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Oxidative stress (OS) disrupts the chemical integrity of macromolecules and

increases the risk of neurodegenerative diseases. Fisetin is a flavonoid that

exhibits potent antioxidant properties and protects the cells against OS. We

have viewed the NCBI database, PubMed, Science Direct (Elsevier),

Springer-Nature, ResearchGate, and Google Scholar databases to search

and collect relevant articles during the preparation of this review. The search

keywords are OS, neurodegenerative diseases, fisetin, etc. High level of ROS

in the brain tissue decreases ATP levels, and mitochondrial membrane

potential and induces lipid peroxidation, chronic inflammation, DNA

damage, and apoptosis. The subsequent results are various neuronal

diseases. Fisetin is a polyphenolic compound, commonly present in

dietary ingredients. The antioxidant properties of this flavonoid diminish

oxidative stress, ROS production, neurotoxicity, neuro-inflammation, and

neurological disorders. Moreover, it maintains the redox profiles, and

mitochondrial functions and inhibits NO production. At the molecular

level, fisetin regulates the activity of PI3K/Akt, Nrf2, NF-κB, protein kinase

C, and MAPK pathways to prevent OS, inflammatory response, and

cytotoxicity. The antioxidant properties of fisetin protect the neural cells

from inflammation and apoptotic degeneration. Thus, it can be used in the

prevention of neurodegenerative disorders.
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Introduction

Neurodegenerative diseases are characterized by the permanent

loss of a specific type of neurons in the brain, leading to progressive

loss of brain functions. The subcortical area of the brain particularly

basal ganglia is mostly affected in certain neurodegenerative diseases.

Elderly people are vulnerable to neurodegenerative diseases (Wyss-

Coray, 2016; Reddy et al., 2021). The most common

neurodegenerative disorders are Alzheimer’s disease (AD),

Parkinson’s disease (PD), Huntington’s disease (HD), and

amyotrophic lateral sclerosis (ALS) have no specific treatment or

cure. The common symptoms of these diseases are memory and

cognitive impairments, and difficulty tomove and speak (Gitler et al.,

2017; Rong et al., 2020). Accumulation of specific proteins starts

neurodegeneration. These include α-synuclein in PD, β-amyloid

plaque and tau in AD, huntingtin in HD, and inclusion of

transactivation response (TAR) DNA-binding protein (TDP)-43,

superoxide dismutase 1 (SOD1), and FUS in ALS. The progressive

loss of neuronal dysfunctions and death during neurodegenerative

diseases are associated with proteotoxic stress, impaired activity of

ubiquitin–proteasomal and autophagosomal/lysosomal systems,

mitochondrial dysfunction, glutamate toxicity, calcium load,

neuroinflammation, and aging (Behl et al., 2020; Karthika et al.,

2022; Kaur et al., 2022).

Mitochondrial dysfunction and oxidative stress play crucial roles

in the development of neurodegenerative diseases. Mitochondria are

the main site for metabolic reactions where electrons are finally

transported through the electron transport chain (ETC). Any

impairment in mitochondrial function increases the production

of reactive oxygen species like superoxide anion radicals (O−2)

(Van Houten et al., 2006). Mitochondrial superoxide dismutase

converts O−2 to hydrogen peroxide (H2O2) which is dissociated

to water by the action of glutathione peroxidase (GPx). Excess

production of ROS causes loss of ATP, decrease in the

mitochondrial membrane potential, induction of apoptosis, and

subsequent cell loss (Ott et al., 2007; Shams ul Hassan et al.,

2021). ROS also induces lipid peroxidation, formation of the

protein carbonyl compounds, and DNA damage. Thus, oxidative

damage directly or indirectly advances AD, PD, HD, and ALS

(McLennan and Esposti, 2000). However, reduced glutathione,

vitamin E, and vitamin C can protect the cells by scavenging

ROS (Sheikh et al., 2013).

Apoptosis and ferroptosis of neurons is an important features

in neurodegenerative disorders. Human postmortem brain

samples showed detectable DNA fragmentation in PD, AD,

HD, and ALS. Moreover, the presence of caspases and BclXL

is also associated with Alzheimer’s disease. Different caspases are

involved in apoptosis. Caspase-6 plays an important role in the

pathogenesis of AD and HD, whereas caspase-7 is activated

during motor neuron degeneration in a mouse model of ALS.

Thus, apoptosis causes chronic neurodegeneration and neuron

loss. Abnormal expression of cell cycle regulator proteins has also
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been implicated in neurodegenerative diseases. Additionally,

increased levels of p53 in motor neurons of the spinal cord

and motor cortex induce neuronal degeneration (Bano et al.,

2022).

Basal ganglia are situated bilaterally in the white matter of the

cerebral hemispheres and comprise five subcortical nuclei. These

include the caudate nucleus, putamen, subthalamic nucleus,

substantia nigra (SN), and the globus pallidus (GP). SN has

two parts: 1) SN pars compacta and 2) SN reticularis/reticulata.

On the other hand, GP has two segments: 1) GP internal and 2)

GP external (Figure 1). The caudate nucleus, the putamen is

collectively called striatum due to the striated appearance of these

nuclei. The passing of the fiber bundle from the anterior limb of

the internal capsule causes the formation of striations. Putamen

and GP are known as the lenticular nucleus. The excitatory

glutamatergic cortico-striate projections carry the impulse to the

striatum from the cerebral cortex (Ehrlich, 2012). The basal

ganglia also receive impulses from centromedian nuclei of the

thalamus.

The efferent connections from basal ganglia terminate to the

prefrontal and premotor cortex and the ventral lateral, ventral

anterior, and centromedian nuclei of the thalamus via the

thalamic fasciculus. SN projects connections to the other areas

of the thalamus. Additionally, basal ganglia are associated with

other nuclei in the diencephalons and mid-brain. Basal ganglia

are mainly involved in the regulation of activity of the motor area

of the cerebral cortex for controlling movements. This regulatory

function occurs through the way of the thalamus. Basal ganglia

also control cognitive functions.

The neurons of the pars compacta of SN are dopaminergic.

The nigrostriatal pathway releases dopamine as a

neurotransmitter in the striatum, particularly in the putamen.

Dopamine acts as an excitatory neurotransmitter to modulate the

activity of inhibitory pathways (GABAergic) from the striatum

(specifically from putamen) to the internal segment of the GP

(Figure 1) (Ehrlich, 2012). However, dopamine inhibits the

activity of the projections from the striatum (from putamen)

to the external segment of the GP, followed by inhibition to the

subthalamic nuclei. This pathway decreases the activity of motor

areas. The pleiotropic effects of dopamine are mediated by the

presence of different receptors of dopamine. The D1 receptor is

excitatory and associated with the activity of the internal segment

of the GP, whereas the D2 receptor is inhibitory and regulates the

function of the external segment of GP.

Fisetin

Chemistry

Fisetin, chemically 3,7,3′,4′-tetrahydroxyflavone or 7,3′,4′-
flavon-3-ol is a polyhydroxy flavonoid with various

pharmacological potentials like antioxidant (Khan et al.,

2013), anti-inflammatory (Wu et al., 2022), anti-cancer (Lin

et al., 2016), neuroprotective (Kumar et al., 2020) and is used

in vascular dementia (Cordaro et al., 2022). It occurs in

numerous fruits and vegetables, such as grapes, apples,

onions, strawberries, and cucumbers (Cordaro et al., 2022). It

is found in the range of 2–160 μg/g in different food plants, and

the average daily intake of this flavonol in humans has estimated

about 0.4 mg (Cordaro et al., 2022). Because of its various

bioactive properties, fisetin is considered a health-promoting

factor agent and some dietary supplements containing fisetin

have been marketed (Grynkiewicz and Demchuk, 2019). Fisetin

is a flavonol with diphenyl propane structure containing two

aromatic rings linked via an oxygenated heterocyclic ring. It is

supplemented with four OH group substitutions and one oxo

group (Jash and Mondal, 2014). The bioactivity of fisetin mainly

depends on the OH groups at 3, 7, 3′, 4′ positions, carbonyl group
at four position and with the double bond between C2 and C3;

this double bond (C2 = C3) and the OH group at C-7, as well as a

OH group at C3’ in the ring B and at C3 are associated with the

antioxidant activity of fisetin (Cos et al., 1998; Sengupta et al.,

2004). Moreover, with the 4-keto and 7-OH groups at its core

structure, fisetin has been shown to be able to reduce

FIGURE 1
Schematic representation of neural connection of the basal
ganglia. There are three main pathways: i) nigrostriatal
dopaminergic pathway; ii) intrastriatal cholinergic pathway; iii)
GABAergic pathway from the striatum to GP and SN. [PF
cortex: Prefrontal; Pre M; Premotor; Pry M: Primary motor; SAA:
Sensory associated area; Cd N: Caudate nucleus; GP ES: Globus
Pallidus external segment; GP IS: Globus pallidus internal segment;
SNPR: Substantia nigra pars reticularis; SNPC: Substantia nigra pars
compacta; GLU: Glutamatre; GABA: Gama amino butyric acid; NA:
Noradrenaline].
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inflammation (Tordera et al., 1994). A possible quinone/quinine

methide structure of fisetin has been suggested (Awad et al.,

2001). More, as o-hydroquinone electrophilic compound, fisetin

has been shown to act as a neuroprotective and antioxidant agent

via activating the nuclear factor erythroid 2–related factor 2/

antioxidant response element (Nrf2/ARE) pathway (Cordaro

et al., 2022). Fisetin is naturally synthesized in various dietary

plant resources and also acts as a coloring agent in plants (Prabhu

and Bhute, 2012). It is also found in several trees and shrubs in

Fabaceae, Anacardiaceae and Cupressaceae families (Pal et al.,

2016). Despite its potent bioactivity, fisetin has low solubility in

water (< 1 mg/ml) which leads to low absorption from the gut

(Guzzo et al., 2006). Some studies have shown that co-

crystallization of fisetin with caffeine, isonicotinamide and

nicotinamide could improve the solubility and oral

bioavailability of fisetin (Sowa et al., 2013; Sowa et al., 2014).

Furthermore, complexation with cyclodexterins and

nanoencapsulation (Sechi et al., 2016; Kadari et al., 2017; Cai

et al., 2022) has been reported to increase the solubility and

pharmacological activities of fisetin.

Pharmacokinetics

The pharmacokinetics of fisetin has been investigated in

several studies. It has been reported that after intraperitoneal

administration of fisetin (223 mg/kg) in mice, its maximum

plasma concentration was 2.5 μg/ml at 15 min and it was

decreased biphasically with a half-life of 0.09 h; three

metabolites of fisetin were detected in this study including

two glucuronides and a methoxylated metabolite as 3,4′,7-
trihydroxy-3′-methoxyflavone (geraldol) (Touil et al., 2011).

Geraldol was also shown to be the dominant metabolite of

fisetin in mice; it has been indicated that fisetin was quickly

transformed into geraldol after administration at doses of

2 mg/kg (i.v.) and 100 and 200 mg/kg (p.o.) in mice (Jo et al.,

2016). The oral bioavailability of fisetin was reported 7.8 and

31.7% for oral doses of 100 and 200 mg/kg, respectively. It was

also shown that the Cmax and AUC values for geraldol were

more than those of fisetin (Jo et al., 2016). Fisetin and its phase II

conjugated forms have been reported to be partly excreted in

biliary excretion through P-glycoprotein in rats (Huang et al.,

2018) which was assumed due to its 3-OH group and a 2,3-

double bond, resulting in high binding affinity to P- glycoprotein

(Huang et al., 2018). Fisetin has been shown to be absorbed

rapidly and extensively conjugated via sulfation and

glucuronidation in mice. In addition, the highest tissue levels

of fisetin in mice were in kidney, intestine and liver, respectively

(Shia et al., 2009). Similarly, BBB permeability of orally

administered fisetin has been reported in several studies

(Maher et al., 2006; Maher, 2009; Krasieva et al., 2015).

Fisetin exhibited a high brain uptake potential in vitro

(Maher, 2009); also it was shown to disperse into the brain

parenchyma after oral administration in mice (Krasieva et al.,

2015). More, in addition to its BBB permeability, fisetin can also

affect hippocampal synaptic plasticity indirectly through the

peripheral system (He et al., 2018). As a major concern with

the use of phytonutrients, their poor absorption and

bioavailability remain a challenge in the final purpose of

developing them for human use. A fully studied

pharmacokinetic profile will be critical in determining the

potential use in human (Rein et al., 2013).

