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Abstract
Fisetin is one of the most popular ﬂavonoids found in vegetables and fruits with
several health beneﬁts such as antidiabetic, anticancer, and anti‐inﬂammatory
activities. Biotechnology or chemosynthesis tools were used for the synthesis of ﬁsetin
and its analogs to improve their yield and efﬁcacy. Structure activity relationships
(SARs) revealed that the aromatic hydroxyl groups especially the 3,4‐dihydroxylation
at ring B were crucial for ﬁsetin biological activities, whereas substitution of several
hydroxyl groups in ﬁsetin appeared to impact its original effects. The ongoing or
upcoming clinical trials containing ﬁsetin are applied in drugs and dietary supplements.
Noteworthily, ﬁsetin has been successfully incorporated into nutraceuticals in the
market. Furthermore, the delivery system of ﬁsetin‐loaded nanocochleates showed the
best bioavailability compared to other formulations. This review presents the latest
research progress of ﬁsetin on its synthesis, structure–activity relationships,
pharmacokinetics, biological activities, and underlying mechanisms, bioavailability,
delivery systems, and clinical trials to provide a comprehensive insight into the research
and application of this valuable natural compound.
KEYWORDS
bioactivities, bioavailability, clinical trials, ﬁsetin, formulations, molecular mechanism,
pharmacokinetics, structure–activity relationship
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| INTRODUCTION

Flavonoids are a large group of secondary metabolites in
plants containing over 4000 compounds. Its main
subclasses are oxoﬂavonoids (ﬂavonols and ﬂavones),

ﬂavan‐3‐ol derivatives such as tannins and catechin,
anthocyanins, and isoﬂavones (Syed et al., 2016; L. Yang
et al., 2021). Among ﬂavonoids, the ﬂavonol ﬁsetin
(C15H10O6, 3,3′,4′,7‐tetrahydroxyﬂavone) is extensively
discovered in vegetables and fruits like cucumber, onion,

Abbreviations: 4CL, 4‐coumaroyl‐CoA ligase; ABTS, 2,20‐azinobis (3‐ethylbenzothiazoline‐6‐sulfonic acid‐) diammonium salt; AP, acute pancreatitis; Aβ, amyloid‐beta;
BDNF, brain derived neurotropic factor; CAT, catalase; CHI, chalcone isomerase; CHR, chalcone reductase; CHS, chalcone synthase; CPR, cytochrome P450 reductase;
DCM, diabetic cardiomyopathy; DE, diabetic encephalopathy; DM, diabetes mellitus; DMH, dimethylhydrazine; DN, diabetic nephropathy; DPPH, 2,2‐diphenyl‐1‐
picryl hydrazyl; E. coli, Escherichia coli; EMT, epithelial to mesenchymal transition; F3H, ﬂavanone 3‐hydroxylase; FIS‐BE, ﬁsetin‐loaded binary ethosomes; FIS‐L,
liposomal of ﬁsetin; FIS‐NC, ﬁsetin‐loaded nanocochleates; FIS‐NE, nanoemulsion of ﬁsetin; FIS‐PN, polymeric nanoparticle of ﬁsetin; FIS‐SNEDDS, self‐
nanoemulsifying drug delivery system of ﬁsetin; FLS, ﬂavonol synthase; FMO, ﬂavonoid monooxygenase; GSH, glutathione; HCC, hepatocellular carcinoma; HFD,
high‐fat diet; HG, high glucose; HMTA, hexamethylenetetramine; MAPKs, mitogen‐activated protein kinases; MMPs, metalloproteinases; NADPH, nicotinamide
adenine dinucleotide phosphate; OSCC, oral squamous cell carcinoma; PCL, poly‐(ε‐caprolactone); PCNA, proliferating cell nuclear antigen; PD, parkinson's disease;
PDAC, pancreatic adenocarcinoma; PKR, protein kinase R; PLGA‐PEG‐COOH, poly‐(D,L‐lactic‐co‐glycolic‐acid)‐block‐poly‐(ethylene glycol) carboxylic acid;
RFXAP, regulatory factor X‐associated protein; ROS, reactive oxygen species; S. cerevisiae, Saccharomyces cerevisiae; SAR, structure activity relationship; SOD,
superoxide dismutase; TAL, tyrosine ammonia‐lyase; TBARS, thiobarbituric acid reactive substances; TGF‐β1, transforming growth factor‐b1; TNBC, triple‐negative
breast cancer; UV, ultraviolet; α‐KG, α‐ketoglutarate.
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strawberry, apple, and persimmon at levels ranging from
2 to 160 μg/g. Particularly, strawberry (160 μg/g) exhibits
the highest level followed by apple (26.9 μg/g) and
persimmon (10.5 μg/g) (Arai et al., 2000; Kimira et al., 1998).
In addition to natural resources as a source of ﬁsetin,
biotechnological approaches using Saccharomyces cerevisiae and Escherichia coli or chemosynthesis methods have
been reported providing advantages to obtain a sustainable
supply of ﬁseitn. Fisetin semisynthetic analogs have
been reported in literature via introducing electron‐
donating groups to enhance its bioactivity properties
such as antioxidative (Grynkiewicz & Demchuk, 2019;
Imai et al., 2019).
Structurally, ﬁsetin is made up of diphenylpropane
structure and consists of two aromatic rings linked
through three carbons‑oxygenated heterocyclic rings and
coupled with one oxo and four hydroxyl groups as
substituents (Jash & Mondal, 2014). This structure is
highly connected with its biological activities, particularly the number and site of hydroxyl groups (Kashyap
et al., 2018). Studies have revealed that the B‐ and C‐ring
of ﬁsetin showed better free radical scavenging ability
compared to the A ring as typical in ﬂavonols. Moreover,
the substitution of hydroxyl groups in ﬁsetin was found
to affect its bioactivities as detailed later (Crascì
et al., 2018).
The biological effects of ﬁsetin, such as anticancer
(Park et al., 2019; Sundarraj et al., 2020a), antidiabetic
(Kumari et al., 2021; Zhang et al., 2020), anti‐
inﬂammatory (Ren et al., 2020), antioxidant (Ge
et al., 2021), and neuroprotective effects (Kumar,
Kumar, Khurana, et al., 2020), were explored both in
vitro and in vivo assay models. Among these effects,
ﬁsetin appeared to exert a strong cytotoxic effect against
several types of cancers such as lung, liver, ovarian,
colon, breast, and so forth (Kumar, Kumar, Khursheed,
et al., 2020).
Many preclinical studies were reported for ﬁsetin
against COVID‐19, osteoarthritis, frailty childhood
cancer, coronavirus (including COVID‐19) infection,
and so forth (https://clinicaltrials.gov/). Fisetin is regarded as a drug and dietary supplement at a typical
dosage of 20 mg/kg/day, it was also added to a medical
food called GlaucoCetin, which encouraged more
preclinical studies to have its translated into human
clinical trials (https://glaucocetin.com/).
Poor solubility, low absorption, and fast metabolism
are the characteristics of most dietary ﬂavonoids that
restrict their potential in clinical trials. Additionally,
when dietary ﬂavonoids are ingested with other food
ingredients, their complexation or precipitation is enhanced reducing their stability and bioavailability
(Bunkar et al., 2019; Khan et al., 2021). Consequently,
multiple delivery systems loaded with ﬁsetin are prepared
and analyzed such as nanoemulsion (Ragelle et al., 2012;
Xu et al., 2020), ﬁsetin‐loaded nanocochleates (Bothiraja
et al., 2013), liposome (Seguin et al., 2013), ethosomes
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(Moolakkadath et al., 2019), self‐nanoemulsifying drug
delivery system (Kumar, Kumar, Khurana, et al., 2020;
Kumar et al., 2019), and polymeric nanoparticle (Sechi
et al., 2016) to improve its bioavailability.
In this review, synthetic approaches and structure–
activity relationships were summarized and discussed for
ﬁestin. Furthermore, approaches to improve its pharmacokinetics and bioavailability are systematically
described to improve its actions or usages (Figure 1).
An overview of the synthesis, SARs, major biological
activities with their cellular effects and underlying action
mechanisms as well as clinical trials of ﬁsetin are
systematically presented for the ﬁrst time.

