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Abstract

The E46K is a point mutation in a-synuclein (a-syn) that causes familial Parkinsonism with Lewy
body dementia. We have now generated a cell model of Parkinsonism/Parkinson’s disease (PD)
and demonstrated cell toxicity after expression of E46K in the differentiated PC12 cells. E46K a-
syn inhibited proteasome activity and induced mitochondrial depolarization in the cell model.
Baicalein has been reported to inhibit fibrillation of wild type a-syn in vitro, and to protect
neurons against several chemical-induced models of PD. We now report that baicalein
significantly attenuated E46K-induced mitochondrial depolarization and proteasome inhibition,
and protected cells against E46K-induced toxicity in a cell model of PD. Baicalein also reduced
E46K fibrilization in vitro, with a concentration-dependent decrease in beta sheet conformation,
though it increased some oligomeric species, and decreased formation of E46K a-syn-induced
aggregates and rescued toxicity in N2A cells. Taken together, these data indicate that
mitochondrial dysfunction, proteasome inhibition and specific aspects of abnormal E46K
aggregation accompany E46K a-syn-induced cell toxicity, and baicalein can protect as well as
altering aggregation properties. Baicalein has potential as a tool to understand the relation between
different aggregation species and toxicity, and might be a candidate compound for further
validation by using in vivo a-syn genetic PD models.

Keywords

Parkinson’s disease; proteasome inhibition; baicalein; a-synuclein; mitochondria depolarization;
aggregation

Correspondence to: Wenzhen Duan or Christopher A. Ross, Division of Neurobiology, Department of Psychiatry and Behavioral
Sciences, Johns Hopkins School of Medicine. CMSC 8-121, 600 N. Wolfe Street, Baltimore, MD 21287. Tel: 410-502-2866 or
410-614-0011; Fax: 410- 614-0013. wduan2@jhmi.edu or caross@jhu.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 2

Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disease, causing tremor,
rigidity and bradykinesia, postural and autonomic instability, and cognitive and emotional
disorders among other cardinal signs (Betarbet et al. 2006; Fahn 2003; Jankovic 2008;
Zarranz et al. 2004). It is characterized by the loss of dopaminergic neurons in the substantia
nigra of the brain and cytosolic inclusions known as Lewy bodies (Chinta and Andersen
2005; Eriksen et al. 2003; Wakabayashi and Takahashi 2007). Although there are effective
symptomatic agents to treat the motor features of PD, there is no neuroprotective treatment
to prevent the progressive loss of dopaminergic neurons.

a-Synuclein (a-syn) is a protein of unclear function that localizes within presynaptic
terminals in the CNS (Clayton and George 1998; Clayton and George 1999) and, together
with ubiquitin and synphilin-1, is among the major components of Lewy bodies in PD
(Spillantini et al. 1997). Three mutations of a-syn were identified to cause familial
Parkinsonism (Kruger et al. 1998; Polymeropoulos et al. 1997; Zarranz et al. 2004).
Although mutation of a-syn only occurs rarely, the similarity between the genetic and
sporadic forms of PD indicates the genetic PD models help us to dissect the key biochemical
and pathogenic pathways of PD. Thus, the genetic forms of Parkinsonism have opened new
avenues for research in PD and disorders characterized by accumulation of a-syn (Brice
2006; Corti and Brice 2003; Papapetropoulos et al. 2003). Furthermore, altered expression
of normal a-syn (due to duplication or triplication at the a-syn locus, and possibly due to
promoter variants) appears to be a risk factor for sporadic PD (Singleton 2005; Singleton et
al. 2003). Therefore, investigation of a-syn-induced PD pathogenesis may not only shed
light on genetic forms of PD, but may also elucidate the pathophysiology of sporadic PD,
and led to the development of potential therapeutics.