Safety and toxicity

Generally, due to their extensive distribution in dietary

plants, flavonoids are supposed to be safe and associated with

little or no toxicity (Syed et al., 2016). Oral administration of

fisetin in animal studies has been around 5–25 mg/kg, while its

intraperitoneal doses range from 0.3 to 3 mg/kg dissolved by

dimethyl sulfoxide (Horwitz and Rakel, 2018). In some clinical

trials (clinicaltrials.gov) the oral dose of 20 mg/kg/day for two

consecutive days and/or for two consecutive months are mostly

used (Sari and Soysal, 2020). In the acute toxicity study of fisetin,

there were no shown toxicity signs/symptoms like decreased

body weight, diarrhea, respiratory distress, restlessness,

contractions and coma (Prasath and Subramanian, 2011;

Touil et al., 2011). Furthermore, it did not show signs of

toxicity at doses up to 2 g/kg in an acute toxicity study with

no toxicity in the histopathological analysis of the heart, lungs,

kidneys, liver, stomach, intestines, spleen and reproductive

organs (Currais et al., 2014). LD50 values of fisetin in mice

were reported as 250 mg/kg (intraperitoneal), 1700 mg/kg (oral),

200 mg/kg (intravenous), and 400 mg/kg (subcutaneous) in

different routes of administration (Guo and Feng, 2017).

Fisetin and its pharmacological
activities

Currently, some cholinesterase inhibitors andmemantine are

approved by Federal Drug Authority (FDA) as therapeutic agents

to enhance the cognitive manifestations of AD without altering

the progression of the disease pathology. In addition, research is

being progressed to find the effective drugs to prevent its onset

and progression (Kumar et al., 2015). Numerous natural

products have extensively been shown to possess protective or

therapeutic effects on neurodegenerative disorders via

pharmacological activities, such as neurofunctional regulation,

antioxidant, anti-apoptosis, anti-inflammatory, and calcium

antagonization (Choudhary et al., 2013; Momtaz et al., 2020;

Duan et al., 2022). Fisetin belongs to the class of flavonoids

known as polyphenolic compounds. Flavonoids are pigments

found in plants with their broad pharmacological spectrum as

antioxidants, antiviral, anti-inflammatory, anticarcinogenic,
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antibacterial, neurotrophic, neuroprotective, and immune-

stimulants (Reddy et al., 2021). Various fruits, including

strawberries, persimmons, apples, grapes, kiwis, peach, onions,

lotus root, and cucumber contain fisetin (2–160 μg/g)

(Grynkiewicz and Demchuk, 2019; Hao et al., 2022). Several

preclinical studies revealed that fisetin has potential benefits

against neurological health complications and

neurodegenerative diseases like AD, PD. HD, ALS, vascular

dementia, schizophrenia, stroke, depression, diabetic

neuropathy and traumatic brain injury. Fisetin acts as an

antioxidant and anti-inflammatory agent (Figure 2) (Maher,

2020). Currais et al. (Currais et al., 2018), reported that fisetin

decreases inflammation, senescent cells, and oxidative stress in

rapidly aging SAMP 8 mice. Sagara et al. (Sagara et al., 2004)

reported that fisetin was involved in nerve cell differentiation.

Application of fisetin in rat embryonic origin nerve-growth

factor (NGF)-expressing PC-12 cells showed neurite

outgrowth and differentiation of PC-12 cells by activating the

Ras-ERK pathway. Oxidative stress induces the depletion of the

intracellular antioxidant reduced-glutathione (GSH) (Tan et al.,

2001). This condition is very common in the aging brain (Currais

and Maher, 2013). A vast body of evidence supports the ability of

fisetin to serve as a protective mechanism against neurological

diseases (Maher, 2015). Depletion of GSH increases

mitochondrial dysfunction, ROS production lipoxygenase

activation, lipid peroxidation and calcium influx, resulting in

FIGURE 2
Multifaceted activities of fisetin and its neuroprotective functions. The role of OS the neurodegenerative diseases and the protective effects of
fisetin.
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induction of cell death (Tan et al., 2001; Maher, 2019). Fisetin

restores the mitochondrial activity, metabolic functions decrease

oxidative stress, scavenges ROS. It exhibits direct antioxidant

activity in addition to increasing intracellular antioxidants such

as glutathione (Naeimi and Alizadeh, 2017). Additionally, fisetin

has been indicated to regulate key neurotrophic factor-induced

signaling pathways. It acts as a promising neuroprotective

compound and prevents oxytosis/ferroptosis-mediated cell

death (Ishige et al., 2001; Maher, 2019; Maher, 2020).

Moreover, fisetin prevents lipid peroxidation and increases the

antiapoptotic factor Bcl2 (Reddy et al., 2021). Fisetin prevents

neuronal death from OS. It had been observed that fisetin

protected HT-22 cells (derived from nerve cells of the central

nervous system) and rat primary neurons against glutamate

toxicity, hypoglycemia. This flavonoid increases reduced

glutathione (GSH) and scavenges ROS, resulting in the

prevention of (H2O2)-induced neuronal death (Ishige et al.,

2001).

Chronic inflammation increases the risk of neuronal damage.

Fisetin induces the expression of tropomyosin-related kinase B

(TrkB), brain-derived-neurotropic factor, PI3K-Akt, and ERK

signaling pathways and inhibits the synthesis of inflammatory

agents during the treatment of depression (Yu et al., 2016; Uddin

et al., 2020). Fisetin restores the proteasome activity in PD, AD,

ALS (Maher, 2008). Fisetin improves neurodegenerative disease-

associated dementia, cognitive functions and behavioral

abnormalities along with increasing age (Maher, 2009; Currais

et al., 2014; Maher, 2020; Reddy et al., 2021). Nuclear factor

Kappa-B (NF-κB) is the key role player in the inflammatory

pathway that induces the expression of several pro-inflammatory

mediators, including interleukin-1 (IL-1), IL-2, IL-6, tumor

necrosis factor- (TNF-α), and various enzymes like

cyclooxygenase (COXs), inducible nitric oxide synthase

(iNOS). These enzymes are essential for the synthesis of

prostaglandin, nitric oxide (NO). Fisetin shows potent anti-

inflammatory activity and prevents chronic inflammation

(Gupta et al., 2016). It blocks the expression of

cyclooxygenase enzymes, 12-lipoxygenase (12-LOX) and

inhibits the synthesis of prostaglandin, and leukotriene (Wang

et al., 2006). Fisetin prevents D-galactose-induced OS,

neuroinflammation, and neuronal loss. It increases SIRT1/

Nrf2, SNAP-25, and PSD-95. Alternatively, it decreases

p-JNK/Nf-kB activity, activation of caspase-3, and the levels of

Bax (Ahmad et al., 2021). Fisetin blocks the activity of Src, Syk,

and IκBα and NF-κB, IKK, RIP, and TAK1 (Kim et al., 2015).

Inhibition of Iκ-B restricts the phosphorylation of IKK, leading to

inactivation of p65 subunit of NF-κB activity and the nuclear

localization of NF-κB. Fisetin also blocks the overexpression of

the p65 subunit. Fisetin-mediated inhibition of NF-κB activity

suppresses the expression of inflammatory cytokines (Chen et al.,

2018). Fisetin also increases the production of anti-inflammatory

cytokine IL-10. Zhang et al. (Zhang et al., 2018) reported that

fisetin facilitates the activity of nuclear factor erythroid 2-related

factor 2 (Nrf2)-antioxidant response element (ARE) for

neuroprotective functions. Fisetin induces the expression of

Nrf2 with the help of activating transcription factor 4 (ATF4)

gene, resulting in the elevation of GSH levels (Ehren and Maher,

2013). NF-κB interferes with the activity of Nrf2. In normal

physiological conditions, a balance is maintained between the

functions of NF-κB and Nrf2. This balance is disrupted as age

progress. Fisetin inhibits the NF-κB activation and promotes

Nrf2 activity to prevent neurodegeneration (Sivandzade et al.,

2019). Kelch-like ECH-associated protein 1 (Keap 1)-Nrf2-ARE

is the main regulator of redox signaling. This pathway regulates

the expression of cytoprotective proteins, antioxidative enzymes

(glutathione peroxidase, glutamate-cysteine ligase, heme

oxygenase, NAD(P)H-quinine oxidoreductase and glutathione

S transferase for regulating the redox homeostasis (Baird and

Dinkova-Kostova, 2011; Jin et al., 2022). Under normal

conditions, Keap1-mediated proteasomal degradation of

Nrf2 suppresses the overexpression of antioxidant enzymes.

However, oxidative stress releases Nrf2 from Keap1-complex

that translocates to the nucleus and binds to ARE for the

expression of antioxidant enzymes (Baird and Dinkova-

Kostova, 2011; Sykiotis et al., 2011). Fisetin prevents the

degradation of Nrf2 and increases its concentration, which

advances the transcription of ARE-controlled antioxidant

genes (Lee et al., 2011; Magesh et al., 2012; Reddy et al., 2021).

Different neurodegenerative diseases
and the protective role of fisetin

Neuroprotective effects of fisetin in different neurological

disorders have been indicated in several studies. The reviewed

studies have been discussed based on each disease including

Alzheimer’s disease (AD), Parkinson’s disease (PD),

Huntington’s disease (HD), Anxiety and depression,

Amyotrophic Lateral Sclerosis (ALS), Multiple sclerosis, Age-

related changes, Neuropsychiatric disorders, Vascular dementia

and Cognitive dysfunction which are shown by detail in Table 1.

Alzheimer’s disease

Alzheimer’s disease (AD) is a deadly progressive

neurodegenerative disorder and the most common type of

irreversible dementia (Reitz and Mayeux, 2014).

Fundamentally, it is characterized by the presence of amyloid

β 1–42 (Aβ) in extracellular neuritic plaques and intracellular

neurofibrillary tau tangles (Goedert and Spillantini, 2006; Li et al.,

2021; Li et al., 2022). Despite the Aβ deposition, several other

molecular mechanisms (oxidative stress, neuroinflammation,

hyperphosphorylated tau, intracellular signalling impairment,

metal ion dysregulation, and familial association) are also

implicated in AD (Webber et al., 2005). Aβ also increases the
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TABLE 1 Different neurodegenerative disease and the protective role of fisetin.

Disease Cells/in vitro Animals/in vivo Dose/concentration/duration Model/assay Results Ref

AD - - Aβ1-42 was incubated for 0–48 h at 37°C • Effect on Aβ fibril formation in vitro • Inhibited Aβ fibril formation essentially
via 3′,4′-dihydroxyl group

Akaishi et al. (2008)

AD - Mice 10 nM, 10 μM, or 1 mM
Intraperitoneal injection (1.05, 2.1, or
3.15 mg/kg)
(cromolyn sodium)

• In Vitro Aβ Fibrillization, oligomerization,
and dissociation Assays

• In Vivo Microdialysisinmice

• ↓Aβ Polymerization in Vitro Hori et al. (2015)

• ↓ The Concentration of Aβ40 in the
interstitial fluid of APP/PS1 mice

• ↓ The half-life of Aβ within ISF

• ↓ The content of soluble Aβ in Vivo

AD Cultured rat hippocampal
neurons

Mice 100 μM; Aβ1-42 was incubated for 0, 2,
6 or 24 h
Aβ1-42 was preincubated for 24 h with
10–100 μM 3,3′,4′,5′-
tetrahydroxyflavone added to
hippocampal neuron cultures (dilution of
1:40)

• SDS-PAGE analysis and immunoblotting
• Neurotoxicity assay with cultured rat

hippocampal neurons

• Produced atypical, large Aβ aggregates Ushikubo et al.
(2012)• ↓ Aβ toxicity

AD - Mice 15 mg/kg; P.O (14 days) • Lipopolysaccharide and restraint stress-
induced behavioral deficits model

• ↓ NF-κB, and IDO-1 Choubey et al.
(2019)• ↑ Nrf-2, HO-1 and ChAT genes

expression level

• ↓ AChE activity

• ↑ ChATactivity

• ↑ BDNF

• ↓ Augmentation of IL-1β
• ↓ Behavioral deficits

AD Mouse hippocampal
HT22 cell
BV2 microglial cells

Mice 25 and 50 µM
40 mg/kg; P.O

• LPS-stimulated BV2 microglia cells
• Scopolamine-induced amnesia model

• ↓ Neuro-inflammation induced by LPS Cho et al. (2013)

• Inhibition of iNOS and COX-2

• ↑ The intracellular levels of GSH

• Restoring the declined activity of GSH-
Px and SOD

• ↑ Memory

• Activation of the CREB–BDNF
pathway

AD - - 10–5 M
5, 20 and 50 × 10–6 M

• Determination of stabilizing effect on
protein

• Stabilizing effect on protein
• Protective effect against thermal

denaturation

Giamogante et al.
(2016)

AD Mice Mice 15 mg/kg; P.O; for 4 weeks before, and
for 8 weeks during AlCl3-induction

• AlCl3-induced neuronal apoptosis and Aβ
aggregation model

• ↓ Aβ aggregation, ASK-1, p-JNK, p53,
cytochrome c, caspase-9 and 3 protein
expressions

Prakash and
Sudhandiran, (2015)

• modulated Bax/Bcl-2 ratio

(Continued on following page)
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TABLE 1 (Continued) Different neurodegenerative disease and the protective role of fisetin.