2 | SYNTHESIS OF FISETIN AND
ITS ANALOGS
The major challenges for the mass production of
ﬂavonoids from their natural resources lie in expected
seasonal variations, long growth cycle, and low yield.
Extraction processes may also be not practical because of
the high cost, wasted products, and hazards to the
environment (Keasling, 2010; Routray & Orsat, 2012;
Wang et al., 2011). It has been reported that 0.25–0.33
tons of vegetables or fruits dry weights can only produce
1 kg of ﬂavonoids (Rodriguez et al., 2017), which is
considered a low yield and leads to major waste
problems.
Nowadays, the employment of microbes using
biotechnology has been increasingly applied for the
production of natural products owing to their stability,
continuous supply, and fewer hazards to the environment although costly (Stahlhut et al., 2015). Successful
approaches at the commercial level include cloning and
expression of genes involved in the production of
resveratrol, liquiritigenin, naringenin, pinocembrin, and
other ﬂavonoids (Hwang et al., 2003; Yan et al., 2005).
Biosynthetically, ﬁsetin was reported to be produced
from L‐tyrosine acting as a precursor added to
S. cerevisiae and E. coli cultures (Grynkiewicz &
Demchuk, 2019). Rodriguez et al. (2017) have reported
the biosynthetic pathway for the de novo production of
ﬁsetin using S. cerevisiae as microbial strain (Figure 2).
First, L‐tyrosine is converted to p‐coumaric acid 1 via the
action of tyrosine ammonia‐lyase (TAL). Subsequently,
activated p‐coumaroyl‐CoA 2, one precursor in
C6–C3–C6 backbone is synthesized from p‐coumaric
acid under the action of 4‐coumaroyl‐CoA ligase (4CL),
ATP, and CoA (Pandey et al., 2016). Next, chalcone
synthase (CHS) and chalcone reductase (CHR) from
P. hybrida and A. mongholicus with nicotinamide adenine
dinucleotide phosphate (NADPH) involved the conversion of three molecules of malonyl‐CoA and one
molecule of resulting p‐coumaroyl‐CoA into the chalcone “isoliquiritigenin” 3. Isoliquiritigenin is converted
into resokaempferol 4 by the action of chalcone
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Summary diagram of the present

F I G U R E 2 Biosynthetic pathway for ﬁsetin production using S. cerevisiae. Reagent: (a) TAL; (b) 4CL, ATP, CoA; (c) CHS, CHR, 3malonyl‐
CoA, NADPH; (d) CHI, F3H, FLS, O2, α‐KG; (e) FMO, CPR, O2, NADPH (adapted from Rodriguez et al., 2017).

isomerase (CHI), ﬂavanone 3‐hydroxylase (F3H), ﬂavonol synthase (FLS), α‐ketoglutarate (α‐KG), and O2. In
the ﬁnal ﬂavonoid hydroxylation step, ﬁsetin is derived
through cytochrome P450 ﬂavonoid monooxygenase
(FMO), cytochrome P450 reductase (CPR), O2, and
NADPH (Leonard et al., 2006; Rodriguez et al., 2017).
The chemical synthesis of ﬁsetin was accomplished by
two classical methods namely Allan & Robinson's method
and Kostanecki's method (Allan & Robinson, 1926;
Kostanecki et al., 1904). Recent studies have attempted
to synthesize ﬁsetin derivatives that possess methyl
substituents to further enhance its biological activity

especially antioxidant activity (Imai et al., 2019). Among
methyl analogs, 5′‐methyl ﬁsetin presented the strongest
radical scavenging effect due to the maintenance of the
inherent planar structure of ﬁsetin (Figure 3). The
3‐methylcatechol acts as a starting material to yield the
aldehyde derivative 3. The 1‐hydroxyl group in
3‐methylcatechol was protected via a benzyl group to form
1, and the formylation at the 5‐position was accomplished
by using hexamethylenetetramine (HMTA) and AcOH at
100℃ to produce 2. Aldehyde derivative 3 was then formed
in the presence of BnBr and K2CO3. Afterward, compound
3 was converted into hydroxy chalcone derivative 5 with
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F I G U R E 3 Chemical synthesis of 5′‐methyl ﬁsetin. Reagents and conditions: (a) K2CO3, BnBr, DMF/acetone, room temperature (rt); (b) acetic
acid, HMTA, 100°C; (c) K2CO3, BnBr, DMF, rt; (d) 10, KOH, EtOH/1,4‐dioxane, rt; (e) NaOH, H2O2, EtOH/1,4‐dioxane, 0°C; (f) Pd(OH)2, H2,
THF/MeOH (adapted from Imai et al., 2019).

4‐benzyloxy‐2‐hydroxyacetophenone 4 via aldol condensation to furnish 6 proceeding through the Algar‐Flynn‐
Oyamada method (Oyamada, 1935) under the action of
hydrogen peroxide and NaOH. The 5′‐methyl ﬁsetin was
ﬁnally synthesized by bubbling H2 and Pd(OH)2 through
debenzylation reaction (Imai et al., 2019).
Considering that chemical synthesis involves the use of
toxic chemicals and waste emission, the biosynthesis of
ﬁsetin can be simple and more environmentally friendly.
Therefore, the biosynthesis of ﬁsetin presented as a
potential source for its production in medicine and food
supplements (Grynkiewicz & Demchuk, 2019; Katsuyama
et al., 2008; Keasling, 2010; Stahlhut et al., 2015).

3 | S T R U C T U R E– ACTIVITY
RELATIONSHIP OF FISETIN
Fisetin has a unique ﬂavone structure with two aromatic
rings (A‐ and B‐ring) linked through heterocyclic pyrane
(C‐ring). The oxy group in C‐ring, the double bond
between 2 and 3 carbon atoms (C2=C3 double bond),
and four hydroxyl groups (C‐3, C‐7, C‐3′, C‐4′) determine the type of ﬂavonoids. It has six hydrogen bond
acceptors, four hydrogen bond donors, and a rotatable
bond with one covalent bond unit (Pal et al., 2016).
SARs revealed that crucial structural motifs mediating
ﬁsetin biological activities include its C2–C3 double bond

with a 4‐oxo group and hydroxyl groups at 3, 7, 3′, 4′
sites (Table 1). It has been well documented that the
B‐ and C‐rings have higher radical scavenging activity
than its A ring. The C2=C3 double bond with a 4‐oxo
group in C‐ring could delocalize the ring B electron
efﬁciently, leading to more potent antioxidant properties.
Also, the bond dissociation energy was low for 3‐OH and
3′, 4′‐OH groups, with higher abilities to donate H to free
radicals and thus exerting antioxidant effects than the
7‐OH at A‐ring (Cao et al., 1997; Touil et al., 2013; T. Y.
Wang et al., 2018). The order of their positional
oxidation states was as such 3′ = 4′ > 3 > 7 (Sinha
et al., 2014). Cytotoxicity and anti‐topoisomerase activity of ﬁsetin were likewise mainly governed by the C2=C3
double bond and 3,4‐dihydroxylation in B‐ring. Further,
the hydroxylation at carbon 7 and carbon 4′ on rings A
and B was presented to be stimulated cell extensions and
ﬁlopodias formations on endothelial cells, which could
improve antiangiogenic activity (Touil et al., 2013). The
inhibition of Akt‐phosphorylation associated with type 2
diabetes in ﬁsetin was mostly inﬂuenced by the OH
groups in C‐3, C‐3′, C‐4′ and a double bond C2=C3
(Dirimanov & Petra, 2019). The human voltage‐sensitive
K+ channel hERG (human ether‐à‐go‐go‐related gene) is
overexpressed in several types of cancer cells, with ﬁsetin
to function as hERG K+ channel modulator. C2=C3
double bond was crucial for hERG inhibition, while the
hydroxy group in C‐3 was not involved in such an effect
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The structure‐activity relationships analysis of ﬁsetin.
Effect

Reference

Antiangiogenic activity↑

Touil et al. (2013)

AGEs inhibition↑

Crascì et al. (2018)

VEGF expression↓

Ansó et al. (2010)

Antiamyloidogenic activity‐

Ushikubo et al. (2012)

Human recombinant CYP1B1
activity↓

Meng et al. (2017)

Myelin phagocytosis↓

Hendriks et al. (2003)

Cytotoxicity ↑, Antioxidant
activity ↑, Antitopoisomerase
activity↑

Touil et al. (2013)

Akt‐phosphorylation effect↓

Dirimanov and
Petra (2019)

AGEs inhibition ↑; antioxidant
activity↑

Crascì et al. (2018)

Lipid peroxidation↓

Heijnen et al. (2002)

Cell transformation inhibition↑

Ichimatsu et al. (2007)

Anti‐amyloidogenic activity↑

Ushikubo et al. (2012)

Human recombinant CYP1B2
activity↓

Meng et al. (2017)

3′‐OH → OCH3

Antiproliferative action↑

Poór et al. (2016)

4′‐OH

Myelin phagocytosis↓

Hendriks et al. (2003)

Cytotoxicity ↑, Antioxidant
activity ↑ , Antitopoisomerase
activity↑

Touil et al. (2013)

Antiangiogenic activity↑

Touil et al. (2013)

Akt‐phosphorylation effect↓

Dirimanov and
Petra (2019)

AGEs inhibition ↑; Antioxidant
activity↑

Crascì et al. (2018)

Lipid peroxidation↓

Heijnen et al. (2002)

Cell transformation inhibition↑

Ichimatsu et al. (2007)

VEGF expression↓

Ansó et al. (2010)

Antiamyloidogenic activity↑

Ushikubo et al. (2012)

Human recombinant CYP1B3
activity↓

Meng et al. (2017)

3′‐OH

Structure

(Continues)
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(Continued)

Site

Structure

Effect

Reference

4'‐OH → OCH3

Myelin phagocytosis↓ (~10‐fold)

Hendriks et al. (2003)

4'‐OH → CH3

Antiglycation↓

Crascì et al. (2018)

2, 3 double bond with
a 4‐oxo group

Myelin phagocytosis↓, Antioxidant
activity↑

Hendriks et al. (2003)

Antiproliferative action↑

Poór et al. (2016)

Akt‐phosphorylation effect↓

Dirimanov and
Petra (2019)

Antioxidant activity ↑; MMPs
inhibition↑

Crascì et al. (2018)

hERG inhibition↑

Sun et al. (2017)

Cell transformation inhibition↑

Ichimatsu et al. (2007)

Akt‐phosphorylation effect↓

Dirimanov and
Petra (2019)

Antioxidant activity ↑; MMPs
inhibition↑

Crascì et al. (2018)

hERG inhibition‐

Sun et al. (2017)

Cell transformation inhibition↑

Ichimatsu et al. (2007)

Antiamyloidogenic activity‐

Ushikubo et al. (2012)

Human recombinant CYP1B4
activity↓

Meng et al. (2017)

Antiglycation↑

Crascì et al. (2018)

2, 3 double bond

3‐OH

3‐OH → CH3

Note: ↑ promotion, ↓ inhibition, ‐ no inﬂuence.

