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Abstract: Fisetin (3,3′,4′,7-tetrahydroxyflavone), a flavonoid abundant in various fruits and vegeta-
bles, including apple, strawberry, and onion, shows several beneficial effects such as anti-oxidant,
anti-inflammatory, and anti-tumor effects. The free radical theory of aging suggests that age-related
accumulation of oxidative damage is the major cause of aging and that decreasing cellular oxidative
stress can regulate aging. Here, we investigated the effects of dietary supplementation with fisetin
on the stress response, aging, and age-related diseases. Fisetin reduced the cellular ROS levels and
increased the resistance to oxidative stress. However, the response to UV irradiation was not affected
by fisetin. Both the mean and maximum lifespans were significantly extended by fisetin; lifespan
extension by fisetin was accompanied by reduced fertility as a trade-off. Age-related decline in motil-
ity was also delayed by supplementation with fisetin. Amyloid beta-induced toxicity was markedly
decreased by fisetin, which required DAF-16 and SKN-1. Reduced motility induced by a high-glucose
diet was completely recovered by supplementation with fisetin, which was dependent on SKN-1.
Using a Parkinson’s disease model, we showed that degeneration of dopaminergic neurons was
significantly inhibited by treatment with fisetin. Genetic analysis revealed that lifespan extension
by fisetin was mediated by DAF-16-induced stress response and autophagy. These findings support
the free radical theory of aging and suggest that fisetin can be a strong candidate for use in novel
anti-aging anti-oxidant nutraceuticals.

Keywords: fisetin; oxidative stress; lifespan; age-related diseases; DAF-16; autophagy

1. Introduction

Reactive oxygen species (ROS) including superoxide anion (O2
−), hydrogen peroxide

(H2O2), and hydroxyl radical (OH·) are generated as byproducts of aerobic metabolism.
The major site of cellular ROS production is the mitochondria through its electron transport
chain reaction [1]. Due to their inherent reactivity, ROS can cause oxidative damage in
cells [1]. Cells have evolved an anti-oxidant defense system to eliminate harmful ROS.
The enzymatic defense system is composed of anti-oxidant enzymes, such as catalase
(CAT), superoxide dismutase (SOD), and glutathione peroxidase (GPx). ROS can also
be scavenged by anti-oxidant molecules, such as vitamin E, vitamin C, and glutathione.
However, excess ROS can overcome the cellular anti-oxidant defense system and cause
oxidative damage to cellular macromolecules including DNA, proteins, and lipids. The
accumulation of oxidative damage can lead to the impairment of pivotal functions within
cells. Such accumulation has been suggested to be associated with the pathophysiology of
diverse diseases and aging of an organism [1,2]. The free radical theory of aging suggests
that ROS-induced oxidative damage is a major cause of aging [3]. Tissues in aged animals
exhibit higher levels of cellular ROS and oxidative damages compared to those in young
animals. The rate of ROS generation is inversely correlated with species’ maximum lifespan
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in mammals [4]. However, genetically manipulating anti-oxidant enzymes has failed to
show consistent results to support the free radical theory of aging. Genetic knockout of CAT
or SOD can reduce the resistance to oxidative stress and lifespan. However, over-expression
of these genes could not induce lifespan extension in Caenorhabditis elegans [5]. Transgenic
mice expressing extra copies of anti-oxidant genes including CAT, SOD, and GPx did
not show a longevity phenotype, while knocking out of these genes showed decreased
lifespans [6]. Interestingly, simultaneous over-expression of CAT and SOD significantly
increased the lifespan of Drosophila melanogaster only for short-lived strains [7].

Accumulation of ROS due to age-related functional decline in mitochondria is more
pronounced in energy-consuming tissues such as the skeletal muscles, heart, and brain [8].
The age-related increase in ROS plays an essential role in the apoptosis of myocytes in
the aged heart and development of cardiovascular diseases including atherosclerosis [9].
Emerging evidence suggests that ROS-induced oxidative damage contributes to brain
aging. Neuronal and glial cell death is an important cause of brain aging. It is promoted
by high levels of ROS in the aged brain [10]. Elevated ROS is also correlated with an age-
related increase in neuroinflammation, which can lead to neurodegeneration [10]. Previous
studies have suggested that ROS is one of the primary causative factors of many age-
related diseases including cancers and neurodegenerative diseases. ROS-induced oxidative
damages in DNA, such as mutations, strand breakage, and cross-linking, are involved
in cancer initiation and development [11]. Survival of cancer cells is enhanced by ROS
through MAPK/ERT1/2, JNK, and PI3K/Akt signaling pathways [12]. In addition, ROS
can activate tumor metastasis by inducing the transition of epithelial cells to mesenchymal
cells and expression of matrix metalloproteinases [13]. Mutations in gene-encoding SOD
can cause approximately 10% of familial amyotrophic lateral sclerosis (ALS), the most
common type of motor neuron disease. Increased ROS-induced oxidative damage in
cellular macromolecules has been reported in ALS patients [14].

Based on the free radical theory of aging, people have searched for bioactive com-
pounds that can retard age-related changes, extend the lifespan, and prevent age-related
diseases. The utmost attention has been given to phytochemicals, secondary metabolites
produced by various plants for the protection against environmental stresses, infections,
and pollutants. Bioactivities of phytochemicals include anti-oxidant, anti-inflammatory,
and anti-aging activities [15]. Supplementation with several phytochemicals is also benefi-
cial for age-related diseases, such as cancer, cardiovascular diseases, and neurodegenerative
diseases [15]. Direct ROS scavenging activities have been found in kaempherol and lu-
teolin [16]. Dietary intake of epicatechin or curcumin can increase SOD activity [17,18].
Resveratrol, a phytochemical found in red wine, has shown lifespan-extending effects in
yeast, nematodes, and fruit flies. It also shows protective effects against cancer, Alzheimer’s
disease (AD), and diabetes mellitus (DM) [19–22]. Dietary supplementation with quercetin,
a flavonoid abundant in grapes, blueberries, and broccoli, showed a strong ROS scaveng-
ing activity and increased the lifespan of C. elegans [23]. Phytochemicals extracted from
Dioscorea alata L. were shown to be able to extend the lifespan and reduce the accumulation
of α-synuclein in a Parkinson’s disease (PD) model [24].

Fisetin (3,3′,4′,7-tetrahydroxyflavone) is a phytochemical synthesized in various fruits
and vegetables and belongs to flavonoids. Flavonoids are composed of a fifteen-carbon
skeleton with two benzene rings connected by a pyrane ring [25]. Among various bioactivi-
ties of flavonoids, the best described is their anti-oxidant activity, which is dependent on
the number and configuration of hydroxyl groups [26]. Like other flavonoids, fisetin shows
anti-oxidant, anti-viral, anti-bacterial, and anti-inflammatory activities [25]. A recent study
revealed that fisetin demonstrates an anti-diabetic effect through its α-glucosidase inhibitor
activity [27]. Fisetin can significantly reduce age-related accumulation of lipid peroxidation
and protein oxidation [28]. In rats, cellular ROS levels are decreased, while the expression
of anti-oxidant enzymes CAT and SOD is increased by fisetin [28]. The anti-carcinogenic
activity of fisetin has also been reported through in vitro and in vivo studies. The growth
of human lung cancer cells is inhibited by treatment with fisetin [29]. Fisetin can repress
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the proliferation and migration of human oral squamous cell carcinoma and inhibit tumor
growth [30]. In aged tissues, fisetin can induce apoptosis specifically in senescent cells and
reduce the level of cellular oxidative damage [31,32]. Fisetin was the most potent inhibitor
for cellular senescence among ten flavonoids, including rutin, quercetin, myricetin, and so
on [33]. Both of the flavonoids fisetin and kaempferol increased the resistance to oxidative
stress, but only kaempferol reduced the accumulation of lipofuscin in C. elegans [34]. Di-
etary supplementation with fisetin in old mice can significantly increase both the mean and
maximum lifespan [33]. Fisetin also shows beneficial effects on neurodegenerative diseases
via its neuroprotective activity. Administration of fisetin can restore cognitive and memory
impairments caused by D-galactose [35].

In the present study, we aimed to investigate anti-oxidant and anti-aging activities of
fisetin and determine protective effects against age-related diseases using C. elegans as a
model system. We also intended to identify underlying cellular mechanisms involved in
bioactivities of fisetin. Survival after oxidative stress or ultraviolet (UV) irradiation was
compared between untreated control and fisetin-treated groups. The effects of fisetin on
lifespan, fertility, and locomotive activity were determined. Using genetic or nutritional
models of age-related diseases, we studied the preventive effects of fisetin on AD, DM, and
PD. Underlying mechanisms involved in lifespan extension were identified using genetic
mutants and genetic knockout of age-related genes.