Disease Cells/in vitro Animals/in vivo Dose/concentration/duration Model/assay Results Ref

• ↓ TUNEL-positive and fluoro-jade C
stained cells

• Regulating ASK-1 and p-JNK

AD - - 100 nM; 24 h • APP-Gal4 driven luciferase assay • ↓ APP cleavage-dependent luciferase
expression

Cox et al. (2014)

Rats 10 and 50 mg/kg; P.O.; from gestational
day
5 till parturition

• Developmental methyl mercury-induced
neurotoxicity model

• ↓ Oxidative stress Jacob and
Thangarajan, (2017)• ↑ Enzymatic and non-enzymatic

antioxidants

• ↑ The activity of membrane-bound
ATPases

• ↑ Cholinergic function in F1 generation
rats

• ↓ Morphological aberrations in brain

AD - Rats 5, 10 and 25 mg/kg/day; P.O.; from the
14th day of L-methionine treatment for
2 weeks

• Hyperhomocysteinemia- induced vascular
dementia

• ↑ SOD, CAT, GSH Hemanth Kumar
et al. (2017)• ↓ AChE, ↓LPO

• ↓ Behavioral deficits

• ↓ Histological aberrations

AD - Mice 15 mg/kg; P.O.; 4 weeks before
AlCl3 induction, or co-treatment 8 weeks

• AlCl3-induced neurotoxicity model • ↑ SOD, CAT, GST, GSH Prakash et al. (2013)

• ↓ LPO, activity of AChE

• ↓ Behavioral deficits

• ↓ Histologic aberrations

• ↓ Reactive gliosis, and ↓ inflammatory
niche

AD - C57BL/6-Ins2Akita
(Akita) mice

Fed in their food at 0.05%, resulting in a
daily dose of approximately 25–40 mg/kg

• Ins2Akita model of type 1 diabetes • ↓ Serum amyloid A
• ↓ Anxiety-associated behavior

Maher et al. (2011b)

AD - Mice 25 mg/kg/day; P.O; for 3 months • Rapidly aging senescence-accelerated prone
8 (SAMP8) mice model of sporadic AD and
dementia

• ↓ Cognitive and locomotor deficits Currais et al. (2018)

• Restored the decrease of cytoskeleton-
associated protein (Arc), Homer, and
synapse-associated protein 102

• Altered changes in the levels of HSP40,
HSP60, and HSP90

• ↓ The expression of the glial fibrillary
acidic protein (GFAP)

• ↓ The activation of SAPK/JNK

AD Mouse cortical neuronal cells
-Human neuronal H4 cell line
-HEK293 cells

- 2.5–10 μM; 24 h
5–20 μM; 36 h
10 μM; 24 h

• Cell treatment with fisetin
• Active GSK-3β-induced tau
• aggregation model

• ↓ Phosphorylated tau Kim et al. (2016)

• ↓ Sarkosyl-insoluble tau

(Continued on following page)
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TABLE 1 (Continued) Different neurodegenerative disease and the protective role of fisetin.

Disease Cells/in vitro Animals/in vivo Dose/concentration/duration Model/assay Results Ref

• ↑ Transcription factor EB
↑Nrf2 transcriptional factors

• ↑ Autophagy (↑LC3-II, beclin-1 and
ATG7

• ↑ Number of autophagic vesicles in the
cells)

AD Rat hippocampal slices - 1µM; 5–20 min
-0.1, 1, 5, 10 µM

• Cell treatment with fisetin • ↑ ERK and ↑cAMP response element-
binding protein (CREB)
phosphorylation

Maher et al. (2006)

• ↑ Long-term potentiation

• ↑ Object recognition in mice

AD - - 6–200 µM • BChE Enzyme inhibition assay • ↓ The tested BChE usual, atypical, and
fluoride resistant variants

Katalini et al. (2014)

AD Primary rat neurons - 10 µM • SIN-1-mediated glutathione • Protects against the alterations in ERK/
c-Myc phosphorylation, nuclear
Nrf2 levels, glutamate-cysteine ligase
levels, GSH concentration and cell
viability

Burdo et al. (2008)

AD - Rats 25 mg/kg/day; from the 36th to 62nd
postpartum day of DL-Hcy treatment

• Homocysteine-induced chronic mild
hyperhomocysteinemia model

• ↓ Behavioral deficits Boyina et al. (2018)

• ↑ Brain antioxidant (GSH, SOD, CAT)
and nitrite levels

• ↓ Serum homocysteine,↑BDNF
• ↓ Pro-inflammatory biomarkers (TNF-

α, IL-6)
• ↓ LPO

• ↓ Cholinergic and mitochondrial
dysfunction

• ↓ Histological aberrations

AD Mice 25 mg/kg; P.O.; between the ages of 3 and
12 months in their food

• TheAPPswe/PS1dE9 double transgenic
• AD mouse model

• Maintained learning and memory in
AD mice

Currais et al. (2014)

• ↑ ERK phosphorylation

• ↓ In protein carbonylation

• ↓ Oxidative stress

• ↓ p25

• ↓ Inflammation

• Alterations in global eicosanoid
synthesis

(Continued on following page)
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TABLE 1 (Continued) Different neurodegenerative disease and the protective role of fisetin.

Disease Cells/in vitro Animals/in vivo Dose/concentration/duration Model/assay Results Ref

• Maintenance of markers of synaptic
function

AD - Mice 20 mg/kg/day; i.p.; for 2 weeks starting
24 h after Aβ1–42 injection

• Aβ1–42 mouse model of AD
• Aβ1–42-induced synaptic
• dysfunction

• ↓ Synaptic dysfunction Ahmad et al. (2017)

• ↑ (SYN and SNAP-25)

• ↑ (PSD-95, SNAP-23, p-GluR1 (Ser
845), p-CREB (Ser 133) and p-CAMKII
(Thr 286)

• ↑ Mouse memory

• Phosphorylation and activation of PI3K
and phosphorylation of Akt (Ser 473)
and GSK3β (Ser 9)

• Modulationg PI3K/Akt/GSK3β
AD HT22 hippocampal nerve

cells
MC65 human nerve cells
BV-2 mouse microglial cells
Rat PC12 cells

- 1–100 μM
10 μM
5 μM

• Oxidative glutamate toxicity assay
•Anti-inflammatory activity (BV-2 cells) assay
• Iodoacetic acid (IAA) induced in vitro

ischemia
• Intracellular amyloid toxicity (MC65 cells)

• Protective in oxytosis energy loss,
↓energy depletion

Fischer et al. (2019)

• Antioxidant activity

• ↓ Inflammation

• ↓ Intracellular amyloid toxicity

• ↓ Inflammation mediated by microglial
activation

AD - Rats 25 mg/kgP.O. • High-frequency stimulation-induced LTP • Facilitated the induction of
hippocampal LTP

He et al. (2018)

• crossed the blood brain barrier

• ↑ Synaptic functions in the
hippocampus

AD - Mice 25 mg/kg; for 14 days; i.p • LPS-Induced oxidative stress-mediated
neurodegeneration and memory
impairment

• ↓ ROS/oxidative stress Ahmad et al. (2019)

• ↑ p-JNK in hippocampus

• ↓ Gliosis

• ↓ TLR4/CD14/NF-kB signaling

• ↓ TNF-α, IL1-β, and COX-2

• ↓ Apoptotic neurodegeneration

• ↑ Hippocampal-dependent synaptic
and memory functions

AD Primary microglia
-BV-2 cells

- 0.5–2 μM • Lipopolysaccharide-induced
microglialactivation and neurotoxicity

• ↓ Production of TNF-α, NO, and
prostaglandin (PG) E2

Zheng et al. (2008)

• ↓ Gene expression of TNF-α,
interleukin (IL)-1β, COX-2

(Continued on following page)

Fro
n
tie

rs
in

P
h
arm

ac
o
lo
g
y

fro
n
tie

rsin
.o
rg

10

H
assan

e
t
al.

10
.3
3
8
9
/fp

h
ar.2

0
2
2
.10

15
8
3
5

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1015835


TABLE 1 (Continued) Different neurodegenerative disease and the protective role of fisetin.

Disease Cells/in vitro Animals/in vivo Dose/concentration/duration Model/assay Results Ref

• ↓ IκB degradation, nuclear
translocation of NF-κB, and
phosphorylation MAPKs

• ↓ Cytotoxicity in neuroblastoma cells

Depression - Mice 5, 10, 25 mg/kg; i.v.; for the next 21 days) • Reserpine-induced fibromyalgia model • ↑ DA, NA and 5-HT Yao et al. (2020)

• ↑ Thalamic SOD and GSH

• ↓ MDA and NO

• ↑ The number of 5-HT positive neurons

Depression Mouse hippocampal
HT22 nerve cells

Mice 10 μM(in vitro)
25 mg/kg; i.p.; P.O. (in vivo)

• Fisetin localized to the cell nucleoli Krasieva et al. (2015)

• Fisetin is rapidly distributed to the
blood vessels of the brain with slower
distribution into the brain parenchyma

Depression HT22 hippocampal nerve
cells
Mouse N9 microglial cells
-PC12 cells

- 1–100 μM
10 μM
5 μM

• Oxidative glutamate toxicity assay • Protective in oxytosis and in vitro
ischemia assay, antioxidant activity

• ↓ NO production

Maher and
Kontoghiorghes,
(2015)

• Iodoacetic acid (IAA) induced invitro
ischemia

• Neurite outgrowth in rat PC12 cells

• Enzymatic measurement of total
glutathione (GSH)

• Intracellular ATP Assay

• Reactive oxygen species measurement

• LPS-stimulated NO production

Depression - Mice 1–4 mg/kg, i.p. • Oxaliplatin-induced neuropathic pain • ↓ Depressive-like behaviour Wang et al. (2015)

Depression - Adult male C57BL/6J
mice

5, 15 or 45 mg/kg, p.o • Chronic constriction injury model of
neuropathic pain

• ↓ Monoamine oxidase (MAO) activity
• ↑ Sevels of spinal monoamines
• Modulating serotonergic system
• ↓ Behavioural symptoms of depression

and anxiety

Zhao et al. (2015a)

Depression - Abelson helper
integration site-1
(Ahi1) knockout mice

5 mg/kg; i.p.; for 2 weeks • Spatial restraint stress-induced depressive
behaviours model

• ↓ Depressive phenotype
• ↓ Restraint-induced increase in

immobility
• ↑ Phosphorylated TrkB
• Activation of the TrkB signalling

pathway

Wang et al. (2015)

Depression - Mice 10 and 20 mg/kg, p.o • Reserpine-induced hypothermia and ptosis
• p-chlorophenyl alanine (PCPA)-induced

depletion of serotonin

• ↓ Immobility time in behavioural tests
• The higher dose of fisetin: ↓ the

hypothermia
• ↑ Serotonin and noradrenaline levels in

the frontal cortex and hippocampus
• ↓ MAO

Zhen et al. (2012)

(Continued on following page)
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TABLE 1 (Continued) Different neurodegenerative disease and the protective role of fisetin.

