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Huntington’s disease (HD) is an inherited, progressive and ultimately fatal neurodegenerative disorder that is
characterized by psychiatric, cognitive and motor symptoms. Among the pathways implicated in HD
are those involving mitogen-activated protein kinase signaling and particularly the Ras-extracellular
signal-regulated kinase (ERK) cascade. Studies in both cells and animal models suggest that ERK activation
might provide a novel therapeutic target for the treatment of HD but compounds that specifically activate ERK
are few. To test the hypothesis that pharmaceutical activation of ERK might be protective for HD, a polyphe-
nol, fisetin, which was previously shown to activate the Ras-ERK cascade, was tested in three different
models of HD: PC12 cells expressing mutant Httex1 under the control of an inducible promoter,
Drosophila expressing mutant Httex1 and the R6/2 mouse model of HD. The results indicate that fisetin
can reduce the impact of mutant huntingtin in each of these disease models. Prompted by this observation,
we determined that the related polyphenol, resveratrol, also activates ERK and is protective in HD models.
Notably, although more than a dozen small molecule inhibitors of ERK activation are in clinical trials, very
few small molecule activators of ERK signaling are reported. Thus, fisetin, resveratrol and related com-
pounds might be useful for the treatment of HD by virtue of their unique ability to activate ERK.

INTRODUCTION

Huntington’s disease (HD) is a late-onset, progressive and
fatal neurodegenerative disorder for which there is, at
present, no cure. It is caused by the expansion of a trinucleo-
tide repeat that encodes an abnormally long polyglutamine
tract in the huntingtin (Htt) protein. 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 elucidate the mechanisms underlying disease
development and progression (reviewed in 1).

Among the pathways implicated in HD are those involving
mitogen-activated protein kinase (MAPK) signaling and particu-
larly the Ras-extracellular signal-regulated kinase (ERK) cascade
(2). Although both protective and deleterious roles have been

proposed for ERK activation in neuronal cells (3–5), recent
studies using mutant-Htt-expressing nerve cells provide strong
evidence that activation of ERK provides neuroprotection,
while specific inhibition of ERK activation enhances cell death
(2). More recently, neuroprotective compounds identified using
a neuronal cell culture model of HD in combination with a
library of 1040 biologically active compounds were shown to
prevent cell death by inhibiting mitochondrial function resulting
in the activation of ERK and Akt signaling with the ERK pathway
playing the major role (6). Furthermore, reduced signaling by
growth factors such as brain-derived neurotrophic factor
(BDNF) and EGF-1 (7–11) that activate the Ras-ERK cascade
has been found in HD models and patients. Together, these
results suggest that ERK activation might provide a novel thera-
peutic approach to prevent neuronal dysfunction in HD.
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The Ras-ERK cascade is classically activated by growth
factors or neurotrophic factors such as BDNF or EGF-1.
These factors initiate a complex signaling cascade leading to
the activation of Ras, Raf and MAPK/ERK kinase (MEK), a
dual specificity kinase that activates ERK via phosphorylation
on both threonine and tyrosine residues. However, because
these factors are proteins, their clinical use has been limited
by difficulties in delivery to the brain and unsuitable pharma-
cokinetics (12). An alternative approach is to identify small
molecules that can substitute for growth factors. We recently
showed that the flavonoid fisetin can activate the Ras-ERK
cascade in nerve cells (13,14) and activation of this signaling
pathway is associated with the neuroprotective, neurotrophic
and cognition-enhancing effects of fisetin (13,14). Interest-
ingly, HD in both rodents and humans is characterized by def-
icits in learning and memory (15,16), two functions in which
ERK plays a critical role (17). We have also recently shown
that a related polyphenol, resveratrol, is effective at suppres-
sing HD pathology in a Drosophila model of HD, and that
this suppression does not involve activation of sirtuins (18,19).

Combining these observations, we sought to test the hypoth-
esis that fisetin and related polyphenols such as resveratrol,
might be useful for the treatment of HD by activating the
ERK pathway. To this end, we tested fisetin in three different
models of HD: PC12 cells expressing mutant Httex1 under the
control of an inducible promoter, Drosophila expressing
mutant Httex1 and the R6/2 mouse model of HD. We also
tested whether the protective effect of the related polyphenol,
resveratrol, could be accounted for by activation of the ERK
pathway using both pharmacologic and genetic manipulations.
The results indicate that fisetin can reduce the impact of
mutant huntingtin in each of these disease models and that
both fisetin and resveratrol activate the ERK pathway, thus
suggesting that polyphenols and/or their derivatives might be
useful for the treatment of HD.