2. Results
2.1. Fisetin Shows Radical-Scavenging Activity and Reduces Cellular ROS Levels

To determine the radical-scavenging activity, the percent inhibition of DPPH radical
was measured with different concentrations of fisetin. There was a dose-dependent increase
in the radical-scavenging activity of fisetin (Figure 1A). The percent inhibition of DPPH
radical was only 11.1 ± 0.52% for 0.001 g/L of fisetin. However, the inhibition effect was
increased to 76.9 ± 0.37% for 0.1 g/L of fisetin and 89.0 ± 0.57% for 2 g/L of fisetin. In
addition to in vitro radical-scavenging activity, we examined the effect of fisetin on cellular
ROS levels in vivo. ROS levels were significantly decreased in fisetin-treated animals than
in the untreated control. At all time-points after incubation, the fluorescence intensity
resulting from cellular ROS was reduced significantly by dietary supplementation with
fisetin. After 1 h of incubation, the percentage of relative fluorescence was 66.9 ± 6.02%
in fisetin-treated worms, which was significantly decreased compared to that in the un-
treated control (100 ± 14.8%, p = 0.048). The percentages of relative fluorescence of the
untreated control were 151.1 ± 33.3% and 264.2 ± 37.0% after 2 h and 3 h of incubation,
respectively. Supplementation with fisetin decreased the percentage of relative fluorescence
to 49.5 ± 8.98% (p = 0.006) and 149.1 ± 22.4% (p = 0.013) after 2 h and 3 h of incubation,
respectively (Figure 1B).

2.2. Fisetin Increases Resistance to Oxidative Stress

Having observed radical-scavenging activity and reduced cellular ROS, we asked
whether fisetin could affect resistance to oxidative stress. The survival of worms under
oxidative stress was significantly increased after supplementation with 0.1 g/L of fisetin
(Figure 1C). The percent survival after the induction of oxidative stress was not changed
with 0.01 g/L of fisetin compared to that in the untreated control: 87.8 ± 2.22% in the
untreated control and 87.8 ± 8.89% in worms treated with 0.01 g/L of fisetin. However, a
significant increase in percent survival was observed with 0.1 g/L of fisetin (96.7 ± 0.00%,
p = 0.016). Interestingly, a higher concentration of fisetin (1 g/L) decreased the survival
rate under oxidative stress (40.0 ± 12.62%, p = 0.020). The response to another environ-
mental stressor, UV irradiation, was not affected by dietary supplementation with fisetin
(Figure 1D). Survival curves of untreated control and fisetin-treated worms were not signif-
icantly different. Based on these results of the response to oxidative stress, we decided to
use 0.1 g/L of fisetin, which is 349.36 µM of fisetin, for the following experiments.
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Figure 1. Effects of fisetin on oxidative stress and UV irradiation. (A) Radical-scavenging activities 
were measured with different concentrations of fisetin in vitro. (B) Cellular ROS levels in 7-day-old 
worms were compared between untreated control and fisetin-treated group. (C) Age-synchronized 
worms (n = 30) pre-treated with different concentrations of fisetin were incubated with H2O2 to in-
duce oxidative stress for 6 h. Survival of worms was then compared to that of untreated control. (D) 
Effect of fisetin on response to UV irradiation was measured by recording daily survival rate after 
UV irradiation (n = 60). Error bar indicates standard error. *, significantly different compared to 
untreated control (p < 0.05). DPPH, 2,2-diphenyl-1-picrylhydrazyl; UV, ultraviolet. 
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Figure 1. Effects of fisetin on oxidative stress and UV irradiation. (A) Radical-scavenging activities
were measured with different concentrations of fisetin in vitro. (B) Cellular ROS levels in 7-day-old
worms were compared between untreated control and fisetin-treated group. (C) Age-synchronized
worms (n = 30) pre-treated with different concentrations of fisetin were incubated with H2O2 to
induce oxidative stress for 6 h. Survival of worms was then compared to that of untreated control.
(D) Effect of fisetin on response to UV irradiation was measured by recording daily survival rate
after UV irradiation (n = 60). Error bar indicates standard error. *, significantly different compared to
untreated control (p < 0.05). DPPH, 2,2-diphenyl-1-picrylhydrazyl; UV, ultraviolet.

2.3. Fisetin Extends Lifespan of C. elegans and Reduces Fertility

To determine the effect of supplementation with fisetin on aging, we first compared the
lifespan of worms treated with or without 0.1 g/L of fisetin. Both the mean and maximum
lifespans were significantly increased by dietary supplementation with fisetin. The mean
lifespan was increased from 20.4 d for untreated control to 22.4 d for fisetin-treated animals
(p = 0.001). The maximum lifespans were 27 and 29 d for untreated control and fisetin-
treated animals, respectively (Figure 2A). Independent repeated experiments also showed
a significant increase in lifespan by fisetin (Table S1). The disposable soma theory suggests
that there is an allocation of limited cellular resources during the aging process and that
many lifespan-extending interventions can reduce reproduction as a trade-off for longevity.
A fisetin-induced long lifespan was also accompanied by reduced fertility. The average total
number of progenies produced during a gravid period was 293.8 ± 9.14 in the untreated
control. However, the number was decreased to 227.3 ± 5.55 after supplementation with
fisetin (p < 0.001) (Figure 2B). The time-course distribution of progeny numbers throughout
the reproductive period also showed significant decreases in the number of progenies
produced in the fisetin-treated group compared to that of the untreated control. Three-day-
old untreated worms produced 131.7 ± 2.27 progenies, while 82.5 ± 4.72 progenies were
produced by fisetin-treated worms at the same age (p < 0.001). The number of progenies
hatched from 4-day-old mothers was reduced from 108.5 ± 5.90 in the untreated control to
76.5 ± 3.52 in the fisetin-treated group (p < 0.001) (Figure 2C).
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Figure 2. Effects of fisetin on lifespan, fertility, and age-related decline in motility. (A) Sixty age-
synchronized worms were treated with or without fisetin throughout the whole lifespan. Survival
curves of untreated control and fisetin-treated group were compared using the log-rank test. (B) Total
number of progenies produced during a gravid period was counted (n = 12). (C) Time-course
distribution of progeny number was monitored from 2 d after hatching until no progeny was
produced. (D) Locomotive activity of each worm was classified according to response to mechanical
stimuli: phase 1, a spontaneous locomotion without stimuli; phase 2, a whole-body locomotion only
with stimuli; and phase 3, a head-only movement with stimuli. Error bar indicates standard error.
C, untreated control; FT, 0.1 g/L of fisetin; *, significantly different compared to untreated control
(p < 0.05).

2.4. Age-Related Decline of Locomotive Activity Is Delayed by Fisetin

Next, we examined the effect of fisetin on muscle aging characterized as sarcopenia,
atrophy, and reduced motility [36]. The locomotive activity of each worm was classified
into three phases as previously mentioned. The relative percent distribution of each phase
was determined from young to old animals. As shown in Figure 2D, the locomotive activity
reduced with aging. However, supplementation with fisetin retarded such age-related
change in locomotive activity. There was no significant difference in locomotive activity
between the untreated control and fisetin-treated group for young, 5- and 10-day-old,
animals. However, the percentage of worms showing spontaneous locomotive activity
without any stimuli, phase 1, was higher in the fisetin-treated group of old worms than
that in the untreated control. In 15-day-old worms, 68.9% of worms showed phase 1 in the
untreated control, while 80.0% of worms were classified as phase 1 in the fisetin-treated
group. The percentage of worms categorized as phase 1 also increased in 20-day-old
animals after supplementation with fisetin: 64.9% in the untreated control and 75.4% the in
fisetin-treated group (Figure 2D).