Disease Cells/in vitro Animals/in vivo Dose/concentration/duration Model/assay Results Ref

• Regulation of the central serotonin and
noradrenaline levels

Depression - Mice 20, 40 and 80 mg/kg; p.o.; for 7 days • Lipopolysaccharide-induced
• depressive-like behavior

• ↓ Alterations of the immobility time
• ↓ IL-1β, IL-6 and TNF-α in the

hippocampus and the prefrontal cortex
• ↓ iNOS mRNA expression, ↓Nitrite

levels via the modulation of NF-κB

Yu et al. (2016)

PD Rotenone-induced PD
in rat

Oral administration 10 mg/kg and
20 mg/kg, respectively

• Behavioral experiment through cylinder test
to assess the motor functions

• Estimation of TCA cycle enzymes, reduced
glutathione, catalase, and MDA
malondialdehyde (for LPO)

• Estimation of striatal dopamine levels
• Immunohistochemistry of substantia nigra

for detection of tyrosine hydroxylase

• ↑Motor functions
• Protect TCA cycle enzymes
• ↑Striatal dopamine levels
• ↑Glutathione, and catalase levels
• ↓LPO
• Restores tyrosine hydroxylase activity

Alikatte et al. (2021)

PD MPTP/MPP toxicity in PC12 Doses range - 0.5–2 μg/ml • Determination apoptosis through MTT
assay and DNA fragmentation

• Western blot and ELISA for detection of α-
synuclein expression pro-inflammatory
cytokine levels, and apoptotic markers

• ↓α-synuclein expression
• ↓Inflammatory cytokines levels
• ↓Apoptotic response

Patel et al. (2012)

PD 6-OHDA and paraquat
toxicity in dopaminergic
mouse MN9D cells

Doses range - 5–10 μM • Determination oc cell survival • ↑ Cell survival Maher, (2017)

PD MPTP- induced in
mice model

10 and 25 mg/kg/bw • Estimation of striatal dopamine levels
• Immunohistochemistry study

• 25 mg/kg/bw is the effective dose
• ↑Striatal dopamine level up to two folds
• ↑ TH immunoreactivity in the

dopaminergic nerves of SN

Maher, (2017)

PD A case-control study in
humans

Basic diet with good dietary sources of
fisetin

• Clinical study of PD • ↓ Symptoms of cogwheel rigidity,
bradykinesia, dystonia, micrographia,
hypomimia, constricted arm swing

Renoudet et al.
(2012)

HD PC12/HttQ103 cells
expressing mutant Htt
1–103QP-EGFP

Pretreatment with ponasterone and
supplementation of 2.5–10 lM fisetin

• Study of cell survival by MTT assay
• Measurement of ERK and JNK activity

through Western blot and densitometry
• Estimation caspase by caspase 3/7 Glo kit

• ↑Cell survival by inducing Ras-ERK
activation

• Httex1-103QP-EGFP expression
remains unaltered

• ↓JNK phosphorylation and its activation
• ↓ Caspase 3 activity

Maher et al. (2011a)

HD R6/2 mice (mammalian
model of (HD)

Dietary supplementation of fisetin
(~45 mg of/kg bw/day)

• Motor function test on the rotarod • ↑Motor activity and survival
• ↑30% life span
• ↑ MAP-kinase activity and BDNF levels

Maher et al. (2011a)

ALS hSOD1-G93A
transgenic mice
(B6SJL-Tg (SOD1-
G93A) 1 Gur/J)

Oral supplementation of fisetin
(9 mg/kg/day) via gavage

• Study of motor function by rotarod test
• Immunohistochemistry study of spinal tissue

• ↓Motor deficits and ↑ motor functions
• ↑Number of the motor neuron the spinal

cord
• ↓Mutant hSOD1

Wang et al. (2018)

(Continued on following page)
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risk of excitotoxicity. Aβ generates free radicals and lipid

peroxidation products that inhibit glutamate transporters to

prevent the removal of excess glutamate from the extraneural

space. The most affected neuronal subpopulations in AD are the

cholinergic cells in the basal forebrain and the neurons of the

hippocampus, cerebral cortex and the locus coeruleus. The

expression of BDNF genes is reduced in Alzheimer’s patients

that may be associated with a loss of cholinergic basal forebrain

neurons (Sheikh et al., 2013). The common symptoms of AD

are cognitive failure, visual-spatial confusion, memory, and

personality. At the molecular level, c-Jun N-terminal kinase

(JNK) is activated by different stimuli, including β-amyloid.

Blocking of JNK signaling decreases the rate of apoptosis of

neurons in response to β-amyloid. Thus, β-amyloid-induced

JNK promotes Alzheimer’s disease. It is a known fact that the

accumulation of Aβ peptide in the brain is the initial event in the
AD process. More specifically, β-secretase (BACE1) and the γ-
secretase complex cleave the amyloid precursor protein (APP),

which leads to the production of Aβ species with different

lengths (e.g., Aβ38, Aβ40, and Aβ42), wherein Aβ42 peptide is

known to be more toxic (Liebsch et al., 2019). In this regard, a

number of studies have been conducted on drugs that decrease

Aβ production (such as inhibitors of BACE1), inhibit Aβ
aggregation, or enhance brain Aβ clearance (Ayaz et al.,

2019). Flavonoids are the major bioactive compounds that

have a possible pharmacological role in neurodegeneration

(Ayaz et al., 2019) Fisetin blocks the interaction between Aβ
and a mitochondrial enzyme, amyloid-binding alcohol

dehydrogenase (ABAD). Fisetin-mediated regulation of

ABAD prevents mitochondrial dysfunction. It also inhibits

the activity of β-site amyloid precursor protein cleaving

enzyme 1 (BACE1) (Dash et al., 2014). Previously, Akaishi

et al. (Akaishi et al., 2008) reported that fisetin inhibits Aβ
aggregation and Aβ fibril formation. The results are low levels of

amyloid production. Tau K-18 fibril formation decreases

neuronal plasticity and promotes neurodegeneration. Fisetin

inhibits tau-18 aggregation and neurofibrillary tangles

formation (Xiao et al., 2021). Fisetin can also inhibit

acetylcholinesterase (AChE) (Dash et al., 2014). Thus, fisetin

counteracts AD. Flavonoids are one of the most studied natural

compounds that are demonstrated to have a protective effect

against neurodegenerative diseases like AD (Orhan et al., 2015;

Liu et al., 2022). Fisetin, a class of flavonoids/polyphenolic

compounds antagonizes the aggregation of Aβ by inhibiting

its fibrillogenesis in vitro conditions. To investigate the

structural requirements of fisetin for its anti-amyloidogenic

activity, Aβ1-42 (20 µM) and several structurally related

flavonoids were incubated, after that fibril formation was

quantitatively determined. Fisetin was among the flavonoids

that inhibited the formation of Aβ fibril; the 3′, 4′-dihydroxyl
group was suggested to play an important role in its inhibitory

effect (Akaishi et al., 2008). Although the C-3 OH group in

flavonol does seem to play an essential role in the inhibition ofT
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fibril formation, the lack of an OH group at C-5 in fisetin in

comparison to quercetin led to a significant difference in their

inhibitory activity. A study conducted in the year 2014 showed

that the inhibition of Aβ fibril formation by 3, 3′, 4′, 5′-
tetrahydroxyflavone, a fisetin analogue, affects both Aβ
conformation and neurotoxicity. Incubation of Aβ1-42
(20 μM) with 3, 3′, 4′, 5′-tetrahydroxyflavone (100 μM) was

found to result in the formation of atypical Aβ conformers,

distinguishable from soluble Aβ oligomers or mature Aβ fibrils in
SDS-PAGE analysis. In addition, Aβ incubated with 3, 3′, 4′, 5′-
tetrahydroxyflavone was shown to be less neurotoxic than Aβ
without the flavonoid in cultured rat hippocampal neurons

(Ushikubo et al., 2012). Some other compounds structurally

similar to fisetin such as cromolyn sodium have also been

shown to interfere with Aβ aggregation in-vitro and decrease

the levels of soluble Aβ by over 50% in a transgenic model of

Alzheimer’s disease in APP/PS1 mice (1 week; daily; i. p.) (Hori

et al., 2015). Treatment with fisetin in Aβ-injected mice has also

been indicated to reduce Aβ accumulation, tau phosphorylation,

and correlated brain pathologies such as synaptic impairment,

inflammation, and cell death. Administration of fisetin

(20 mg/kg/day; i. p; for 2 weeks) 24 h after Aβ1–42 injection

in mice, has been shown to significantly reduce the accumulation

of Aβ, expression of BACE-1, and hyperphosphorylation of tau

protein (Ahmad et al., 2017). Insoluble aggregates of neuronal

tau proteins, called neurofibrillary tangles, are characterized as

the histopathological hallmark of AD, which develops

progressively in synaptic connections of the brain (Miao et al.,

2019). In vitro, fisetin resulted in the reduction of phosphorylated

tau in mouse cortical cells or primary neurons. It reduced the

levels of sarkosyl-insoluble tau in an active GSK-3β-induced tau

aggregation model (Kim et al., 2016). It is known that conditional

elevated expression of GSK-3β activity in mouse hippocampal

neurons results in cognitive impairment, hyperphosphorylation

of tau, reactive microgliosis and astrogliosis, and neuronal death

(Llorens-Martín et al., 2014). As downstream of PI3K, GSK-3β is
known to be inactivated by Akt-mediated phosphorylation of

serine residues of GSK3β (Zhang et al., 2014). In Aβ1–42-injected
mice, fisetin improved memory and enhanced Aβ1–42-induced
suppression of the PI3K/Akt/GSK3β signaling, which resulted in

activation of p-PI3K, p-Akt (Ser473), and p-GSK3β (Ser9)

expression. More, it suppressed various neuroinflammatory

mediators and gliosis, and apoptotic neurodegeneration

induced by Aβ1–42 in the mouse hippocampus (Ahmad et al.,

2017). Furthermore, fisetin (15 mg/kg orally) treatment in mice,

exhibited regulatory activity on Aβ aggregation and neuronal

apoptosis induced by aluminium chloride (AlCl3). It significantly

decreased Aβ aggregation and modulated the expressions of

ASK-1, p-JNK, p53, cytochrome c, caspase-9 and 3 as well as

Bax/Bcl-2 ratio in cortex and hippocampus of mice administered

AlCl3. AlCl3-induced neurodegeneration in the cortex and

hippocampus also decreased via fisetin as observed by TUNEL

and fluoro-jade C staining (Prakash and Sudhandiran, 2015).

Fisetin (100 nM) has been shown to inhibit APP-Gal4 dependent

luciferase expression (67%) in a study evaluating various

flavonoids for their probable modulatory effects on the APP-

Gal4 driven luciferase assay (Cox et al., 2014). In mice

experimental model, fisetin also reversed synaptic dysfunction

induced by Aβ1–42, by increasing the levels of pre-and post-

synaptic proteins, SYN and SNAP-25, PSD-95, SNAP-23,

p-GluR1 (Ser 845), p-CREB (Ser 133) and p-CAMKII (Thr

286) (Ahmad et al., 2017). Currais et al., in 2017 reported

that in a mice model for sporadic AD and dementia, fisetin

decreased cognitive and locomotor deficits in old senescence-

accelerated prone 8 (SAMP8) mice, along with restoring markers

of impaired synaptic function and stress (Currais et al., 2018). It

prevented a decrease of activity-regulated cytoskeleton-

associated protein (Arc), Homer, and synapse-associated

protein 102 (SAP102) in old mice compared to young mice;

the expression of these proteins has previously been found to be

decreased in old SAMP8 mice. Fisetin also altered the aging-

induced changes in the levels of heat shock proteins (HSP40,

HSP60, and HSP90) in hippocampal tissue. More, fisetin reduced

the expression of the glial fibrillary acidic protein (GFAP) in the

hippocampus of old SAMP8 mice, which was previously known

as a marker for astrocyte activation. Moreover, fisetin prevented

the activation of SAPK/JNK, as a marker of microglial activation

in the old SAMP8mice (Currais et al., 2018). Oral administration

of fisetin to APPswe/PS1dE9 AD mice prevented the

development of deficits in learning and memory through

enhancing the phosphorylation of extracellular-signal related

kinase (ERK). It also decreased the levels of p25 [the cyclin-

dependent kinase 5 (Cdk5) activator p35 cleavage product] in

AD mice. p25 overexpression has been known to be related to

inflammation and astrogliosis and synaptic damage. More, fisetin

exerted anti-inflammatory effects, including changes in

eicosanoid synthesis as endogenous regulators of the

inflammatory response. It affected the maintenance of

markers of synaptic function in the AD mice (Currais et al.,

2014). In a study in the year 2006, fisetin was shown to activate

the signalling pathways in hippocampal slices involved in nerve

cell survival and differentiation that are associated with the

development of long-term memory. Fisetin treatment resulted

in activation of cAMP response element-binding protein (CREB)

through rapid stimulation of ERK phosphorylation in rat

hippocampal slices; these effects were accounted for its ability

to increase long-term potentiation (LTP) in hippocampal slices.

It (in doses 10 and 25 mg/kg) also enhanced object recognition in

mice, suggesting its use in memory disorders (Maher et al., 2006).

