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Abstract
Epidemiologic and case control population based studies over the past few decades have identified
diet as an important determinant of cancer risk. This evidence has kindled an interest into research
on bioactive food components and has till date resulted in the identification of many compounds
with cancer preventive and therapeutic potential. Among such compounds has been fisetin (3,7,3’,
4’-tetrahydroxyflavone), a flavonol and a member of the flavonoid polyphenols that also include
quercetin, myricetin and kaempferol. Fisetin is commonly found in many fruits and vegetables
such as apples, persimmons, grapes, kiwis, strawberries, onions and cucumbers. We evaluated the
effects of fisetin against melanoma and cancers of the prostate, pancreas and the lungs. Using
prostate and lung adenocarcinoma cells, we observed that fisetin acts as a dual inhibitor of the
PI3K/Akt and the mTOR pathways. This is a significant finding considering the fact that mTOR is
phosphorylated and its activation is more frequent in tumors with overexpression of PI3K/Akt.
Dual inhibitors of PI3K/Akt and mTOR signaling have been suggested as valuable agents for
treating such cancers. Here, we summarize our findings on the dietary flavonoid fisetin and its
effects on cancer with particular focus on prostate cancer. Our observations and findings from
other laboratories suggest that fisetin could be a useful chemotherapeutic agent that could be used
either alone or as an adjuvant with conventional chemotherapeutic drugs for the management of
prostate and other cancers.

Fisetin: An overview
There is an increased interest in the scientific community on the use of plant based
polyphenols based on their varied biological properties including antioxidative,
antimicrobial, anticarcinogenic as well as cardioprotective activity [1, 2]. An important
advantage with plant based polyphenols, especially those from dietary sources, is that they
are perceived as non-toxic and have wide human acceptance [3]. Several non-nutritive,
macronutrient phytochemicals are being evaluated for the management of cancer and other
diseases [3]. Flavonoids form a large family of polyphenolic macronutrients that are
abundant in plants. In laboratory studies flavonoids have been shown to affect cellular
signaling pathways thus influencing cell survival and proliferation [2].
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Fisetin (3,7,3’,4’-tetrahydroxyflavone) belongs to the flavonol subgroup of flavonoids along
with quercetin, myricetin and kaempferol. It is present in many fruits and vegetables most
notably strawberries, apples, persimmons, kiwis, cucumbers and onions [4]. The
bioavailability of fisetin has been studied following intravenous and oral administration [5].
Serum levels of free fisetin decline rapidly within the first few hours while the levels of
sulfated/glucuronidated fisetin increase. Following oral administration at 50 mg/kg, the
serum concentration of fisetin sulfates/glucuronides was maintained at ~10 μM for >24 h.
Following a single intraperitoneal injection, fisetin was detected in the brains of rats and this
correlated with a significant reduction in cerebral damage in a stroke model [6].

Fisetin has broad biological properties ranging from antibacterial to antioxidative to cancer
therapeutic effects (Table 1). In earlier studies, fisetin was identified as an antimicrobial
agent and later shown to prevent oxidative stress-induced nerve cell death [7, 8]. Fisetin was
also found to possess neurotrophic activity, promoting nerve cell differentiation via
activation of extracellular signal-regulated kinase (Erk) [9]. Oral administration of fisetin to
mice promoted ERK-dependent long-term potentiation and enhanced memory [10]. In
addition, fisetin reduced cytotoxicity of lipopolysaccharide-stimulated microglia toward B35
neuroblastoma cells in a co-culture system indicating that fisetin has a strong anti-
inflammatory activity in brain microglia, and could be a potential therapeutic agent for the
treatment of neuroinflammatory diseases [11]. Sung et al [12] showed that fisetin mediates
its anti-proliferative and anti-inflammatory effects through modulation of NF-κB. Fisetin
suppressed NF-κB activation induced by various inflammatory agents and carcinogens and
blocked the phosphorylation and degradation of IκBα, which in turn led to suppression of
the phosphorylation and nuclear translocation of NF-κB/p65 [12].