2.5. Fisetin Delays Paralysis Induced by Aβ, Which Requires DAF-16 and SKN-1

The effect of fisetin on AD was determined using a genetic disease model of AD.
CL4176 strain expresses human Aβ transgene in muscles, which can lead to paralysis in
C. elegans [37]. Dietary supplementation with fisetin significantly delayed paralysis caused
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by Aβ induction. To quantitatively determine the effect of fisetin on Aβ-induced paralysis,
we compared the time in which 50% of worms were paralyzed between untreated and
fisetin-treated groups. In the untreated control, the time in which 50% of worms were
paralyzed was 6.3 h after the induction of Aβ transgene. However, it was extended up to
11.7 h for worms pre-treated with fisetin (p < 0.001) (Figure 3A). Genetic knockdown of
stress-regulating transcription factors daf-16 and skn-1 completely abolished the inhibitory
effect of fisetin on paralysis. There was a significant increase in time when 50% of worms
were paralyzed by fisetin in control treated with empty vector (EV): from 4.9 h to 7.5 h
(52.9% increase, p < 0.001). On the contrary, fisetin failed to delay Aβ-induced paralysis
in worms in which the expression of daf-16 was blocked. The time needed for 50% of
worms to be paralyzed was 5.2 h for the untreated control and 5.6 h for the fisetin-treated
group (p = 0.448). Knockdown of skn-1 also eliminated the positive impact of fisetin on
Aβ-induced toxicity. The time in which 50% of worms were paralyzed was not significantly
different between the untreated control and fisetin-treated group (5.1 h and 4.7 h, respec-
tively, p = 0.426) (Figure 3B). Independent replicative experiments showed similar results.
There was a significant preventive effect of fisetin on toxicity in EV control. However, there
was no change in Aβ-induced paralysis of worms whose expression of daf-16 or skn-1 was
blocked (Table S2).
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Figure 3. Amelioration of Aβ- and HGD-induced toxicity by fisetin. (A) The percentage of paralyzed
worms by Aβ-induced toxicity was monitored every hour after Aβ induction in muscle tissues
(n = 60). (B) Effect of daf-16 or skn-1 knockdown on inhibitory activity of fisetin against Aβ-induced
paralysis was measured using RNAi. (C) Survival curves of animals were compared among untreated
control, HGD-treated group, and HGD and fistein-treated group to evaluate the effect of fisetin on DM
(n = 60). (D) Role of fisetin on HGD-induced toxicity was examined in worms fed with EV or skn-1
RNAi clone. Statistical analysis of survival curves was performed usig the log-rank test. Aβ, amyloid
beta; FT, 0.1 g/L of fisetin; EV, empty vector; RNAi, RNA interference; HGD, high-glucose diet.

2.6. Reduced Survival by High-Glucose Diet (HGD) Is Recovered by Fisetin through SKN-1

HGD is widely used as a nutritional model of DM in C. elegans [38]. As shown in
Figure 3C, worms fed with HGD exhibited significantly increased mortality. The mean
lifespan was 23.4 d for untreated control and 19.4 d for worms treated with HGD (p < 0.001).
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The decreased survival due to HGD was markedly recovered by dietary supplementation
with fisetin. The mean lifespan of worms treated with HGD and fisetin simultaneously
was 23.8 d, which was a significant increase compared to that of HGD-only-treated group
(p < 0.001) (Figure 3C). A previous study has revealed that SKN-1 is involved in HGD-
induced toxicity in C. elegans [39]. The preventive effect of fisetin on HGD-induced toxicity
disappeared with genetic knockdown of skn-1. In EV-treated control, the mean lifespan
was decreased from 18.8 d without any supplementation to 12.9 d with HGD (p < 0.001).
Simultaneous treatment with HGD and FT recovered the mean lifespan up to 18.3 d
(p < 0.001 in comparison with HGD only). However, the decreased mean lifespan by HGD
did not revert to normal after treatment with fisetin when the expression of skn-1 was
repressed. The mean lifespans were 18.3 d, 13.1 d, and 14.6 d in the untreated control,
HGD-treated group, and both HGD and fisetin-treated group, respectively (Figure 3D). The
results obtained with repeated experiments are shown in Table S3.

2.7. Fisetin Prevents Degeneration of Dopaminergic Neurons

To examine the effect of fisetin on PD, a BZ555 strain expressing GFP specifically in
dopaminergic neurons was employed. Degeneration of dopaminergic neurons was ob-
served in worms treated with 6-hydroxydopamine (6-OHDA). L-3,4-dihydroxyphenylalanie
(L-DOPA) restored dopaminergic neurons as expected. Surprisingly, supplementation with
fisetin also showed a preventive effect on dopaminergic degeneration. The effect of fisetin
was similar to that of L-DOPA (Figure 4A). Quantification of fluorescence revealed that the
relative percent fluorescence was decreased from 100.0 ± 3.27% in the untreated control to
65.4 ± 2.96% in the group treated by 6-OHDA (p < 0.001). It was restored to 89.4 ± 4.91%
when L-DOPA and 6-OHDA were used in treatment simultaneously (p < 0.001 compared
with 6-OHDA-treated group). The relative percent fluorescence was 87.4 ± 3.36% in worms
treated with both 6-OHDA and fisetin, which was significantly different from that in 6-
OHDA-treated group (p < 0.001) but not significantly different from that in L-DOPA-treated
group (p = 0.736) (Figure 4B). All three repeated experiments showed reproducible results
for effects of 6-OHDA, L-DOPA, and fisetin on the degeneration of dopaminergic neurons
(Table S4).
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Figure 4. Recovery of degeneration in dopaminergic neurons by fisetin. (A) Expression of GFP
in dopaminergic neurons was shown in untreated control. Experimental groups were treated
with different combinations of 6-OHDA, L-DOPA, and fisetin. (B) Fluorescence observed in each
group was quantified using Image J program and relative percent fluorescence was compared to
untreated control. Error bar indicates standard error. 6-OHDA, 6-hydroxydopamine; L-DOPA,
L-3,4-dihydroxyphenylalanine; FT, 0.1 g/L of fisetin; *, significantly different compared to untreated
control (p < 0.05); **, significantly different compared to 6-OHDA-treated group (p < 0.05).
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2.8. DAF-16-Induced Response and Autophagy Are Involved in Lifespan Extension by Fisetin

In order to elucidate the underlying mechanisms involved in fisetin-induced longevity,
the effect of fisetin on lifespan of long-lived mutants was examined. The long lifespan of
age-1 due to reduced insulin/IGF-1-like signaling was not affected by supplementation
with fisetin (Figure 5A). There was no additional lifespan extension by fisetin in clk-1
mutants in which lifespan was extended by decreased mitochondrial electron transport
chain reaction with less production of ROS as a result (Figure 5B). Dietary supplementation
with fisetin failed to further increase the lifespan of eat-2, a genetic model of dietary
restriction (DR) (Figure 5C). These findings indicate that lifespan-extending mechanisms
of fisetin overlap with all three cellular pathways known to confer longevity phenotype
in C. elegans. They suggest that common longevity-assuring mechanisms are involved in
lifespan extension by fisetin. We determined the role of the anti-oxidant response and
autophagy in fisetin-induced longevity. Knockdown of daf-16, a FOXO transcription factor
regulating the expression of anti-oxidant genes, abolished the effect of fisetin on the lifespan.
No significant change in lifespan by fisetin was detected when the expression of daf-16
was inhibited. The mean lifespans were 12.3 d and 12.0 d in the untreated control and
fisetin-treated group, respectively (p = 0.746). The lifespan-extending effect of fisetin also
disappeared when the expression of bec-1, one of the major autophagic genes in C. elegans,
was repressed. The mean lifespans of untreated control (18.8 d) and fisetin-treated group
(17.5 d) were not statistically different in worms fed with bec-1 RNAi clone (p = 0.155)
(Figure 5D and Table S5). The expression levels of downstream targets of DAF-16, ctl-1, sod-
3, and gst-4 were induced in worms supplemented with fisetin. Compared to the untreated
control, worms supplemented with fisetin showed a 1.6-fold increase in the expression
of ctl-1 (p = 0.025), a 2.0-fold increase in sod-3 (p = 0.016), and a 2.0-fold increase in gst-4
(p = 0.084). Although the mRNA level of bec-1 was not altered by fisetin, the expression of
another autophagic gene, lgg-1, was significantly increased by the supplementation with
fisetin, showing a 1.5-fold increase in the fisetin-treated group compared to that in the
untreated control (p = 0.043) (Figure 6).
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long lifespans of age-1 (A), clk-1 (B), and eat-2 (C) were examined with sixty age-synchronized worms.
(D) Survival curves of worms with or without fisetin were compared when the expression of daf-16
or bec-1 was repressed. Genetic knockdown of daf-16 and bec-1 was performed using RNAi clones.
The log-rank test was employed for statistical analysis of survival curves. FT, 0.1 g/L of fisetin; RNAi,
RNA interference.
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Figure 6. Quantitative RT-PCR of genes modulating anti-oxidant response and autophagy. Total RNA
was extracted from 9-day-old worms and used for quantitative RT-PCR. Relative percent expression
of each gene in fisetin-treated worms was calculated comparing to the expression of the same gene in
untreated control (100%). Error bar indicates standard error. *, p < 0.05 compared with control; FT,
0.1 g/L of fisetin.