Following, in 2017, Wen-bin He et al. showed that oral

administration of fisetin (25 mg/kg) remarkably increased the

induction of LTP at hippocampal CA1 synapses in rats and its

effect was eliminated by intracerebroventricular injection of an

agent with inhibitory effect in hippocampal slices, suggesting that

oral fisetin crosses the blood brain-barrier (He et al., 2018). It has

been shown that fisetin is rapidly distributed to the blood vessels
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of the brain after (intraperitoneal injection and oral)

administration in mice, with slower distribution into the brain

parenchyma. In mouse hippocampal HT22 nerve cells, fisetin has

been shown to be localized to the nucleoli (Krasieva et al., 2015).

In 2009, Burdo et al. indicated the peroxynitrite donor (SIN-1)-

induced reduction in GSH levels and cell viability in primary rat

neurons, which was through ERK/c-Myc phosphorylation

pathway and a decrease in the expression of NF-E2-related

factor-2 (Nrf2). These alterations in ERK/c-Myc

phosphorylation, and the levels of nuclear Nrf2, and

glutamate-cysteine ligase were shown to be restored by fisetin

resulting in neuronal cell viability (Burdo et al., 2008). Fisetin

treatment also resulted in autophagy induction and activation of

transcription factor EB (TFEB) and Nrf2 transcriptional factors.

It also decreased the phosphorylation levels of p70S6 kinase and

4E-BP1, as downstream proteins of mammalian target of

rapamycin complex 1 (mTORC1), which shows that

autophagy activating effect of fisetin might be through its

mediating effect on mTORC1 inhibition (Kim et al., 2016).

Cholinergic neurons are severely lost in AD (Mufson et al.,

2008) and the cholinergic system plays role in several aspects

related to AD such as learning, memory, synaptic transmission

and neurogenesis (Ferreira-Vieira et al., 2016). The animal model

of scopolamine-induced memory impairment is known as a well-

established model based on acetylcholine metabolism (Yoon

et al., 2018); memory deficit in this model is associated with

the changed status of brain oxidative stress (Jeong et al., 2009).

Fisetin isolated from the flavonoid-rich ethyl acetate extract of

Rhusverniciflua bark has been indicated to decrease memory

deficit induced by scopolamine in mice by the activation of the

CREB–BDNF pathway and increase the intracellular GSH

content by restoring the activity of GSH-Px and SOD (Cho

et al., 2013). Its inhibitory effects against neuroinflammation also

induced by LPS in BV2 microglia were observed through the

inhibition of iNOS and COX-2. The extract of Rhusverniciflua

bark also showed a protective effect on neurons against

excitotoxicity and oxidative stress, via suppressing

neuroinflammation in vitro (Cho et al., 2013). According to

the co-regulatory effect of butyrylcholinesterase (BChE) in

cholinergic neurotransmission, its inhibition appears to be of

interest in AD. Fisetin is a flavonoid compound that has been

shown to inhibit usual, atypical, and fluoride-resistant variants of

human BChE with no significant change in potency in view of

BChE polymorphism (Katalini et al., 2014). Mild

hyperhomocysteinemia characterized by the increased amount

of homocysteine in the blood is considered a risk factor for

neurodegenerative diseases. In a rat model of chronic mild

hyperhomocysteinemia induced by DL-homocysteine, fisetin

was shown to restore the alterations in cognitive function,

oxidative/nitrative stress, and some biochemical/morphological

parameters in the brain cortex and hippocampus. Fisetin

treatment prevented behavioral deficits, increased brain

antioxidant, superoxide dismutase, catalase, reduced

glutathione, and BDNF, consequently mitigating necrotic foci

neurodegeneration in cortex and hippocampus. It also decreased

serum homocysteine, and pro-inflammatory biomarkers (TNF-

α, IL-6), lipid peroxidation, cholinergic dysfunction,

mitochondrial dysregulation and decreased histological

aberrations. A combination of fisetin and hesperidin showed

better activity in neuroprotection (Boyina et al., 2018). Another

study showed that fisetin in a dose-dependent manner, could

attenuate L-methionine-induced behavioural deficits, and

alterations in the levels of brain SOD, CAT, GSH, lipid

peroxidation, and acetylcholinesterase activity in

hyperhomocysteinemia (HHcy)-induced vascular dementia

model in rats. It also decreased necrotic foci in the brain

cortex (Hemanth Kumar et al., 2017). Fisetin administration

(15 mg/kg; P.O) in mice model of LPS and restraint stress-

induced behavioral deficits significantly ameliorated

behavioural alterations. It also suppressed the up-regulation of

NF-κB, and IDO-1 genes expression, and decreased the rise of IL-
1β levels. The fisetin treatment also restored the downregulation

of Nrf-2, HO-1, and ChAT genes expression and BDNF levels in

the hippocampus, suggesting its protective effect against

oxidative stress and neuro-inflammation as well as cholinergic

dysfunction (Choubey et al., 2019). Moreover, in mice model of

LPS-induced oxidative stress in the brain, fisetin pre- and co-

treatment (20 mg/kg/day i. p) significantly abrogated the

increased ROS/oxidative stress and activated phosphorylated

c-JUN N-terminal Kinase (p-JNK) in the hippocampus; it also

ameliorated LPS-induced activated gliosis, inflammatory Toll-

like Receptors (TLR4)/cluster of differentiation 14 (CD14)/

phospho-nuclear factor kappa (NF-kB) signalling, and TNF-α,
IL1-β, as well as COX-2. Furthermore, results showed that fisetin

significantly prevented LPS-induced apoptotic

neurodegeneration and improved synaptic and memory

functions dependent on the hippocampus in LPS-treated mice

(Ahmad et al., 2019). In vitro, fisetin treatment in LPS-stimulated

BV-2 microglia cells or primary microglia cultures, resulted in

strong anti-inflammatory activity via suppression of TNF-α, NO,
and prostaglandin E2 production, as well as inhibition of gene

expression of TNF-α, IL-1β, COX-2 and iNOS at both mRNA

and protein levels. It also inhibited IκB degradation, NF-κB, and
phosphorylation of p38 mitogen-activated protein kinase

(MAPKs) and decreased the cytotoxic effect of LPS-stimulated

microglia on B35 neuroblastoma cells (Zheng et al., 2008). As a

member of the protein disulphide isomerase family, PDIA3 is

associated with various human pathologies such as cancers,

Alzheimer’s, and Parkinson’s diseases. One study evaluated

the interaction of some flavonoids with PDIA3 by quenching

fluorescence analysis in which fisetin showed stabilizing effect on

protein in a concentration-dependent manner and shared a

protective effect against thermal denaturation (Giamogante

et al., 2016). Administration of fisetin in pregnant rats

resulted in protection against developmental neurotoxicity and

behavioural impairment in weaning rats prenatally exposed to

Frontiers in Pharmacology frontiersin.org15

Hassan et al. 10.3389/fphar.2022.1015835

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1015835


transplacental MeHg as a developmental neurotoxicity agent.

Fisetin also reduced the levels of oxidative stress, enhanced the

activity of membrane-bound ATPases, as well as cholinergic

function in F1 generation rats and significantly prevented

morphological aberrations in specific brain regions (Jacob and

Thangarajan, 2017). In an in vitro study, fisetin, as a positive

control, has been used to show the protection of nerve cells from

cellular stress. It was effective at inducing neurite outgrowth in

PC12 neuronal cells and could restore ATP and GSH levels

respectively in the presence of IAA, and glutamate and prevent

the glutamate-induced ROS generation (Maher and

Kontoghiorghes, 2015). Fisetin also restored the AlCl3-induced

reduction in the levels of SOD, CAT, GST, and GSH in a study

that analysed the effect of this compound on AlCl3-induced

reactive gliosis and neuronal inflammation in the brain of mice.

Oral administration of fisetin in this model, altered the AlCl3-

induced behavioural deficits, histologic aberrations, LPO, and

compromised AChE activity (Prakash et al., 2013). In a study of

the neuroprotective activity of the plant Yerba santa (Eriodictyon

californicum), fisetin, as a positive control, exhibited protection

in several assays reflecting multiple, age-associated

neurotoxicity/survival mechanisms related to Alzheimer’s

disease, such as elevated oxidative stress and GSH depletion,

decreased energy metabolism, increase of aggregated proteins,

inflammation and loss of neurotrophic support (Fischer et al.,

2019). The actions of fisetin are summarized in Figure 2.

Parkinson’s disease

Parkinson’s disease (PD) is a neurodegenerative disease (Kin

et al., 2019), characterized by akinesia and bradykinesia as

hypokinetic effects and rigidity and tremor, as the

hyperkinetic effects. Difficulties occur in the initiation of

motor movements, particularly the expression of unconscious

movements like swinging of hands during walking, expression of

facial movements related to emotion and others. Additionally,

non-motor symptoms, such as gastrointestinal problems, sleep

disorders, autonomic dysfunction, and sensory disturbances are

also associated with PD (Schapira et al., 2017). This disease is

caused by the deposition of alpha-synuclein and loss of dopamine

secreting neurons in the pars compacta of SN (Michel et al.,

2016). Loss of dopaminergic neurons reduces the excitatory

activity of the striatum and increases the inhibitory activity of

internal pathways and the output projections, resulting in

suppression of functions of the motor cortex. Despite the

dopaminergic neurons of SN, the loss of monoamine secreting

neurons of the locus coeruleus and the raphe nucleus are also

responsible for the development of PD. People of middle and old

age are mostly affected by PD. It occurs in sporadic idiopathic

form. The loss of dopaminergic neurons and dopamine receptors

in the striatum are age-specific, which increases the progression

of disease (Mandemakers et al., 2007). At the molecular level,

three genes are associated with Parkinsonism. These genes

encode the proteins parkin, ubiquitin carboxyterminal

hydrolase L1 (UCH-L1) and α-synuclein. These proteins are

involved in the removal of toxic proteins through a ubiquitin-

dependent pathway. Impairment in this pathway increases the

accumulation of toxic proteins that appears as the inclusion

bodies such as Lewy bodies. The emergence of Lewy bodies is the

well-known histological characteristic of Parkinsonism. Alpha-

synuclein has been found in other neurodegenerative diseases

like dementia, Lewy body dysphagia, pure autonomic failure,

Shy–Drager syndrome, olivopontocerebellar atrophy and others

(Karthika et al., 2022). This protein is one of the major

constituents of Lewy bodies (Spillantini et al., 1997) and it is

highly immunoreactive (Ishizawa et al., 2003). In addition to α-
synuclein, β and γ members are also present. The number of

amino acids varies from 127 to 140 in different synucleins.

Alpha-synuclein may be involved in the trafficking of the

synaptic vesicle (Südhof and Rizo, 2011). Fisetin interacts with

α-synuclein and blocks its aggregation (Rane et al., 2021).

Although there is no specific cause of PD; however, genetic

analysis shows the hereditary relationship. The defect in

chromosome 4q21–23 and the mutation in thr gene (A53T)

encode a defective α-synuclein (Polymeropoulos et al., 1997).

Alpha-synuclein binds with membrane lipid and undergoes a

conformational change from amorphous to α-helical. Later, these
helices are arranged in linear filaments, which pass through a

structural rearrangement to form β-sheets that are similar to β-
amyloid. This protein activates the JNK-dependent apoptotic

pathway to promote the degeneration of dopaminergic neurons.

JNK activates the apoptotic inducer AP-1 and promotes the

expression of Fas-ligand for cell death. Moreover, the mutation in

the α-synuclein gene (A53T) and synthesis of impaired α-
synuclein increases the filamentous form of this protein that

enhances the spreading of Lewy bodies. The immune reactive

feature of Lewy bodies promotes mitochondrial damage that

leads to progressive degeneration of nigrostriatal neurons.

Dopamine secreting neurons of SN pars compacta exhibit a

higher density of mitochondria that indicates the elevated

rates of oxidative phosphorylation to meet the energy

requirement (Pacelli et al., 2015; Liu Z. et al., 2022). The SNc

neurons increase ATP production up to threefold and also

promote ROS generation (Pacelli et al., 2015). A sufficient

amount of energy is essential for the quality control of

protein. Chaperones proteins can bind with unfolded/

misfolded protein after hydrolysis of ATP. Thus, excess

amount of energy is the supportive factor to prevent the

accumulation of defective proteins in Lewy bodies. Another

important cause is excitotoxicity. Glutamate is the stimulatory

neurotransmitter in basal ganglia. One of its important receptors

is N-methyl-D-aspartate (NMDA) receptor. An excess amount

of glutamate activates NMDA receptors in SN pars compacta

(Kure et al., 1991; Mattson and Magnus, 2006; Song and Wu,

2022). This binding withdraws magnesium-mediated blockage
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from the NMDA receptors that lead to stimulation of receptor,

followed by intracellular calcium storm (Deister et al., 2009;

Zweifel et al., 2009). During mitochondrial dysfunction and

energy deficit conditions, intracellular calcium level remains

high, resulting in oxidative stress and neurodegeneration in

SN pars compacta (Blandini, 2001; Muddapu et al., 2019;

Wang et al., 2021). The initial loss of dopaminergic neurons

in SN diminishes the GABAergic inhibitory effect that aggravates

excitotoxic degeneration processes (Muddapu et al., 2019).