Touil et al [13] compared 24 flavonoids for their cytotoxicity on B16 and Lewis lung cancer
cells and their morphological effect on endothelial cells (EC) that could predict
antiangiogenic activity. Ten flavonoids including fisetin inhibited cell proliferation at
concentrations below 50 μM. Fisetin, among other flavonoids was also found to induce the
formation of cell extensions and filopodias at noncytotoxic concentrations in EC cells.
Increase in acetylated alpha-tubulin demonstrated that fisetin was a microtubule stabilizer
[13]. Using a cell-based high-throughput screen for small molecules, fisetin was identified
as an antimitotic compound that caused premature initiation of chromosome segregation and
exit from mitosis without normal cytokinesis [14]. These effects of fisetin were observed to
be linked to the significantly reduced activity of Aurora B kinase that was identified as a
direct target of fisetin [14].

Fisetin and cancer
Effects of fisetin against cancer have been investigated both in vitro and in vivo. Treatment
with fisetin induced apoptosis in promyeloleukemic and hepatocellular carcinoma cells
through activation of the caspase 3 cascade [15, 16]. Fisetin exerted an inhibitory effect on
adhesion, migration and invasion of human A549 lung cancer cells via inhibiting the
phosphorylation of ERK1/2 and downregulation of the expressions of matrix
metalloproteinase (MMP)-2 and u-PA at both the protein and mRNA levels [17]. An in vivo
study showed that fisetin confers protection against benzo(a)pyrene [B(a)P] induced lung
carcinogenesis. Treatment with fisetin significantly reduced the degree of histological
lesions, restored the levels of lipid peroxidation, enzymic and non-enzymic anti-oxidants in
B(a)P-induced mice [18]. Studies on the effect of fisein on colon cancer cells have been
conducted employing two cell lines; the human HT29 and HCT-116 colon cancer cells.
Fisetin inhibited the activities of cdks leading to cell cycle arrest in HT-29 human colon
cancer cells. Treatment of COX2-overexpressing HT-29 cells with fisetin resulted in
induction of apoptosis, downregulation of COX2 protein expression with no effect on COX1
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and inhibition of secretion of prostaglandin E2. In addition, fisetin inhibited Wnt signaling
activity through downregulation of β-catenin and T cell factor 4 and decreased the
expression of target genes such as cyclin D1 and MMP-7. Fisetin treatment of colon cancer
cells inhibited the activation of epidermal growth factor receptor and NFκB pathways [19].
In another study it was shown that fisetin pretreatment enhanced the radiosensitivity of p53-
mutant HT-29 cancer cells, prolonged radiation-induced G(2)/M arrest, and enhanced
radiation-induced caspase-dependent apoptosis [20].

Fisetin-induced apoptosis in HCT-116 colon cancer cells occurred via the activation of the
death receptor and mitochondrial-dependent pathways. Induction of p53 resulted in the
translocation of Bax to the mitochondria, and subsequent activation of the caspase cascade
[21]. Securin is highly-expressed in various tumors including those of the colon. It was
shown that fisetin-induced apoptosis in HCT-116 cells was enhanced in HCT-116 securin-
null cells or in wild-type cells in which securin was knockdown by siRNA, but attenuated
when wild-type or non-degradable securin was reconstituted. Moreover, fisetin did not
induce apoptosis in HCT-116 p53-null and HT-29 p53-mutant cells. Knockdown of securin
in HCT-116 p53-null cells potentiated fisetin-induced cytotoxicity by induction of apoptosis
suggesting that securin depletion sensitizes human colon cancer cells to fisetin-induced
apoptosis [22].

