits
like  grapefruits, sour oH 0
Flavanones a) oranges, tart cherries, N (Amin et al,
3. Narineenin tomatoes, and  Greek ’ 2020; Joshi et
& o~ N al., 2018)
oregano. In lesser *
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Table 1 (continued)

bergamot, Drynaria, as well

as in beans.

and Astragalus propinquus
Schischkin, Astragalus
membranaceus and Spath

olobussuberectus.

HO Z 0

Present in fruit or peel of ~ B | |
Ho, ¢ acanli et al.,
o Rutaceae grapefruit which
b) Naringin ) J 2018; Xue et
leads to the bitter taste of ‘ 1. 2023)
) 0 OF a b
citrus juices. 0w NN
0 oV \uw
“;;‘ OH
Isolated from soybean © |
) on ey et al,
) (Glycine max) seeds and '
a) Genistein ) 2017; Guo &
present in other plants such Wu, 2018)
u,
as Flemingia vestita. »
It is a natural phytoestrogen
) ) ) ) ) , o (Bak et al,
b) Biochanin | which is an isoflavone i
2016; Raheja
A extracted from red clover
etal., 2018)
4. Isoflavones (Trifolium pratense). Ho 0
It is isoflavone isolated
from various herbs and
medicinal plants including
) red clover  (Trifolium (‘) (Chakraborty
C 0
| pratense) which is a [ ’ et al, 2021;
Formononeti I
Chinese medicinal plant ‘ Liu et al,
n

2023)

occurs by conjugation of enzymes, glutathione S-trans-
ferase, UDP (Uridine 5’-diphospho)-glucuronosyltransferase
and catechol O-methyltransferase which help in increasing

the water solubility of the molecule to be excreted by the

kidneys and rest of the metabolites reach the targeted tissues
(Vazhappilly et al. 2021). The pharmacokinetic properties of
flavonoids are illustrated in Fig. 1.
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Table 1 (continued)

d) Peurarin

Puerarin is present in the
roots of the Chinese herb
kudzu.

OH

(Blazovics,
2021; de
Souza et al.,

2021)

A colourful flavonoid
whose  sources include "
) purple grapes, , blackberry, (Fedenko et
a
5. Anthocyanins | blueberry, cranberry cherry, al., 2017; Nabi
Pelargonidin
plum, raspberry, etal., 2023)
strawberry, chokeberry, and "
red cabbage.
It is a major -catechin )
o (Aziz et al.,
a) EGCG extracted from green tea 0
: ’ 2021)
(Camellia sinensis). |
N
6. Flavanols
It is found mainly in the
proanthocyanidin extracts A
] (Aparicio-
b) from grape seed, occurring N
! oh Trejo et al.,
Procyanidin | at significant levels in h
) ) o 2021; Crozier
B2 foods including cocoa,
) etal., 2010)
apples, strawberries, and
red wine.
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Table 1 (continued)

It is extracted from catechu,
a tannic juice or boiled
extract
catechu L.f (Fabaceae) and ! O
c¢) Catechins | is obtained from a variety
of fruits, such as black
grapes,
gooseberries apples

blueberries, and cherries.

of Acacia on
(Igbal et al.,

’ N 2022;
o NZ N0 N Mbaveng et

P al., 2014)
strawberries, Y oM

OH

Flavonolignans, extracted
from
plant Silybum (Devi, 2019;
7. Flavanonol a) Silymarin | marianum (L.) Gaertn., Gupta &
also known as milk thistle, Pandey, 2019)
belonging to the family

Asteraceae/Compositae.

the medicinal

> '}g ‘
?{/‘g/‘ /&

Factors limiting the bioavailability of flavonoids

* Poor intestinal absorption

— @ * Degradation with pH increase
Flavonoids \ + Low bio accessibility in food matrix
Flavanols
: lsoiavones + Low solubility R
« Flavones
; Plavansols + Low metabolic conversion
[ Absorption in Gl tract ] ; ;
@ * Poor metabolism by microflora
[ First pass metabolism in Liver ] Liposome SOIutionS -
a g @ Polymeric nanoparticles % Inhibition of NLRP3
e SRRA A inflammasome
Phase | Phase I ] =
o . iugati o Micell +  Antioxidant
[ Oxidation Reduction ] [ Conjugation ] leefles Enhances «  Anti inflammato
© ry
J |} = drug delivery *  Antidiabetic
Conjugates e.g.. E and *  anti-carcinogenic
Glucuronides, sulfates = Nanoencapsulation ; - Pr°p.e'1y .
o therapeut|c « cardioprotective
ﬁ Y= fFi activity
Dnstnbuhon in targets ] 6 errcacy * neuroprotective
c Nano- crystal . effects
© +  Solubility
. Excretlon é{ 2 Permeability Improvement in
‘{Z " | g‘_ab'“t}l’ it diabetic peripheral
ti . 1o0availabilr
Renal Excretion Biliary Excretion W /f'. \ero emulation Selectivity Y neuropathy
(Urine) (Feces) Y +  Safety -
Fig. 1 Pharmacokinetic properties of flavonoids and factors affecting lized in the liver via phase I and phase II metabolism followed by
the bioavailability and approaches to improve the therapeutic efficacy. excretion via kidneys or reach the target tissues. Various factors,
The flavonoids are converted to glycosides in the small intestine by including low solubility, low metabolism in the liver, colon, and small
metabolic processes after ingestion. The bacterium in the colon trans- intestine, degradation with increase in pH and increased rate of deg-
forms a significant portion of the flavonoids that are consumed into radation, reduces the bioavailability of flavonoids.