(Sun et al., 2017). The catechol group in the B ring
appears to play a role as an inhibitor of lipid peroxidation. And this catechol group along with 3‐OH in ring C
and C2=C3 double bond could inhibit cell transformation (Heijnen et al., 2002; Ichimatsu et al., 2007). Fisetin

functions as an effective vascular endothelial growth
factor inhibitor with an IC50 value of 5.5 μM, mediated
mostly via OH groups in ring A at positions 7 and ring B
at positions 4′ (Ansó et al., 2010). The presence of the
3′,4′‐dihydroxyl group (ring B) appeared to be more
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involved in ﬁsetin anti‐amyloidogenic activity, whereas
hydroxyl groups at 3 and 7 positions were of less value
(Ushikubo et al., 2012). In contrast, the four hydroxyl
groups were found equally important for inhibiting
cytochrome P450 1B1 activity (Meng, 2017).
It has been veriﬁed that the hydroxyl groups in 3′ and
4′ positions at the B ring in combination with C2=C3
double bond were found effective in inhibiting myelin
phagocytosis. Substitution of 4′‐OH in ring B by a
methoxy group decreased ﬁsetin inhibition action of
myelin phagocytosis by 10 times (Hendriks et al., 2003).
Likewise, methylation of 4′‐OH position in ring B led to
decreased antiglycation action (Crascì et al., 2018),
whereas substituted 3‐OH of ring B by methylation
appeared to improve the antiglycation effect. In addition,
3′‐O‐methylated metabolites of ﬁsetin, that is, 3,4′,7‐
trihydroxy‐3′‐methoxyﬂavone (geraldol), were tested to
have greater antiproliferative activity on HepG2 cell
model. Based on the results of the other 18 ﬂavonoid
aglycones, this study indicated that O‐methylated ﬂavonoid metabolites might be applicable candidates in tumor
therapy (Poór et al., 2016). In summary, all these SARs
showed that the aromatic hydroxyl groups especially the
3,4‐dihydroxylation in the B‐ring of ﬁsetin play crucial
roles in its bioactivities, whereas substitution of some
hydroxyl groups in ﬁsetin analogs showed differential
effect by enhancing or lessening original activities.
Table 1 lists SARs of ﬁsetin in the context of its different
biological actions.

4 | PHARMACOKINETICS
OF FISETIN
The in vivo pharmacological effects of a drug closely
depend on its pharmacokinetics including absorption,
distribution, metabolism, and excretion proﬁles (Huang
et al., 2018). These parameters are important for
formulating regulatory requirements, optimal dosage,
dosing frequency, and drug compliance (Mehta
et al., 2015, 2017). Several in vivo studies have conﬁrmed
that the main existing forms of ﬂavonoid metabolites
inside the human body were their sulfate and glucuronic
acid rather than their aglycones in metabolic circulation
(Chao et al., 2002). One pharmacokinetic study has
shown that ﬁsetin was absorbed quickly after intravenous (i.v.) administration (10 mg/kg) via tails vein in
Sprague‐Dawley rats and emerged into glucuronides and
sulfates. The mean serum levels‐time proﬁles showed the
rapid decrease of ﬁsetin parent form concurrent with
increased levels of the glucuronides and sulfates/glucuronides. Results also showed that ﬁsetin was absorbed and
transformed into sulfates to a higher extent than into
glucuronides. In addition, when ﬁsetin was orally given
at a dose of 50 mg/kg, its parent form could exist
transiently in serum in the absorption phase, while its
glucuronides and sulfates predominated gradually.
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Owing to the different physicochemical properties of
ﬁsetin metabolites and their parent form, more studies
are needed in the future to determine whether metabolites exert any biological effect compared to parent ﬁsetin
(Shia et al., 2009).
Fisetin injected i.p. to female C57BL/6J mice at a
dose of 223 mg/kg bw was used to explain its metabolism
and distribution. Its plasma level reached the highest
amount at 2.53 mg/ml in 15 min after injection, and
decreased with a terminal half‐life of 3.12 h. The tissue
distribution results showed that the levels were the
highest in the kidney (83.69 ± 10.45 μg/ml), followed by
the
intestine
(80.11 ± 33.82 μg/ml)
and
liver
(39.15 ± 12.85 μg/ml), whereas low levels were found in
lungs and spleen. Furthermore, metabolites of glucuronide conjugates and a novel 3′‐methoxylated metabolite
(geraldol) of ﬁsetin were identiﬁed in this study. This
metabolite showed higher accumulation levels in Lewis
lung tumors than the parent compound, being more
cytotoxic than ﬁsetin for inhibiting the migration and
proliferation of endothelial cells. Consequently, the
assessments of ﬁsetin metabolites on their biological
effects should be encouraged and may be helpful for
identifying better analogs in the future (Touil
et al., 2011).
Study of ﬁsetin biliary excretion administered i.v. at a
dose of 30 mg/kg in male Sprague‐Dawley rats identiﬁed
ﬁsetin with its metabolites sulfate conjugates and
glucuronide conjugates in plasma and bile, at the biliary
excretion rates (kBE) of 144%, 823%, and 109%,
respectively. And the kBE was calculated as AUCbile/
AUCplasma. It could be seen that sulfates of ﬁsetin were
the main metabolites detected in biliary excretion. Before
its distribution in the blood or undergoing biliary
excretion, ﬁsetin was mono‐methylated at 3′‐OH or 4′‐
OH sites (Huang et al., 2018). Studies have identiﬁed that
ﬂavonols with a 2,3‐double bond and 3‐ and 5‐
substitution in hydroxy groups showed high binding
afﬁnity to P‐glycoprotein (P‐gp) (Boumendjel et al., 2011),
and likewise in ﬁsetin. The result showed that the biliary
excretion of ﬁsetin was regulated by P‐gp because of its
high afﬁnity (Huang et al., 2018).

5 | ANTICANCER ACTIVITY
OF FISETIN
Chemotherapeutics is one of the main mechanisms to
treat cancers functioning via ceasing cancer cells multiplication, which prevents them from growing and
spreading inside the body. However, many patients
suffer treatment‐related adverse effects including hair
loss, fatigue, vomiting, and cardiotoxicity (Imran
et al., 2020; Ouyang, Qui, et al., 2021). As such, it is
more prudent and convenient to prevent these side effects
for safer cancer treatment. Several studies have assessed
the chemopreventive role of ﬂavonoids in many types of
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FIGURE 4
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Potential therapeutic targets of ﬁsetin against different cancers types and underlying molecular mechanisms.

human cancers such as liver, colon, breast, lung, ovarian,
and so on (Kumar et al., 2019). Owing to antioxidant
capacity and radical scavenging effects, ﬁsetin was
reported to exert anticancer activities against different
types of human cancer cells and xenograft tumors via
multiple mechanisms as summarized in Figure 4. Fisetin
exerts its anticancer action via multiple mechanisms,
including inhibition of cancer cell proliferation, preventing cell cycle progression, and apoptosis induction.
Recent in vitro and in vivo studies have validated
molecular targets of ﬁsetin in various cancer types as
outlined in the next subsections (Inkielewicz‐Stepniak
et al., 2012; Park et al., 2008).