RESULTS

The polyphenol fisetin protects PC12 cells from mutant
huntingtin expression

Induction of mutant Htt (Httex1-103QP-EGFP) by treatment
of PC12/HttQ103 cells with ponasterone (PA) results in the
death of �45% of the cells within 72 h (Fig. 1) (19). As
shown in Figure 1A, treatment with fisetin at the time of
Httex1-103QP induction increases cell survival in a dose-
dependent manner with a maximal effect seen between 5
and 10 mM. Fisetin did not alter the formation of EGFP-tagged
Httex1-103QP aggregates (Fig. 1B) or the overall level of
Httex1-103QP-EGFP expression (Fig. 1C).

Protection by fisetin is dependent on ERK activation

An earlier study (2) showed that expression of mutant hunting-
tin in PC12 cells resulted in the activation of multiple MAPKs
including both ERK and c-Jun N-terminal kinases (JNKs).
ERK activation was specifically implicated in neuroprotection
(2). Given that fisetin was previously shown to induce ERK
activation in PC12 cells (20) as well as primary neurons
(14) and hippocampal slices (13), we asked if it could activate

ERK, as indicated by an increase in phosphorylation, in the
PC12/HttQ103 cells. Httex1-103QP itself induces modest
ERK activation in the PC12/HttQ103 cells and this is enhanced
by treatment with fisetin (Fig. 2A and B). Importantly, inhi-
bition of ERK activation by co-treatment with the MEK
inhibitor PD98059 completely eliminates the effects of
fisetin on ERK activation (Fig. 2A and B) and on cell survival
(Fig. 2C), suggesting that fisetin is acting on the MAPK

Figure 1. (A) Dose-dependent effect of fisetin on the survival of PC12/HttQ103

cells. Cells were un-induced or induced with 5 mM PA in N2 medium to
express the entire Htt exon 1 fused to EGFP. Such cells typically form Htt
protein aggregates (B) and die within 3–4 days. Fisetin was added to the
un-induced cells or the induced cells at the time of induction. After 72 h,
cell survival was measured by the MTT assay. The results are plotted as the
percentage cell survival in induced cells relative to un-induced cells and are
the average+SD of four independent experiments. (B) PC12/HttQ103 cells
induced with 5 mM PA in the absence (control) or presence (+fisetin) of
10 mM fisetin were examined after 48 h by fluorescence microscopy to
assess the presence and localization of Httex1-103QP-EGFP. Fluorescent
aggregates were counted in five random fields from both control and fisetin-
treated cells. (C) PC12/HttQ103 cells were induced with 5 mM PA in the
absence (control) or presence (fisetin) of 10 mM fisetin. After 48 h, cell extracts
were prepared and equal amounts of protein were analyzed by SDS–PAGE
and immunoblotting with antibodies to GFP and actin as a loading control.
A representative blot is shown. Similar results were obtained in three indepen-
dent experiments. The average GFP signal from the fisetin-treated cells, quan-
tified by densitometry, normalized to actin and then normalized to the levels of
GFP in the absence of fisetin, was plotted as +SD.
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pathway itself. Interestingly, treatment with 10 mM fisetin 24 h
after the induction of Httex1-103QP (2d fisetin) provided an
equal or greater amount of protection indicating that fisetin
(Fig. 2C) can also reduce the effects of Httex1-103QP
already present in cells. This result further supports the con-
clusion that the effect of fisetin is not on suppression of
Httex1-103QP synthesis.

Fisetin reduces JNK activation in PC12/HttQ103 cells

JNK was also shown to be activated by Httex1-103QP
expression in the PC12 cell model (2) and, opposite to ERK
activation, contributed to cell death. In contrast to its effects
on ERK activation, fisetin reduced JNK activation, as indi-
cated by a decrease in JNK phosphorylation in the PC12/
HttQ103 cells (Fig. 3A and B). Activation of JNK by
Httex1-103QP expression in the PC12/HttQ103 cells (Fig. 3A
and B) correlated with the activation of caspase 3 (Fig. 3C)
(2), which is thought to contribute to cell death (19). Consist-
ent with its effects on JNK activation and cell survival, fisetin
also significantly reduced caspase 3 activation (Fig. 3C).