3. Discussion

The free radical theory of aging suggests that increased ROS in aged tissues is one
of the major causal factors of aging. Interventions that can reduce cellular ROS might
retard the aging process. Dietary supplementation with anti-oxidants such as resveratrol
and vitamin E conferred a longevity phenotype in model organisms [19,21,22,40]. DR is
the most promising nutritional intervention showing anti-aging and lifespan-extending
activities [41]; DR reduced cellular oxidative damages caused by ROS [41]. In the present
study, we showed that fisetin could work as a strong anti-oxidant both in vitro and in vivo
by reducing cellular ROS levels. Almost every flavonoid, including fisetin, quercetin, and
kaempferol, has anti-oxidant activity. The number and position of hydroxyl groups in
flavonoids affects anti-oxidant activity [26]. Determination of anti-oxidant activity with
standard oxidizer revealed the anti-oxidant hierarchy: morin > kaempferol/quercetin >
fisetin > apigenin > luteolin > catechin > chrysin [42]. Supplementation with fisetin also
significantly increased both the mean and maximum lifespans of C. elegans, supporting
the free radical theory of aging. The longer lifespan caused by fisetin was accompanied by
reduced fertility as a possible trade-off for longevity. Previous studies have also reported
that long-lived animals treated with resveratrol exhibit reduced fertility [43]. The long-
lived age-1 mutants produced reduced numbers of progenies [44]. These findings can be
explained by the disposable soma theory of aging, which hypothesizes that there should be
a recompense of limited cellular resources for lifespan extension. Age-related decline in
motility was delayed in animals supplemented with fisetin. Increased ROS generation has
been proposed as a main driver of sarcopenia, a loss of muscle mass with aging [45]. The
contractile function of skeletal muscle was also modulated by ROS [45]. Taken together,
our findings suggest that fisetin can confer anti-oxidant and anti-aging effects in C. elegans,
possibly by reducing cellular ROS.
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Oxidative damage caused by ROS is believed to be one of the major causes of age-
related diseases. Elevated oxidative damage and a decreased anti-oxidant defense system
were observed in AD patients [10]. Decreased glutathione and increased oxidative damage
in DNA, proteins, and lipids have been observed in the substantia nigra of patients with
PD [46,47]. We observed a significant reduction in paralysis induced by human Aβ trans-
gene in the AD model and a complete recovery of reduced survival by HGD in the DM
model by supplementation with fisetin. Preventive effects of fisetin on the degeneration of
dopaminergic neurons were also shown in our PD model. Previous studies have identified
beneficial effects of fisetin on neuro-degenerative diseases. In an AD model, fisetin re-
duced the formation of Aβ plaque and tau-mediated neurofibrillary tangles and enhanced
memory [48–50]. Fisetin decreased α-synuclein aggregation and inhibited dopaminer-
gic neurodegeneration in a mouse model of PD [51]. A recent study has revealed that
phlorizin, an anti-oxidant phytochemical distributed in many plants, can inhibit Aβ- and
HGD-induced toxicity and prevent dopaminergic degeneration in C. elegans [52]. DAF-16
and SKN-1 are transcription factors that can modulate the response to oxidative stress.
FOXO3, a human homologue of DAF-16, mediates oxidative stress, energy metabolism, and
autophagy [53]. Genetic variation in FOXO3 is associated with the longevity phenotype in
diverse human populations [54]. NRF-2, a mammalian homologue of SKN-1, regulates the
response to oxidative stress and shows protective roles in cancer and neurodegenerative
diseases [53]. DAF-16 and SKN-1 are required for preventive effects of phytochemicals on
age-related diseases. Delayed paralysis by Aβ observed in phlorizin-treated animals is
dependent on both DAF-16 and SKN-1 [52]. However, the inhibition of Aβ aggregation by
otophylloside B requires only DAF-16, while reduced Aβ-induced toxicity by rose essential
oil is mediated only by SKN-1 [55,56]. The protective effect of fisetin in the AD model
shown in this study also required both DAF-16 and SKN-1. SKN-1 was identified as an
intracellular regulator that mediates decreased survival under HGD [39]. We found that the
inhibition of skn-1 expression abolished the recovery effect of fisetin on HGD-induced toxi-
city. These findings suggest that fisetin can confer beneficial effects on age-related diseases
possibly by modulating the response to oxidative stress. Despite various pharmacological
activities, fisetin has not been used for therapeutic applications due to its low aqueous
solubility (10.45 µg/mL) and bioavailability (44%) [25]. However, recent attempts to en-
hance the solubility and bioavailability using polymeric nanoparticles showed promising
results in breast cancer cells and a PD model [57,58]. Recently, a clinical trial for the effect
of dietary supplementation with fisetin on frail elderly syndrome was conducted in older
postmenopausal women by Mayo Clinic, ClinicalTrials.gov Identifier: NCT03675724. On
the market, dietary supplements containing 8 to 500 mg of fisetin per capsule are advertised
for anti-aging and anti-inflammatory effects.

Several cellular mechanisms conferring the longevity phenotype have been identified
in C. elegans. Reduced insulin/IGF-1-like signaling by mutations in daf-2 or age-1 can
increase the lifespan via DAF-16 [59]. Mutations in genes involved in mitochondrial
electron transport chain reaction, such as clk-1 and isp-1, can extend the lifespan due
to decreased ROS production [60,61]. Congenital dysfunction in pharyngeal pumping
can lead to the DR condition and prolong the lifespan as a result [62]. Interestingly, the
longevity effect of fisetin overlapped with that of all three mutants tested, age-1, clk-1, and
eat-2. These findings indicate that fisetin acts on common downstream pathways involved
in all three mechanisms. Previous studies have found that transcriptional activation of
DAF-16 downstream targets and activated autophagy are overlapping central pathways
involved in many lifespan-extending mechanisms [63,64]. Complete disappearance of
lifespan extension by fisetin with daf-16 RNAi and significant inductions of downstream
targets of DAF-16 by fisetin suggest that DAF-16-induced transcriptional response is one
of the underlying mechanisms associated with the lifespan extension by fisetin. Fisetin
failed to increase the lifespan when the expression of bec-1 was repressed. In addition, the
expression of lgg-1, another autophagic gene, was up-regulated by supplementation with
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fisetin. This supports our hypothesis that fisetin can extend the lifespan of C. elegans via the
activation of autophagy.

4. Materials and Methods
4.1. Worm Strains and Culture

Wild-type N2 and all transgenic strains were purchased from C. elegans Genetics
Center (CGC, Minneapolis, MN, USA). CL4176 (dvls27 [myo-3/Aβ1-42/let UTR, rol-6])
containing a muscle-specific human Aβ gene and BZ555 (egls1 [dat-1p::GFP]) expressing
GFP in dopaminergic neurons, were employed as genetic disease models for AD and PD,
respectively. Three long-lived mutants, age-1 (hx546), clk-1 (e2519), and eat-2 (ad465), were
used to determine lifespan-extending mechanisms. Worms were maintained on Nematode
Growth Media (NGM) agar plates (25 mM NaCl, 2.5 mg/mL peptone, 50 mM KPO4,
5 µg/mL cholesterol, 1 mM CaCl2, 1 mM MgSO4, and 1.7% agar) spread with Escherichia
coli OP50 at 20 ◦C.

4.2. Radical Scavenging Assay

Fisetin (Sigma Aldrich, St. Louis, MO, USA, PHL82542) was dissolved and diluted in
95% ethanol. Different concentrations of fisetin solution were added to freshly prepared
0.2 mM DPPH (2,2-diphenyl-1-picrylhydrazyl) ethanolic solution (1:1) into a 96-well plate.
Mixtures were incubated at 37 ◦C for 30 min in the dark. After incubation, the reduction
in DPPH free radical was measured by reading the absorbance at 517 nm (A) with a
spectrophotometer. The DPPH scavenging activity was calculated using the following
equation: Inhibition of DPPH radical (%) = [Acontrol − (Asample − Ablank)/Acontrol] × 100.

4.3. ROS Measurement

Cellular ROS levels were measured for 7-day-old worms (n = 20). Individual worm
was incubated in each well of a 96-well black plate containing 195 µL of PBST and 5 µL
of H2DCF-DA (Sigma-Aldrich, St. Louis, MO, USA) for 3 h. The fluorescence intensity
of each worm was then recorded using a fluorescence multi-reader (Infinite F200, Tecan,
Grodig, Austria).