phenolic acids. After first pass metabolism and get further metabo-
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Pathophysiology of diabetic peripheral
neuropathy

The pathophysiology and pathogenesis of diabetic neu-
ropathy is multifaceted, involving several interrelated
mechanisms, including Hyperglycemia, Insulin resist-
ance, Dyslipidaemia, and Oxidative stress (Eid et al.
2023; Feldman et al. 2019; Pang et al. 2020; Yagihashi
et al. 2007). Insulin signalling is essential for sustaining
neuronal glucose absorption and energy metabolism, and
its resistance interferes with important processes neces-
sary for the health and function of neurons, contributing
to the blooming of diabetic neuropathy, especially in those
with type 2 diabetes (Grote et al. 2011). Insulin resistance
speeds up the development of neuropathy, contributing to
neural dysfunction, and the impairment of neurotrophic
support intensifies neuronal deterioration (Grote and
Wright 2016).

Excessive amount of glucose in circulation because of
insulin resistance leads to hyperglycemia, which plays a
crucial role in the development of diabetic neuropathy
through multiple biochemical pathways. In the polyol
pathway, aldose reductase reduces excess glucose to sorbi-
tol, which is subsequently changed into fructose by sorbi-
tol dehydrogenase (Thakur et al. 2021). The consequent
build-up of fructose and sorbitol in nerve cells results in
cellular damage and osmotic stress. The non-enzymatic
glycation of lipids, proteins, and nucleic acids is another
way hyperglycemia encourages the production of advanced
glycation end-products (AGEs). Inflammatory reactions
and oxidative stress are brought on by AGEs binding to
their receptors (RAGEs), which harm neurons (Lukic et al.
2008). The protein kinase C (PKC) pathway is also acti-
vated by hyperglycemia, which reduces neuronal perfu-
sion, increases vascular permeability, hinders blood flow
(30), and activates NF-kB, thus disrupting DNA and con-
tributing to neuropathy (Kaur et al. 2023).

Insulin resistance and hyperglycemia cause an increase in
dyslipidaemia and oxidative damage to mitochondrial DNA,
lipids, and proteins by increasing the generation of reac-
tive oxygen species (ROS) in the mitochondria (Pop-Busui
et al. 2006) and nitrosative stress, which worsens neuronal
damage by raising nitric oxide (NO) levels and its reactive
derivatives, including peroxynitrite (Marrazzo* et al. 2014)
and thus contributing to neuropathy. Increased concentra-
tions of free fatty acids and their byproducts build up in
peripheral nerves, causing lipotoxicity, which damages cell
membrane integrity and causes neuronal cells to undergo
apoptosis. Damage from lipids jeopardizes neurons’ struc-
tural and functional integrity. Furthermore, dyslipidaemia
triggers the production of pro-inflammatory cytokines such
as TNF-a, IL-1p, and IL-6 via activating inflammatory

@ Springer

pathways (Cai et al. 2021; Stino et al. 2020). Furthermore,
it triggers inflammatory chemokine and cytokine infiltra-
tion, leading to nerve damage and inflammation (Baum et al.
2021). The ensuing chronic inflammation harms Schwann
cells and neurons, which accelerates the development of
neuropathy (Cheng et al. 2024).

Additionally, the metabolic abnormalities linked to dia-
betes have a negative impact on Schwann cells, which are
crucial for myelination and supporting neurons. This mal-
function accelerates the development of diabetic neuropathy
by causing demyelination and a resulting decrease in nerve
conduction velocity (Sima and Zhang 2014). The intricate
interaction of insulin resistance, oxidative stress, hypergly-
cemia, and dyslipidaemia results in a toxic environment for
peripheral nerves, altering the function and structure of neu-
rons and Schwann cells which ultimately leads to diabetic
neuropathy.

NLRP3 inflammasome: a therapeutic target

An essential part of the innate immune system is the NLRP3
inflammasome, acting as a sensor for various stress signals
and playing a pivotal role in inflammation (Chen et al. 2023).
The NLRP3 protein, the adaptor protein ASC (apoptosis-
associated speck-like protein) and pro-caspase-1, usually
make up this multiprotein complex. When this complex
is activated, pro-caspase-1 is cleaved into its active form,
caspase-1, which then converts pro-inflammatory cytokines
IL-18 and IL-1f into their active forms, causing their release
and promoting an inflammatory response (He et al. 2016;
Kelley et al. 2019). Multiple processes are involved in the
development and activation of the NLRP3 inflammasome
in diabetic neuropathy including the Priming and the Acti-
vation step (Hamilton et al. 2022). Priming step, the initial
phase, entails the induction of pro-IL-1p and NLRP3. This
is usually accomplished via toll-like receptors (TLRs) that
recognizes damage-associated molecular patterns (DAMPs)
or pathogen-associated molecular patterns (PAMPs), and
triggers the NF-xB pathway (McKee and Coll 2020). In dia-
betic neuropathy, chronic hyperglycemia leads to peripheral
nerve injury, altered nerve Fiber Nat, K*-ATPase activity,
reduced nerve conduction velocity and the release of ROS
which leads to the activation of NLRP3 inflammasome
(Nitulescu et al. 2023). The second step involves the acti-
vation of the inflammasome, which is triggered by various
stimuli, such as oxidative stress, mitochondrial dysfunction,
ion flux, extracellular ATP, Lipopolysaccharide (LPS) (Y.
Chen et al. 2023). There have been various studies per-
formed which have shown that NLRP3 inflammasome has
been activated by high glucose levels due to metabolic dis-
turbance causing the activation of procaspase-1 and IL-1f
(Haneklaus and O’Neill 2015) and that high glucose levels
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have caused increased levels of reactive oxidant species
causing the activation of NLRP3 inflammasome via TRX
protein (thioredoxin-interacting protein) causing the release
of proinflammatory cytokines leading to neuropathic pain
(Zheng et al. 2020).