Figure 3. (A) Effect of fisetin and Httex1-103QP-EGFP on JNK phosphoryl-
ation. PC12/HttQ103 cells were un-induced or induced with 5 mM PA in N2
medium. Fisetin (10 mM) was added to the un-induced cells or the induced
cells at the time of induction as indicated. After 24 h, cell extracts were pre-
pared and equal amounts of protein were analyzed by SDS–PAGE and immu-
noblotting with antibodies to phospho-JNK and total JNK1. A representative
blot is shown. Similar results were obtained in three independent experiments.
(B) The average phosphoprotein signal from the PA-treated samples in the
blots in (A), quantified by densitometry, normalized to total JNK and then nor-
malized to the level in the absence of fisetin, was plotted as +SD. Asterisk (∗)
indicates fisetin-treated versus control, P , 0.02 (unpaired t test). (C) Effect of
fisetin and Httex1-103QP-EGFP on caspase 3 activation in the PC12/HttQ103

cells. Cells were un-induced or induced with 5 mM PA in N2 medium.
Fisetin was added to the un-induced cells or the induced cells at the time of
induction. After 48 h, caspase 3 activity was measured by caspase 3/7 Glo
kit. The results are the average+SD of three independent experiments. Aster-
isk (∗) indicates fisetin-treated versus control, P , 0.02 (unpaired t test).

Figure 2. (A) Effect of fisetin and Httex1-103QP-EGFP on ERK phosphoryl-
ation in PC12/HttQ103 cells. PC12/HttQ103 cells were un-induced or induced
with 5 mM PA in N2 medium. Fisetin (10 mM) and/or PD98059 (40 mM) was
added to the un-induced cells or the induced cells at the time of induction
as indicated. After 24 h, cell extracts were prepared and equal amounts of
protein were analyzed by SDS–PAGE and immunoblotting with antibodies
to phospho-ERK and total ERK. A representative blot is shown. Although
fisetin induces ERK phosphorylation in both the absence and presence of
Httex1-103QP-EGFP, the effect is much stronger in the presence of
Httex1-103QP-EGFP. Similar results were obtained in four independent
experiments. (B) The average phosphoprotein signal from the PA-treated
samples in the blots in (A), quantified by densitometry, normalized to total
ERK and then normalized to the levels in the absence of fisetin or
PD98059, was plotted as +SD. Asterisk (∗) denotes fisetin-treated versus
control, P , 0.001; Number sign (#) denotes PD + fisetin versus fisetin,
P , 0.001 (Unpaired t test). (C) ERK phosphorylation promotes survival in
PC12/HttQ103 cells. PC12/HttQ103 cells were un-induced or induced with
5 mM PA in N2 medium. Fisetin (10 mM) and/or PD98059 (PD, 40 mM) was
added to the un-induced cells or the induced cells at the time of induction
as indicated. After 72 h, cell survival was measured by the MTT assay. In
some experiments, fisetin was added 24 h after the induction of
Httex1-101QP-EGFP expression with PA (2d fisetin). The results are plotted
as the % cell survival of induced cells relative to un-induced cells and are
the average+SD of five independent experiments. Asterisk (∗) indicates sig-
nificantly different from fisetin alone, P , 0.001 (unpaired t test).
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Together these results suggest that fisetin could be useful for
selective activation of ERK and thus for the treatment of HD.

Fisetin suppresses pathology in a Drosophila model of HD

To test the potential efficacy of fisetin treatment in vivo, we
used a Drosophila model of HD (21) where expression of
mutant human Httex1 in neuronal cells leads to HD-like symp-
toms (22). Flies expressing pathogenic human Htt
(w elav:Gal4/w; P{UAS-Httex1p Q93}/+) Httex1p Q93)
were harvested shortly after eclosion and placed on standard
fly food containing various concentrations of fisetin. Flies
were transferred to fresh food every day and after 7 days
were examined for neuronal degeneration by the pseudopupil
technique (Fig. 4A) and survival (Fig. 4B). By day 7, the
blinded pseudopupil analysis of neurodegeneration showed a
dose-dependent increase in photoreceptor neuron survival
when flies were fed fisetin-containing food (Fig. 4A). At

300 mM, fisetin showed the least neurodegeneration with
�25% rescue when compared with the control. Further, only
about 38% of untreated flies were still alive by day 7, while
vials containing siblings reared on fisetin-containing food
showed increasing levels of survival in a dose-dependent
manner (i.e. up to 77% surviving at 300 mM) (Fig. 4B).
Thus, fisetin shows promise in suppressing mutant Htt pathol-
ogy in a Drosophila model of HD.