4.4. Responses to Environmental Stresses

Three-day-old age-synchronized worms were transferred to fresh NGM plates spread
with 100 µL of each diluted fisetin solution and incubated at 20 ◦C for 24 h. To expose
worms to oxidative stress, thirty worms were transferred to a 96-well plate containing 1 mM
hydrogen peroxide (H2O2) in S-basal medium without cholesterol (5.85 g sodium chloride,
1 g potassium phosphate dibasic, and 6 g potassium phosphate monobasic in 1 L sterilized
distilled-water) individually. After 6 h, the survival of each worm was monitored. Sixty age-
synchronized worms pre-treated with fisetin for 24 h were irradiated with 20 J/cm2/min
of UV for 1 min using a UV crosslinker (BLX-254, VILBER Lourmat Co., Torcy, France).
Live and dead worms were counted every day until all worms were dead.

4.5. Lifespan Assay

The lifespan was determined with sixty age-synchronized worms grown on NGM
plates spread with OP50. 5-Fluoro-2′-deoxyruridine (12.5 mg/L) was added to inhibit
internal hatching. The numbers of live and dead worms were recorded until all worms
were dead. Live worms were transferred to fresh NGM plates daily during a gravid period
and every two days after reproduction to prevent starvation. Lost, killed, or bagged worms
during an assay were excluded from data.

4.6. Fertility Assay

Randomly selected 2-day-old mother worms were allowed to lay eggs on a fresh
NGM plate for 24 h, with a single mother worm on a single NGM plate (n = 12). Then,
each mother worm was transferred to a new NGM plate and the old plate containing eggs
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spawned from each mother worm was incubated at 20 ◦C for another 48 h. The number of
progenies hatched from eggs during 48 h of incubation was counted. Mother worms were
transferred to fresh NGM plates daily until no progeny was produced.

4.7. Measurement of Locomotive Activity

The locomotive activity of each animal was classified into three phases: phase 1,
worms showing spontaneous locomotion without any stimuli; phase 2, worms moving
once a mechanical stimulus was provided; phase 3, worms only moving their head in
response to mechanical stimuli (n = 100). The relative distribution of worms classified at
each phase was compared between untreated control and fisetin-treated worms at 5, 10, 15,
and 20 days after hatching.

4.8. Paralysis Induced by Human Aβ Transgene

Eggs were laid from young adult CL4176 for 2 h at 15 ◦C. After 24 h, worms hatched
from eggs were transferred to a 25 ◦C incubator and incubated for 24 h to induce the
expression of human Aβ gene in muscle. After 8 h of induction, paralyzed worms (n = 60)
were counted every hour.

4.9. Survival under HGD

HGD was employed as a nutritional disease model of DM. Age-synchronized worms
were grown on NGM plates spread with 100 µL of 40 mM glucose (n = 60). As previously
mentioned, in the lifespan assay, the numbers of live and dead worms were recorded every
day until all worms were dead. Survival curves of untreated control and HGD-treated
worms were compared using the log-rank test.

4.10. Degeneration of Dopaminergic Neurons

To degenerate dopaminergic neurons specifically, worms were transferred to NGM
media containing 50 mM 6-OHDA and 10 mM ascorbic. After gentle mixing every 10 min
for 1 h at 20 ◦C, worms were washed with M9 buffer three times and transferred to fresh
NGM plates spread with OP50 and 12.5 mg/L of 5-Fluoro-2-deoxyruridine. Worms were
then incubated at 20 ◦C for 72 h. Each worm was mounted on a slide glass padded with 2%
agarose and 1 M sodium azide. The fluorescence microscope with 485 nm excitation filter
and 530 nm emission filter was used to visualize the degeneration of dopaminergic neurons.
The fluorescent intensity observed in the head region was quantified using Image-J software.
L-DOPA was used as a positive control for the inhibition of dopaminergic degeneration.

4.11. RNAi with Bacterial Feeding

Bacterial RNAi clones for daf-16, skn-1, and bec-1 genes were obtained from Ahringer
RNAi library [65]. Double-stranded RNA was induced from each clone by adding isopropyl-
β-D-thio-galactoside (IPTG, Sigma-Aldrich, St. Louis, MO, USA) to bacterial culture media.
Cultured bacteria were used as a food source for worms from 3 days after hatching (n = 60).
Empty vector (EV) clone was used as a negative control for RNAi.

4.12. Quantitative RT-PCR

Total RNAs were extracted from approximately 300 worms collected in M9 buffer
9 days after hatching using a Trizol reagent (Thermo Fisher Scientific, Waltham, MA, USA).
A measure of 1 µg of total RNA was reverse-transcribed to cDNA for RT-PCR. Quantitative
RT-PCR was performed using a ReverTra Ace qPCR RT Master Mix (TOYOBO), 2× SyGreen
Mix Hi-ROX (qPCRBIO), and a StepOne Plus Real-Time PCR System (Applied Biosystems,
Waltham, MA, USA). Sequences of primers used for each gene are shown in Table S6. The
expression of ama-1 was used for normalization and the relative expression level of each
gene was calculated using the 2−∆∆Ct method.
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4.13. Statistical Analysis

Statistical analysis for survival after UV irradiation, lifespan, paralysis, and survival
under HGD were performed using the log-rank test [66]. The log-rank test is a non-
parametric Mantel–Cox test commonly used for a comparison between two survival curves.
For the other experiments, independent t-test was performed using jamovi, open statistical
software built on the R statistical language. A p-value lower than 0.05 was considered to be
statistically significant. All experiments were repeated three times independently.

5. Conclusions

Fisetin, a flavonoid abundant in strawberries (160 µg/g wet food), apples (26.9 µg/g),
onions (4.8 µg/g), persimmons (10.5 µg/g), and so on, showed strong anti-oxidant and anti-
aging activities in C. elegans. The cellular reactive oxygen species levels and susceptibility
to oxidative stress were significantly decreased by fisetin treatment. Supplementation
with fisetin extended the lifespan accompanied by reduced fertility and delayed age-
related decline in motility. In age-related disease models, fisetin showed beneficial effects
on Alzheimer’s disease, diabetes mellitus, and Parkinson’s disease. Genetic analysis
revealed that the lifespan-extending effect of fisetin was mediated by DAF-16-induced
stress response and autophagy. These findings suggest that fisetin is a promising natural
compound with potential use in nutraceuticals against aging and age-related diseases.
Identification of other intracellular targets and effects on other age-related diseases are
necessary to gain a better understanding of the anti-aging activity of fisetin. Further studies
focusing on bioactivities and bioavailability in mammalian model systems should follow
to be developed as an anti-aging nutraceutical.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph15121528/s1, Table S1: Primer set of each gene used for
quantitative RT-PCR; Table S2: Effect of fisetin on lifespan of C. elegans; Table S3: Effects of fisetin and
RNAi of daf-16/skn-1 on Aβ-induced toxicity in C. elegans; Table S4: Effects of fisetin and skn-1 RNAi
on reduced lifespan by HGD; Table S5: Effect of fisetin on degeneration of dopaminergic neurons;
Table S6: Effect of daf-16 or bec-1 knockdown on lifespan extension by fisetin.

Author Contributions: Conceptualization, S.-K.P.; methodology, S.P., B.-K.K. and S.-K.P.; software,
S.P.; validation, S.P. and B.-K.K.; investigation, S.P., B.-K.K. and S.-K.P.; resources, S.P., B.-K.K. and
S.-K.P.; data curation, S.P., B.-K.K. and S.-K.P.; writing—original draft preparation, S.-K.P.; writing—
review & editing, S.P., B.-K.K. and S.-K.P.; visualization, S.P. and S.-K.P.; supervision, S.-K.P.; project
administration, S.P., B.-K.K. and S.-K.P.; funding acquisition, S.-K.P. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the Soonchunhyang University Research Fund and the Basic
Science Research Program through the National Research Foundation of Korea funded by the Ministry
of Education (2021R1F1A105671911).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and Supplementary Material.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kudryavtseva, A.V.; Krasnov, G.S.; Dmitriev, A.A.; Alekseev, B.Y.; Kardymon, O.L.; Sadritdinova, A.F.; Fedorova, M.S.; Pokrovsky,

A.V.; Melnikova, N.V.; Kaprin, A.D.; et al. Mitochondrial dysfunction and oxidative stress in aging and cancer. Oncotarget 2016, 7,
44879–44905. [CrossRef] [PubMed]