Diabetic Neuropathy is also linked with the process of
pyroptosis which requires the assembly of the inflammas-
ome, the activation of inflammasome causes accumulation
of GSDMD (Gasdermin D) caspase-1 cleaves it to produce
the C- and N-gasdermin domains. These domains promote
an inflammatory response by secreting mature IL-1f and
IL-18 and due to the aggregation of N-gasdermin on cell
membranes pyroptosis is caused and excessive pyropto-
sis can lead to chronic inflammation (Lu et al. 2020; Xu
et al. 2021). A study found that Jinmaitong, which is a
traditional Chinese medicine helped in alleviating DPN by
inhibiting the expressions of NLRP3 inflammasome and
inhibited pyroptosis (Sun et al. 2021).

Some studies have also shown that, by controlling the
AMPK-NLRP3 inflammasome axis, for example, the bioac-
tive substance salidroside has been shown to reduce diabetic
neuropathic pain. Salidroside prevents neuronal injury by
lowering the inflammatory response through AMPK (adeno-
sine 5’- monophosphate-activated protein kinase) activation
(Zheng et al. 2021). In addition, increased inflammation and
pain have been linked to the activation of the NLRP3 inflam-
masome, which is facilitated by TET2 (Tet methyl-cytosine
dioxygenase 2) overexpression in dorsal root ganglion neu-
rons. By modifying inflammasome activity and lowering
inflammation, targeting TET2 and its regulatory pathways
may open up new treatment options for diabetic neuropathic
pain (Chen et al. 2022a, b).

Moreover, the therapeutic promise of targeting the
NLRP3 inflammasome also extends to oncology; studies
show that, depending on the tumour environment, altering
this pathway can either promote or hinder the proliferation
of cancer cells (Missiroli et al. 2021). NLRP3 activation
may improve anti-tumour immunity in malignancies with
low levels of IL-1 production, while NLRP3 inhibition may
help stop tumour growth in tumours with high amounts of
IL-1B (Sharma and Kanneganti 2021). Additionally, the
NLRP3 inflammasome has been implicated in drug-induced
organ toxicities, including hepatotoxicity and nephrotoxicity,
highlighting its role in adverse drug reactions (Guan et al.
2022). Thus, targeting the NLRP3 inflammasome presents
a multifaceted approach to therapy that could address not
only chronic inflammatory diseases but also cancer and drug
toxicity (Ozaki et al. 2015). Ongoing research is focused on
elucidating the precise mechanisms governing NLRP3 acti-
vation and inhibition while exploring novel small molecules
and biologics that can selectively modulate this pathway for
therapeutic benefit. As our understanding deepens regarding
the structural mechanisms underlying NLRP3 function and

its interactions with other cellular pathways, it is likely that
innovative strategies will emerge to harness its potential for
treating a wide array of diseases characterized by inflamma-
tion and immune dysregulation.

Therapeutic effects of flavonoids

These plant-derived polyphenolic compounds have potent
antioxidant properties and anti-inflammatory, and the
mechanism involved in providing the benefit of flavonoids
includes. Important inflammatory enzymes that flavonoids
have been shown to inhibit include cyclooxygenase (COX),
lipoxygenase (LOX), and inducible nitric oxide synthase
(iNOS). Flavonoids can effectively reduce inflammation by
altering the production of pro-inflammatory mediators such
nitric oxide, leukotrienes, and prostaglandins (Maleki et al.
2019; Santangelo et al. 2007). Flavonoids can also interfere
with the activation of transcription factors, such as nuclear
factor-kappa B (NF-kB) and activator protein-1 (AP-1)
which regulate the expression of various pro-inflammatory
genes (Yoon and Baek 2005). By inhibiting the transloca-
tion of these transcription factors to the nucleus, flavonoids
can suppress the production of chemokines, inflammatory
cytokines, and adhesion molecules. Flavonoids possess
potent antioxidant properties, which contribute to their anti-
inflammatory effects. They can directly scavenge reactive
oxygen species (ROS) and reactive nitrogen species (RNS),
thereby reducing oxidative stress and the subsequent inflam-
matory response (Prochdzkova et al. 2011; Soobrattee et al.
2005). Additionally, flavonoids can increase the expression
of antioxidant enzymes, such as glutathione peroxidase,
superoxide dismutase (SOD), and catalase, further enhanc-
ing the body’s defence against oxidative damage. Flavonoids
have been shown to regulate the activity of various inflam-
matory cell types, including macrophages, lymphocytes
and neutrophils. They can inhibit the release and produc-
tion of pro-inflammatory mediators from these cells, as
well as suppress their migration and infiltration to the site
of inflammation (Comalada et al. 2005). Flavonoids can also
influence the expression of genes involved in the inflam-
matory response. They can downregulate the expression of
pro-inflammatory genes, such as those encoding cytokines
(e.g., IL-6, IL-1p, TNF-a),(Tunon et al. 2009) chemokines,
and adhesion molecules while upregulating the expres-
sion of anti-inflammatory genes (e.g., IL-10, heme oxyge-
nase-1) which is shown in Fig. 2. Additionally, flavonoids
have also been studied as NLRP3 inflammasome inhibitors
and are important mediators of chronic inflammation. The
NLRP3 inflammasome is the target of flavonoids, which
may lessen the activation of pro-inflammatory cytokines
and lessen the inflammatory cascade linked to neuronal
injury and the mechanism of action of flavonoids on NLRP3
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Fig.2 Flavonoids and their mechanism of action in Diabetic Neu-
ropathy. In diabetic neuropathy, the picture illustrates how the various
flavonoid subclasses—flavones, flavanones, flavonols, isoflavones,
flavanonols, and anthocyanins—work. It draws attention to how they

Inflammasome has been shown in Fig. 3. The approaches
by which the flavonoids particularly work to achieve these
effects are listed below, emphasizing their diverse function
in preventing diabetic neuropathy and associated inflamma-
tory processes.