5.1

| Breast cancer

Ten percent of breast cancers are reported to be inherited
in the family, whereas 20% of breast cancers are related
to risk factors such as alcohol consumption, obesity, and
lack of exercise (Del Pup et al., 2019). Particularly, triple‐
negative breast cancer (TNBC) has higher metastatic
potential, which is common in advanced cancer. TNBC
metastasis patterns and disease dynamics cause a higher
relapse rate and shorter survival time compared with
other breast cancer subtypes (Khan et al., 2019). In
recent studies, anticancer effects of ﬁsetin on breast
cancer were explored in TNBC cells lines (such as 4T1,
JC, MDA‐MB‐231, BT549 cells) and other human breast
cancer cells (such as MCF‐7 cells). Multiple studies have
conﬁrmed that metalloproteinases (MMPs), especially
MMP‐2 and MMP‐9 played a major role in tumor
dissemination in breast cancer (H. Li et al., 2017). Fisetin
could decrease MMP‐2 and MMP‐9 expression levels by
upregulating HO‐1 and Nrf2 expressions in 4T1 and JC

cells. The HO‐1 mRNA and protein expressions were
mediated by elevating the transcription factor of Nrf2 in
nuclear fraction (Tsai et al., 2018).
Epithelial to mesenchymal transition (EMT) enables
cancer cells to escape from the primary tumor site to the
surrounding normal tissues, blood systems, and lymphatics and ﬁnally spread to distant places to form
metastatic lesions (Nickel & Stadler, 2015). Fisetin
showed the ability to reverse EMT via EMT pathways
and cell morphology regulation in MDA‐MB‐231 and
BT549 cells. Fisetin further inhibited PI3K–Akt–GSK‐3β
signaling pathway in a dose‐dependent manner, while
increased PTEN expression level. In MCF‐7 cells, ﬁsetin
inhibited PKCα/ROS/ERK1/2, p38 MAPK, and nuclear
factor‐κB (NF‐κB) signaling, which has led to the
downregulation of MMP‐9 expression (Noh et al., 2015).
In addition, in vivo study showed that ﬁsetin could
signiﬁcantly diminish the growth of primary breast
tumor concurrent with decreased lung metastasis incidence (Lee et al., 2020).

5.2 |

Lung cancer

Lung cancer is generally diagnosed when it is at an advanced
stage, which has become the leading cause of cancer deaths
especially in developing countries (Tabasum & Singh, 2019).
Dramatic suppression in migration and invasion of non‐
small‐cell lung carcinoma (NSCLC) cells (A549 and H1299)
was observed under the treatment of 10 μM ﬁsetin. This
result suggested an attenuation of EMT via upregulating
E‐cadherin and ZO‐1 expressions in A549 and H1299 cell
lines, respectively, and the downregulation of mesenchymal
markers vimentin and N‐cadherin. The corresponding
signaling proteins expression (STAT‐3, NF‐κB, β‐catenin,
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and EGFR) acted upstream to EMT were all downregulated
by ﬁsetin (Tabasum & Singh, 2019). In another study, ﬁsetin
inhibited cell proliferation and migration, induced cell
apoptosis, and promoted cell cycle arrest at the G2 phase
in the A549 cell line. Such effects were mostly mediated via
targeting the MAPK signaling pathway, which signiﬁcantly
suppressed the activation of ERK1/2 at both high‐ and low‐
dose levels of ﬁsetin (J. J. Wang & Huang, 2018). In vivo
study of ﬁsetin against lung carcinogenesis induced by benzo
(a)pyrene was associated with reduction in histological
lesions and promotion of antioxidant status in Swiss albino
mice. The antiproliferative activity of ﬁsetin was conﬁrmed
by decreasing the expression of proliferating cell nuclear
antigen (PCNA), as revealed in mice lung tumors using
immunohistochemical analysis (Ravichandran et al., 2011).

5.3

| Pancreatic adenocarcinoma

Pancreatic adenocarcinoma (PDAC) is one of the most
aggressive malignant tumors with a low survival rate and
high mortality, with only 3%–6% of patients found to
survive in 5 years of radiotherapy or chemotherapy
(Gillen et al., 2010; Vincent et al., 2011). Ding et al.
(2020) reported for anticancer efﬁcacy of ﬁsetin in PDAC
as manifested by pancreatic cancer cells (e.g., BxPC‐3
and PANC‐1 cell lines) via inducing S‐phase arrest and
DNA damage. Regulatory factor X‐associated protein
(RFXAP) is an important transcription factor related to
poor prognosis and tumor staging. The expression level
of RFXAP was decreased in PDAC but was increased by
ﬁsetin. In terms of RFXAP transcription, it was revealed
to target KDM4A, which is a speciﬁc demethylase that
tri‐ and dimethylated histone H3K36. Fisetin was able to
upregulate KDM4A and attenuate methylation of
histone H3K36 (Ding et al., 2020; Gokturk et al., 2012;
Pﬁster et al., 2014). Another study used the PANC‐1 cell
line for conﬁrming ﬁsetin action on PDAC revealing that
cell proliferation was inhibited and autophagy was
enhanced by primarily increasing the expression of
transcription factor p8. p8‐dependent autophagy was
mediated by regulating ATF4, ATF6, and PERK
through p53/PKC‐α signaling pathway in response to
endoplasmic reticulum stress (Jia et al., 2019). Furthermore, in vivo antitumor activity of ﬁsetin against PDAC
was determined in a mouse xenograft model with
luciferase‐expressing PANC‐1 cells, which was convenient to detect the tumor position and size in a living
body. Notably, PDAC tumor sizes were dramatically
decreased in the ﬁsetin‐treatment mice group (Ding
et al., 2020; Jia et al., 2019).

5.4

|
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| Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) accounts for 75%–85%
of primary liver cancers with poor prognosis (Bray
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et al., 2018). Chemotherapy, radiotherapy, and surgical
extirpation can cause undesirable effects. Thus, a search
for an effective agent with fewer side effects is still needed
(Nussbaumer et al., 2011). The autophagy effect of ﬁsetin
in HCC was evaluated in HepG2 cells at different
concentrations (25, 50, and 100 mM). The result showed
that ﬁsetin inhibited cancer cell autophagy via activating
PI3K/Akt/mTOR and AMPK signaling pathways. Speciﬁcally, expressions of mTOR, pACC, Atg7, and
Atg16L were suppressed concurrent with induction of
Akt, AMPKα, ACC, AMPKβ1/2, and Atg5 protein
expression levels (Sundarraj et al., 2020b). After ﬁsetin
administration to HepG2 cells, cells cycles were arrested
at the G2/M phase, and reactive oxygen species (ROS)
levels were increased with decreased mitochondrial
transmembrane potential (Δψm) that could lead to
HepG2 cell death (Kuznetsov et al., 2011; Sundarraj
et al., 2020a). The underlying mechanisms suggested that
ﬁsetin increased the expression of tumor necrosis factor‐
α (TNF‐α) while reducing NF‐κB expression levels. The
antitumor activity of ﬁsetin targeted two cell death
pathways including necroptosis and apoptosis. Apoptosis was manifested by decreased Bcl2 and increased Bax
expression levels which leading to apoptosis induction
(Kashyap et al., 2018). However, the increased expression of RIPK is likely to trigger necroptosis (Sundarraj
et al., 2020a). In vivo mouse tumor model, ﬁsetin
administration with different doses at 20, 30, and
40 mg/kg inhibited orthotopically implanted tumor
growth in the athymic BALB/C nude mice, with
increased survival rate and dopamine levels in the tumor
tissue and the serum of mice. Results suggested that
ﬁsetin functions as a dopamine receptor 2 (DR2) agonist,
which regulates liver cancer cell (HCC‐LM3 and
SMMC‐7721) proliferation. It has been reported that
dopamine receptors belong to the G protein‐coupled
receptor family, used as a drug target in almost 50% of
medicinal drugs. Dopamine exerts antitumor effects on
its own mainly via DR2 regulation (Calarge et al., 2009),
suggesting that ﬁsetin affected the nervous system, which
could be treated as a dopamine agonist for suppressing
HCC development (Liu et al., 2017).

5.5 |

Oral squamous cell carcinoma

Oral squamous cell carcinoma (OSCC) accounts for
about 95% of head and neck malignancies that affects 500,000 people yearly worldwide (Ferlay et al., 2019;
Park et al., 2019). Recently, Park et al. demonstrated that
ﬁsetin showed the ability to inhibit autophagy, which
could further enhance apoptotic cell death in human
tongue squamous Ca9‐22 cells. The autophagy process
evoked by ﬁsetin could probably also be pro‐survival,
with results conﬁrming that ﬁsetin combined with
effective autophagy inhibitors, such as SP600125 and
3‐MA, presented an adjuvant for oral cancer therapy

|

Zhang et al. (2020)
↑PI3K/Akt/CREB pathway

Note: ↑ promotion and ↓ inhibition.