2. Pignolo, R.J. Exceptional Human Longevity. Mayo Clin. Proc. 2019, 94, 110–124. [CrossRef] [PubMed]
3. Harman, D. Aging: A Theory Based on Free Radical and Radiation Chemistry. J. Gerontol. 1956, 11, 298–300. [CrossRef] [PubMed]
4. Hulbert, A.J.; Pamplona, R.; Buffenstein, R.; Buttemer, W.A. Life and Death: Metabolic Rate, Membrane Composition, and Life

Span of Animals. Physiol. Rev. 2007, 87, 1175–1213. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ph15121528/s1
https://www.mdpi.com/article/10.3390/ph15121528/s1
http://doi.org/10.18632/oncotarget.9821
http://www.ncbi.nlm.nih.gov/pubmed/27270647
http://doi.org/10.1016/j.mayocp.2018.10.005
http://www.ncbi.nlm.nih.gov/pubmed/30545477
http://doi.org/10.1093/geronj/11.3.298
http://www.ncbi.nlm.nih.gov/pubmed/13332224
http://doi.org/10.1152/physrev.00047.2006
http://www.ncbi.nlm.nih.gov/pubmed/17928583


Pharmaceuticals 2022, 15, 1528 14 of 16

5. Doonan, R.; McElwee, J.J.; Matthijssens, F.; Walker, G.A.; Houthoofd, K.; Back, P.; Matscheski, A.; Vanfleteren, J.R.; Gems, D.
Against the oxidative damage theory of aging: Superoxide dismutases protect against oxidative stress but have little or no effect
on life span in Caenorhabditis elegans. Genes Dev. 2008, 22, 3236–3241. [CrossRef]

6. Perez, V.I.; Bokov, A.; Van Remmen, H.; Mele, J.; Ran, Q.; Ikeno, Y.; Richardson, A. Is the oxidative stress theory of aging dead?
Biochim. Biophys. Acta 2009, 1790, 1005–1014. [CrossRef]

7. Sohal, R.S.; Agarwal, A.; Agarwal, S.; Orr, W.C. Simultaneous Overexpression of Copper- and Zinc-containing Superoxide
Dismutase and Catalase Retards Age-related Oxidative Damage and Increases Metabolic Potential in Drosophila melanogaster. J.
Biol. Chem. 1995, 270, 15671–15674. [CrossRef]

8. Boengler, K.; Kosiol, M.; Mayr, M.; Schulz, R.; Rohrbach, S. Mitochondria and ageing: Role in heart, skeletal muscle and adipose
tissue. J. Cachex-Sarcopenia Muscle 2017, 8, 349–369. [CrossRef]

9. Pagan, L.U.; Gomes, M.J.; Gatto, M.; Mota, G.A.F.; Okoshi, K.; Okoshi, M.P. The Role of Oxidative Stress in the Aging Heart.
Antioxidants 2022, 11, 336. [CrossRef]

10. Singh, A.; Kukreti, R.; Saso, L.; Kukreti, S. Oxidative Stress: A Key Modulator in Neurodegenerative Diseases. Molecules 2019,
24, 1583. [CrossRef]

11. Asaduzzaman Khan, M.; Tania, M.; Zhang, D.-Z.; Chen, H.-C. Antioxidant enzymes and cancer. Chin. J. Cancer Res. 2010, 22,
87–92. [CrossRef]

12. Aggarwal, V.; Tuli, H.S.; Varol, A.; Thakral, F.; Yerer, M.B.; Sak, K.; Varol, M.; Jain, A.; Khan, M.A.; Sethi, G. Role of Reactive
Oxygen Species in Cancer Progression: Molecular Mechanisms and Recent Advancements. Biomolecules 2019, 9, 735. [CrossRef]

13. Shin, D.H.; Dier, U.; Melendez, J.A.; Hempel, N. Regulation of MMP-1 expression in response to hypoxia is dependent on the
intracellular redox status of metastatic bladder cancer cells. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2015, 1852, 2593–2602.
[CrossRef]

14. Mendez, E.F.; Sattler, R. Biomarker development for C9orf72 repeat expansion in ALS. Brain Res. 2015, 1607, 26–35. [CrossRef]
15. Shi, S.; Li, J.; Zhao, X.; Liu, Q.; Song, S.-J. A comprehensive review: Biological activity, modification and synthetic methodologies

of prenylated flavonoids. Phytochemistry 2021, 191, 112895. [CrossRef]
16. Cao, G.; Sofic, E.; Prior, R.L. Antioxidant and Prooxidant Behavior of Flavonoids: Structure-Activity Relationships. Free Radic.

Biol. Med. 1997, 22, 749–760. [CrossRef]
17. Shen, L.-R.; Xiao, F.; Yuan, P.; Chen, Y.; Gao, Q.-K.; Parnell, L.D.; Meydani, M.; Ordovas, J.M.; Li, D.; Lai, C.-Q. Curcumin-

supplemented diets increase superoxide dismutase activity and mean lifespan in Drosophila. Age 2013, 35, 1133–1142. [CrossRef]
18. Si, H.; Fu, Z.; Babu, P.V.A.; Zhen, W.; LeRoith, T.; Meaney, M.P.; Voelker, K.A.; Jia, Z.; Grange, R.W.; Liu, D. Dietary Epicatechin

Promotes Survival of Obese Diabetic Mice and Drosophila melanogaster. J. Nutr. 2011, 141, 1095–1100. [CrossRef]
19. Baur, J.A.; Pearson, K.J.; Price, N.L.; Jamieson, H.A.; Lerin, C.; Kalra, A.; Prabhu, V.V.; Allard, J.S.; Lopez-Lluch, G.; Lewis, K.; et al.

Resveratrol improves health and survival of mice on a high-calorie diet. Nature 2006, 444, 337–342. [CrossRef]
20. Cheng, G.; Xu, P.; Zhang, M.; Chen, J.; Sheng, R.; Ma, Y. Resveratrol-maltol hybrids as multi-target-directed agents for Alzheimer’s

disease. Bioorg. Med. Chem. 2018, 26, 5759–5765. [CrossRef]
21. Howitz, K.T.; Bitterman, K.J.; Cohen, H.Y.; Lamming, D.W.; Lavu, S.; Wood, J.G.; Zipkin, R.E.; Chung, P.; Kisielewski, A.; Zhang,

L.-L.; et al. Small molecule activators of sirtuins extend Saccharomyces cerevisiae lifespan. Nature 2003, 425, 191–196. [CrossRef]
[PubMed]

22. Wood, J.G.; Rogina, B.; Lavu, S.; Howitz, K.; Helfand, S.L.; Tatar, M.; Sinclair, D. Sirtuin activators mimic caloric restriction and
delay ageing in metazoans. Nature 2004, 430, 686–689. [CrossRef] [PubMed]

23. Pietsch, K.; Saul, N.; Menzel, R.; Stürzenbaum, S.R.; Steinberg, C.E.W. Quercetin mediated lifespan extension in Caenorhabditis
elegans is modulated by age-1, daf-2, sek-1 and unc-43. Biogerontology 2009, 10, 565–578. [CrossRef] [PubMed]

24. Govindan, S.; Amirthalingam, M.; Duraisamy, K.; Govindhan, T.; Sundararaj, N.; Palanisamy, S. Phytochemicals-induced hormesis
protects Caenorhabditis elegans against α-synuclein protein aggregation and stress through modulating HSF-1 and SKN-1/Nrf2
signaling pathways. Biomed. Pharmacother. 2018, 102, 812–822. [CrossRef]

25. Ravula, A.R.; Teegala, S.B.; Kalakotla, S.; Pasangulapati, J.P.; Perumal, V.; Boyina, H.K. Fisetin, potential flavonoid with
multifarious targets for treating neurological disorders: An updated review. Eur. J. Pharmacol. 2021, 910, 174492. [CrossRef]

26. Kumar, S.; Pandey, A.K. Chemistry and Biological Activities of Flavonoids: An Overview. Sci. World J. 2013, 2013, 162750.
[CrossRef]

27. Andalia, N.; Salim, M.N.; Saidi, N.; Ridhwan, M.; Iqhrammullah, M.; Balqis, U. Molecular docking reveals phytoconstituents of
the methanol extract from Muntingia calabura as promising α-glucosidase jnhibitors. Karbala Int. J. Mod. Sci. 2022, 8, 4. [CrossRef]

28. Singh, S.; Singh, A.K.; Garg, G.; Rizvi, S.I. Fisetin as a caloric restriction mimetic protects rat brain against aging induced oxidative
stress, apoptosis and neurodegeneration. Life Sci. 2018, 193, 171–179. [CrossRef]