(1) Flavones

(a) Apigenin- Apigenin, a (4',5,7-trihydroxyflavone)
is found in various plants, plays a significant role in
diabetes-induced neuropathy, and has various antioxi-
dant, anti-inflammatory, and anti-diabetic properties
(Johnston et al. 2009). In a study, apigenin ameliorated
diabetic neuropathy in rats by modulating the TLR4/
MyD88 signalling pathway, which showed inhibited
elevated plasma glucose levels, TNF-a, ILs, TLR4, and
MyD88 expressions, thus ameliorating STZ (Streptozo-
tocin) -induced allodynia and hyperalgesia (Fang et al.
2023; Yu et al. 2023). By preventing caspase-1 activa-
tion and disrupting the NLRP3 inflammasome assem-
bly, apigenin reduced the amount of IL-1p produced in
response to LPS (Zhang et al. 2014).

(b) Luteolin- Luteolin, a (3',4',5,7-tetrahydroxyfla-
vone) is found in various dietary sources and medicinal
plants (Lin et al. 2008), and its antioxidant and neu-
roprotective effects has made it a potential option for
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might lessen oxidative stress, inhibit pro-inflammatory cytokines,
enhance nerve function, and lessen neuronal damage. Under each cat-
egory, particular flavonoids help improve neuroprotection in diabetes
and reduce neuropathic pain.

treating diabetic neuropathy. Luteolin helped improve
the impaired nerve functions in diabetic neuropathy
by acting on the Nrf2-dependent anti-oxidant pathway
(Li et al. 2015). A study showed that luteolin could
inhibit NLRP3 inflammasome activation via blocking
ASC oligomerization, showing that luteolin acts on the
inflammasome (‘Luteolin Inhibits NLRP3 Inflamma-
some Activation via Blocking ASC Oligomerization’,
2021).

(c) Baicalein- Baicalein, a (5,6,7-trihydroxyflavone)
extracted from the root of Scutellaria baicalensis, is
used as a dietary supplement, which helps in reduc-
ing pain, inflammation, and oxidative stress (Li et al.
2022a, b). Without reducing the rate at which diabe-
tes causes the loss of intraepidermal nerve fibres and
encouraging their regeneration, baicalein reduces
MNCYV (Motor Nerve Conduction Velocity) and SNCV
(Sensory Nerve Conduction Velocity) deficits, thermal
hypoalgesia, and tactile allodynia symptoms in DPN
(Stavniichuk et al. 2011). Baicalein alleviates pyrop-
tosis and inflammation by inhibiting the NLRP3/Cas-
pase-1 pathway (Wang et al. 2021).

(d) Baicalin- Baicalin (baicalein 7-d-p-glucuronate)
extracted from the dried root of Scutellaria baicalen-
sis Georgi. It has anti-inflammatory, analgesic, anti-
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Fig.3 Mechanism of action of Flavonoids in Diabetic Neuropathy.
The illustration shows how flavonoids affect NLRP3 components
in diabetic neuropathy. Inflammasome priming, ASC oligomerisa-
tion, NLRP3 assembly, caspase-1 activation, ROS generation, and

oxidant, anti-allergy, and immunomodulatory effects
(Feng et al. 2019). A study showed that baicalin admin-
istration suppressed the increase in the expression of
TRPV1 in DRG of DNP rats which showed that baica-
lin plays a vital analgesic role in DNP and could serve
as a potential compound in the treatment and preven-
tion of DNP (P. Li et al. 2018). Baicalin suppressed
NLRP3-inflammasome via TLR-2-NF-kB pathway
(Ishfaq et al. 2021). Baicalin has also been shown to
inhibit excessive NLRP3 inflammasome activation by
inhibiting ASC formation and reducing the release of
IL-1pB and IL-18 from the cells (C.-G. Li et al. 2017).
Flavonols

(a) Quercetin- Quercetin is a polyphenolic flavonoid
present in plants and plant-derived foods and is known
for various properties such as antioxidant, anti-inflam-
matory, anti-tumour, cardioprotective activity, etc.
(Zizkova et al. 2017)., and has shown a promising effect
in the treatment of DPN. Quercetin corrects mitochon-
drial abnormalities by activating the AMPK/PGC-1a
Pathway, which helps alleviate diabetic peripheral
neuropathy (Zhang et al. 2021a, b). According to one
study, quercetin therapy reduced the formation of ROS
and prevented the activation of the NLRP3 inflamma-

2)

the release of pro-inflammatory cytokines IL-1p and IL-18 are all
inhibited by flavonoids. These activities reduce neuronal damage and
inflammation.

some, which resulted in a decrease in IL-1p, TNF-«,
and IL-18 levels as well as in histopathology 72 h fol-
lowing a spinal cord injury (Jiang et al. 2016).

