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Abstract. Neurological disorders, including neurodegenerative diseases, have a significant negative impact on both patients
and society at large. Since the prevalence of most of these disorders increases with age, the consequences for our aging population are only going to grow. It is now acknowledged that neurological disorders are multi-factorial involving disruptions in
multiple cellular systems. While each disorder has specific initiating mechanisms and pathologies, certain common pathways
appear to be involved in most, if not all, neurological disorders. Thus, it is becoming increasingly important to identify
compounds that can modulate the multiple pathways that contribute to disease development or progression. One of these
compounds is the flavonol fisetin. Fisetin has now been shown in preclinical models to be effective at preventing the development and/or progression of multiple neurological disorders including Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease, amyotrophic lateral sclerosis, stroke (both ischemic and hemorrhagic) and traumatic brain injury as well as to reduce
age-associated changes in the brain. These beneficial effects stem from its actions on multiple pathways associated with the
different neurological disorders. These actions include its well characterized anti-inflammatory and anti-oxidant effects as
well as more recently described effects on the regulated cell death oxytosis/ferroptosis pathway, the gut microbiome and its
senolytic activity. Therefore, the growing body of pre-clinical data, along with fisetin’s ability to modulate a large number of
pathways associated with brain dysfunction, strongly suggest that it would be worthwhile to pursue its therapeutic effects in
humans.
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INTRODUCTION
Neurological disorders are the leading cause of disability worldwide and the second leading cause of
death [1]. Among the fifteen neurological disorders
examined in a recent study, stroke and Alzheimer’s
disease (AD) and other dementias were two of the
top contributors to both disability adjusted life years
(DALYs-the sum of years life lost and years lived
with disability) and death. Importantly, the prevalence of non-communicable neurological disorders
significantly increases with age. Thus, given the aging
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population worldwide, the burden of these neurological disorders will continue to increase and is likely to
pose ever greater challenges to health care systems
worldwide. This is especially true of neurodegenerative diseases which all lack effective treatments.
Because these diseases are both complex and occur
in the context of the aging brain, it is unlikely that targeting a single pathophysiological change will prove
effective at preventing nerve cell damage and death.
For example, there are numerous failed clinical trials testing single target drug candidates against the
amyloid pathway for the treatment of AD [2, 3]. In
addition, there is a strong possibility that the relative contributions of different pathophysiological
changes will vary among individuals. Importantly,
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these changes interact with lifestyle, environmental and genetic risk factors with varying degrees of
penetrance. Therefore, one approach is to use combinations of drugs directed against different disease
targets. However, this approach is subject to a number
of potential problems. These include pharmacokinetic and bioavailability challenges which in central
nervous system (CNS) diseases are exacerbated by
the difficulty of getting multiple compounds across
the blood brain barrier and the potential for adverse
drug-drug interactions. A better approach is to identify small molecules that have multiple biological
activities that can impact the multiplicity of pathophysiological changes to the brain that contribute to
neurological disorder development and progression
[4].
One excellent source for multi-target compounds
is the original pharmacopeia, plants. The earliest
records describing the use of plants for medicinal
purposes date back to 2600-2900 BC [5]. Still today,
∼25% of all prescribed drugs are derived from plants
[6]. Plants synthesize a huge array of compounds
called secondary metabolites that are not required
for plant growth. These compounds are derived from
a limited number of basic chemical scaffolds which
are modified by specific types of substitutions. It has
been suggested [6] that these compounds, as well
as receptors, enzymes and regulatory proteins, originated from a relatively small number of parental
molecules which may have co-evolved to interact
with one another. Although their biological functions
and structures have since diverged, structural features
shared from their common past may be the reason that
many interact with medically relevant targets.
Among the huge number of plant-derived secondary metabolites, several epidemiological studies
have specifically highlighted the potential beneficial
role of flavonoids for the prevention of neurodegenerative diseases. A retrospective study that looked at
flavonoid intake versus DALYs due to dementia in
23 developed countries found that total combined
flavonoid intake was significantly and negatively
correlated with dementia [7]. Among the flavonoid
groups, only flavonol consumption showed a significant, negative correlation with dementia. Consistent
with these results, a prospective cohort study [8]
found that the risk ratio for dementia between the
highest and lowest tertiles of flavonoid intake was
0.49.
We originally identified the flavonol fisetin (Fig. 1)
as a promising neuroprotective compound in a screen
for compounds that could prevent a form of regu-

Fig. 1.