Fisetin and resveratrol increase ERK activation in
Drosophila

Given our observations with respect to fisetin and ERK acti-
vation in the PC12/HttQ103 cells, we sought to determine if
the in vivo effects of fisetin in flies are also mediated by
ERK activation. In addition, our previous observations that
the structurally related polyphenol, resveratrol, also suppresses
neurodegeneration in this fly model by an unknown mechan-
ism (18) prompted us to compare the effects of these two
drugs on ERK activation in flies. Heads from untreated,
fisetin-treated and resveratrol-treated non-Htt-expressing con-
trols (i.e. non-Htt-expressing siblings, (w/Y; P{UAS-Httex1p
Q93}/+) and mutant Htt-expressing flies (w elav:Gal4/w;
P{UAS-Httex1p Q93}/+) were analyzed for ERK phosphoryl-
ation following 19.5 h of exposure to the compounds. Western
blots of three independent extracts each were analyzed for
total ERK and phospho-ERK (Fig. 5A). In contrast to the
PC12/HttQ103 cells, only a single ERK band is seen in the
fly head extracts. ERK phosphorylation and thereby activation
was very low in the untreated heads from control flies and was
significantly increased by both fisetin and resveratrol treatment
(Fig. 5A). While ERK phosphorylation was higher in the
heads from untreated mutant Htt-expressing flies when com-
pared with heads from untreated non-expressing control
flies, both fisetin and resveratrol still significantly increased
ERK phosphorylation (Fig. 5A). To better understand the
selectivity of these treatments with respect to JNK activation,
western blots of the same head extracts were analyzed for total
JNK and phospho-JNK (Fig. 5B). In contrast to the results
with ERK, in the same head extracts, JNK phosphorylation
was slightly higher in the heads from untreated mutant Htt
flies when compared with the heads from untreated
non-Htt-expressing flies (Fig. 5B). Furthermore, neither
fisetin nor resveratrol showed any significant effects on the
phosphorylation of JNK (Fig. 5B).

Genetically altering ERK activation affects survival of HD
flies

Given the positive results with both fisetin and resveratrol on
suppressing neuronal pathology and activating ERK, we
sought to genetically confirm whether activation of ERK is a
valid therapeutic target for suppressing HD-mediated neurode-
generation. The general strategy for testing involves compar-
ing Httex1p Q93-challenged animals to their siblings in
which one copy of a particular gene of interest has been elimi-
nated. Reducing the level of ERK protein by half (i.e. hetero-
zygous for the Drosophila ERK gene, rolled which is 81%
identical to human ERK1/2) had no effect on the survival
or neuronal degeneration of Htt-challenged Drosophila

Figure 4. Suppression of pathology in a Drosophila model of HD. (A) Dose-
dependent rescue of photoreceptor neuron degeneration by increasing concen-
trations of fisetin: ∗P , 0.05; ∗∗P , 0.01; ∗∗∗P , 0.001, ∗∗∗∗P , 0.0001
(unpaired t test). (B) The number of eclosed Httex1p Q93-challenged
animals surviving until day 7 increases in a dose-dependent fashion with
increasing concentrations of fisetin. A chi-square analysis of this dataset
suggests an association between survival and fisetin treatment (P , 0.025).
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(i.e. w elav:Gal4/w; rl/+; P{UAS-Httex1p Q93}/+) (Fig. 6A
and B). In contrast, a 50% reduction in the level of Drosophila
MEK, Dsor (66% identical to human MEK1), decreased the
survival of Httex1p Q93-challenged animals (i.e. w
elav:Gal4 +/w Dsor1; P{UAS-Httex1p Q93}/+) (Fig. 6A).
These observations are consistent with the idea that ERK
levels are not limiting but that ERK activation is protective
to mutant Htt-challenged neurons. To further test this, we
sought to genetically increase the levels of activated ERK
by reducing the doses of the ERK phosphatase genes,
Protein Tyrosine Phosphatase-ERK/Enhancer of Ras1 gene
(PTP-ER) and microtubule star (mts), two phosphatases