Fisetin treatment was found to negatively regulate the growth of chemoresistant pancreatic
cancer cells [23]. Fisetin induced apoptosis and inhibited invasion of AsPC-1 pancreatic
cancer cells through suppression of DR3-mediated NFκB activation. A cDNA array analysis
revealed that fisetin modulated expression of more than twenty genes with maximum
decrease observed in DR3 expression and a parallel increase observed in the expression
levels of IκBα, the NFκB inhibitor [23]. Down-regulation of DR3 was found to down
regulate activated NFκB/p65, MMP-9 and XIAP associated with chemoresistance in
pancreatic cancer cells. Transient down-regulation of DR3 and by RNA interference and
blocking of DR3 receptor with an extra cellular domain blocking antibody significantly
augmented fisetin induced changes in cell proliferation, cell invasion and apoptosis
paralleled with decrease in MMP9, XIAP and NFκB DNA binding activity [23]. These data
provide evidence that fisetin has potential activity against several forms of cancer.

Fisetin and prostate cancer
We and other have made important observations on the effects of fisetin against prostate
cancer. In humans the enzyme 5 alpha-reductase catalyzes the conversion of testosterone to
5 alpha-dihydrotestosterone and its activity is critical for male sexual differentiation and also
in the development of benign prostatic hyperplasia and prostate cancer [24]. Several
flavonoids including fisetin were found to be potent inhibitors of the type 1 5alpha-reductase
activity. Since some of these compounds are consumed as part of the normal diet or in
supplements, they have the potential to inhibit 5 alpha-reductase activity, which may be
useful for the prevention or treatment of androgen-dependent disorders [24]. Haddad et al
[25] compared the effect of two flavonoids, 2,2’-dihydroxychalcone (DHC) and fisetin in
prostate cancer cells and observed concomitant induction of apoptosis and a decrease in
clonogenic survival. Gene expression studies showed that amongst the most highly
represented functional categories of genes altered by both compounds was the cell cycle
category [25]. In total, hundred cell cycle genes were altered by DHC and fisetin including
twenty seven genes with key functions in G2/M phase that were downregulated by both
compounds. Other functional categories altered included chromosome organization,
apoptosis, and stress response [25].

Studies from our laboratory also suggest that fisetin possesses potent antiproliferative
activity against prostate cancer cells. We showed that fisetin decreased viability of prostate
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cancer cells LNCaP, CWR22Rν1 and PC-3 cells but had only minimal effects on normal
prostate epithelial cells [26, 27]. Fisetin through physical interaction with the ligand binding
domain of the androgen receptor interfered with the amino-/carboxyl-terminal interaction
resulting in blunting of androgen receptor (AR)-mediated transactivation of target genes
including prostate specific antigen [28]. Furthermore, treatment with fisetin in athymic nude
mice implanted with AR-positive CWR22ν1 prostate cancer cells resulted in inhibition of
tumor growth and reduction in serum PSA levels [28]. Chen et al [29] observed that fisetin
exerts inhibitory effects on the adhesion, migration, and invasion of prostate cancer cells.
They showed that the antimetastatic potential of fisetin is linked to the inactivation of the
PI3K/Akt and JNK signaling pathways with downregulation of MMP-2 and 9 expressions in
these cells [29].

We recently showed that fisetin treatment of androgen-independent and phosphate and
tensin homolog (PTEN)-negative human PC3 prostate cancer cells leads to induction of
autophagic-programmed cell death with inhibition of mammalian target of rapamycin
(mTOR) kinase signaling pathway [30]. This was an exciting observation since AKT/mTOR
and MAP kinase pathways are among the major signaling networks that have been
implicated in advanced prostate cancer. Deregulated expression of the PTEN occur with
high frequency in prostate cancer, leading to aberrant activation of AKT kinase activity as
well as its downstream effectors, including the mTOR signaling pathway [31-33]. Further,
many prostate tumors exhibit deregulated growth factor signaling resulting in activation of
the ERK MAP kinase signaling [34, 35]. Notably, previous studies have demonstrated that
the AKT/mTOR and MAPK signaling pathways are alternatively and/or coordinately
expressed in advanced prostate cancer and function cooperatively to promote tumor growth
and the emergence of hormone-refractory disease [35-39].