lated cell death that we called oxytosis [9, 10] and
has recently been renamed ferroptosis [11, 12]. Of
the ∼30 flavonoids screened in this study, only two,
fisetin and quercetin, were also able to maintain glutathione (GSH) levels in the presence of oxidative
stress, indicating that this is not a common property
of flavonoids. Further studies showed that fisetin also
possessed neurotrophic activity, with low micromolar
doses promoting the differentiation of PC12 cells, as
defined by the production of neurites, via activation of
the Ras-ERK cascade [13]. Again, this was a property
that distinguished fisetin from almost all of the other
∼30 flavonoids tested. Only quercetin, isorhamnetin
and luteolin showed some differentiation-inducing
activity and they were all much less effective than
fisetin. Together, these observations suggested that
fisetin had multiple properties that might make it
useful for the treatment of neurological diseases.
Unlike many of the better studied flavonoids such
as quercetin, fisetin is not particularly abundant in
fruits and vegetables. The highest levels (160 g/g)
are found in strawberries [14] with 5–10 fold lower
levels in apples and persimmons. Small amounts are
also found in kiwi fruit, peaches, grapes, tomatoes,
onions and cucumbers [15]. The bioavailability of
fisetin from these sources has not yet been studied. Furthermore, the levels of fisetin in these dietary
sources are too low to achieve the equivalent human
levels of the concentrations that were effective in the
various animal studies. However, fisetin is currently
marketed in the US by several nutraceutical companies in 100 mg capsules. For these products, fisetin is
isolated from Rhus succedanea or Cotinus coggygria
which provide more abundant sources. Some of the
companies provide information on the purity of the
fisetin on their websites. However, a “generally recognized as safe” (GRAS) determination by the US
Food and Drug Administration (FDA) has not been
made for fisetin.
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In the following paragraphs, I will describe the
results of many pre-clinical studies and, in one case,
a clinical study that looked at the beneficial effects
of fisetin in models of neurological disorders including Alzheimer’s disease (AD), Parkinson’s disease
(PD), Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS), ischemic stroke, hemorrhagic
stroke and traumatic brain injury (TBI) and then
discuss several novel mechanisms of action. For
each disease/disorder, I will begin by providing a
brief overview, describe the models used to study
the effects of potential protective compounds on the
disease/disorder and then describe the results. The
effects of fisetin in neurological disorders were last
reviewed by me in 2015 [16] so this review will
mainly focus on those studies conducted since the
prior review and on diseases/disorders that were not
discussed in the earlier review.