High glucose (HG)‐induced pretreatment of 10, 15,
neurotoxicity in HT22
20 mM ﬁsetin
cells
Diabetic
encephalopathy

↑cell viability, ↑SOD, ↓ MDA, ↓ apoptosis, ↑Bdnf,
↑Gdnf, ↑Syp, ↑Gria1

Kumari et al. (2021)
/
2.5, 5, and 10 mg/kg for ↓body weight loss, ↓hyperglycemia, ↓myocardial
6 weeks orally
damage, ↓TG, ↓ TC, ↓ LDL‐C, ↓ vLDL‐C, ↑ HDL‐
C, ↓ cardiovascular risk indices, ↓myocardial
oxidative stress, ↓IL‐1β, ↓IL‐6, ↓TNF‐α,
↓myocardial apoptosis
STZ‐induced diabetic rats
Diabetic nephropathy

Althunibat et al. (2019)
↓body weight loss, ↓hyperglycemia, ↓myocardial
damage, ↓TG, ↓ TC, ↓ LDL‐C, ↓ vLDL‐C, ↑ HDL‐
C, ↓cardiovascular risk indices, ↓myocardial
oxidative stress, ↓IL‐1β, ↓IL‐6, ↓TNF‐α,
↓myocardial apoptosis
2.5 mg/kg ﬁsetin for
6 weeks
STZ‐induced diabetic rats

↓caspase‐3, ↓caspase‐9, ↓Bax,
↑Bcl‐2

↓body weight loss,↑ventricular function, ↓glucose levels, ↓TGF‐β1, ↓caspase‐3,
↓oxidative stress, ↓cardia ﬁbrosis, ↓TNF‐a and IL‐6
↓collagenase 1 A, ↓ JNK,
↓p53, ↓p38 MAPK
2.5 mg/kg for 12 weeks

Fisetin treatment

Bioactivities

Molecular mechanisms

STZ‐induced diabetic rats

Diabetes is one of the rapidly growing diseases around
the world and is expected to affect 693 million people by
2045. It is a complex metabolic disorder characterized by
hyperglycemia, which results in organs dysfunctions and
long‐term damage to human organs. The devastating
diabetic complications, such as cardiovascular disease,
diabetic neuropathy, and diabetic kidney disease, could
lead to increase kidney failure, a decline in quality of life,
and even death (Table 2) (Cole & Florez, 2020; Gao
et al., 2022; Hroob et al., 2018; Wen et al., 2021). The

Diabetic
cardiomyopathy

6 | ANTIDIABETIC ACTIVITY
OF FISETIN

Model

Colorectal cancer is the third largest reported cancer next
to breast and lung cancers and it has second‐ranked
mortality rates (Bray et al., 2018; Wong et al., 2019).
Fisetin administration decreased the viability of
Irinotecan‐LoVo cells concurrent with apoptosis induction. Apoptosis was triggered by the activation of
cytochrome C and caspase‐8 expressions, and inhibition
of aberrant activation of AKT and IGF1R proteins.
Such antitumor effect was veriﬁed further using in vivo
assay, conﬁrming that ﬁsetin inhibited tumor growth in
the mouse xenograft model (Jeng et al., 2018). Another
study investigated the therapeutic effect of ﬁsetin in
1,2‐dimethylhydrazine (DMH) induced colon cancer in
Wistar rats. The result suggested that ﬁsetin (dose of
50 mg/kg b·wt) efﬁciently suppressed the production of
pro‐inﬂammatory cytokines such as interleukin‐6 (IL‐6),
IL‐1β, and TNF‐α (Fan et al., 2020). Most human and
animal cancer cells have lower levels of antioxidant
enzymes than normal cells (Islam et al., 2019), but this
study noticed the appreciably increased levels of antioxidant enzymes, such as CAT, GPx, and SOD when
post administrated to ﬁsetin. Moreover, the molecular
mechanism underlying ﬁsetin cytotoxic action included
suppression of the antiapoptotic Bcl‐2 and the induction
of the proapoptotic caspase‐3 and caspase‐9 ultimately
induced apoptosis. These ﬁndings suggested that the
anti‐inﬂammatory and antioxidant effects were possibly
related to its antitumor activity against DMH colorectal‐
stimulated cancer (Fan et al., 2020).

Bioactivities and molecular mechanisms of ﬁsetin against diabetic complications.

| Colorectal cancer

TABLE 2

5.6

References

(Park et al., 2019). The inhibitory effects of ﬁsetin on
malignant proliferation and migration were reported on
SCC4 and SCC9 cells, with the underlying mechanism
related to the PAK4 signaling pathway, and the protein
expression of which was downregulated in ﬁsetin‐treated
cells. In addition, in vivo study conﬁrmed the antitumor
effect observed in ﬁsetin‐treated BALB/c mice bearing
SCC9‐PAK4‐Lv tumor compared with the control group
(Li et al., 2020).

ALTamimi et al. (2021)
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effect of ﬁsetin in preventing many of the comorbidities
associated with diabetes shall be outlined in the next
subsections.

6.1

| Diabetic cardiomyopathy

Diabetic cardiomyopathy (DCM) presents the pathological
changes in the myocardium, the pathophysiological mechanisms of which include oxidative stress, cell death,
inﬂammation, and eventually heart failure (Boudina &
Abel, 2010; Zhang et al., 2017). Fisetin administration to
protect against DCM has shown preserving cardiac
functions and prevent further damage in STZ‐induced
diabetic rats. The dosage of 2.5 mg/kg of ﬁsetin was
administered for 12 weeks, found to prevent the heart and
body weights loss, improve systolic and diastolic functions
of ventricular, preserve the cardiomyocytes' structure, and
reduce glucose levels ranging from 317 ± 21.2 mg/dl in the
model group to 167 ± 6.4 mg/dl in the ﬁsetin treatment
group. Also, ﬁsetin decreased cardia ﬁbrosis and oxidative
stress. It has been identiﬁed that protein kinase R (PKR)
plays a key role in DCM. The levels of PKR showed a
dramatic increase in failing humans' or animals' hearts,
leading to the suppression of protein synthesis through
upregulating p53 and mitogen‐activated protein kinases
(MAPKs) such as JNK and p38 (Mangali et al., 2019). In
STZ‐induced diabetic rats, ﬁsetin suppressed protein levels
of transforming growth factor‐b1 (TGF‐β1), caspase‐3,
collagenase 1 A, JNK, p38, and p53, which actually
inhibited PKR activity (ALTamimi et al., 2021). Another
study accounted for ﬁsetin explained therapeutic potential
against DCM from another target via targeting the Bcl‐2/
Bax/Cleaved caspase‐3 signaling pathway. Fisetin attenuated hyperlipidemia, hyperglycemia, and heart function
markers, and minimized myocardial damage. In addition,
the ﬁsetin treatment group alleviated inﬂammation, oxidative stress, and apoptosis in the heart of diabetic model rats.
To be speciﬁc, STZ diabetic rats showed a notable increase
in TC, TG, vLDL‐C, and LDL‐C, which were decreased by
ﬁsetin administration. The cardiac levels of pro‐
inﬂammatory cytokines TNF‐α, IL‐6, and IL‐1β were
induced signiﬁcantly in the heart of diabetic model rats,
whereas ﬁsetin ameliorated the levels of all these cytokines.
Moreover, the expression levels of caspase‐3, caspase‐9,
and Bax were downregulated concurrent with Bcl‐2
upregulation in diabetic rats treated with ﬁsetin (Althunibat
et al., 2019). Thus, it can be revealed that ﬁsetin can protect
cardiac function by suppressing PKR or targeting the Bcl‐
2/Bax/Cleaved caspase‐3 signaling pathway.

6.2

|

ET AL.

| Diabetic nephropathy

Diabetic nephropathy (DN) is one of the serious
pathological complications in diabetes mellitus (DM).
About 30% of patients with type I diabetes and 40% with
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Type II diabetes would develop DN for uncontrolled
hyperglycemia. It has become the main reason for kidney
transplantation and dialysis in the world. Unfortunately,
currently, there is no effective treatment plan for DN
(Alicic et al., 2017; Cooper, 2012; Pérez‐Sáez &
Pascual, 2015). Therefore, investigating effective and
safe agents as an adjunct or alternative therapy for the
management of DN is highly demanded. The study of
Kumari et al. (2021) reported that ﬁsetin orally
administrated at a dose of 10 mg/kg for 42 days to
STZ‐induced diabetic rats ameliorated the deterioration
of kidney dysfunction and attenuated DN development
in vivo. Fisetin treatment raised albumin levels in serum,
and improved creatinine excretion, and creatinine
clearance dramatically, concurrent with decreased serum
urea, creatinine, and urine volume compared with
untreated model rats. This effect of ﬁsetin might be
attributed to three aspects. Firstly, it signiﬁcantly
attenuated hyperglycemia in body weight loss, lipids
(total cholesterol and triglycerides), blood glucose level,
and HbA1c value. Secondly, ﬁsetin attenuated inﬂammation by decreasing cytokines IL‐1β, IL‐6, and TNF‐α.
Last but not least, it showed the effect of decreasing
oxidative burden levels, as shown in declining MDA
levels and raising GSH, SOD, and CAT levels compared
to untreated model rats. Hence, ﬁsetin like other
ﬂavonoids appears to exert a renoprotective activity in
diabetic rats as mediated via its hypoglycemic, anti‐
inﬂammatory, and antioxidant effects. The underlying
molecular mechanisms at the gene or protein expressions
level need to be elucidated in further research.