known to act on ERK (23,24). Reducing the dose of each of
these had a positive impact on the number of animals surviv-
ing to adulthood (eclosion) and on the number of photo-
receptor neurons surviving (i.e. w elav:Gal4/w; mts/+;
P{UAS-Httex1p Q93}/+ and w elav:Gal4/w; PTP-ER/+;
P{UAS-Httex1p Q93}/+) (Fig. 6A and B), although only the
rescue afforded by reducing the PTP-ER gene met the criteria
for statistical significance. Consistent with the postulated
opposing actions of ERK and JNK activation, a 50% reduction
of JNK (i.e. heterozygous for the Drosophila JNK gene basket,
bsk which is 79% identical to hJNK) provided a modest
increase in survival and longevity of Httex1p Q93-challenged

Figure 5. Effect of fisetin and Htt on ERK (A) or JNK (B) phosphorylation in Drosophila. Wild-type (-Htt) or Httex1p Q93-challenged (+Htt) flies were fed a
normal diet (untreated) or a diet supplemented with fisetin (300 mM) or resveratrol (300 mM) for 19.5 h before harvesting. Three separate collections of heads
were isolated, extracts prepared and equal amounts of protein were analyzed by SDS–PAGE and immunoblotting with antibodies to phospho-ERK and total
ERK (A) or phospho-JNK and total JNK (B). A representative blot is shown. Since fisetin induces ERK phosphorylation in both the absence and presence
of Httex1p Q93 but the effect is stronger in the presence of Httex1p Q93, the exposure of the Httex1p Q93 phospho-ERK blot was for half the time as the
exposure of the wild-type phospho-ERK blot. The average phosphoprotein signal from the samples as quantified by densitometry, normalized to total ERK
or total JNK and then normalized to the level in the Httex1p Q93 flies fed control diet, was plotted +SD. ∗P , 0.05; ∗∗P , 0.01; ∗∗∗P , 0.001 (unpaired t-test).
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animals (Supplemental Material, Fig. S1A and B). Although
increased survival of neurons with a 50% reduction in JNK
dose did not reach a statistically robust level (Fig. 6B), inhi-
bition of JNK activation with SP600125 did exhibit a robust,
dose-dependent increase in neuronal survival (Supplemental
Material, Fig. S1C). Together, these observations suggest
that polyphenols such as fisetin and resveratrol can be neuro-
protective in an HD setting by selectively activating ERK.

Fisetin improves rotorod performance and increases
lifespan in the R6/2 mouse model of HD

Given the positive results with fisetin in both the cell- and
Drosophila-based assays, we decided to test the effect of
fisetin in a mammalian model of HD, the R6/2 mouse. This
transgenic mouse line expresses human mutant exon 1 of hun-
tingtin with a highly expanded repeat from the mouse Htt pro-
moter, and has been widely used as a model for testing novel
therapeutic approaches to the treatment of HD [e.g. (25–27)].
Since the overall goal was to determine if oral administration
of fisetin could be useful for the treatment of HD, fisetin was
fed to genotyped R6/2 mice and their wild-type littermates in
the food at 0.05% beginning at �6 weeks of age. The mice
were tested on the rotorod from �7 to 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 when compared with their wild-type littermates
(Fig. 7A). However, the performance declined significantly
more rapidly in animals on the control diet when compared
with those on the fisetin diet (Fig. 7A). Similarly, as shown

Figure 7. Fisetin treatment decreases motor impairment and mortality in R6/2
mice. R6/2 mice on 0.05% fisetin or control diet (n ¼ 15) were monitored for
(A) rotorod performance and (B) mortality. Fisetin improved rotorod perform-
ance at 9, 11 and 13 weeks (P , 0.01) and survival (P , 0.05) (unpaired
t test).