NEUROLOGICAL DISEASES/DISORDERS
AND FISETIN
Fisetin and Alzheimer’s disease and dementia
Alzheimer’s disease (AD) is the most common
type of dementia. It is characterized pathologically
by the presence of both extracellular neuritic plaques
containing amyloid beta (A␤) peptide and intracellular neurofibrillary tangles containing tau [17].
Clinically, AD results in a progressive loss of cognitive ability and eventually daily function activities
[18, 19]. Currently approved therapies are only
symptomatic, providing moderate improvements in
memory without altering the progression of the disease pathology [20, 21]. Although a large number
of clinical trials have been conducted in recent years
with drug candidates designed to directly or indirectly
reduce the amyloid plaque load, all of these trials have
failed [2, 3].
Three different types of models have been used
to study the possible beneficial effects of fisetin in
AD: interventional, transgenic and sporadic. For the
interventional studies, A␤ is injected directly into the
cerebral ventricles in the brains of the mice (intracerebroventricular (icv) injection). There are numerous
transgenic models of AD that are based on the mutations associated with the rare genetic form of the
disease (familial AD or FAD). The models develop
different degrees of cognitive impairment, levels of
plaques and tangles, synaptic loss, gliosis and nerve
cell death depending on the type and number of muta-
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tions [1–5] [22]. Although AD drug discovery has
largely focused on these FAD models, this form of
the disease accounts for only ∼ 1% of the total cases
[23], and may be quite distinct from the much more
prevalent, old age-associated, sporadic form of AD.
Importantly, while many therapies directed against
the amyloid pathway are effective in FAD transgenic
mice, to date none has translated into the clinic [2].
Since old age is by far the greatest risk factor for
AD [23, 24], animal models that incorporate aging
into disease development may prove more useful
for the development of therapies. One mouse model
of aging that also develops characteristics of AD is
the senescence-accelerated prone 8 (SAMP8) mouse
that was developed in Japan by selective breeding
of a rapidly aging phenotype. These mice exhibit a
progressive, age-associated decline in brain function
similar to human sporadic AD patients [reviewed in
25–27].
In all three types of AD models (icv A␤ injection,
2×FAD mice, SAMP8 mice), fisetin consistently
prevented the loss of cognitive function [28–30].
Both oral administration in the food (500 mg/kg
food; ∼45 mg/kg body weight (bw)/day) [28, 29] and
intraperitoneal (ip) injection (20 mg/kg bw/day) [30]
proved effective. In all of the models, fisetin maintained the levels of synaptic proteins and reduced
markers of inflammation. It also reduced multiple
markers of oxidative stress and particularly lipid
peroxidation and activated the ERK pathway which
is involved in both memory [31] and neurotrophic
factor production and signaling [13]. However, the
effects on the levels of soluble and insoluble A␤
varied between the different models suggesting
that this may not be a critical target of fisetin in
AD.
Although caused by dysfunction of the vascular
endothelium, vascular dementia results in a similar loss of cognitive function as classical AD and
is often a component of AD [32]. One approach
to modeling vascular dementia is to treat rats with
L-methionine which induces neurological changes
similar to those seen in vascular dementia. Oral
administration of fisetin (5–25 mg/kg bw/day) dose
dependently reduced the impact of L-methionine
treatment on cognitive function, vascular function
and markers of neurodegeneration when administered to rats for 2 weeks during a 4 week treatment
with L-methionine [33]. Thus, fisetin is effective
at preventing loss of cognitive function and maintaining brain health in multiple, distinct models of
dementia.
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Fisetin and Parkinson’s disease
Parkinson’s disease (PD) is a chronic, progressive neurodegenerative disease and the second most
common neurodegenerative disease after AD. The
characteristic features of PD include resting tremor,
bradykinesia (slowness of movement), rigidity and
postural instability (for review see 34). PD is also
associated with a variety of non-motor symptoms that
contribute to disability. The majority of PD cases
are sporadic with only about 10% of PD patients
reporting a family history of the disease [35]. As
with AD, age is the greatest risk factor for disease
development. The pathological hallmark of PD is the
degeneration of the dopaminergic (DA) neurons in
the substantia nigra pars compacta (SNc) [34]. Since
these neurons synapse with neurons in the striatum,
their loss leads to the depletion of striatal dopamine.
PD is also characterized by the presence of cytoplasmic protein aggregates, called Lewy bodies, in the
remaining DA neurons of the SNc. Currently available treatments only improve symptoms but do not
stop disease progression. Importantly, by the time
that the first symptoms appear, striatal dopamine is
reduced by ∼80% and ∼60% of the DA neurons of
the SNc have died [36].
Modeling of PD in animals has most often involved
treatment with a toxin such as a pesticide or other
toxic compound that has been associated with PD in
vivo. One of the most widely used models employs
the toxin MPTP while chronic, low dose administration of the pesticide rotenone is gaining in
popularity [37, 38]. However, neither of these models recapitulates all of the aspects of human PD [37,
38] and both are rapid onset as compared to the
slow, age-dependent development of PD in human
patients.
Several years ago, we tested fisetin in the MPTP
model in mice [39]. Fisetin was administered orally
at 10 and 25 mg/kg bw/day beginning one day before
the MPTP treatment and continuing for 7 days after
the treatment. At 25 mg/kg, fisetin increased striatal dopamine levels by slightly more than 2-fold
and even at 10 mg/kg there was a 70% increase in
striatal dopamine levels. Tyrosine hydroxylase (TH)
immunoreactivity was also examined in the striatum,
the site of DA nerve terminals that originate in the
SN. MPTP caused a significant loss of TH immuno
reactivity and this was largely prevented by fisetin
treatment.
Very recently, fisetin was tested in the chronic,
low dose rotenone model in rats using oral admin-

istration of 10 and 20 mg/kg bw/day beginning
10 days after the start of the rotenone treatment
and continuing until the end of the treatment [40].
Both doses of fisetin improved motor function
and reduced rotenone-mediated decreases in striatal
dopamine levels and TH immuno reactivity although
the higher dose was more effective. Both doses
also improved mitochondrial function and markers of oxidative stress in the midbrain, the area
affected in PD. Together these data indicate that
fisetin is efficacious in two distinct rodent models
and strongly support further testing in additional PD
models.