(b) Kaempferol- Kaempferol (3,5,7-trihydroxy-2-(4-
hydroxyphenyl)-4H-1-benzopyran-4-one) is found in
many plants and has many properties, including, anti-
microbial, anticancer, cardioprotective, neuroprotective
antioxidant, anti-inflammatory, antidiabetic, analgesic
properties, etc., (Shields 2017; Sudhesh Dev et al.
2023) and has shown its action on diabetic peripheral
neuropathy and has helped in attenuating the devel-
opment of allodynia and hyperalgesia in STZ model
of DNP by inhibiting microglial activation and also
by decreasing the inflammatory mediators and oxida-
tive stress (Abo-Salem 2014). Kaempferol inhibited
the activation of caspase-8, caspase-3, and NLRP1/
NLRP3 inflammasomes, preventing the production of
pro-inflammatory cytokines via inhibition of NF-xB
and JNK (Jun N-terminal Kinase) pathways (C. Lin
et al. 2019).

(c) Myricetin- A phenolic compound which is iso-
lated from the ariel parts of Abelmoschus moschatuss
(Eddouks et al. 2014) and has antioxidant, anticancer,
antimutagenic, cardioprotective, and antidiabetic activ-
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ity (Kulkarni et al. 2016). It has shown a promising
effect in the treatment of DPN, where it has helped
in improving impaired nerve functions in experimen-
tal diabetic rats (Ma et al. 2022). Myricetin inhibits
NLRP3 inflammasome activation which is accounted
by the ROS scavenging activity of myricetin. Myri-
cetin’s ability to scavenge ROS is responsible for
the ubiquitination of ASC, whereas it also promotes
NLRP3 ubiquitination, which is not dependent on ROS
(Chen et al. 2019a, b).

(d) Morin- Morin a, (3,5,7,2',4'-pentahydroxyfla-
vone) which is isolated in the form of a yellow pigment
from various plants is shown to have antioxidant, anti-
inflammatory, cardioprotective, neuroprotective, anti-
diabetic, and has anti-microbial potential (Rajput et al.
2021). It has shown to have effect in DPN by exert-
ing neuroprotection via attenuation of ROS induced
oxidative damage and neuroinflammation (Bachewal
et al. 2018). Morin significantly decreased the protein
level of NLRP3, Therefore, inhibiting the activation of
NLRP3 inflammasome induced by LPS (Tianzhu et al.
2014).

(e) Rutin- Rutin, a (3,3',4',5,7-pentahydroxyfla-
vone-3-rhamnoglucoside) found in various plants, has
demonstrated a number of pharmacological activities,
including antioxidant, cytoprotective, vasoprotective,
anticarcinogenic, neuroprotective and cardioprotective
activities (Ganeshpurkar and Saluja 2017). It has shown
a potential effect in ameliorating diabetic neuropathy
by lowering plasma glucose and decreasing oxidative
stress via Nrf2 signalling pathway in rats (Tian et al.
2016). Rutin when administered showed reduction in
ROS and malondialdehyde productions and suppressed
NLRP3 inflammasome activation with decrease of
IL-1p, IL-18, and TNF-a levels and attenuation of
histopathology 72 h after spinal cord injury (Wu et al.
2016).

(f) Silibinin- It is a flavonolignan which is separated
from the seeds of Silybum marianum, also known as
milk thistle, has various benefits including free radical
scavenging, metal chelating, anti-oxidative, hepatopro-
tection and anti-carcinogenic property (Shayan et al.
2023). Silibinin has shown to improve mitochondrial
health and alleviate the oxidative damage in experi-
mental diabetic neuropathy and high glucose-mediated
neurotoxicity via SIRT1 activation (Khan et al. 2024).
Silibinin inhibited LPS-induced NF-kB activation and
decreased the expression of NLRP3 inflammasome
(Tian et al. 2017).

(g) Taxifolin- A, unique bioactive flavonoid, avail-
able as a dietary component, has inhibitory activity
against inflammation, microbial infection, oxidative
stress, malignancies, cardiovascular disease, and liver
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disease (Das et al. 2021). Taxifolin has shown to pre-
vent the reduction of alloxan-induced hyperglycemia-
related paw pain threshold, and the oxidant—antioxidant
balance in the sciatic nerve tissue therefore, making
it useful in the treatment of hyperglycemia-associ-
ated neuropathy and neuropathic pain (Alay et al.
2022). Taxifolin has shown to suppress inflammatory
responses of high-glucose-stimulated mouse microglia
by inhibiting the TXNIP-NLRP3 Axis (Iwasa et al.
2023).

(h) Fisetin- fisetin (3,3',4',7-tetrahydroxyflavone), is
found in various vegetables and fruits and is reported to
have antioxidant, anticarcinogenic, anti-inflammatory
and anti-carcinogenic properties (Khan et al. 2013).
Fisetin has shown to protect against oxidative stress and
neuroinflammation-mediated functional, behavioural
and biochemical deficits in DN via NF-«xB inhibition
and -positive modulation of Nrf2 (Sandireddy et al.
2016). Fisetin has shown to inhibit NLRP3 inflamma-
some by suppressing TLR4/MD2-mediated mitochon-
drial ROS production (Molagoda et al. 2021).
Flavanones

(a) Naringenin- A, 5,7dihydroxy2(4hydroxyphenyl)
2,3dihydrochromen4one, is the aglycone of Naringin.
It is one of the primary flavanone found in citrus fruits
and has various properties, including antioxidant, anti-
inflammatory, anti-diabetic, and anti-cancer, and has
effects on the central nervous system and the cardio-
vascular system (Joshi et al. 2018). Naringenin has
been shown to have a promising effect in case of dia-
betic neuropathy via its anti-diabetic as well as anti-
oxidant and anti-inflammatory properties (Al-Rejaie
et al. 2015). Naringenin has been shown to inhibit the
NLRP3 inflammasome by attenuating the NF-kxB medi-
ated pathway (Zhong et al. 2021).