Figure 6. Genetically elevated ERK activation is protective for Drosophila
challenged with expanded Httex1. Siblings from crosses of flies expressing
Elav-driven pathogenic Htt fragments that were either normal or heterozygous
for an ERK or JNK-related gene of interest were compared for survival to adult-
hood (A). The number of progeny falling in the resulting genotypic classes were
scored and the effects on huntingtin-induced lethality were calculated as relative
viability scores (the ratio of the number of mutant and non-mutant
Htt-expressing flies divided by the ratio of the number of mutant and non-
mutant Htt non-expressing flies). The line at 100% indicates the eclosion of
Htt-challenged flies against which siblings with reduced levels of the indicated
tester genes are compared. The statistical significance of relative eclosion was
assessed by Chi-square testing; triple asterisks (∗∗∗) indicates P , 0.001. The
number of progeny (n) was greater than 1500 in all cases. The Drosophila
symbol of each gene is listed above the corresponding name of the mammalian
protein (ERK P’ase and PP2A cat are the ERK tyrosine phosphatase and cata-
lytic subunit of the PP2A Ser/Thr phosphatase). (B) The number of photo-
receptor neurons surviving in expanded Httex1-challenged flies that are
heterozygous for several of these mutations is shown. Black bars indicate photo-
receptor counts in control animals with two doses of the tester gene, while the
white bars represent counts in siblings that are heterozygous for a mutation of
the tester gene (e.g. bsk, rl, PTP-ER or mts). Control animals are recognized by
the CyO balancer which does not affect rhabdomere numbers when heterozy-
gous. Reduction of the ERK tyrosine phosphatase, PTP-ER, demonstrated sig-
nificant improvement in neuronal survival. Statistical significance was assessed
by unpaired t-test; asterisk (∗) indicates P , 0.05.
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in Figure 7B, while the median lifespan of the R6/2 mice on
the control diet was 104 days, that of fisetin-fed mice was
increased by �30% to 134 days.

DISCUSSION

It has been suggested that polyphenols, such as fisetin and
resveratrol, may extend lifespan by activating the enzyme
Sir2 (28,29) and that this property of polyphenols may be
useful in disease settings such as neurodegeneration (30,31).
However, others report no effects of resveratrol on the lifespan
of Drosophila or worms (32), and a number of studies indicate
that it does not directly activate SIRT1 (18,33–36) leaving
these potentially beneficial compounds in search of a mechan-
ism. The studies reported here show that fisetin can promote
survival in both in vitro and in animal models of HD. Further-
more, our studies with both PC12 cells and a Drosophila
model of HD strongly suggest that the activation of the
Ras-ERK cascade by fisetin (13,14,20) plays a key role in
its ability to promote cellular, neuronal and organismal survi-
val in the face of Htt challenge. These observations are further
supported by the studies in Drosophila where fisetin, as well as
resveratrol, increased ERK phosphorylation. Genetic manipu-
lation of ERK activation levels provides independent evidence
validating ERK activation as therapeutic in the HD setting.
These results suggest that ERK activation might be a
common target of polyphenolic compounds that are neuropro-
tective in HD.

ERK and JNK are often described in a Ying–Yang relation-
ship, where JNK activation promotes cell death while ERK
promotes survival and many manipulations that affect one
often affect the other. Thus, agents that can preferentially acti-
vate ERK could be therapeutically desirable. Our finding that
fisetin enhances ERK activation while not enhancing JNK
activation in PC12 cells and Drosophila is encouraging. The
observations that both fisetin and resveratrol are neuroprotec-
tive in both mammalian cells (31; this study) and Drosophila
(18; this study) coupled with our finding that both compounds
activate ERK in Drosophila suggest that enhanced ERK phos-
phorylation is key to the beneficial effects of these polyphe-
nols. This conclusion is further supported by the observation
that the neuroprotective effects of the mixed lineage kinase
inhibitors, CEP-11004 and CEP-1347, in models of HD
were associated with ERK activation rather than with JNK
inhibition (26).

The pathology of HD is complex and appears to affect mul-
tiple cellular functions including transcription, protein modifi-
cation and processing, oxidative stress and mitochondrial
function (reviewed in 1). Thus, it has been suggested that
drug combinations may provide the best approach for treating
the disease (37). We and others have shown that in addition to
their ability to activate the Ras-ERK cascade, polyphenols
have a number of other activities that might make them par-
ticularly useful for the treatment of HD. For example, both
fisetin and resveratrol have direct antioxidant activity and
can also increase the intracellular levels of glutathione, the
major intracellular antioxidant (38–40). In addition, both
fisetin and resveratrol can induce several transcription
factors associated with the protection of nerve cells from

stress including Nrf2 (14,39,41). Both these polyphenols can
also increase proteasome activity (42,43) and fisetin has
been found to maintain ATP levels in the presence of toxic
stress (44). Thus, although much of the protection afforded
by these polyphenols could be accounted for by their effects
on ERK activation shown in this study, both fisetin and resver-
atrol appear to behave like multiple-target drugs having many
of the beneficial characteristics of drug combinations that
would be desirable in HD and that could be used without
the need to establish the parameters of co-treatment.