Fisetin and Huntington’s disease
Huntington’s disease is a late onset, progressive
and fatal neurodegenerative disorder characterized
by movement and psychiatric disturbances as well as
cognitive impairment. There is, at present, no cure.
HD is an autosomally dominant inherited disease that
is caused by an unstable expansion of a trinucleotide
repeat (CAG) that encodes an abnormally long polyglutamine tract in the huntingtin protein. The age at
disease onset inversely varies with the CAG repeat
number. The identification of the disease-causing
mutation has allowed the development of a number
of cellular and animal models of HD and these have
been used to try to elucidate the mechanisms underlying disease development and progression [for reviews
see 41, 42–44].
Fisetin was tested in the R6/2 mouse model of HD
which is a transgenic line that has an aggressive disease phenotype and shortened lifespan [45]. Fisetin
was fed to R6/2 mice and their wild type littermates in
the food (500 mg/kg food; ∼45 mg/kg bw/day) beginning at ∼6 weeks of age. The mice were tested for
motor function using the rotorod from ∼7–13 weeks
of age and survival was followed. At the time of
acquisition of the animals, rotorod performance was
already impaired in the R6/2 mice as compared to
their wild type littermates. Motor performance in the
rotorod test declined significantly more rapidly in the
R6/2 mice on the control diet as compared to those
on the fisetin diet. Similarly, while the median life
span of the R6/2 mice on the control diet was 104
days, that of fisetin-fed mice was increased by ∼30%
to 139 days. The in vivo mechanisms underlying the
effects of fisetin were not explored in this study. While
encouraging, further studies are needed to support
and extend these observations.
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Fisetin and amyotrophic lateral sclerosis
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease that is characterized by the
loss of the motor neurons that control the voluntary movement of muscles resulting in paralysis and
death, usually within 5 years of a diagnosis [46].
Approximately 10% of ALS cases are due to heritable gene mutations but different gene mutations are
increasingly being found in patients with no family
history of ALS suggesting that the genetic component is more complicated than originally thought [47].
Although there are three FDA-approved drugs for
ALS, they all have very modest effects on survival
(https://alsnewstoday.com/approved-treatments/).
The most commonly used mouse model of ALS is
based on Cu/Zn superoxide dismutase 1 (SOD1), the
first gene mutation that was shown to cause ALS [47].
SOD1 mutations are found in ∼20% of patients with
the familial form of ALS. The most extensively used
of these mouse models in the SOD1-G93A transgenic
mouse which is characterized by abnormal protein
aggregation, motor neuron loss, axonal denervation,
progressive paralysis, and reduced lifespan [47].
Oral administration of fisetin (9 mg/kg/day) beginning at 2 months of age significantly delayed the
development of motor deficits, reduced their rate
of progression and increased lifespan [48] in the
SOD1-G93A mouse. This correlated with a significant increase in the motor neuron count in the spinal
cord. At the molecular level, fisetin increased the levels of phosphorylated and therefore activated ERK
as well as the antioxidant protein heme oxygenase
1. Interestingly, fisetin also increased ERK phosphorylation in a transgenic AD model [28] and in HD
flies [45] suggesting that this mechanism may at least
partly contribute to its beneficial effects in these different models of neurodegenerative diseases. Further
studies on fisetin and ALS are clearly warranted.
Fisetin and stroke
Ischemic stroke
Ischemic stroke occurs when the normal blood supply to the brain is disrupted due to artery blockage by
a blood clot, thereby depriving the brain of oxygen
and metabolic substrates and hindering the removal
of waste products [for review see 49]. Ischemic stroke
is believed to evolve in distinct phases. The initial ischemia results in immediate nerve cell death
followed by an inflammatory response leading to secondary tissue damage after reperfusion [50]. There
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is good evidence that post-stroke inflammation contributes to secondary tissue damage. The nerve cell
damage and death caused by cerebral ischemia results
in functional impairment including cognitive impairment or death [51].
Fisetin has been tested in two different animal
models of stroke. The rabbit small clot embolism
model (SCEM) is a rigorous stroke model that recapitulates the initiating event in most cases of human
stroke. For the SCEM, a suspension of small blood
clots is injected into the carotid artery of a rabbit.
To evaluate the quantitative relationship between clot
dose and behavioral deficits, logistic S-shaped quantal analysis curves are fitted to the dose-response data
as originally described by Waud [52] and adapted
for stroke studies [53, 54]. A wide range of clot
doses is used resulting in behaviorally normal and
abnormal animals. In the absence of a neuroprotective agent, small numbers of microclots cause no
grossly apparent neurologic dysfunction and large
numbers of microclots invariably cause encephalopathy or death. Using a simple dichotomous rating
system, each animal is rated by a blinded observer
as either behaviorally normal or abnormal 24 hr postembolization. Using quantal analysis, it is possible to
detect behavioral changes following pharmacological intervention. A separate curve is generated for
each treatment condition and a statistically significant
increase in the P50 value or the amount of microclots that produce neurologic dysfunction in 50% of
a group of animals compared to control is indicative of a behavioral improvement [53, 54]. To test
the protective effect of fisetin in this model, fisetin
(50 mg/kg bw) was injected intravenously at 5 min
after microclot injection and behavioral analysis was
conducted 24 hr after treatment. Fisetin significantly
(p < 0.05) reduced stroke-induced behavioral deficits
and increased the P50 value which directly correlated
with an increase in the number of animals that were
behaviorally “normal” [55].
Fisetin was also tested in the temporary middle cerebral artery occlusion (tMCAO) stroke model
[56]. Temporary middle cerebral artery occlusion
was induced in mice by the intraluminal filament
method and maintained for 60 minutes. Animals
were either injected intraperitoneally 20 min before
or 180 min after the onset of ischemia with fisetin
(25 or 50 mg/kg bw) or placebo. A significant, dosedependent protective effect of fisetin on stroke size
was observed. While animals injected immediately
before the onset of ischemia with 25 mg/kg of fisetin
showed a trend towards smaller infarcts, animals
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treated with the higher dose of fisetin (50 mg/kg)
had significantly smaller infarcts. Even when injected
three hours after the onset of ischemia, 50 mg/kg still
retained its protective capabilities. A strong trend
toward earlier recovery in both the low- and high-dose
fisetin-treated animals compared to placebo following both the pre- and post-stroke treatment strategies
was also seen. Importantly, fisetin prominently inhibited the infiltration of macrophages and dendritic
cells into the ischemic hemisphere and suppressed
intracerebral immune cell activation as measured by
intracellular TNFα production [56].
The only currently FDA approved treatment for
stroke is recombinant tissue plasminogen activator
(rt-PA), a serine protease that degrades fibrin clots
[57]. However, rt-PA has a narrow therapeutic time
window with much poorer outcomes if administered
outside of that window. A recent small scale (n = 192
patients) randomized, double-blind and placebo controlled clinical trial tested the ability of fisetin to
enhance the effects of rt-PA when given either 0–3 hr
after an ischemic stroke or 3–5 hr after an ischemic
stroke [58]. When patients were tested at both 1 and
7 days after an ischemic stroke, co-treatment with
fisetin (100 mg/day iv) did not provide additional
benefits when rt-PA was given within 3 hr of the
stroke. However, when rt-PA was given 3–5 hr after
a stroke, then co-treatment with fisetin lead to significantly better outcomes as defined by the patients’
National Institutes of Health Stroke Scale (NIHSS)
score. Moreover, there were strong linear correlations
between the effects of fisetin on the NIHSS scores
and its ability to lower serum levels of matrix metalloproteases 2 and 9 and the inflammation marker
C reactive protein (CRP), all of which are thought to
contribute to stroke severity. This is one of the first
examples of a clinical trial with fisetin and it provides
further support for the use of fisetin for treatment of
a debilitating neurological disorder.
Hemorrhagic stroke
Hemorrhagic stroke results in a decrease in blood
supply to the brain due to the rupture of a blood vessel (for review see 59). This type of stroke includes
both intracerebral hemorrhage (ICH) which is due
to bleeding within the brain and subarachnoid hemorrhage (SAH) which is due to bleeding in the
subarachnoid space. While the majority of strokes
are ischemic, ICH and SAH contribute to 10–15% of
all strokes and are more likely to cause serious disability or death than ischemic strokes [59]. There are
no good treatments for these types of strokes. More-