Inadequate calcium buffering increases the vulnerability of PD

(Haddad and Nakamura, 2015). Brichta and Greengard (Brichta

and Greengard, 2014) suggested that the presence of calbindin

(intracellular calcium-binding protein) in dopaminergic neurons

can use as a biomarker for PD. Although there is no specific

neuroprotective treatment for PD (Kalia and Lang, 2015), fisetin

exhibits protective effects against PD (Figure 2). The rotenone-

induced PD in the rat model system had revealed that fisetin

treatment improved motor function. This compound reverses

the rotenone-induced changes in mitochondrial dysfunctions

and protects mitochondrial enzymes (succinate

dehydrogenase, citrate synthase, aconitase, and complex-I).

Fisetin normalizes the activity of tyrosine hydroxylase (TH)

and elevates striatal dopamine levels. It increases the

concentrations of antioxidant components (glutathione, and

catalase), and inhibits lipid peroxidation (Alikatte et al., 2021).

Fisetin showed a significant positive impact on the protection of

dopaminergic neurons in 1-methyl-4-phenyl-1, 2,3,6-

tetrahydropyridine (MPTP)-treated PD in mice (Chen et al.,

2020). Previously, Maher (Maher, 2017) observed that pre-

treatment of fisetin before application of MPTP elevated

dopamine level in the striatum of MPTP-induced mouse

model of PD. He observed that the rate of dopamine synthesis

is dose-dependent. Administration of 25 mg of fisetin/kg bw/day

increased striatal dopamine level more than 2-fold, while 10 mg

of fisetin/kg bw/day elevated the striatal dopamine level up to

70% from its basal level. MPTP also damages the tyrosine

hydroxylase (TH) reactivity in dopaminergic nerve terminals

of SN. Fisetin treatment protects the TH from its inactivation in

the dopaminergic nerve terminals (Maher, 2017). Fisetin

considerably facilitated the induction of long-term

potentiation at rat hippocampal synapses that improved

memory consolidation (He et al., 2018). A human case-

control study had demonstrated that consumption of a diet

rich in fisetin and hexacosanol for 6 months improved the

clinical symptoms of PD such as cogwheel rigidity,

bradykinesia, dystonia, micrographia, hypomimia, constricted

arm swing with gait, and retropulsion (Renoudet et al., 2012).

Fisetin activates the Ras-ERK pathway for the differentiation of

norepinephrine and dopamine secreting PC12 cells (Ahmad

et al., 2017). Wang et al. (Wang et al., 2019) reported that

fisetin-like flavonoids regulated the activities of potassium

channels and membrane potential that prevents Aβ25-35-
induced neurodegeneration.

Huntington’s disease (HD)

Huntington’s disease is a fatal neurodegenerative progressive

disorder, where symptoms are disturbed psychiatric, cognitive

and motor functions. The damage occurs in the spiny neurons of

the caudate nucleus and putamen. Impaired activity of

intrastriatal GABAergic and cholinergic pathways are the

main cause of HD. The loss of inhibitory signal to the

external segment of GP releases its inhibitory effect which

ultimately increases the excitatory output signals from the

thalamus, resulting in the hyperactivity of the motor cortex

areas. The common symptoms are the jerky trajectory of the

hands, hyperkinetic choreiform movement and slurred speech.

Fundamentally, HD is an inherited autosomal dominant

disorder. The gene responsible for the HD is present in the

short arm of chromosome 4 (4p16.3). This gene is also calledHD.

Normally, this gene contains 11–34 (with a median of 19)

glutamine-specific codon (CAG), but in the disease state this

number increases up to 37–86 (with a median of 45) or more. The

gene HD encodes a protein designated huntingtin, which is

involved in the regulation of the transcription of

neurotransmitter receptors in the brain. In the basal ganglia,

huntingtin plays a vital role in transcriptional processes as well as

axonal transport and membrane trafficking. The mutant form of

huntingtin cannot regulate these functions and its accumulation

promotes the risk of disease. Mutant huntingtin protein (Htt) is a

misfolded soluble protein that contains a polyglutamine (poly Q)

stretch. Htt-25Q is non-toxic, while Htt-103Q formed soluble

aggregates and cytotoxicity (Xi et al., 2016). Increased levels of

mitochondrial activity, formation of excess ATP as well as ROS

are associated with HD. Impaired activity of ETC and high

concentration of antioxidants had been shown in HD patients

(Gu et al., 1996; Sorolla et al., 2008). Experimental evidence had

proved that striatal cells produce ROS and reactive nitrogen

species (RNS) (Ribeiro et al., 2013). Furthermore, oxidative and

calcium-induced stress induces the striatal mitochondria for the

production of inner mitochondrial transition pore (MTPs),

resulting in induction of apoptosis (Brustovetsky et al., 2003).

Glutamate-induced excitotoxicity increases intracellular calcium

levels, which are initially buffered by calcium-binding proteins.

Excess calcium decreases the expression of calcium-sensing

proteins, hippocalcin thereby increasing the susceptibility of

neuronal damage (Luthi-Carter et al., 2000; Maher, 2020).

Moreover, Oxidative stress also increases huntingtin

production even at normal glutamate levels (Estrada Sánchez

et al., 2008). Zhao et al. (Zhao et al., 2011) reported that

restoration of mitochondrial activity can prevent neuronal

degeneration. Fisetin is a potent antioxidant. It is involved in

quenching of ROS, restoration of GSH and SOD levels. It

prevents mitochondrial dysfunctions and maintains the ATP

levels in the cells. Collectively, these effects block the oxidative

stress-induced excitotoxicity, followed by calcium inductive

effects and synthesis of huntingtin (Figure 2). Experimental
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evidence indicated that expression of mutant huntingtin in

PC12 cells resulted in the activation of multiple protein

kinases, particularly mitogen-activated protein kinases

(MAPKs), c-Jun N-terminal kinases (JNKs) and Ras-

extracellular signal-regulated kinase (ERK) (Pal et al., 2016).

These are mostly calcium-mediated effects. Fisetin regulates

excitotoxicity-induced calcium release and the activation of

kinases. Experimentally, fisetin treatment of PC12 cells

expressing mutant huntingtin (Htt1-103QP-EGFP) increases

Ras-ERK cascade and decreased phosphorylation-induced JNK

activation, leading to suppression of caspase-3 activation and

apoptosis, followed by increased cell survival (Maher et al.,

2011a). In vivo experiment was conducted with transgenic R6/

2 mice (a mammalian model of HD). R6/2 mice show aggressive

disease phenotype and shortened lifespan. Feeding of fisetin-

containing diet (~45 mg of fisetin/kg bw/day) from the age of

~6 weeks increased motor activity (tested on the rotarod from

~7 weeks) compared to control group of R6/2 mice consuming

fisetin-free diet. The rate of survival of R6/2 mice taking the

fisetin-containing diet was ~30% higher (139 days) compared to

the control group (104 days) (Maher et al., 2011a). The effects of

fisetin were also tested on Drosophila flies model expressing

mutant human Httex1 in neuronal cells and exhibited HD-like

symptoms. Feeding of fisetin-containing diet to Drosophila flies

expressing pathogenic human Htt (w elav:Gal4/w; P{UAS-

Httex1p Q93}/+) (Httex1p Q93) enhanced ERK

phosphorylation and activation, resulting in ~25% diminution

of neurodegeneration, suppression of symptoms of HD and

increased 77% of overall survival (Maher et al., 2011a). Fisetin

mimics the activity of EGF-1 and BDNF. It can induce Ras-ERK

signaling, followed by activation of MAP-kinase pathway that

reduces the impact of mutant huntingtin (Strand et al., 2007;

Maher et al., 2011a; Yan et al., 2020).

Amyotrophic lateral sclerosis (ALS)

ALS is an age-related neurodegenerative disorder of motor

neurons in the spinal cord, motor cortex and brain stem. The

exact cause of ALS is still unclear. It has been assumed that

glutamate-induced excitotoxicity is one of the possible causes of

pathogenesis. Excess glutamate in the synapse or extracellular

space is transported into neuronal and glial cells via glutamate

transporter 1 (GLT-1) (Förstl and Kurz, 1999). Any mutation in

GLT-1 increases glutamate-mediated excitotoxicity and also

hampers calcium homeostasis. Glutamate can activate α-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid

(AMPA) receptors that influence greater calcium influx into

the mitochondria, leading to oxidative stress. (Carriedo et al.,

2000). ROS is another factor that promotes the occurrence of

ALS. ALS patients carry mutations in the gene encoding

superoxide dismutase (SOD1), resulting in poor ROS-

scavenging capacity (Vielhaber et al., 2000; Menzies et al.,

2002). Transgenic mice expressing the human SOD1 mutant

variant (hSOD1-G93A) exhibited ALS. These animals did not

have the effective antioxidant capacity and the rate of

mitochondrial DNA damage was high (Menzies et al., 2002).

Thus, oxidative stress and glutamate-induced cell death are

associated with ALS. The antioxidant, anti-inflammatory, and

anti-apoptotic effects of fisetin protect the motor neurons from

degeneration. Oral supplementation of fisetin (9 mg/kg/day) in

SOD1-G93A transgenic mice at the age of 2 months improves

motor functions by delaying motor deficits. Additionally, fisetin

treatment significantly increases the number of motor neurons in

the spinal cord. This flavonoid also restricts the progression of

ALS and increases survival (Wang et al., 2018). Fisetin modulates

the phosphorylation of ERK and the expression of HO-1, GPx,

and catalase for the reduction of oxidative stress (Wang et al.,

2018). This flavonoid preserves mitochondrial SOD1 and resists

mitochondrial DNA breakage. As a consequence, fisetin can fight

against the development of ALS.

Anxiety and depression

Depression and anxiety are considered as the psychological

symptoms of stress which are highly comorbid disorders. These

conditions are important factors upsetting mental health that

affects the individual’s life. Depression is known as one of the

most common psychiatric conditions and suicide risk factors,

which results in the decrease of quality of life, increase in drug

consumption, healthcare costs, and other social and economic

problems (Whitney et al., 2019). Depression commonly occurs

when the insufficient concentration of neurotransmitter (NT) is

present in monoaminergic synapses. The imbalance of

monoamine NTs is associated with depressive illness.

Noradrenaline (NA) and 5-hydroxytryptamine (5-HT), as well

as hypothalamic–pituitary–adrenal (HPA) axis are the most

known involved systems in depression pathophysiology

(Ferrari and Villa, 2017). Mutation in chromosome 11 causes

defective expression of tyrosine hydroxylase, resulting in low

levels of noradrenaline. The exogenous depressive agent like

reserpine depletes monoamine NT and tends to increase

depression. First-line treatments of depression and anxiety

conditions are based on pharmacotherapy and cognitive

behavioural therapy (de Abreu Costa et al., 2019).

Monoamine oxidase (MAO) inhibitors such as clorgyline and

deprenyline decrease the breakdown of monoamines and act as

antidepressants. The reuptake of monoamine from the synaptic

terminal is inhibited by reuptake inhibitors (imipramine and

amitryptiline) that can improve depressive effects. Moreover,

antidepressants downregulate the expression of presynaptic

monoamine receptors. Fisetin shows an antidepressant effect.

It acts as a monoamine oxidase (MAO) inhibitor and elevates

serotonin and noradrenaline. Oral administration of fisetin to

male ICR mice showed anti-depressant effects. This flavonoid
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inhibits monoamine oxidase activity to stop the degradation of

neurotransmitters and elevates serotonin and noradrenalin

production in the frontal cortex and hippocampus (Zhen

et al., 2012). Stress response influences focal ischemia and

glial activation that induces the expression of cytokines (TNF-

α, IL-1β, and IL-6) for the advancement of depression. The stress

response also activates NMDA receptors that transiently increase

the expression of iNOS. The subsequent effect is the induction of

cytokines. Experimentally, lipopolysaccharide (LPS) is the potent

inducer of TNF-α expression. Fisetin regulates the levels of

proinflammatory cytokines. It decreases the overexpression of

iNOS TNF-α, IL-1β, and IL-6 in the hippocampus, and prefrontal

cortex (Yu et al., 2016). Wang et al. (Wang et al., 2017) reported

that fisetin activates the TrkB signal pathway through

phosphorylation. This action exhibits the antidepressant effect.