Compounds that are active following oral administration are
likely to be the most useful for the treatment of HD since treat-
ment is likely to be necessary for an extended time given the
slow development of the disease. Thus, we incorporated fisetin
into the food for our mouse study and this approach resulted in
significant benefits to the R6/2 mice. In contrast, a recent study
with resveratrol which used gavage in an undefined vehicle
(45) to treat the N171-82Q transgenic mouse model of HD
failed to show any improvement in either motor performance
or survival. These results suggest that oral administration via
food as opposed to gavage may have a significant impact on
the therapeutic benefits of polyphenols.

Fisetin and resveratrol are small, orally available molecules
(13,46,47) that can cross the blood–brain barrier (48,49) and
maintain the ERK signaling pathway in an activated state
that our studies indicate will help preserve brain function in
HD. These properties make this class of compounds poten-
tially attractive therapeutic agents.

MATERIALS AND METHODS

Chemicals

Fisetin was purchased from Indofine Chemical Company. For
the mouse studies, it was incorporated into the food at 0.05%
by Harlan/Teklad. Periodic extraction and testing confirmed
its stability under these conditions. Resveratrol was purchased
from Sigma.

Cell culture

An ecdysone-inducible PC12 cell line (PC12/HttQ103) contain-
ing the huntingtin protein exon 1 fused to EGFP (HttQ103 ¼
Httex1-103QP-EGFP) (19) was obtained from Leslie Thomp-
son (UC Irvine). The cells were grown in DMEM/high
glucose-containing 10% fetal calf serum (Hyclone), 5%
horse serum (Invitrogen) and 1% penicillin/streptomycin.
Httex1-103QP-EGFP expression was induced by treating
with 5 mM PA (Sigma) in N2 (Invitrogen) medium for the indi-
cated times. For cell survival studies, the cells were plated at
�50% confluency in 35 mM dishes. After 24 h, the medium
was replaced with N2 medium alone or N2 + PA. In some
cases, 10 mM fisetin and/or 40 mM PD98059 (Sigma) were
included. The cells were treated for 72 h and then processed
for the MTT assay as described (50).

SDS–PAGE and immunoblotting

For sodium dodecyl sulfate–polyacrylamide gel electrophor-
esis (SDS–PAGE), PC12/HttQ103 cells were plated at the
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same density as used for the cell death assays and harvested
1–2 days after induction of Httex1-103QP-EGFP. For SDS–
PAGE analysis of fly heads, extracts were prepared by
feeding adult flies overnight (19.5 h) on food containing
300 mM of either fisetin or resveratrol. Frozen flies were vor-
texed to release the heads and homogenized (10 heads/30 ml)
in ice-cold lysis buffer [1% Triton X-100, 150 mM NaCl,
50 mM Tris, 1 mM EDTA, protease inhibitor mixture
(Roche), pH 7.2]. The samples were separated using 10% Cri-
terion XT Precast Bis–Tris gels (Biorad, Hercules, CA, USA).
Proteins were transferred to nitrocellulose membranes and the
measurement of the quality of protein, electrophoresis and
transfer checked by staining with Poinceau S. Membranes
were blocked with 5% skim milk in TBS-T (20 mM Tris
buffer pH 7.5, 0.5 M NaCl, 0.1% Tween 20) for 2 h at room
temperature and incubated overnight at 48C in the primary
antibody diluted in 5% bovine serum albumen in TBS/
0.05% Tween 20. The primary antibodies used were: rabbit
anti-phospho-MAPK (no. 9101, 1/5000), mouse
anti-phospho-MAPK (no. 9106, 1/1000), rabbit anti-MAPK
(no. 9102, 1/1000), mouse anti-phospho-JNK (no. 9255, 1/
2000), rabbit anti-JNK (no. 9252, 1/1000) and HRP-anti-actin
(no. 5125; 1/40,000) from Cell Signaling; mouse anti-JNK1
(no. 15701A, 1/500) from PharMingen and rabbit anti-GFP
(no. sc8334, 1/1000) from Santa Cruz Biotechnology. Sub-
sequently, blots were washed in TBS/0.05% Tween 20 and
incubated for 1 h at room temperature in horseradish
peroxidase-goat anti-rabbit or goat anti-mouse (Biorad)
diluted 1/5000 in 5% skim milk in TBS/0.1% Tween 20.
After additional washing, protein bands were detected by che-
miluminescence using the Super Signal West Pico Substrate
(Pierce). Each PC12 western blot was repeated at least three
times with independent protein samples. The fly brain
western blots utilized head lysate preparations from three sep-
arate experiments and were repeated twice.