over, AD patients are at higher risk for hemorrhagic
but not ischemic strokes [60].
The potential beneficial effects of fisetin have been
studied in models of both ICH [61] and SAH [62].
To model ICH, collagenase, an enzyme that degrades
the basement membrane and interstitial collagen, was
injected into the striatum of mice. This results in
rapid bleeding thereby mimicking both the spontaneous intraparenchymal bleeding as well as its
expansion that is seen in human patients [63]. The
authors used old (20–22 months) mice in this study
because age is a significant risk factor for ICH [61].
Fisetin was administered by ip injection at doses
ranging from 10–90 mg/kg bw/day for 72 hr after the
induction of ICH by collagenase. Fisetin treatment
dose-dependently reduced the neurologic severity
score, brain edema and brain cell death observed in
this model at 72 hr post-ICH with the greatest effects
seen at 60 and 90 mg/kg bw. These results correlated with significant reductions in the brain levels
of pro-inflammatory cytokines and glial activation.
To model SAH, autologous whole blood was sterotaxically injected into the subarachnoid space of rats
[62]. Although this model of SAH does not fully
recapitulate the situation in humans, it is the most
widely used preclinical model of SAH and has translational relevance [64]. The rats were treated with 25
or 50 mg/kg bw of fisetin by ip injection 30 min after
the induction of SAH and then examined 24 and 72 hr
later [62]. Similar to the results in the ICH study, the
high dose of fisetin significantly reduced both neurological deficits and brain edema at both 24 and
72 hr post-SAH. Also similar to the ICH study, fisetin
reduced multiple markers of inflammation, including
toll-like receptor 4, nuclear p65, TNF-α and IL-1β, in
the cortex of the rats subjected to SAH. In addition,
fisetin almost completely prevented the SAH-induced
loss of ZO-1, a protein involved in the maintenance of
the blood brain barrier which is damaged in this type
of stroke. Thus, similar to ischemic stroke, fisetin has
beneficial effects in two distinct animal models of
hemorrhagic stroke suggesting that its actions in this
type of stroke are worth further investigation.
Fisetin and traumatic brain injury
Traumatic brain injury (TBI) is caused by a bump,
blow or jolt to the head or a penetrating head injury
that disrupts the normal functioning of the brain
[for reviews see 65, 66]. It is a growing cause of
both disability and death. Similar to stroke, TBI also
evolves in phases with the initial damage to axons