6.3 |

Diabetic encephalopathy

Diabetic encephalopathy (DE) severely affects the central
nervous system, which is a serious complication of DM.
Multiple evidence demonstrated that the risk of cognitive
dysfunction in patients with DM is increasing (Biessels &
Despa, 2018; Liu et al., 2022; Ouyang, Liu, et al., 2021;
Simo et al., 2017). In vitro assay using HT22 murine
hippocampal neuronal cell line has veriﬁed the therapeutic potential of ﬁsetin against DE. The high glucose (HG)
level at 125 mM for 48 h caused neurotoxicity in HT22
cells, while it was rescued by ﬁsetin pretreatment at a
dose ranging from 10 to 25 mM for 1 h. Likewise,
oxidative damage was alleviated by ﬁsetin through
increasing SOD and decreasing MDA levels. Besides
this, the HG‐induced model group dramatically promoted apoptosis of HT22 cells compared to the control
group. Unsurprisingly, the apoptosis was effectively
attenuated by ﬁsetin pretreatment in high glucose
stimulation, at a rate of 2.92 ± 0.49% in 20 mM
(p < 0.001). The mRNA expression levels of the Bdnf,
Syp, Gdnf, and Gria1 genes were upregulated in ﬁsetin‐
treated cells, while the levels were downregulated in HG‐
induced cells. These genes played vital roles in
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neurogenesis, neuroplasticity, synaptogenesis, and neuronal survival (De Assis et al., 2018; Mizui et al., 2016).
Moreover, the mechanistic study revealed that the
downregulated phosphorylated‐CREB, PI3K, and Akt
were reversed by ﬁsetin, with such neuroprotective
activity partially blocked by the PI3K inhibitor,
LY294002, suggesting that the neuroprotective effect of
ﬁsetin was via activating PI3K/Akt/CREB signaling
pathway (Zhang et al., 2020). These results are just
preliminary with further in vivo experiments and clinical
trials are needed to be carried out to explore the efﬁcacy
and the underlying mechanisms of ﬁsetin in HG‐
stimulated cognitive dysfunction and conﬁrm its actions
in animal models.

7 | ANTI ‐INF L A M M A TOR Y
ACTIVITY OF FISETIN
Promoted inﬂammation develops multiple diseases such
as nephropathy, acute kidney injury, acute pancreatitis
(AP), neuroinﬂammation, and airway inﬂammation. The
LPS, IL‐1β, lead, high‐fat diet (HFD), and cerulein
generally serve as inductive agents for inﬂammation
using in vitro and in vivo experiments. Fisetin was
reported to exhibit a strong anti‐inﬂammatory capacity
with the underlying molecular mechanisms depicted in
Figure 5. The overproductions of pro‐inﬂammatory
cytokines (IL‐6, IL‐8, IL‐18, IL‐1β, TNF‐α, and PEG2)
are treated as the common vital pathogenic factors in

FIGURE 5

inﬂammation diseases, found to be suppressed by ﬁsetin
in almost all reports. Ren et al. (2020) found ﬁsetin
(100 mg/kg pretreatment for three consecutive days)
could alleviate kidney inﬂammation by reducing renal
expression of iNOS, COX‐2, and HMGB1 in the septic
AKI mice. The late mediator HMGB1 plays an important role in organ dysfunction and tissue injury at the late
stage of lethal sepsis (Peerapornratana et al., 2019).
Mechanistically, ﬁsetin effectively suppressed TLR4,
phosphorylated‐p65 in NF‐κB, phosphorylated‐JNK,
ERK1/2, and p38 in MAPK signaling pathways (Ren
et al., 2020). Another nephropathy inﬂammation action
was protected by ﬁsetin via other signaling pathways. In
addition, iRhom2, an elementary inﬂammation‐
associated regulator, exhibited downregulated expression
in ﬁsetin treatment in mice in a dose‐dependent manner
compared to HFD‐fed mice mediated via regulating
TACE/TNFRs (McIlwain et al., 2012). The anti‐
inﬂammatory activity of ﬁsetin is often associated with
free radical scavenging and antioxidant properties, with
oxidative stress elevated in high‐fat diet‐induced
nephropathy mice via inhibiting Nrf‐2/HO‐1 and simulating NF‐κB, while they were both remarkably reversed
by ﬁsetin, especially at 80 mg/kg (Ge et al., 2021). AP is a
severe inﬂammatory process that is characterized by
increased pancreatic enzymes in blood and abdominal
pain, and leads to acinar cell death and inﬂammatory
response (Chang et al., 2011; Hoque et al., 2012). Fisetin
(1, 5, 10, and 20 mg/kg) anti‐inﬂammatory action was
manifested by signiﬁcantly reducing mRNA and protein

Molecular targets of ﬁsetin to mediate its anti‐inﬂammatory effect.
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levels of cytokines in pancreatic tissue after cerulein‐
stimulated AP. Moreover, it caused inhibition of NF‐κB
and JNK to protect against cell death as mediated via
ﬁsetin administration (Jo et al., 2014). Lead (Pb) is a
heavy metal that could cause various health problems
particularly affecting the central nervous system. Fisetin
could improve neuroinﬂammation in Pb‐stimulated
mice as functioned via inhibiting the activation of
MyD88, TLR4, and NF‐κB in the brain as crucial
factors in regulating inﬂammatory response (J. T. Liu
et al., 2015). Pb markedly induced the accumulation of
p‐tau and amyloid‐beta (Aβ) and inhibited the expression levels of p‐AMPK and SIRT1, ﬁnally causing
neurotoxicity. However, ﬁsetin administration at 25 and
50 mg/kg in Pb‐induced neuroinﬂammation could
decrease the production of p‐tau and Aβ, and increase
phosphorylated‐AMPK and SIRT1 levels involved in
regulating neuroprotective effects (Yang et al., 2019).
In addition, ﬁsetin showed anti‐inﬂammatory effects in
IL‐1β‐induced A549 cells, supporting its use as a
candidate agent for airway inﬂammation therapy.
It effectively suppressed the expression of various
chemokines (e.g. CCL5, MCP‐1, and MUC5AC),
inﬂammatory cytokines (e.g. IL‐6, TNF‐α, IL‐8, and
IL‐17F), and ICAM‐1 via inhibiting NF‐κB and ERK1/
2 signaling pathways (Peng et al., 2018).

8 | DELIVERY SYSTEM AND
FORMULATIONS OF FISETIN TO
I M P R O V E IT S B I O A V A I L A B I L I T Y
Despite the potential health beneﬁts of ﬁsetin, it suffers
from poor bioavailability and some unfavorable physicochemical properties like chemical instability, poor
aqueous solubility, and metabolism, as typically found
in most ﬂavonoids (Mehta et al., 2015). As ﬁsetin bears
four hydroxyl groups involving a catechol in ring B, it
will be extensively metabolized under in vivo conditions
(Touil et al., 2011). The main challenges in ﬁsetin
incorporation in drugs lie in its low bioavailability of
44.1%, asides from its low aqueous solubility and high
lipophilicity with 10.45 μg/ml and log p = 3.2, respectively. These drawbacks cause frequent and high doses of
ﬁsetin administration to sustain its therapeutic efﬁcacy,
but such a regimen would lead to several side effects
(Bothiraja et al., 2013). Therefore, ﬁnding out novel drug
delivery systems for ﬁsetin is still warranted to facilitate
its applications.
Numerous studies have been undertaken to enhance the
bioavailability of ﬁsetin using various delivery strategies to
enhance chemical stability and modify dispersed states of
ﬁsetin for disease management (McClements et al., 2009).
The detailed information on formulation of carriers, animal
model and treatment, and main outcomes of ﬁsetin are
presented schematically in Table 3 and Figure 6 and
highlighted in the next subsections.

8.1 |
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Fisetin‐loaded nanocochleates

Fisetin‐loaded nanocochleates (FIS‐NC) are characteristic lipid‐based supramolecular assemblies with phospholipid precipitates produced by interacting divalent
cations (Mg2+ and Ca2+) with anionic lipid vesicles.
They consist of a continuous solid lipid bilayer membrane rolled up in a spiral manner, which can exclude
internal water space (Zarif, 2002; Zarif et al., 2000).
Results demonstrated the sustained release and safety of
these nanocochleates at physiological pH. The in vitro
experiment showed that FIS‐NC could improve the 1.3‐
fold anticancer effect in the human breast cancer MCF‐7
cells model than free ﬁsetin. The bioavailability of
nanocochleates was relatively 141‐folds higher whereas
tissue distribution was lower than that of free ﬁsetin
(Bothiraja et al., 2013). Further studies should explore
more in vitro and in vivo activities of ﬁsetin‐loaded
nanocochleates.