29. Khan, N.; Afaq, F.; Khusro, F.H.; Mustafa Adhami, V.; Suh, Y.; Mukhtar, H. Dual inhibition of phosphatidylinositol 3-kinase/Akt
and mammalian target of rapamycin signaling in human nonsmall cell lung cancer cells by a dietary flavonoid fisetin. Int. J.
Cancer 2012, 130, 1695–1705. [CrossRef]

30. Li, Y.; Jia, S.; Dai, W. Fisetin Modulates Human Oral Squamous Cell Carcinoma Proliferation by Blocking PAK4 Signaling
Pathways. Drug Des. Dev. Ther. 2020, 14, 773–782. [CrossRef]

31. Martel, J.; Ojcius, D.M.; Wu, C.; Peng, H.; Voisin, L.; Perfettini, J.; Ko, Y.; Young, J.D. Emerging use of senolytics and senomorphics
against aging and chronic diseases. Med. Res. Rev. 2020, 40, 2114–2131. [CrossRef]

http://doi.org/10.1101/gad.504808
http://doi.org/10.1016/j.bbagen.2009.06.003
http://doi.org/10.1074/jbc.270.26.15671
http://doi.org/10.1002/jcsm.12178
http://doi.org/10.3390/antiox11020336
http://doi.org/10.3390/molecules24081583
http://doi.org/10.1007/s11670-010-0087-7
http://doi.org/10.3390/biom9110735
http://doi.org/10.1016/j.bbadis.2015.09.001
http://doi.org/10.1016/j.brainres.2014.09.041
http://doi.org/10.1016/j.phytochem.2021.112895
http://doi.org/10.1016/S0891-5849(96)00351-6
http://doi.org/10.1007/s11357-012-9438-2
http://doi.org/10.3945/jn.110.134270
http://doi.org/10.1038/nature05354
http://doi.org/10.1016/j.bmc.2018.08.011
http://doi.org/10.1038/nature01960
http://www.ncbi.nlm.nih.gov/pubmed/12939617
http://doi.org/10.1038/nature02789
http://www.ncbi.nlm.nih.gov/pubmed/15254550
http://doi.org/10.1007/s10522-008-9199-6
http://www.ncbi.nlm.nih.gov/pubmed/19043800
http://doi.org/10.1016/j.biopha.2018.03.128
http://doi.org/10.1016/j.ejphar.2021.174492
http://doi.org/10.1155/2013/162750
http://doi.org/10.33640/2405-609X.3236
http://doi.org/10.1016/j.lfs.2017.11.004
http://doi.org/10.1002/ijc.26178
http://doi.org/10.2147/DDDT.S229270
http://doi.org/10.1002/med.21702


Pharmaceuticals 2022, 15, 1528 15 of 16

32. Zhu, Y.; Doornebal, E.J.; Pirtskhalava, T.; Giorgadze, N.; Wentworth, M.; Fuhrmann-Stroissnigg, H.; Niedernhofer, L.J.; Robbins,
P.D.; Tchkonia, T.; Kirkland, J.L. New agents that target senescent cells: The flavone, fisetin, and the BCL-XL inhibitors, A1331852
and A1155463. Aging 2017, 9, 955–963. [CrossRef]

33. Yousefzadeh, M.J.; Zhu, Y.; McGowan, S.J.; Angelini, L.; Fuhrmann-Stroissnigg, H.; Xu, M.; Ling, Y.Y.; Melos, K.I.; Pirtskhalava, T.;
Inman, C.L.; et al. Fisetin is a senotherapeutic that extends health and lifespan. eBioMedicine 2018, 36, 18–28. [CrossRef]

34. Kampkötter, A.; Nkwonkam, C.G.; Zurawski, R.F.; Timpel, C.; Chovolou, Y.; Wätjen, W.; Kahl, R. Effects of the flavonoids
kaempferol and fisetin on thermotolerance, oxidative stress and FoxO transcription factor DAF-16 in the model organism
Caenorhabditis elegans. Arch. Toxicol. 2007, 81, 849–858. [CrossRef]

35. Ahmad, S.; Khan, A.; Ali, W.; Jo, M.H.; Park, J.; Ikram, M.; Kim, M.O. Fisetin Rescues the Mice Brains Against D-Galactose-Induced
Oxidative Stress, Neuroinflammation and Memory Impairment. Front. Pharmacol. 2021, 12, 612078. [CrossRef]

36. Baumann, C.W.; Kwak, D.; Liu, H.M.; Thompson, L.V. Age-induced oxidative stress: How does it influence skeletal muscle
quantity and quality? J. Appl. Physiol. 2016, 121, 1047–1052. [CrossRef]

37. Link, C.D. C. elegans models of age-associated neurodegenerative diseases: Lessons from transgenic worm models of Alzheimer’s
disease. Exp. Gerontol. 2006, 41, 1007–1013. [CrossRef]

38. Schlotterer, A.; Kukudov, G.; Bozorgmehr, F.; Hutter, H.; Du, X.; Oikonomou, D.; Ibrahim, Y.; Pfisterer, F.; Rabbani, N.; Thornalley,
P.; et al. C. elegans as model for the study of high glucose- mediated life span reduction. Diabetes 2009, 58, 2450–2456. [CrossRef]

39. Alcántar-Fernández, J.; Navarro, R.E.; Salazar-Martínez, A.M.; Pérez-Andrade, M.E.; Miranda-Ríos, J. Caenorhabditis elegans
respond to high-glucose diets through a network of stress-responsive transcription factors. PLoS ONE 2018, 13, e0199888.
[CrossRef]

40. Navarro, A.; Gómez, C.; Sánchez-Pino, M.-J.; González, H.; Bández, M.J.; Boveris, A.D.; Boveris, A. Vitamin E at high doses
improves survival, neurological performance, and brain mitochondrial function in aging male mice. Am. J. Physiol. Integr. Comp.
Physiol. 2005, 289, R1392–R1399. [CrossRef]

41. Fontana, L.; Partridge, L.; Longo, V.D. Extending Healthy Life Span—From Yeast to Humans. Science 2010, 328, 321–326.
[CrossRef] [PubMed]

42. Ferreira, R.; Greco, S.J.; Delarmelina, M.; Weber, K. Electrochemical quantification of the structure/antioxidant activity relationship
of flavonoids. Electrochim. Acta 2015, 163, 161–166. [CrossRef]

43. Gruber, J.; Tang, S.Y.; Halliwell, B. Evidence for a Trade-Off between Survival and Fitness Caused by Resveratrol Treatment of
Caenorhabditis elegans. Ann. N. Y. Acad. Sci. 2007, 1100, 530–542. [CrossRef] [PubMed]

44. Johnson, T.E. Increased Life-Span of age -1 Mutants in Caenorhabditis elegans and Lower Gompertz Rate of Aging. Science 1990,
249, 908–912. [CrossRef] [PubMed]

45. Fulle, S.; Protasi, F.; Di Tano, G.; Pietrangelo, T.; Beltramin, A.; Boncompagni, S.; Vecchiet, L.; Fanò, G. The contribution of reactive
oxygen species to sarcopenia and muscle ageing. Exp. Gerontol. 2004, 39, 17–24. [CrossRef]

46. Nakabeppu, Y.; Tsuchimoto, D.; Yamaguchi, H.; Sakumi, K. Oxidative damage in nucleic acids and Parkinson’s disease. J. Neurosci.
Res. 2007, 85, 919–934. [CrossRef]

47. Zeevalk, G.D.; Razmpour, R.; Bernard, L.P. Glutathione and Parkinson’s disease: Is this the elephant in the room? Biomed.
Pharmacother. Biomed. Pharmacother. 2008, 62, 236–249. [CrossRef]

48. Akaishi, T.; Morimoto, T.; Shibao, M.; Watanabe, S.; Sakai-Kato, K.; Utsunomiya-Tate, N.; Abe, K. Structural requirements for the
flavonoid fisetin in inhibiting fibril formation of amyloid beta protein. Neurosci. Lett. 2008, 444, 280–285. [CrossRef]

49. Dash, R.; Bin Emran, T.; Uddin, M.M.N.; Islam, A. Junaid Molecular docking of fisetin with AD associated AChE, ABAD and
BACE1 proteins. Bioinformation 2014, 10, 562–568. [CrossRef]

50. Xiao, S.; Lu, Y.; Wu, Q.; Yang, J.; Chen, J.; Zhong, S.; Eliezer, D.; Tan, Q.; Wu, C. Fisetin inhibits tau aggregation by interacting with
the protein and preventing the formation of beta-strands. Int. J. Biol. Macromol. 2021, 178, 381–393. [CrossRef]