P. Maher / Fisetin and Neurological Diseases

and membranes eventually leading to an inflammatory response that causes further damage. Despite an
increasing understanding of the underlying physiological changes that occur during TBI, there are still
no good treatments.
There are multiple animal models of TBI including fluid percussive injury, controlled cortical impact
injury, weight drop impact acceleration injury and
blast injury and each has its advantages and disadvantages [66]. Fisetin was tested in the weight drop
impact acceleration injury model using mice [67].
This model results in the development of injuries
similar to those seen in motor vehicle or sports accidents [66]. The mice were injected ip with 25, 50
or 75 mg/kg bw fisetin 30 min after the induction of
TBI and then evaluated 1, 3 and 7 days later [67].
Fisetin dose dependently improved the neurological
score and motor function at 1 and 3 days and reduced
brain edema, blood brain barrier disruption and lesion
volume with 50 mg/kg bw showing the best effect.
These beneficial physiological effects correlated with
decreases in markers of oxidative stress and apoptosis and increases in the levels of nuclear Nrf2 as well
as Nrf2 target proteins in the brains. To further evaluate the role of Nrf2 in the protective effects of fisetin
against TBI, the same experiment was carried out in
Nrf2 knockout mice. Interestingly, while fisetin failed
to reduce markers of oxidative stress in the mice lacking Nrf2, it was still able to improve the neurological
score and reduce the lesion volume as well as the
markers of apoptosis. Thus, other targets of fisetin
appear to be critical for many of its beneficial effects
against TBI. However, given these promising results,
further exploration of fisetin in additional models of
TBI is clearly warranted.
Fisetin, memory and age-related changes in the
brain
Similar to other organs, brain function declines
with age. Human aging is associated with specific
memory deficits including delayed recall of verbal
information and declines in working memory, shortterm recall, processing speed and spatial memory [for
review see 68]. Although old age is not considered a
disease, a decline in brain function can significantly
impact the quality of life. In addition, age-related
changes in brain function contribute to the development and progression of many of the neurological
diseases/disorders described above.
In our first animal study with fisetin, we tested
its effects on memory in young adult mice (3 month
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old male C57BL/6J) using the object recognition test
[69]. In this test, during the training period, mice
are presented with two identical objects, which they
explore for a fixed time period. To test for long
term memory (LTM), the mice are presented one day
later with two different objects, one of which was
presented previously during the training and is thus
familiar to the mice; the other object is new to them.
The better the mice remember the familiar object, the
more time they will spend exploring the novel object.
To test the effects of fisetin in this memory task, it
was administered orally (5–25 mg kg bw) to the mice
before the start of the training period [70]. Rolipram,
administered by injection, was used as a positive control. In a dose dependent manner, fisetin significantly
increased the time the mice spent exploring the novel
object indicating a significant effect on LTM.
In order to understand the physiological mechanism underlying this effect of fisetin, we asked
whether fisetin could affect long-term potentiation
(LTP) in hippocampal slices from rat brains. LTP is an
in vitro assay that is considered to be a good model of
how memory is formed at the cellular level [71]. Furthermore, age-related changes in cognitive function
have been shown to correlate with impaired induction and maintenance of LTP [68]. Although fisetin
had no effect on basal synaptic responses in the CA1
area of rat hippocampal slices [70], it induced LTP in
slices exposed to a weak tetanic stimulus (15 pulses at
100 Hz) that by itself failed to induce LTP. The facilitation of the induction of LTP by fisetin was dose
dependent, with a maximal effect seen at 1 M and
it persisted for at least 60 min.
Importantly, these results with hippocampal slices
have recently been extended to in vivo studies in anesthetized rats [72]. Similar to the experiments with the
slices, oral administration of fisetin (10 & 25 mg/kg
bw) dose dependently facilitated the induction of LTP
in vivo. In contrast, structurally related flavonoids
including quercetin, myricetin and luteolin, did not
have a significant effect on the facilitation of LTP
when tested at the same doses [72].
More recently, the effects of fisetin on age-related
changes in the brain were tested in 24 month old rats
[73]. The animals were treated daily for 6 weeks with
15 mg/kg bw fisetin dissolved in 10% DMSO and
administered orally. Fisetin reduced brain markers
of oxidative stress, including lipid peroxidation, and
increased the levels of several antioxidant enzymes
relative to vehicle-treated old rats.
Consistent with these results, mice fed fisetin
(500 mg/kg food) from 85 weeks of age until death
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Table 1
Mechanisms of Action of Fisetin and their Potential Relevance to Neurological Diseases
Mechanism of Action