Natural products are being used as alternatives to

pharmacotherapy for the management of various diseases

including depression and anxiety (Ferber et al., 2019). Among

them, natural compounds such as flavonoids have been shown to

decrease depressive symptoms in experimental models, possibly

through the BDNF expression, monoaminergic systems as well as

antioxidant effect (Hritcu et al., 2017). Evaluating the effect of

fisetin on an LPS-induced depressive-like behaviour model in

mice, showed that pre-treatment with fisetin (20, 40 and

80 mg/kg (orally); 7 days) could reverse LPS-induced increase

in immobility time in forced swimming and tail suspension tests.

In neurochemical assays, it showed inhibition of LPS-induced

overexpression IL-1β, IL-6 and TNF-α in the hippocampus and

the prefrontal cortex. More, in a higher dose, fisetin decreased the

expression of iNOSmRNA and nitrite levels through modulation

of NF-κB (Yu et al., 2016). In a rat model of reserpine-induced

fibromyalgia, it was shown that fisetin treatment ameliorated

reserpine-induced depression and inhibited the depletion of 5-

hydroxytryptamine (5-HT), which was induced by reserpine in

brain tissue. Fisetin also significantly inhibited the elevated

oxido-nitrosative stress and ROS levels (Yao et al., 2020). In a

mice model of chemotherapy (oxaliplatin)-induced neuropathic

pain, fisetin has been shown to produce the anti-hyperalgesic

effect in repeated treatment (not acute) and prevent chronic

neuropathic pain-induced depressive-like behaviour in a dose-

dependent manner. It was also shown that its effect might be

mediated through serotoninergic 5-HT1A receptors as both

antihyperalgesic and antidepressant-like effects were blocked

by a selective 5-HT1A receptor antagonist (Wang et al., 2015).

Another study showed that in an experimental model of

neuropathic pain, fisetin decreased neuropathic hyperalgesia to

thermal stimuli, and ameliorated the co-morbidly behavioural

symptoms of depression and anxiety; mechanistically it was

shown to modulate serotonergic system. Fisetin was indicated

to increase the levels of spinal monoamines, and decrease

monoamine oxidase (MAO) activity in chronic treatment

(Zhao et al., 2015a). In one study, mice with depressive

behaviour following spatial restraint exposure were

administrated fisetin daily for 2 weeks and then evaluated for

behavioural tests. In comparison with the control group, mice

treated with fisetin did not show increased immobility time in the

forced swimming and tail suspension tests. Furthermore, in

Abelson helper integration site-1 (Ahi1) knockout mice, fisetin

diminished the depressive phenotype. Mechanistically it was

shown that fisetin might play its antidepressant effect by the

activation of the TrkB signaling pathway which has a crucial role

in the mechanisms of depression (Wang et al., 2017). Similarly,

administration of fisetin (10 and 20 mg/kg, orally) in mouse

models of despair tests leads to decreased immobility time, in the

forced swimming and tail suspension tasks, and in a higher dose,

fisetin reduced the hypothermia induced by reserpine. Its anti-

immobility effect was eliminated by pre-treatment of the mouse

with p-chlorophenyl alanine which induces serotonin depletion.

In neurochemical assays, fisetin was shown to increase the levels

of serotonin and noradrenaline in the frontal cortex and

hippocampus. Treatment with fisetin inhibited monoamine

oxidase (MAO) activity in the mouse brain by 14.7% with no

affection on the activity of MAO-B (Zhen et al., 2012).

Furthermore, fisetin exerted a protective effect against

diabetes-associated anxiety behaviour in Akita mice which

displayed decreased locomotor activity and increased time of

immobilization, as indicative of anxiety behaviour. Akita mice

fed fisetin, exhibited a remarkable decrease in the distance

travelled and time ambulatory in the open field test (Maher

et al., 2011b).

Role of fisetin in other neurological
disorders

Multiple sclerosis: Multiple sclerosis (MS) is a potential

disease of the brain and spinal cord. It is a

neuroinflammatory disease. The immune system attacks the

myelin sheath on the neurons and causes permanent damage.

The primary symptom is the inability to move. In MS

demyelination starts when macrophages phagocytose myelin

and produce inflammatory mediators. Fisetin inhibits in vitro

myelin phagocytosis by decreasing the activity of macrophages. It

potentially regulates the secretion of inflammatory mediators,

chronic inflammation in the central nervous system and

neurological deficits (Hendriks et al., 2003). Fisetin reduced

ROS (superoxide, H2O2 and OH•) production without

affecting the viability of macrophage cells. It also suppresses

ROS-producing enzymes mainly xanthine oxidase, NADPH

oxidase, etc. This plant derivative specifically decreases NF-

κB-induced proinflammatory mediators like NO, IL-1, and

TNF-α (Hendriks et al., 2003).

Age-related changes: Brain function declines with age and

causes memory deficits including working memory, short-term

memory spatial memory (Yankner et al., 2008). Age-related

decline in brain function affects the normal activity of life.
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Fisetin protects age-related changes in the brain and increases

memory functions. Supplementation of fisetin showed better

results in the object recognition test (memory function test) in

C57BL/6J male mice (Bevins and Besheer, 2006). Fisetin can

improve long-term potentiation (LTP), but the effect is dose-

dependent (He et al., 2018). The actions of fisetin are also

pertinent in old rats, where the flavonoid improves the

antioxidant capacity and decreases oxidative stress markers

(Singh et al., 2018). Moreover, dietary supplementation of

fisetin in old mice significantly declines age-related indicators

of the brain (Yousefzadeh et al., 2018).

Cognitive dysfunction: Fisetin protects the brain against

hyperhomocysteinemia-induced dementia and cognitive

dysfunction. It increases brain antioxidant levels and reduces

pro-inflammatory cytokines and serum homocysteine levels.

Fisetin also increases BDNF activity to prevent

neurodegeneration (Boyina et al., 2018).

Vascular dementia: Hyperhomocysteinopathy also causes

vascular dementia. Fisetin-mediated regulation of serum

homocysteine prevents endothelial dysfunction and increases

NO availability and antioxidant enzymes. It also improves the

capacity of spatial learning and working memory. Thus,

supplementation is effective against vascular dementia (Kumar

et al., 2017).

Neuropsychiatric disorders: Fisetin stimulates BDNF

expression, leading to the improvement of behavior disorders

(Bawari et al., 2019). Schizophrenia is a serious problem in

certain cases. Fisetin is an active agent against schizophrenia

and can be used for therapeutic purposes. It maintains

hippocampal synaptic plasticity and memory functions. This

flavonoid increases the surface expression of the

GluA1 subunit of AMPA receptor. It also continues the

phosphorylation of the AMPA receptors, as well as CaMKII,

CREB, ERK1/2 (Zhan et al., 2021).

The role of OS the neurodegenerative
diseases and the protective effects of
fisetin

Oxidative stress (OS) is the imbalance of production,

accumulation, and detoxification of ROS/RNS inside cells and

even in tissues (Pizzino et al., 2017; Naoi et al., 2019). The

increased rates of oxidative stress that arise from increased

production of ROS, reduction in the antioxidant response, or

both, play a vital role in the progression of neurodegenerative

diseases (Ahmad et al., 2019). On basis of observations OS is also

portrayed as either an auto-propagating process means OS

influenced excess ROS causes cellular damage and damaged

molecules individually can act as ROS or become ROS (Salim,

2017). ROS is chemically reactive molecules which naturally

generates during the cellular and molecular processes and

takes part in cell survival, inflammation, and stressor response

with the following diseases; cancer, NDD, allergy, muscle

dysfunction, and cardiovascular disorders (Zuo et al., 2013;

Zuo et al., 2015). ROS act as a useful secondary messenger in

cell signaling at low concentrations. However, ROS may disrupt

cellular macromolecules like DNA, proteins, and lipids at higher

levels and long-term exposure, leading to apoptotic and necrotic

cell death. (Chen et al., 2012). Oxidative stress in the neuronal

microenvironment induces lipid, protein, and DNA oxidation

and produces numerous by-products including alcohols,

aldehydes, peroxides, cholesterol oxide, and ketones (Simonian

and Coyle, 1996). Though ROS might not be the stimulus for

neurodegenerative diseases, disease progression is likely to be

accelerated by oxidative damage through interaction with

mitochondria (Dias et al., 2013). It is noteworthy that

neuronal cells are particularly susceptible to oxidative damage

due to their high oxygen consumption, high polyunsaturated

membrane acid content, and weak antioxidants defense (Rego

and Oliveira, 2003). Mitochondrial dysfunction, associated with

the aberrant development of ROS, is closely related to NDD

(Albers and Beal, 2000). ROS is active in the brain and neurons

and targets post mitotic cells, glial cells and neurons that are

particularly susceptible to free radicals, causing neuronal damage

(Gilgun-Sherki et al., 2001). Salganik reported that ROS also

leads to apoptosis (Salganik, 2001). ROS can influence

transcription factors (TF) that mediate cellular response

against ROS (Patten et al., 2010). Excess ROS can also trigger

antioxidant defense like Nrf-2. Nrf-2 activated through ROS and

enhance the expression of GPX (glutathione peroxidase), PRX

(Peroxiredoxins), SOD (superoxide dismutase), and HO (heme

oxygenase) antioxidant enzymes (de Vries et al., 2008; Yang et al.,

2022). Another TF NF-κB can also be activated by ROS (Patten

et al., 2010). Moderate level of ROS can enable inactive NF-κB by

removing its inhibitor, which gradually inhibits caspase

depended on cell death and produces antiapoptotic proteins

(Kriete and Mayo, 2009; Patten et al., 2010). ROS- driven OS

plays a significant role in AD pathogenesis; particularly ROS

leads to deposition of Aβ (Bonda et al., 2010). In AD patients, the

excessive OS observed may be a consequence of N-methyl-D-

aspartate-type glutamate (NMDAR) over activation. It was

shown that the activation of NMDAR results in increased Ca2

+ infiltration by stimulating cellular absorption and eventual

generation of ROS/Reactive Nitrogen Species (RNS) (Nakamura

and Lipton, 2010; Nakamura and Lipton, 2011). ROS plays a

significant role in mediating JNK/stress-induced protein kinase

signaling cascade. This pathway is correlated with Aβ-stimulated

apoptosis and tau protein hyperphosphorylation (Patten et al.,

2010). Moreover, Aβ proteins can induce ROS formation

through the direct activation of NADPH oxidase (Nox)

(Shelat et al., 2008). The pathway can also be modified via

MAPK activation (Giraldo et al., 2014). The NADPH oxidase

activity Increased OS resulting to enhance Aβ production can be

triggered by aging, environmental stress, inflammation, and

other nutrient factors such as redox-active metal ions
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(Aseervatham et al., 2013; Zeng et al., 2020). Moreover, OS can

also be triggered by chemicals, pollutants, and radiation (Nizzari

et al., 2012; Aseervatham et al., 2013). An excess amount of iron

deposits also facilitates ROS formation (Nizzari et al., 2012).