Caspase 3 activity

PC12/HttQ103 cells were plated in white 96-well plates at the
same density as used for the cell death assays and either
un-induced or induced with PA for 2–3 days in the absence
or presence of 10 mM fisetin. The dish was removed from
the incubator and an equal volume of Caspase 3/7 Glo
(Promega) was added to each well. After 60 min, the lumines-
cence was read on a luminometer (Molecular Devices) and the
level of caspase activity determined relative to un-induced
cells grown in the absence or presence of fisetin.

Fly culture

Flies were reared at 258C on standard cornmeal-glucose-yeast
Drosophila medium supplemented with varying concen-
trations of fisetin or resveratrol. Virgin female flies from the
w; P{UAS-Httex1p Q93}4F1 transgenic line (21) were mated
with the pan-neuronal elav driver w; {w+mW.hs ¼
GawB}elavC155. Emerging flies were harvested ,6 h post-
eclosion and raised at 258C.

For genetic manipulation of ERK or JNK levels, siblings
from crosses of flies expressing Elav-driven pathogenic Htt
that were either normal or heterozygous for an ERK or

JNK-related gene of interest were compared for lethality and/
or for survival or longevity. Genetic interaction tests were per-
formed by crossing w; P{UAS-Httex1p Q93}4F1 virgins to
males hemizygous for the elav.GAL driver and also heterozy-
gous for a mutation of the gene of interest over a chromosome
with an appropriate dominant marker (Cy or Sb for the second
or third chromosome, respectively). To test the X chromosomal
Dsor1 allele, elav.GAL4/Y; P{UAS-Httex1p Q93}4F1/Sb
males were crossed to Dsor1[G42]/FM7a virgins. In the next
generation, flies of different genotypes were counted and
relative eclosion rates calculated. Fly strains carrying the
mutant alleles bsk1, rolled10a, Dsor1G42, PTP-ERXE-2776 and
mtsXE-2258 were obtained from the Bloomington Drosophila
Stock Center and references describing each mutant can be
found at flybase.org (stock numbers: bsk ¼ #3088; rl ¼ #742;
Dsor ¼ #7131; PTP-ER ¼ #5765; mts ¼ #5684; note: all
second-chromosome balancers were changed to simple CyO
for experimental manipulations).

Pseudopupil analysis

Flies were transferred to fresh food every day, and assayed for
neurodegeneration at 7 days post-eclosion using the pseudopu-
pil technique (21). Seven-day-old flies were decapitated and
heads mounted in a drop of nail polish on a microscopic
slide. The head was then covered with immersion oil and
examined under Nikon EFD-3/Optiphot-2 scope with 50X
oil objective. At least 200 ommatidia in 8–12 flies were exam-
ined and the number of visible rhabdomeres was counted for
each.

Mouse studies

R6/2 mice with a CBA/C57Bl6 background (51) were
obtained from Jackson Laboratory at 42–45 days of age.
Three different cohorts of mice were used for these studies
for a total of 15 R6/2 mice and an equivalent number of
age- and strain-matched controls. Upon arrival, mice were
housed five per cage under standard conditions with ad
libitum access to food and water. The mice were started on
control chow or chow containing 0.05% fisetin shortly after
arrival at Salk. The mice consumed the same amount of
chow in the absence or presence of fisetin. Motor performance
was assessed bi-weekly shortly since arrival (42–45 days)
until 91 days of age. During testing, the mice were placed
on a rotorod accelerating from 0 to 50 rpm over 180 s. Each
mouse had three separate trials at 180 s each and latency to
fall from the apparatus was recorded. The three results were
averaged and recorded. All procedures were approved by the
Salk Institute Institutional Animal Care and Use Committee.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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