8.2 |

Nanoemulsion of ﬁsetin

The nanoemulsion was designed and characterized to
evaluate the bioavailability, stability, and pharmacological
activity of ﬁsetin (Lyu et al., 2021). The nanoemulsion of
ﬁsetin (FIS‐NE) was composed of water/Labrasol®/
Miglyol®812 N/Tween®80/Lipoid E80® at the ratio of
76.3:10:10:2.5:1.2 through a phase inversion approach.
The bioavailability of FIS‐NE increased by 24 times
compared with ﬁsetin alone. Besides, FIS‐NE showed
stability at 4℃ for a period of 30 days, but it became
unstable showing phase separation at a temperature of
20℃. FIS‐NE (36.6 mg/kg) signiﬁcantly decreased tumor
volume by 53% in comparison to free ﬁsetin (223 mg/kg),
which required six times higher dose of free ﬁsetin to show
similar tumor growth inhibitory effects (Ragelle et al., 2012).
Another study used the same formulation to prepare FIS‐
NE. FIS‐NE anti‐neuroinﬂammatory activities in PM2.5
exposure‐stimulated mice and astrocytes were investigated
and found it inhibited the production of IL‐6, IL‐8, IL‐1β,
TNF‐α, superoxide radical, MDA, and hydrogen peroxide
levels with an increasing level of SOD in the hypothalamus,
hippocampus, and cortex of mice. These data implied that
FIS‐NE could suppress nerve inﬂammation and oxidative
stress. Furthermore, primary astrocytes were used to
explore the molecular mechanism of anti‐inﬂammation
action and found it was mediated via the inhibition of
NF‐κB signaling pathway (Xu et al., 2020)

8.3 | Self‐nanoemulsifying drug delivery
system
Self‐nanoemulsifying drug delivery system of ﬁsetin
(FIS‐SNEDDS) is an anhydrous concentrate composed
of surfactant, cosurfactant, and speciﬁc oils, which can

Water/Labrasol®/Miglyol®812N/Tween® 80/
Lipoid E80® (76.3%/10%/10%/2.5%/1.2%)

Transcutol P (0.6 ml), Tween 80 (0.4 ml),
Lauroglycol FCC (0.1 ml), and castor
oil (0.1 ml)

DOPC:DODAPEG2000:cholesterol: isetin at the 47‐fold higher than
weight ratio of 79.6:13.2:4:3.2
free ﬁsetin

Nanoemulsion of ﬁsetin
(FIS‐NE)

Self‐nanoemulsifying
drug delivery system
of ﬁsetin (FIS‐
SNEDDS)

Liposomal of ﬁsetin
(FIS‐L)

Main outcomes

UV exposed mice were treated Reduced percentage of tumor
with FIS‐BE
incidence (49%) compared
with untreated mice (96%)

‐

Fisetin loaded binary
ethosomes (FIS‐BE)

Abbreviation: TBARS, thiobarbituric acid reactive substances.

Moolakkadath
et al. (2019)

Sechi et al. (2016)

Seguin et al. (2013)

|

Ethanol: propylene glycol at the ratio of
33.78%:7.5%; phospholipid 90G (116.37 mg)

Increased the α‐glucosidase
Simulated gastric and
inhibitory effect by 20 times
intestinal ﬂuids at pH 1.2
compared with acarbose
for 2 h, followed by pH 7.4

Delayed the tumor growth by
3.3 days in FIS‐L (21 mg/kg)
and by 1.6 days in the same
dose of free ﬁsetin

Increased locomotor activity,
Kumar, Kumar,
GSH, SOD, CAT, soluble alfa
Khurana,
synuclein, and BDNF
et al. (2020), Kumar
expressions; decreased
et al. (2019)
catalepsy, TBARS, nitrite,
TNF‐α, and IL‐6 expressions

‐

FIS‐L (21 mg/kg) was treated
in Lewis lung carcinoma
bearing mice

Rotenone‐induced
Parkinson's disease (PD)
model in rats

Polymeric nanoparticle of Fisetin: PLGA‐PEG‐COOH:PCL at 4%:3%:2%
ﬁsetin (FIS‐PN)

Relative
bioavailability of
FIS‐SNEDDS
was 151.58%

PM2.5‐induced metabolic
disorder mice and glial
cells

24‐fold higher than
free ﬁsetin

Ragelle et al. (2012)

Bothiraja et al. (2013)

References

Suppressed IL‐6 IL‐8, IL‐1β,
Xu et al. (2020)
TNF‐α, superoxide radical,
MDA, and hydrogen peroxide
levels; increased SOD level in
hypothalamus, hippocampus
and cortex

Lewis lung carcinoma bearing Signiﬁcantly inhibited tumor
mice, FIS‐NE (36.6 mg/kg)
growth in a dose‐dependent
versus free ﬁsetin (223 mg/
manner
kg) were administrated

FIS‐NC was tested in MCF‐7 Lower GI50 than free ﬁsetin
solution and blank
cells by sulforhodamine B
nanocochleates
assay

Experiment model and
treatment

24‐fold higher than
free ﬁsetin

141‐fold higher than
free ﬁsetin

A divalent cation and a negatively charged
phospholipid

Fisetin‐loaded
nanocochleates
(FIS‐NC)

Bioavailability

Formulation

Summary of formulation, bioavailability, and bioactivity effects of ﬁsetin‐loaded delivery systems.

Delivery system

TABLE 3
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FIGURE 6
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Schematic representation of ﬁsetin delivery systems.

help to enhance ﬁsetin bioavailability. FIS‐SNEDDS
would form nanoemulsions in the form of solution to be
easily absorbed and optimized by Box Behnken Design
including Transcutol P, Tween 80, Lauroglycol FCC, and
castor oil at the ratio of 0.6:0.4:0.1:0.1. At the same
concentration of 62.5 μg/ml, 89.05% of Caco‐2 cells were
viable for FIS‐SNEDDS compared with 10.8% of
viable cells for unprocessed ﬁsetin. The permeability of
FIS‐SNEDDS was increased by 3.8 times than unprocessed ﬁsetin. In addition, over 90% of the drug
release could be observed within 60 min in FIS‐SNEDDS,
suggesting an immediate release type (Kumar et al., 2019).
This FIS‐SNEDDS was then used to study the pharmacodynamics and pharmacokinetics of rotenone‐stimulated
Parkinson's disease (PD) model rats. FIS‐SNEDDS also
improved its bioavailability and residence time in the
plasma. The pharmacodynamics result showed that post‐
FIS‐SNEDDS treatment, the behavior parameters of
catalepsy were reduced and locomotor activity was
increased compared with the model group. The oxidative
species of nitrite and thiobarbituric acid reactive substances (TBARS) were decreased concurrently with an
increase in antioxidant enzymes of superoxide dismutase
(SOD), glutathione (GSH), and catalase (CAT) in the
FIS‐SNEDDS group when compared to the disease

group. In addition, signiﬁcant improvements were
observed in brain‐derived neurotrophic factor (BDNF)
and soluble α‐synuclein. TNF‐α and IL‐6 expression levels
were declined in the group treated with FIS‐SNEDDS in
contrast to rotenone alone. In summary, this formulation
was found stable, nontoxic with improved permeability,
dissolution rate, and bioavailability posing it as an
effective formulation in PD disease management (Kumar,
Kumar, Khurana, et al., 2020).

8.4 |

Fisetin liposomese

Liposomes consist of lipid amphiphilic, self‐organizing to
a water core surrounded via a lipid bilayer. This drug
carrier system was widely used in clinical trials such as
antifungals and antibiotics (Allen & Cullis, 2004;
Wang et al., 2021). The liposomal of ﬁsetin (FIS‐L) was
prepared in the composition of DOPC:DODAPEG2000:cholesterol:ﬁsetin at the weight ratio of 79.6:13.2:4:3.2.
FIS‐L dramatically increased ﬁsetin bioavailability by 47
times compared to free ﬁsetin. The antitumor effect was
estimated in Lewis lung carcinoma bearing mice. A low
dose of FIS‐L (21 mg/kg) was effective to delay tumor
growth (3.3 days) compared with the same dose of free
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ﬁsetin (1.6 days). Subsequently, FIS‐L combined with
cyclophosphamide showed tumor growth delay by 7.2
days versus 4.2 days compared to cyclophosphamide‐
alone in liposomes. Thus, FIS‐L advantageously improved the antitumor activity, especially when co‐treated
with cyclophosphamide (Seguin et al., 2013). The inclusion of ﬁsetin to lower the side effects of cyclophosphamide should be considered in future chemotherapeutics.

8.5

| Polymeric nanoparticle of ﬁsetin

Polymeric nanoparticle of ﬁsetin (FIS‐PN) was combined
with poly‐(D,L‐lactic‐co‐glycolic‐acid)‐block‐poly‐(ethylene
glycol) carboxylic acid (PLGA‐PEG‐COOH) and poly‐(ε‐
caprolactone) (PCL) at concentrations of 4%:3%:2%
through a nanoprecipitation method. The in vitro release
proﬁle of FIS‐PN was markedly increased, reaching 70%
after 7 h and almost 100% after 24 h, while the release rate
of ﬁsetin‐load PCL was only 54% after 7 h and 70% after
24 h. This study suggested that FIS‐PN could protect and
control ﬁsetin release in the simulated gastric and intestinal
medium. The 2,20‐azinobis (3‐ethylbenzothiazoline‐6‐
sulfonic acid‐) diammonium salt (ABTS) and 2,2‐diphenyl‐
1‐picryl hydrazyl (DPPH) free radicals antioxidant assays
presented that FIS‐PN scavenged free radicals dose‐
dependently. The inhibition rates were ranged from
approximately 75% at 30 μg/ml to 7% at 2.5 μg/ml in
ABTS assay and 65% to 5% from the highest concentration at 40 μg/ml to the lowest concentration at 2.5 μg/ml in
DPPH assay. Furthermore, the α‐glucosidase inhibitory
effect of FIS‐PN was 20 times higher than that of
acarbose, suggesting the potential ability of FIS‐PN to
control postprandial blood sugar levels (Sechi et al., 2016).