(b) Naringin- A, citrus bioflavonoid, present mainly
in citrus fruits, existing in the fruit or peel of Ruta-
ceae grapefruit, is known to have various properties
including antioxidant, anti-inflammatory, anti-cancer,
anti-microbial, in many neurological diseases (Viswa-
natha et al. 2017; Xue et al. 2023) and has shown to
have a promising effect in diabetic neuropathy. A study
showed that the naringin—insulin combination not only
attenuated the diabetic condition but also reversed
neuropathic pain through modulation of oxidative—
nitrosative stress, inflammatory cytokine release, and
reduction in apoptosis in the STZ-induced diabetic rats
(Kandhare et al. 2012a, b). Another study confirmed
that naringin can regulate the NLRP3-caspase-1-IL-1f/
IL-18 signalling pathway to affect the NLRP3 inflam-
masome by playing an anti-inflammatory role (Chen
et al. 2018).

Isoflavones
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(a) Genistein- It is an isoflavone (7,4'-dihydroxy-
6-methoxyisoflavone) found mainly in soya products
and is shown to have anti-diabetic, anti-aging, antioxi-
dant, anti-inflammatory, anti-cancer, and neurological
conditions (Pandey et al. 2023; Sakai et al. 2022). Gen-
istein has proven its action against diabetic neuropathy
and is capable of conversing diabetes-associated condi-
tions of OS (Oxidative stress), allodynia, and infection,
upgrading NGF content and vascular disorders (Valsec-
chietal. 2011; Weng et al. 2019). The NLRP3 inflam-
masome is modulated by genistein through cAMP,
which binds to NLRP3 and facilitates its ubiquitination
and destruction (Chen et al. 2019a, b).

(b) Biochanin A- An isoflavonoid (4’-methoxy-
5,7-dihydroxyisoflavone) is shown to have various
properties, including anti-cancer, hepatoprotective anti-
oxidant, anti-inflammatory activity, etc., (Y. Li et al.
2019; Suvarna et al. 2022). It has been shown that bio-
chanin-A is more effective than mechanical hyperalge-
sia at reversing mechanical allodynia, which makes it a
promising medication option for reducing neuropathic
pain brought on by streptozotocin (STZ) (Chundi et al.
2016). Biochanin A is also shown to attenuate injury
of spinal cord in rats during early phases by inhibiting
oxidative stress and inflammasome activation via inhi-
bition of the TLR4/NF-«B/NLRP3 signalling pathway
(Lietal. 2024).

(c) Formononetin- An isoflavonoid (7-hydroxy,
4'-methoxy isoflavone) extracted from plant Dalber-
gia ecastophyllum is known for its properties including
antidiabetic, antiobesity, hepatoprotective, anticancer,
antioxidant and anti-inflammatory activities (Machado
Dutra et al. 2021; Sarfraz et al. 2021). According to a
study, formononetin may improve neuropathic symp-
toms in type 2 diabetic rats by boosting the expres-
sion of SIRT1 (Sirtuin 1) and NGF in diabetic animals
(Oza and Kulkarni 2020). Formononetin is shown to
Ameliorate the inflammatory response in LPS-induced
inflammatory injury by inhibiting the NF-xB/NLRP3
signalling pathway (Zhou and Zhang 2023).

(d) Puerarin- An 8-C-glucoside form of daidzein,
found in many herbal plants and has many properties,
including cardioprotective, neuroprotective, antioxida-
tive, anti-inflammatory, hypoglycemic, and inhibition
of AGE formation (de Souza et al. 2021; Morissette
et al. 2018). According to a study, puerarin injections
were useful in treating DPN and increased patients’
overall effectiveness rate and nerve conduction velocity
(Wu et al. 2014). According to the results, puerarin has
a unique protective mechanism that reduces intracel-
lular ROS generation, suppresses Nlrp3 inflammasome
activation, and decreases subsequent caspase-1 activa-

S

(6)

tion, which in turn causes the release of HMGB1 (High
Mobility Group Box 1) (Lian et al. 2019).
Anthocyanins

(a) Pelargonidin- An anthocyanin found in many
berries is known to have various properties, including
antidiabetic, antimicrobial, anticancer, anti-inflamma-
tory, and anti-obesity effects, as well as prevention of
cardiovascular diseases (Khoo et al. 2017; Morais et al.
2016). Pelargonidin showed anti-hyperglycemic and
protective effects on diabetic neuropathy, as shown in
a paper where it reduced chemical and thermal hyper-
algesia in STZ-induced diabetic rats (Mirshekar et al.
2010). Pelargonidin may reduce CCl4-induced fibrosis
and TGF-B-induced HSC (hepatic stellate cell) acti-
vation by inhibiting ROS-NLRP3-IL-1f signalling
through Nrf2 activation (Shi et al. 2020).

Flavanols

(a) epigallocatechin-gallate (EGCG)- Epigallocate-
chin-3-gallate is the main active catechin in green tea
and has properties including anti-oxidative, anti-inflam-
matory, anti-tumour, anti-diabetic, and chemopreven-
tive properties (Farghadani and Naidu 2023; Mateen
et al. 2016). Nociceptive spinal cord neurons of lami-
nae [-III that showed signs of oxidative stress damage
during diabetic neuropathy were spared by early antiox-
idant therapy with EGCG (Raposo et al. 2015). EGCG
prevented inflammation and diabetes-induced glucose
tolerance through inhibition of NLRP3 inflammasome
activation (Zhang et al. 2021a, b).