Potential Disease Relevance

Antioxidant and chelating activity
Maintenance of GSH
Neurotrophic factor signaling pathways
Anti-inflammatory activity
Modulation of protein aggregation and stability
Inhibition of oxytosis/ferroptosis
Modulation of gut microbiome
Senolytic activity

AD; PD; HD; ALS; stroke; TBI
AD; PD; stroke; TBI
AD; PD; HD; TBI
AD; PD; ALS; stroke; TBI
AD; PD; HD; ALS
AD; PD; HD; ALS; stroke; TBI
AD; PD; stroke; TBI
AD; PD; ALS

showed significantly lower levels of age-related indicators of brain pathology as compared with mice fed
a control diet [74] and this correlated with a significant increase in lifespan. Thus, fisetin may not only
reduce the impact of neurological diseases/disorders
themselves but also improve the overall environment
in the brain so that these diseases/disorders are less
likely to develop.
FISETIN MECHANISMS OF ACTION
(TABLE 1)
Several reviews have highlighted many of the
mechanisms by which fisetin may act to protect
cells from various insults [16, 75–77]. These include
fisetin’s antioxidant and transition metal chelating
activity, indirect anti-oxidant activity via induction
of the transcription factor Nrf2, anti-inflammatory
activity, neurotrophic activity as well as its ability
to modulate protein aggregation and stability. Thus,
because these mechanisms have already been well
covered in previous reviews, this review will focus
on several other mechanisms through which fisetin
may act in vivo that have received less attention but
are likely to play critical roles in the beneficial effects
of fisetin and deserve more investigation in the future.
Inhibition of oxytosis/ferroptosis
This type of regulated cell death was first described
as being a form of oxidative stress-induced cell death
that was initiated by the depletion of the major
intracellular antioxidant glutathione (GSH) [10]. A
reduction in GSH is seen in the aging brain and is
accelerated in many neurological disorders/diseases
[78]. Importantly, GSH loss in the brain is associated
with impairments in cognitive function [78–80]. The
depletion of GSH from cells leads to mitochondrial
reactive oxygen species production, lipoxygenase
activation, lipid peroxidation and calcium influx
which initiates a form of cell death with features