Oxidative stress can reduce α-secretase activity, promote β- and
γ-secretase production and result in higher Aβ-production
(Chen et al., 2008). OS stress also mediated the progression of

HD. Recent studies indicated that OS decreases GLUT-3

expression, which inhibits cellular glucose transport (Reagan

et al., 2000; Covarrubias-Pinto et al., 2015). It is also shown

that in HD models mutated huntingtin (mHtt) protein inhibits

normal mitochondrial functions, particularly impedes

mitochondrial respiratory complex II functions (Lin and Beal,

2006; Bossy-Wetzel et al., 2008), which eventually increase ROS

and decrease ATP (Bossy-Wetzel et al., 2008). In 2016 Liot et al.

proposed that OS can inactivate GAPDH activity, which

gradually leads to neuronal cell death (Liot et al., 2017). Pitts

et al., demonstrated that development of mHtt protein reduced

the activity of antioxidant protein peroxiredoxin Prx1 (Pitts et al.,

2012). Moreover, OS modulate the aggregates conformation by

increasing increase the size of mHtt (Mitomi et al., 2012). In PD,

excess amount of ROS is produced due to mitochondrial

dysfunction, neuroinflammation, dopamine degradation,

aging, high levels of iron or Ca2+, and GSH depletion (Dias

et al., 2013). Moreover, ROS accretion can be more severe due to

pesticides, and other forms of neurotoxin interaction to PD

individuals (Gangemi et al., 2016). Meiser et al. found

dopamine causes the death of neurons in PD models (Meiser

et al., 2013). Furthermore, dopamine-induced ROS causes

proteasomal impairment, which subsequently causes

neurodegeneration in PD (Ganguly et al., 2017). The rotenone

and MPTP induced PD models demonstrated microglial NOX-2

activation, which eventually inhibits glucose transporter and

ROS generation (Gao et al., 2003; Wu et al., 2003). It is

evident that the lipid peroxidation biomarkers; 8-

hydroxydeoxyguanosine (8-OHdG), 7β-and 27-

hydroxycholesterol (7β/27HC), F2-isoprostanes (F2-IsoPs), 4-

hydroxynonenal (4-HNE), 7-ketocholesterol (7-Kch),

malondialdehyde, hydroxyeicosatetraenoic acid products

(HETEs), and neuroprostanes (F4-NPs) increased in PD

patients, which are supposed to be the cause of OS (Dalfó

et al., 2005; Seet et al., 2010). About 20% of familial ALS

occurs due to the mutation of the SOD1 gene (Gamez et al.,

2006). SOD1 scavenges superoxide and maintains ROS (Saccon

et al., 2013). The SOD1 mutants increase Nox2-dependent ROS

production, which subsequently causes the death of neurons in

ALS (Li et al., 2011). Interesting evidence has been shown that

oxidized or misfolded wild SOD1 leads to mitochondrial

dysfunction, which leads to the pathogenesis of ALS

(D’Amico et al., 2013). Besides, by inhibiting neuroprotective

pathway IGF-I/AKT, OS can cause neuronal cell death (Dávila

and Torres-Aleman, 2008). The oxidative stress biomarkers such

as 4HNE, thiobarbituric acid reactive substances (TBARS), 3-

nitrotyrosine (3-NT), 8-OHdG, IsoPs, and advanced oxidation

protein products (AOPP) increased in ALS patients (Oteiza et al.,

1997; Smith et al., 1998; Bogdanov et al., 2000; Babu et al., 2008).

InMS, OS plays a critical role. The inflammatory process of MS is

most significantly mediated through OS. The activated

macrophage and microglia generate a lot of free radicals,

superoxide, hydroxyl radicals, nitric oxide and hydrogen

peroxide. Furthermore, immature myeloid cells (MDSCs) also

produce NO and ROS (Zhang et al., 2015; Ohl et al., 2016).

Several studies demonstrated that, microglia produced ROS,

oxidized DNA, lipids, and other mediators in MS (Haider

et al., 2011; Fischer et al., 2013). Moreover, activation of

effector T cells are also hampered by OS. Long term exposure

to ROS reduces T cell proliferation which eventually induce

programmed cell death (Kesarwani et al., 2013). There is a lot

of evidence showed that, ROS leads to the production and

progression of tissue damage in MS and stimulating the

Nrf2 pathway may be a protecting mechanism in MS’

pathogenesis (Ohl et al., 2016). Some studies suggest that OS

biomarkers such as 8-iso-PGF2α, AOPPs, IsoP, clusterin,

isoprostanes, and 4-HNE increased in MS patients (Sbardella

et al., 2013; Guan et al., 2015; Zhang et al., 2022).

A common dietary flavonoid fisetin, recently gained much

scientific consideration for its antioxidant properties to

inhibit a wide range of life-threating diseases (Zhang et al.,

2019). Antioxidants diminish oxidative stress.

Epidemiologically, several natural compounds (such as free

radical scavenging) have been suggested as potential

inhibitors which delayed oxidative reactions to mitigate or

management of different NDD diseases (Sengupta et al.,

2004). Fisetin is such a compound that can inhibit ROS

and prolonged neuronal survival through different

mechanisms (Figure 3) (Prakash and Sudhandiran, 2015;

Ahmad et al., 2019; Zhang et al., 2019). The TEAC

(Trolox-equivalent activity concentration) of fisetin was

recorded to 2.80–0.06 (Ishige et al., 2001). An integrative

study conducted by Currais et al., demonstrated that fisetin

decreased neurological impairment in the adult SAMP8 mice

by diminishing oxidative stress and neuroinflammation

(Currais et al., 2018). Ahmed et al., indicated that fisetin is

strongly neuroprotective against neurotoxicity caused by

Aβ1-42 in AD mouse models (Ahmad et al., 2017). They

also found that fisetin significantly reduce the level of ROS/

oxidative stress induced by LPS (Ahmad et al., 2019). In

another study Jhonsa et al., found that fisetin improved

ROS homeostasis, levels of catalase, and superoxide

dismutase (SOD) enzymes in PD drosophila (Jhonsa et al.,

2016). Moreover, in a rat PD model, Alikatte et al., found that

fisetin decreased rotenone-encouraged cognitive deficiencies,

oxidative stress, and mitochondrial dysfunctions (Alikatte

et al., 2021). Besides, in an aging rat model, fisetin reduced

pro-oxidants substantially and boosted the antioxidant level

(Baird and Dinkova-Kostova, 2011). Wang et al., also found
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that in ALS hSOD1 mutant models, fisetin therapy offered

neuroprotection with enhanced neuronal survival, reduced

motor dysfunction, decreased ROS level, and controlled redox

homeostasis. In addition, fisetin enhanced phosphorylated ERK

expression and upregulation of antioxidant molecules (Wang

et al., 2018). Besides direct antioxidant activity, fisetin can also

enhance glutathione (GSH), which is the most powerful

intracellular antioxidant. GSH has significant role in redox

homeostasis. This has been also proposed that fisetin can

increase GSH levels either through enhancing the influx of

cysteine and/or boosting the activity of GCL (glutamate

cysteine ligase) (Maher, 2009). In a previous study, it was also

found that fisetin was able to retain GCL levels decreased by

peroxynitrite. The level of GCL’s expression is probably

influenced by Nrf-2 (Burdo et al., 2008). In oxidative stress

conditions, fisetin can also restore mitochondrial function. It

also confers microglial cells anti-inflammatory effect and

impedes the development of 5-lipoxygenase to minimize the

formation of pro-inflammatory cytokines and lipid peroxide

(Maher, 2009). The cellular GSH concentration are typically

regulated by a complex series of mechanisms, including the

availability and transportation of substrate, synthesizers and

regeneration rates, utilization of GSH, and extracellular efflux

(Meister and Anderson, 1983). In 2001 the neuroprotective effect

of fisetin was first recognized against oxidative glutamate toxicity

by Ishige et al. (Ishige et al., 2001). Kang et al., also found that

fisetin decreased oxidizing agent superoxide, cell-free hydroxyl

radical amount, and H2O2 induced intracellular ROS. Moreover,

fisetin protected cells from lipid peroxidation, carbonylation of

protein, and also DNA damage induced by H2O2 (Kang et al.,

2014). In another study, Piao et al., found the same result where

ROS was generated through γ-irradiation (Piao et al., 2013).

Tingting Wang et al., found that fisetin protects DNA damage

caused by ROS through hydrogen atom and/or single electron

donation (HAT/SET) pathways (Wang et al., 2016). In addition,

in an in vitro study, fisetin was reported to inhibit LDL oxidation

(Myara et al., 1993). Chuang et al., 2014 et al., indicated that fisetin

therapy effectively blocked LPS/IFN-γ induced nitric oxide (NO)

and inducible nitric oxide synthase (iNOS) production in

microglia. However, peptidoglycan stimulated iNOS and NO

were also reduced by fisetin (Chuang et al., 2014). Recently

Hussain et al., found that fisetin dramatically increased the

expression of glutathione peroxidase-2 (GPX-2), SOD,

hemoxinase-1 (HO-1), Nrf2 and decreased NO amount in CS-

induced rats (Hussain et al., 2019). Xu et al., suggested that fisetin

nanoparticle has a significant effect of reducing oxidative stress of

FIGURE 3
OS pathogenicity in neurodegenerative disease and the protevtive effects of fisetin.
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the NF-κB pathway on glial cells induced by PM2.5 (Xu et al.,

2020). However, the details mechanism of action of fisetin is still

not well understood. It is revealed that this high lipid-compound

can efficiently be transported across lipid bi-layer, assembled

within cells and exerts significant anti-inflammatory (Prakash

et al., 2013), antioxidant activity (Prasath et al., 2013), and

neuroprotective (Maher, 2009) activity both in vivo and

in vitro models. It can also inhibit lipid peroxidation by

preventing free radicals from further entering into the lipid

center (Sinha et al., 2014). Fisetin can act together with

various redox-related pathways such as PI3K/Akt, Nrf2, NF-

κB, protein kinase C, tyrosine kinases, and MAPK once enters

into the cell via different mechanisms, for example, metal ions

chelation, acting as oxidoreductase substrate and enhancing non-

enzymatic and enzymatic intracellular antioxidants (Mansuri

et al., 2014; Naeimi and Alizadeh, 2017). In particularly, fisetin

is able to develop Cu2+, Fe2+ and Fe3+ complexes which may also

be stronger antioxidant effect than others (Kasprzak et al., 2015).

Besides, several studies indicated that fisetin can chelates iron ions

within a broad pH value compared to other flavonoids (3–10)

(Dimitrić Marković et al., 2011; Naeimi and Alizadeh, 2017).

Moreover, in the Aβ1-42-treated AD mice model, fisetin

effectively triggered p-Akt (Ser 473), p-GSK3β (Ser 9), and

p-PI3 K expression (Ahmad et al., 2017). Besides, fisetin also

repressed P38 phosphorylation in microglial activation and

neurotoxicity triggered by lipopolysaccharide (Zheng et al.,

2008). Lower Nrf2 expression is related to oxidative stress.

Nrf2 is a significant factor in redox homeostasis regulation and

the synthesis of several cytoprotective molecules and antioxidants

(Zhang et al., 2013). Sakai et al., found that in vitro, fisetin induced

Nrf2 expression and also upregulated several oxidative stress-

related enzymes like as GCLC, NADPH quinone oxidoreductase-

1 (NQO1), HO-1, and Glutathione S-transferase (GST) and even

phase II detoxifying enzymes (Sakai et al., 2013; Chuang et al.,

2014; Naeimi and Alizadeh, 2017). Moreover, it is also proved in

several animal models that inducing Nrf2 through fisetin could

also enhance antioxidant production (Prasath and Subramanian,

2013; Zhao et al., 2015b; Zhang et al., 2021). Léotoing et al., found

that IkB phosphorylation can also be inhibited by fisetin, which

eventually blocks pro-oxidant genes expression and activation of

NF-κB (Léotoing et al., 2013). P Maher also reported that fisetin

could boost Nrf-2 levels in several neurons, such as retinal

ganglion cells (Maher and Hanneken, 2005) HT22 cells

(Maher, 2006), and primary cortical neurons (Maher, 2009).

The fisetin also influenced to modulate Keap-1 to interact Nrf-

2 to enhance the expression and concentration oxidative stress

reduction related genes (Zhang et al., 2021). Nrf2 interacts with

the antioxidant response element (ARE; EpRE, too), which

controls the expression of several proteins associated with the

prevention of oxidative stress and management of redox

homeostasis of cells. (Nguyen et al., 2003; Chen and Kong,

2004; Zhuo et al., 2020). These conclusions agree with

previous studies that showed fisetin may improve expression

ARE-related genes in various non-neuronal cell lines (Hou

et al., 2001; Myhrstad et al., 2002). So, it could be

hypothesized that fisetin exerts neuroprotective roles targeting

of several oxidative stress-related pathways components,

including JNK, p38, ERK of MAPK, and also NF-κB or PI3K/

Akt pathways (Naeimi and Alizadeh, 2017).

Conclusion

Neurological disorders are a serious problem throughout

the world and there is no definite treatment for this purpose.

Excess production of ROS and poor detoxification process

increase OS. Neurons are the most vulnerable to OS as they

consume a greater amount of oxygen, contain much amount

of polyunsaturated fatty acids in their membrane, and fail to

maintain redox homeostasis. OS starts lipid peroxidation,

protein carbonyl formation, DNA damage, induction of

neuroinflammatory response, and apoptotic activity.

Collectively, these responses promote the degeneration of

neurons in the CNS. Fisetin belongs to flavonoid groups,

scavenges ROS, and restricts OS. It also increases the

expression of SOD, catalase, GPx, HO-1. Several studies

indicate that fisetin is effective against AD, PD, HD, MS,

and ALS. The multifaceted actions of fisetin increase the

possibilities of its use to prevent neurodegenerative

diseases. Finally, it can say that extensive research on the

application of fisetin against CNS disorders and proper

clinical trials will allow counteracting the neurological

disorders.
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