(b) Procyanidin B2 or Proanthocyanidin B2- Numer-
ous plant parts, such as flowers, nuts, fruits, bark, and
seeds, include dietary flavonoids that have a variety
of antibacterial, anti-inflammatory, anti-tumour, anti-
allergic, lipid-lowering, anti-obesity, and anti-diabetic
qualities (Chen et al. 2022a, b). Under high-glucose-
induced neurotoxicity, procyanidin B2 has been shown
to improve oxidative stress, block neuronal death, pro-
mote neural regeneration, and increase the cell survival
of DRG neurons (Zhang et al. 2018). Procyanidin B2
has been shown to inhibit NLRP3 inflammasome acti-
vation via suppression of the AP-1 pathway (Yang et al.
2014).

(c) Catechins- Catechins are green tea polyphenols
and are known for many properties, including antioxi-
dant and anti-inflammatory properties, anti-cancer and
anti-obesity, in various neurological and cardiovascu-
lar disorders, and anti-diabetic properties (Botten et al.
2015; Wen et al. 2022). Catechin is shown to attenu-
ate diabetic autonomic neuropathy in streptozotocin-
induced diabetic rats (‘Catechin Attenuates Diabetic
Autonomic Neuropathy in Streptozotocin Induced Dia-
betic Rats’, 2018). Catechin has been shown to sup-
press IL-1p production and reduce the overactivation
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of NLRP3 inflammasome (Jhang et al. 2015; Jing etal.
2024).
(7) Flavanonol

(a) Silymarin- A polyphenol isolated from Silybum
marianum (milk thistle) is shown to have many prop-
erties, including hepatoprotective, antioxidant, anti-
inflammatory, anticancer, cardioprotective and anti-dia-
betic activities (Priya et al. 2017; Ravari et al. 2021). It
has been demonstrated that giving diabetic neuropathic
rats silymarin over an extended period of time improves
their hyperalgesia and motor nerve conduction velocity
(Baluchnejadmojarad et al. 2010) by inhibiting NLRP3
inflammasome activation and apoptosis. Silymarin has
also helped in attenuating paraquat-induced cytotox-
icity in macrophages by modulating the Trx/TXNIP
complex by inhibiting the activation of NLRP3 inflam-
masome and apoptosis (Liu et al. 2018).

Preclinical and clinical studies of flavonoids
in diabetic peripheral neuropathy

Anti-inflammatory and antioxidant properties of flavo-
noids have made them interesting therapeutic agents for
the treatment of diabetic peripheral neuropathy (DPN).
Flavonoids have limitations with their structure, nature,
absorption, molecular weight, toxic flavonoid-drug inter-
actions and high first pass metabolism leading to their
reduced bioavailability, therefore, by incorporating them
into an effective nanocarrier system these challenges can
be overcome (Caro-Ordieres et al. 2020; Dwivedi et al.
2023).

Although there is still a significant lack of well-
designed research to completely prove flavonoids’ effec-
tiveness in clinical settings, clinical trials have shown
that they can lessen oxidative stress linked to diabetes and
relieve neuropathic pain sensations.

The potential of natural flavonoids in the treatment
of diabetes has been shown in preclinical and only a few
of them in clinical investigations. In Table 2 we summa-
rized the preclinical and clinical trial results examining
the antidiabetic benefits of these bioactive substances. In
therapeutic contexts, Flavones, Flavanones, Isoflavones,
Flavonols, Anthocyanins, Flavanols are the primary flavo-
noids that have been thoroughly investigated.

Advancement and emerging strategies
Several novel approaches can be used to enhance the

absorption and oral bioavailability of flavonoids which is
shown in the Fig. 1, thereby enhancing their therapeutic
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effects, such as using absorption enhancers, modifying the
structure of compounds, Glycosylation, Prodrug approach,
using various carrier complexes to improve the drug
delivery system (Zhao et al. 2019). Other novel delivery
approaches include, Emulsions, Co-crystals, Phytosome
complexes, Co-amorphous, Solid dispersion technology,
Solid lipid nanoparticles, Nanocrystals, Liposomes, Nano-
structured lipid carriers, Exosomes (Yuan et al. 2024), Pol-
ymeric nanoparticles and inorganic nanoparticles (Zverev
and Rykunova 2022). For the enhancement of the delivery
and efficacy of treatments, nanosystems is an advanced
approach. A study conducted encapsulating Apigenin in
a liposome showed high entrapment efficiency (contribut-
ing to its lipophilicity) and improved stability helped in
interacting of the liposome with the membrane of bacteria
causing increased drug concentration intracellularly and
therefore, increasing its antibacterial activity (Banerjee
et al. 2015; Halevas et al. 2022). Liposomes are biocom-
patible and can remain in the systemic circulation for a
longer period but also have less stability in the systemic
circulation and high cost of production (Yuan et al. 2024).
Another study used Nanostructured Lipid Carriers (NLCs)
encapsulating naringenin which helped in enhancing the
stability, intestinal absorption, solubility, oral bioavailabil-
ity and in inhibiting the Non-alcoholic Fatty Liver Disease
(Katopodi and Detsi 2021). NLCs helps in increasing the
stability, solubility improve absorption by the intestine and
improve the transepithelial transport but in case of partial
coalescence of NLCs lipid particles start to merge causing
aggregation and therefore, decreasing the stability of the
system (Yuan et al. 2024). Other type of nanoparticles like
Solid Lipid Nanoparticles (SLN) have also been used and
are an enhanced form of lipid-based nanocarriers, they can
be easily modified for a sustained and controlled release,
increased intestinal absorption and have higher drug load-
ing capacity for hydrophobic and hydrophilic drugs but
have problems with their storage and flavonoids might
interact with the lipids (Yuan et al. 2024; Zaheer et al.
2025). A study conducted encapsulating naringenin in
SLN showed an increase in the anti-inflammatory activity
(Zaheer et al. 2025). Among various nanoparticles Lipid
Polymeric Nanoparticles (LPNs) are also included which
have both lipid and polymer causing increased biocompat-
ibility and enhanced stability of the molecule respectively.
LPNs have high drug loading and increased entrapment
efficiency (Alsulays et al. 2025). A study using LPNs
helped in reducing toxicity and increasing the antitumour
activity by co-delivering vinorelbine and rutin in an LPN
formulation (Alsulays et al. 2025). Exosomes have been
used as a novel delivery system for flavonoids and one
such study utilizes epicatechin gallate encapsulated by
Bovine Milk-Derived Exosomes in Parkinson’s disease
which has shown to possess enhanced neuroprotective
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Table 2 (continued)