51. Chen, T.-J.; Feng, Y.; Liu, T.; Wu, T.-T.; Chen, Y.-J.; Li, X.; Li, Q.; Wu, Y.-C. Fisetin Regulates Gut Microbiota and Exerts
Neuroprotective Effect on Mouse Model of Parkinson’s Disease. Front. Neurosci. 2020, 14, 549037. [CrossRef]

52. Park, S.; Park, S.-K. Anti-Oxidant and Anti-Aging Effects of Phlorizin Are Mediated by DAF-16-Induced Stress Response and
Autophagy in Caenorhabditis elegans. Antioxidants 2022, 11, 1996. [CrossRef]

53. Morris, B.J.; Willcox, D.C.; Donlon, T.A.; Willcox, B.J. FOXO3: A Major Gene for Human Longevity—A Mini-Review. Gerontology
2015, 61, 515–525. [CrossRef]

54. Ma, Q. Role of Nrf2 in Oxidative Stress and Toxicity. Annu. Rev. Pharmacol. Toxicol. 2013, 53, 401–426. [CrossRef]
55. Yang, J.; Huang, X.B.; Wan, Q.L.; Ding, A.J.; Yang, Z.L.; Qiu, M.H.; Sun, H.Y.; Qi, S.H.; Luo, H.R. Otophylloside B Protects Against

Abeta Toxicity in Caenorhabditis elegans Models of Alzheimer’s Disease. Nat. Prod. Bioprospect. 2017, 7, 207–214. [CrossRef]
56. Zhu, S.; Li, H.; Dong, J.; Yang, W.; Liu, T.; Wang, Y.; Wang, X.; Wang, M.; Zhi, D. Rose Essential Oil Delayed Alzheimer’s

Disease-Like Symptoms by SKN-1 Pathway in C. elegans. J. Agric. Food Chem. 2017, 65, 8855–8865. [CrossRef]
57. Kumar, R.; Kumar, R.; Khurana, N.; Singh, S.K.; Khurana, S.; Verma, S.; Sharma, N.; Kapoor, B.; Vyas, M.; Khursheed, R.; et al.

Enhanced oral bioavailability and neuroprotective effect of fisetin through its SNEDDS against rotenone-induced Parkinson’s
disease rat model. Food Chem. Toxicol. 2020, 144, 111590. [CrossRef]

58. Kadari, A.; Gudem, S.; Kulhari, H.; Bhandi, M.M.; Borkar, R.M.; Kolapalli, V.R.M.; Sistla, R. Enhanced oral bioavailability and
anticancer efficacy of fisetin by encapsulating as inclusion complex with HPβCD in polymeric nanoparticles. Drug Deliv. 2017, 24,
224–232. [CrossRef]

http://doi.org/10.18632/aging.101202
http://doi.org/10.1016/j.ebiom.2018.09.015
http://doi.org/10.1007/s00204-007-0215-4
http://doi.org/10.3389/fphar.2021.612078
http://doi.org/10.1152/japplphysiol.00321.2016
http://doi.org/10.1016/j.exger.2006.06.059
http://doi.org/10.2337/db09-0567
http://doi.org/10.1371/journal.pone.0199888
http://doi.org/10.1152/ajpregu.00834.2004
http://doi.org/10.1126/science.1172539
http://www.ncbi.nlm.nih.gov/pubmed/20395504
http://doi.org/10.1016/j.electacta.2015.02.164
http://doi.org/10.1196/annals.1395.059
http://www.ncbi.nlm.nih.gov/pubmed/17460219
http://doi.org/10.1126/science.2392681
http://www.ncbi.nlm.nih.gov/pubmed/2392681
http://doi.org/10.1016/j.exger.2003.09.012
http://doi.org/10.1002/jnr.21191
http://doi.org/10.1016/j.biopha.2008.01.017
http://doi.org/10.1016/j.neulet.2008.08.052
http://doi.org/10.6026/97320630010562
http://doi.org/10.1016/j.ijbiomac.2021.02.210
http://doi.org/10.3389/fnins.2020.549037
http://doi.org/10.3390/antiox11101996
http://doi.org/10.1159/000375235
http://doi.org/10.1146/annurev-pharmtox-011112-140320
http://doi.org/10.1007/s13659-017-0122-1
http://doi.org/10.1021/acs.jafc.7b03224
http://doi.org/10.1016/j.fct.2020.111590
http://doi.org/10.1080/10717544.2016.1245366


Pharmaceuticals 2022, 15, 1528 16 of 16

59. Johnson, T.E.; de Castro, E.; de Castro, S.H.; Cypser, J.; Henderson, S.; Tedesco, P. Relationship between increased longevity
and stress resistance as assessed through gerontogene mutations in Caenorhabditis elegans. Exp. Gerontol. 2001, 36, 1609–1617.
[CrossRef]

60. Liu, X.; Jiang, N.; Hughes, B.; Bigras, E.; Shoubridge, E.; Hekimi, S. Evolutionary conservation of the clk-1-dependent mechanism
of longevity: Loss of mclk1 increases cellular fitness and lifespan in mice. Genes Dev. 2005, 19, 2424–2434. [CrossRef]

61. Yang, W.; Hekimi, S. Two modes of mitochondrial dysfunction lead independently to lifespan extension in Caenorhabditis
elegans. Aging Cell 2010, 9, 433–447. [CrossRef] [PubMed]

62. Uno, M.; Nishida, E. Lifespan-regulating genes in C. elegans. npj Aging Mech. Dis. 2016, 2, 16010. [CrossRef] [PubMed]
63. Hansen, M.; Chandra, A.; Mitic, L.L.; Onken, B.; Driscoll, M.; Kenyon, C. A role for autophagy in the extension of lifespan by

dietary restriction in C. elegans. PLoS Genet. 2008, 4, e24. [CrossRef] [PubMed]
64. Tóth, M.L.; Sigmond, T.; Borsos, E.; Barna, J.; Erdélyi, P.; Takács-Vellai, K.; Orosz, L.; Kovács, A.L.; Csikós, G.; Sass, M.; et al.

Longevity pathways converge on autophagy genes to regulate life span in Caenorhabditis elegans. Autophagy 2008, 4, 330–338.
[CrossRef]

65. Kamath, R.S.; Fraser, A.G.; Dong, Y.; Poulin, G.; Durbin, R.; Gotta, M.; Kanapin, A.; Le Bot, N.; Moreno, S.; Sohrmann, M.; et al.
Systematic functional analysis of the Caenorhabditis elegans genome using RNAi. Nature 2003, 421, 231–237. [CrossRef]

66. Peto, R.; Peto, J. Asymptotically Efficient Rank Invariant Test Procedures. J. R. Stat. Soc. Ser. A (Gen.) 1972, 135, 185. [CrossRef]

http://doi.org/10.1016/S0531-5565(01)00144-9
http://doi.org/10.1101/gad.1352905
http://doi.org/10.1111/j.1474-9726.2010.00571.x
http://www.ncbi.nlm.nih.gov/pubmed/20346072
http://doi.org/10.1038/npjamd.2016.10
http://www.ncbi.nlm.nih.gov/pubmed/28721266
http://doi.org/10.1371/journal.pgen.0040024
http://www.ncbi.nlm.nih.gov/pubmed/18282106
http://doi.org/10.4161/auto.5618
http://doi.org/10.1038/nature01278
http://doi.org/10.2307/2344317

	Introduction 
	Results 
	Fisetin Shows Radical-Scavenging Activity and Reduces Cellular ROS Levels 
	Fisetin Increases Resistance to Oxidative Stress 
	Fisetin Extends Lifespan of C. elegans and Reduces Fertility 
	Age-Related Decline of Locomotive Activity Is Delayed by Fisetin 
	Fisetin Delays Paralysis Induced by A, Which Requires DAF-16 and SKN-1 
	Reduced Survival by High-Glucose Diet (HGD) Is Recovered by Fisetin through SKN-1 
	Fisetin Prevents Degeneration of Dopaminergic Neurons 
	DAF-16-Induced Response and Autophagy Are Involved in Lifespan Extension by Fisetin 

	Discussion 
	Materials and Methods 
	Worm Strains and Culture 
	Radical Scavenging Assay 
	ROS Measurement 
	Responses to Environmental Stresses 
	Lifespan Assay 
	Fertility Assay 
	Measurement of Locomotive Activity 
	Paralysis Induced by Human A Transgene 
	Survival under HGD 
	Degeneration of Dopaminergic Neurons 
	RNAi with Bacterial Feeding 
	Quantitative RT-PCR 
	Statistical Analysis 

	Conclusions 
	References