Treatment of cells with fisetin inhibited mTOR activity and downregulated components of
the mTOR complexes Raptor, Rictor, PRAS40 and GβL that resulted in loss of formation of
mTOR complexes 1 and 2 [30]. Using in silico molecular modeling studies, we found that
fisetin physically interacts with the mTOR molecule and binds at two distinct sites with
binding energies in the range of -7 to -8 kcal/mol [40]. These interactions could interfere
with the formation of the mTOR complexes. The mTOR complex 1 promotes mRNA
translation and inhibits autophagy by integrating nutrient signals that are generated by amino
acids, growth factors, various stressors including hypoxia and DNA damage [41]. The
mTOR complex 2 is activated by growth factor receptors and forms a core component of the
phosphoinositide 3-kinase (PI3K)/Akt pathway [41]. The two mTOR complexes are linked
through Akt since mTORC2-activated Akt activates mTORC1 through phosphorylation of
TSC2 and PRAS40. Clinical trials with mTOR inhibitors such as rapamycin have proved
disappointing since chronic administration results in activation of the Akt [42]. It is
recommended that dual inhibition of mTOR and other signaling pathways such as PTEN/
PI3K/Akt would be an effective strategy in targeting cancer. As prostate cancer advances
mutations in the tumor suppressor PTEN result in hyperactivation of Akt that subsequently
leads to activation of mTOR signaling. Our observations that fisetin targets not only the
mTOR signaling pathway but also the phosphorylation of AKT are novel and could have
clinical potential.

Activated mTOR transmits its signal to p70-S6 kinase to activate it and conducts negative
signals to eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1), which
binds and inhibits eukaryotic translation initiation factor (eIF) 4E [41]. Downstream of the
mTOR complex, 4E-BP1 plays a key role in cell proliferation, and its inactivation is
suggested to directly contribute to the growth of cancers [43]. It is suggested that mTORC1-
mediated inhibition of 4E-BP1, activates eIF4E which preferentially drives the translation of
mRNAs for pro-tumorigenic genes, including cell cycle regulators [41]. Interestingly, we
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observed inhibition of downstream targets of mTOR including p70-S6 kinase by fisetin.
Fisetin-mediated inhibition of mTOR resulted in hypophosphorylation of 4E-BP1 and
suppression of Cap-dependent translation and induction of autophagy [30]. We also
observed that fisetin induces autophagy in prostate cancer PC3 cells leading to autophagic
cell death rather than cytoprotective autophagy. Autophagy is a catabolic process involving
physiological turnover of long-lived proteins and damaged organelles thereby promoting
cell survival. It is being increasingly investigated as a new target for cancer therapy. Our
data that fisetin suppresses Cap-dependent translation and induces autophagic cell death
through inhibition of both mTORC1 and mTORC2 complexes provides a good rationale for
further research and development of fisetin as a dual mTORC1/2 inhibitor against prostate
cancer. Fisetin may be beneficial to patients with mixed population of prostate cancer cells.
Therefore, the observed effects of fisetin in prostate cancer cells are quite interesting and
could have clinical relevance.

Using a unique family of prostate epithelial cells (RWPE-1, WPE1-NA22, WPE1-NB14,
WPE1-NB11 and WPE1-NB26) which mimic steps in prostate carcinogenesis and
progression [44] we observed that mTOR signaling increased in cells with increasing
tumorigenic potential [45]. Further, we also observed that cells with higher mTOR signaling
were more prone to cell growth inhibition by fisetin. Cells expressing higher mTOR
signaling formed cell number of colonies in presence of fisetin. Greater efficacy of fisetin in
the inhibition of PI3K, Akt, mTOR and p-S6K70 in cells expressing higher mTOR signaling
was also observed [45]. These results suggested that the mTOR signaling plays an essential
role in the tumorigenesis of prostate cancer and mTOR specific inhibitors may be promising
anticancer therapeutics.