18

A single dose of STZ was injected at
60 mg/kg i.p. Rutin and Silymarin
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Springer

2010)

showed greater protective effects than

individual treatment by decreasing the

antioxidant levels

was administered at 50+ 30 mg/kg orally Silymarin ameliorated hyperalgesia,

were administered at 100 and 60 mg/
for 6 weeks after 3 weeks of induction.
Single injection of STZ was administered

kg respectively and combination of both

motor nerve conduction velocity and

antioxidant levels.

at 60 mg/kg i.p. Treatment with Silyma-
rin at 100 mg/kg was administered for

2 months and 200 mg/kg of silymarin

was given as positive control, 1 h before

conducting the formalin test.

effects via anti-mitophagy and anti-apoptotic activity (Luo
et al. 2021; Yuan et al. 2024). It has anti-inflammatory
and anti-tumour effect but has a high purification and iso-
lation cost. Nanocrystals and hydrogels are some other
novel delivery techniques which have been used in a study
where, quercetin nanocrystals loaded alginate hydrogel
patch have been used for wound healing studies (Nayak
et al. 2025). Hydrogels, which can hold large amounts of
water and help release the drug in response to stimuli, have
been used for wound healing studies, but biocompatibility
and biodegradability are some of the challenges that need
to be addressed. Quercetin can be made into nanocrystals
with higher drug loading, which can help improve its bio-
availability and aqueous solubility and using a hydrogel
patch it becomes a better drug delivery system for wound
healing studies (Nayak et al. 2025; Ribeiro et al. 2024;
Yuan et al. 2024). These innovative methods which include
a range of nanocarrier systems can provide significant
advantages in enhancing the absorption, stability, and bio-
availability of flavonoids, thus increasing their therapeutic
potential. The successful incorporation of flavonoids into
these novel nanosystems could prove essential in the treat-
ment of conditions like diabetic neuropathy.

Conclusion

Diabetic peripheral neuropathy (DPN) remains a signifi-
cant and challenging complication of diabetes, with limited
treatment options available to halt its progression. NLRP3
inflammasome is the primary cause of inflammation, which
is an important player in the pathophysiology of DPN and
results in oxidative stress, chronic pain, and neuronal dam-
age. A promising approach for reducing inflammation in
DPN is to target the NLRP3 inflammasome. Flavonoids, as
natural polyphenols with potent anti-inflammatory and anti-
oxidant properties, have emerged as promising therapeutic
agents in this context. It has been found that altering signifi-
cant pathways involved in NLRP3 inflammasome activation
reduces oxidative stress and the production of pro-inflam-
matory cytokines like IL-1p and IL-18, preventing damage
to nerves. Preclinical studies have provided compelling
evidence for the efficacy of flavonoids in improving nerve
function, reducing inflammation, and alleviating neuropathic
pain in DPN models. Early clinical research points to flavo-
noids’ possible advantages for human populations. But only
a small number of flavonoids have made it to market, mostly
because of issues with their availability, variability and bio-
availability. Novel flavonoid formulations are required to
improve their medicinal efficacy and overcome this limita-
tion. More flavonoids are also required to go through exten-
sive clinical trials to ensure their efficacy and safety, opening
the door for wider application in the treatment of disease. In
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conclusion, targeting NLRP3 inflammasome via flavonoid
intervention may provide a novel therapeutic strategy for
DPN management. Continued research using novel emerg-
ing techniques to enhance the therapeutic efficacy and clini-
cal validation are essential to fully harness the potential of
flavonoids in preventing and treating this debilitating com-
plication of diabetes.

Future direction

Future studies should focus on enhancing flavonoids bio-
availability and therapeutic effectiveness in the treatment
of diabetic peripheral neuropathy (DPN). Nanoparticles,
liposomes, or micelles are examples of advanced drug deliv-
ery systems that may improve the stability, targeted admin-
istration, and prolonged release of flavonoids. Mechanistic
research is necessary to determine the precise interactions
between flavonoids and the NLRP3 inflammasome, which is
crucial to the pathophysiology of DPN because it promotes
oxidative stress, neuroinflammation, and neuronal injury. A
new research avenue that offers a unique strategy to lessen
the inflammatory cascade that is essential to the develop-
ment of DPN is targeting NLRP3. Preclinical models must
be varied to reflect different diabetes stages, comorbidities,
and community variation. Furthermore, to address issues
like dose standardisation and individual response variability,
extensive, randomised clinical trials are required to validate
the safety and effectiveness of flavonoids. New approaches
to treating DPN may be made possible by investigating syn-
ergy with current treatments creating flavonoid derivatives
or designed analogues and development of novel drug deliv-
ery techniques using flavonoids.
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