of both apoptosis and necrosis called oxytosis [10].
All of these changes are implicated in the nerve cell
damage and death seen in neurological diseases [81].
Oxytosis appears to be very similar, if not identical, to
another, recently described, form of cell death called
ferroptosis [11]. We have found that most, if not all,
compounds that inhibit oxytosis also inhibit ferroptosis [12] while the ferroptosis inhibitor ferrostatin-1
can also inhibit oxytosis [82]. This is of relevance
because oxytosis/ferroptosis has been implicated in a
number of pathological processes including neurodegenerative diseases [10, 12, 83, 84] and ICH [85].
Importantly, oxytosis/ferroptosis appears to be a process that can manifest itself over a lengthy time period
before cells die, thereby offering a window for therapeutic intervention. Fisetin was first identified as a
compound that could inhibit oxytosis in a nerve cell
line [9] both through its ability to maintain GSH levels under conditions of stress and its ability to directly
quench reactive oxygen species. Thus, at least some
of the beneficial effects of fisetin seen in the context of neurological diseases are likely to be via its
inhibition of oxytosis/ferroptosis.
Modulation of the gut microbiome
The gut microbiome has come under increasing
attention as a potential contributor to multiple human
diseases including some neurological disorders [86].
There is strong evidence that the gut microbiota
is important for normal brain development and the
maintenance of brain function. Thus, it is perhaps not
surprising that animal and a few human studies have
provided data suggesting that dysregulation of the gut
microbiota contributes to PD, AD and the susceptibility to stroke and TBI [86]. However, since it is still
not clear exactly what constitutes a healthy gut microbiota, how it can be altered to improve outcomes will
require a great deal more study.
Most studies on the gut microbiome use DNA
analysis of fecal material. However, evidence for
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changes in the gut microbiota can also be obtained
from plasma metabolomic studies as some metabolites found in the plasma can only be made by bacteria
[87, 88]. We analyzed the effects of fisetin on the
plasma metabolome of 10 month old age-accelerated
SAMP8 mice, an age where the mice show significant
levels of cognitive dysfunction, following 7 months
of fisetin treatment in the diet (500 mg/kg diet) [29].
Although fisetin only altered 11 metabolites relative
to untreated 10 month old SAMP8 mice, most of these
changes resulted in a prevention of the changes that
occurred with aging in these mice [29]. Interestingly,
27% of these metabolites (4-hydroxyphenylacetate,
indoleacetate and taurourso deoxycholate) are mainly
derived from the gut microbiome [87, 88] suggesting
that some of the beneficial effects of fisetin may be
mediated by alterations to the gut microbiota.
More direct evidence for an effect of fisetin on the
gut microbiome was obtained in a recent study on
fisetin in a model of premature ovarian failure (POF)
in mice [89]. POF was induced chemically over 4
weeks in the absence or presence of fisetin (100 ng/kg
bw, ip). Analysis of fecal samples at the end of the
study found that fisetin significantly altered the distribution and diversity of the gut microbiome in POF
mice as well as the metabolic pathways associated
with the microbiome. These results correlated with
a significant improvement in markers of POF and
a reduction in inflammatory markers in the blood.
Clearly, the effects of fisetin on the microbiome is an
area of research that deserves further attention.

Senolytic activity
Cellular senescence is caused by the stable arrest
of the cell cycle and results in an altered cellular phenotype (for reviews see 90, 91, 92). Acute senescence
plays an important role during development and in tissue repair while chronic senescence is associated not
only with a failure of the arrested cell to perform its
normal functions but also an increase in both local and
systemic inflammation. Chronically senescent cells
normally increase during aging and even higher numbers have been found in a large number of age-related
diseases [90, 91] including some neurological disorders such as AD, PD and ALS [92]. Studies have
shown that the removal of senescent cells can be beneficial in the context of both aging and disease [92–94].
Compounds that can selectively eliminate senescent
cells are termed senolytics [91] and there is evidence
that fisetin is one of these compounds.
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A study published several years ago [95] showed
that fisetin was much more effective at killing senescent as compared to proliferating human umbilical
vein endothelial (HUVEC) cells. In contrast, fisetin
was equally toxic to senescent and proliferating
human preadipocytes.
These studies were subsequently extended to other
cell lines as well as mouse models of senescence [74].
Using a progeroid mouse model carrying a luciferase
tagged version of p16INK4a , a marker for senescent
cells, fisetin treatment in food (500 mg/kg diet) for
10 weeks beginning at 10 weeks of age not only
reduced p16INK4a expression but also other markers of senescence as well as markers of inflammation
and oxidative stress in multiple tissues. Interestingly,
fisetin did not need to be continuously fed to the animals to suppress markers of senescence consistent
with a senolytic mode of action which would result
in the elimination of senescent cells.
CONCLUSIONS AND OUTLOOK
There are few effective treatments for neurological
disorders in general and no effective treatments
for age-dependent neurodegenerative diseases. To
address this major public health crisis, one or more
effective drugs are required. Based on the evidence
highlighted in this review, it seems time that fisetin,
either alone or in combination with other compounds,
is taken seriously as a possible treatment for neurological diseases/disorders (Fig. 2). Fisetin is already
being tested in several short-term clinical trials
for effects on senescence-related musculo-skeletal
and kidney disorders (https://clinicaltrials.gov/ct2/
results?cond=&term=fisetin&cntry=&state=%city=
&dist=). Moreover, as described in this review, it

Fig. 2.
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has recently been tested in China in a double blind,
randomized, placebo controlled clinical trial as an
adjuvant to rtPA therapy for ischemic stroke where
it significantly improved the therapeutic outcome
relative to rtPA alone at longer treatment times [58].
However, it is not currently being directly tested for
the treatment of any neurological disorder/disease
in the US. While it is clear that the companies that
have the funds to carry out clinical trials do not see
a financial benefit to testing fisetin due to multiple
factors including a lack of patent protection [96],
alternative approaches to financing need to be tried
to determine if fisetin could be useful to treat these
intractable health problems.
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