8.6

| Fisetin‐loaded binary ethosomes

Fisetin‐loaded binary ethosomes (FIS‐BE) were designed
and optimized for dermal application. The optimal
formula consisted of 116.37 mg phospholipid 90G
combined with ethanol and propylene glycol
(33.78%:7.5%). The mice dorsal was exposed to ultraviolet (UV) radiation and then treated with FIS‐BE.
Mice in the FIS‐BE group had fewer tumor incidences
(49%) compared to untreated mice (96%). High expression levels of inﬂammatory mediators, for example,
TNF‐α and IL‐1α, were observed in UV exposure mice,
but much lower in the FIS‐BE‐treated group. Consequently, FIS‐BE delayed the tumor incidences of skin
and reduced other inﬂammatory responses, which might
be a promising dermal delivery system against such
disease (Moolakkadath et al., 2019).
Taken together, six drug delivery systems described
above (Figure 4) were found effective to improve ﬁsetin
bioavailability, of which ﬁsetin‐loaded nanocochleates
had the best effects. These formulations were explored
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further in some disease models such as skin cancer, breast
cancer, Lewis lung carcinoma, and Parkinson's disease,
showing improved results compared with free ﬁsetin. In
addition, other delivery systems such as encapsulation of
ﬁsetin in micelles were also discovered to have therapeutic effects and improvement in bioavailability (Chen
et al., 2014). Thus, more suitable delivery systems should
be designed and clinical studies should be encouraged in
ﬁsetin‐loaded delivery systems in the future.

9 | CLINICAL STUDIES A ND
APPLICATIONS OF FISETIN
Although many preclinical research studies have presented positive outcomes, the safety level of ﬁsetin for
long‐term usage in human beings is still unknown (Mehta
et al., 2018). Clinical trials using medicines with ﬁsetin
have been applied for coronavirus (including COVID‐
19), coronavirus infection, frailty childhood cancer,
osteoarthritis, and so forth (Table 4). The dose of drugs
containing ﬁsetin is 20 mg/kg for different treatment trial
cycles. In some clinical studies, ﬁsetin is treated as a
micronutrient supplement to inspect the inﬂuence on the
frail elderly syndrome, osteoarthritis, chronic kidney
diseases, diabetes mellitus, diabetic nephropathies, mild
cognitive impairment, and gulf war illness. All the
clinical trials information can be obtained from the
website of the United States Food and Drug Administration (https://clinicaltrials.gov/). It is worth noting that
the ﬁrst regulated vision‐speciﬁc medical food (GlaucoCetin) containing ﬁsetin was introduced to the market
with a selling price of $79.95. It is designed to support
and protect the mitochondrial function of optic nerve
cells in patients with glaucoma and has been used
successfully applied in clinical practice since 2016
(https://glaucocetin.com/). It was provided in a powder
form containing a proprietary ﬂavonoid complex with
ﬁsetin, quercetin, and luteolin at a total dose of 250 mg.
To sum up, ﬁsetin is available as a drug ingredient, oral
dietary supplement, and medical food with nearly no
reported side effects and several health beneﬁts for
human health (Yousefzadeh et al., 2018). Regarding the
difference between medical food and dietary supplement,
medical food is formulated for the management of
speciﬁc diseases with distinct nutritional requirements
under the supervision of a physician, and dietary
supplement is designed to provide nutritional supplement
support for healthy individuals. Therefore, it is important to know the differences between medical food and
dietary supplement when choosing which is more suitable
for people (U.S. Food and Drug Administration, 2017, 2019). Nutraceuticals like ﬁsetin may promote
new market entries as it has no uniform legal deﬁnition.
The natural or processed foods that contain biologically
active compounds provide indeed a clinically proven
and documented health beneﬁt utilizing speciﬁc

COVID‐19; coronavirus
infection

COVID‐19 SARS‐CoV
infection

Frailty childhood cancer

Osteoarthritis, knee

Improve skeletal health in older 20 mg/kg/day for three consecutive days taken
humans
orally on an intermittent schedule (starting
every 28 days), repeated every 28 days over
20 weeks

Frail Elderly Syndrome

Osteoarthritis

Chronic kidney diseases,
diabetes mellitus, diabetic
nephropathies

Mild cognitive impairment

Gulf war illness

Drug

Drug

Drug

Drug

Drug

Dietary
Supplement

Dietary
supplement

Dietary
supplement

Dietary
supplement

Dietary
supplement

NCT04771611 Mayo Clinic Rochester,
Minnesota, USA
NCT04537299 Mayo Clinic Rochester,
Minnesota, USA

Ⅱ
Ⅱ

NCT04313634 Mayo Clinic in Rochester
Rochester,
Minnesota, USA
NCT03675724 Mayo Clinic in Rochester,
USA Rochester,
Minnesota, USA

Ⅱ

Ⅱ

Ⅱ

200‐800 mg in capsule form taken orally every day /

BBH‐1001 Brain Health Supplement: Turmeric
/
(125 mg), ﬁsetin (16.65 mg), green tea leaf
extract (17.5 mg), EPA (75 mg), DHA (150 mg)
and vitamin D3 (250 IU). Patients took 4
softgels once per day for the entire study
duration (18 months)

20 mg/kg/day orally for 2 consecutive days

NCT02909686 University of Alabama at
Birmingham Birmingham,
Alabama, USA

NCT02741804 Cedars‐Sinai Medical Center
Los Angeles,
California, USA

NCT03325322 Mayo Clinic in Rochester,
Rochester,
Minnesota, USA

NCT04210986 The Steadman Clinic Vail,
Colorado, USA

NCT04815902 The Steadman Clinic Vail,
Colorado, USA

Ⅰ, Ⅱ

20 mg/kg orally for two consecutive days, followed Ⅰ, Ⅱ
by 28 days off, then 2 more consecutive days

20 mg/kg/day orally for 2 consecutive days

20 mg/kg orally taken for 10 days total

NCT04733534 St. Jude Children's Research
Hospital Memphis,
Tennessee, USA

NCT04476953 Mayo Clinic in Rochester
Rochester,
Minnesota, USA

Locations

Ⅱ

Phase Identiﬁer

20 mg/kg/day orally on Day 1, 2, 30, and 31 under Ⅱ
observation of the study nurse

20 mg/kg/day orally for 2 consecutive days
(Days 0, 1 and Days 8, 9)

20 mg/kg/day orally for 4 days (Days 0, 1 and
Days 8, 9)

20 mg/kg/day orally for 2 consecutive days

COVID‐19

Drug

Intervention

Disease

A summary of clinical trials for ﬁsetin.

Product

TABLE 4

March 2023

April 2025

July 2024

December 2023

June 2023

July 2021

Completion day

July 2016

May 2016

January 2018

January 2020

September 2021

May 2019

April 2025

December 2022

November 2018 November 2021

June 2020

April 2021

April 2022

April 2021

March 2021

August, 2020

Starting day
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biomarkers for the prevention, management, or treatment of the chronic disease or its symptoms (Danik &
Jaishree, 2015; Martirosyan, 2015). Thus, more human
clinical trials are needed to verify its true efﬁcacy and or
any side effects in the future.

University of Macau (MYRG2018‐00176‐ICMS) and
the Macao Science and Technology Development Fund,
Macao SAR (0024/2020/A1).
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E T H IC S S T A T E M E NT
The authors conﬁrm that this article does not contain
any studies with animal or human subjects.

FUTURE OUTLOOKS

Dietary polyphenol ﬁsetin is common in our daily diet.
Exploring the bioactivities and nutritional and medicinal
applications of ﬁsetin is greatly interesting and imperative. In this review, the synthesis, structure–activity
relationships, biological activity, clinical trials, and
delivery systems of ﬁsetin were systemically analyzed
and summarized. However, some points still need more
improvement in further studies including (i) to obtain a
tight ﬁt and enhance binding for better bioactivities, the
parent molecule should be chemically modiﬁed and
synthesized to get ﬁsetin analogs according to available
data of molecular interactions; (ii) considering that the
combinatorial treatment of ﬁsetin is proved to be
efﬁcacious, the interaction between ﬁsetin and current
chemotherapeutic agents should be explored for cancer
treatment and to lessen their dosage to avoid for side
effects; (iii) more studies are needed to evaluate the
efﬁciency, toxicity, and side effects of ﬁsetin; (iv) to
expand clinical trials of ﬁsetin, further investigation,
including optimal ﬁsetin‐loaded delivery systems for
targeted populations with certain health conditions, are
required. Many approaches have been explored to
improve the production of ﬂavonoids in the case of
ﬁsetin including green, efﬁcient, and sustainable methods
for its extraction. Plant biotechnologies also offer an
attractive alternative for the cost‐efﬁcient production of
this valuable active ingredient. And identiﬁcation of
elicitors or agricultural practices that can enrich its levels
in dietary sources should be considered in the future.
To conclude, a growing interest is witnessed in ﬁsetin
due to its various and effective health effects, which
probably promote its application in the pharmaceutical
industry and for exploring its other unexplored applications. Despite the multiactive properties of ﬁsetin, it is far
from being fully exploited and has potential in other
ﬁelds such as cosmetics, food, and so forth.
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