Fisetin effects on the mTOR pathway were similarly observed using human non-small cell
lung cancer A549 cells [40]. Fisetin treatment reduced formation of A549 cell colonies that
was associated with decrease in the protein expression of PI3K, inhibition of
phosphorylation of Akt, mTOR, p70S6K1, eIF-4E and 4E-BP1. Fisetin-treated cells also
exhibited dose-dependent inhibition of the constituents of mTOR signaling complex Rictor,
Raptor, GβL and PRAS40.

CONCLUSIONS
The mTOR pathway drives a feedback loop and keeps the PI3K/Akt activity under tight
control. One consequence of mTOR inhibition is alleviation of this negative feedback loop
resulting in activation of PI3K and subsequent activation of Akt. Therefore, simultaneously
targeting of both PI3K/Akt and mTOR has the potential to inhibit both upstream and
downstream signaling in the pathway. By physically interacting with the mTOR molecule
and inhibiting its activity, fisetin treatment of human prostate cancer cells inhibits mTOR
signaling both upstream and downstream. Additionally, fisetin also inhibits the PI3K/Akt
pathway which ensures that the feedback loop remains in check. Our findings suggest that
fisetin inhibits the mTOR pathway in addition to inhibition of the PI3K/Akt pathway. In
addition fisetin has been shown to enhance cytotoxic effects when combined with other
known chemotherapeutic drugs [46-48]. Fisetin also sensitized TRAIL-resistant androgen-
dependent LNCaP and the androgen-independent DU145 and PC3 prostate cancer cells to
TRAIL-induced death [49]. These observation sunderscore the importance of testing fisetin
in combination with known and conventional chemotherapeutic drugs. Therefore, based on
these observations fisetin could be developed as a novel agent for the management of
prostate cancer.
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Figure 1. Graphic representation of the effect of fisetin on PI3K/Akt/mTOR signaling
Simultaneously targeting both PI3K/Akt and mTOR has the potential to inhibit both
upstream and downstream signaling in the pathway. Fisetin inhibits the mTOR pathway and
keeps the feedback loop in check by also inhibiting the PI3K/Akt pathway and inhibits cell
survival and growth.

Adhami et al. Page 9

Biochem Pharmacol. Author manuscript; available in PMC 2013 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Adhami et al. Page 10

Table 1

Summary of biological effects associated with fisetin.

Biological Effects Reference No.

• Antibacterial and antimicrobial 7

• Prevents oxidative-stress induced nerve cell death 8

• Promotes nerve cell differentiation via Erk activation 9

• Enhances memory via ERK-dependent long-term potentiation 10

• Microtubule stabilizer and antimitotic: Reduces aurora B kinase 13, 14

• Induces apoptosis in promyeloleukemic and hepatocellular carcinoma cells through activation of the caspase 3 cascade 15, 16

• Inhibits adhesion, migration and invasion of human A549 lung cancer cells via inhibition of ERK, MMP-2 and u-PA 17

• Confers protection against benzo(a)pyrene [B(a)P] induced lung Carcinogenesis 18

• Inhibits activities of cdks leading to cell cycle arrest in HT-29 human colon cancer cells 19

• Enhances the radio-sensitivity of p53-mutant HT-29 human colon cancer Cells 20

• Activates death receptors to induce apoptosis in human HCT-116 human colon cancer cells

• Induces apoptosis and inhibits invasion of AsPC-1 pancreatic cancer cells through suppression of DR3-mediated NFκB
activation

23

• Potent inhibitor of the type 1 5 alpha-reductase activity 24

• Decreases viability of prostate cancer cells through physical interaction with the ligand binding domain of the androgen
receptor

26, 27

• Inhibits tumor growth and reduces serum PSA levels 28

• Exerts inhibitory effects on the adhesion, migration, and invasion of prostate cancer cell via inactivation of the PI3K/Akt
and JNK signaling Pathways

29

• Induces autophagic-programmed cell death through inhibition of mTOR kinase signaling pathway 30

• Physically interacts with the mTOR molecule 40

• Inhibits mTOR signaling in prostate cancer cells 45

• Inhibits mTOR signaling in human lung cancer cells 40

• Fisetin enhances cytotoxic effects when com
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