The E46K mutation was identified after the A30P and A53T mutations, and helped to
confirm the association of a-syn mutations with familial Parkinsonism. E46K mutation
patients have dementia with Lewy bodies, Parkinsonism or PD. In addition, E46K a-syn
forms insoluble fibrils in vitro more rapidly than the wild-type protein (Fredenburg et al.
2007). E46K a-syn shows both an increase in lipid binding and in filament assembly
compared to wild-type a-syn (Choi et al. 2004). Electron microscopy revealed that E46K a-
syn fibrils possess a typical amyloid ultra structure (Zarranz et al. 2004), and E46K a-syn
increases amyloid fibril formation (Greenbaum et al. 2005). In mammalian cell culture,
E46K a-syn aggregates more efficiently than the wild-type protein and both A30P and A53T
mutations (Pandey et al. 2006). Thus, the E46K mutation may offer advantages for
examining PD models. In previous studies (Smith et al. 2005; Tanaka et al. 2001), we
developed cell models with inducible expression of A30P and A53T a-syn. In our current
study, we generated an inducible cell model of PD by expressing E46K a-syn in PC12 cells
using the Tet-off system. We found that E46K a-syn induction resulted in significant
toxicity in these cells. We also created a second cell model of PD by transient expression of
E46K in N2A cells. In this system, we were able to detect E46K-induced a-syn aggregates
and toxicity.

Baicalein, a major flavonoid from a traditional Chinese herb Scutellaria baicalensis Georgi
(Huanggin), possesses potent anti-inflammatory and antioxidant properties. It has been
reported that baicalein prevents p-amyloid-induced aggregation and cell death (Wang et al.
2004; Zhu et al. 2004), inhibits fibrillation, disaggregates existing fibrils of wild type a-syn
in vitro (Zhu et al. 2004), and leads to a reduced number of cells with microtubular
retraction induced by a-syn aggregation in oligodendrocytes (Kragh et al. 2009). A more
recent study (Hong et al. 2008) indicates that baicalein-stabilized a-syn oligomers are able to
inhibit fibrillation of non-baicalein-treated a-syn. These highly stable a-syn oligomers that
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inhibit fibrillation do not disrupt the integrity of the biological membrane, suggesting that
some forms of soluble oligomer formation can be beneficial (Hong et al. 2008), though
others may be toxic. However, the effect of baicalein on mutant a-syn-induced aggregation
has not been studied.

Baicalein also attenuated 6-hydroxydopamine- and MPTP-induced neurotoxicity in cells and
mice (Cheng et al. 2008; Im et al. 2005; Lee et al. 2005; Mu et al. 2009; Wu et al. 2006) and
inhibited methamphetamine-induced loss of dopamine transporter in mouse striatum (Wu et
al. 2006). Our previous study provided some initial data that baicalein can inhibit E46K a-
syn-induced LDH release in PC12 cells (Kostka et al. 2008), suggesting an effect on
toxicity. However, definitive evidence for an effect on toxicity was not provided, and
mechanisms by which baicalein protects cells against mutant a-syn are unknown. The effect
of baicalein on E46K aggregation in cells has not been investigated. In our current study, we
found that E46K a-syn induced mitochondria depolarization and proteasome inhibition in
differentiated PC12 cells, formed aggregates both in vitro and in cell cultures, and resulted
in cell death. Baicalein decreased E46K a-syn aggregation in vitro and in cultured cells,
attenuated mitochondria depolarization and proteasome inhibition, and decreased E46K-
induced cell death

Materials and methods

Materials

Media and N2 supplements for cell culture were purchased from Invitrogen Inc(Carlsbad,
CA, USA). NGF was purchased from Roche (Indianapolis, IN, USA). Hoechst 33342,
calcein-AM, and ethidium homodimer-2 were purchased from Molecular Probes (Eugene,
OR, USA) and cyclosporine A (CsA) was purchased from BioMol (Plymouth Meeting, PA,
USA). Anti a-synucleinmonoclonal antibody was purchased from BD Pharmingen (Palo
Alto, CA, USA). The caspase inhibitor z-VAD-fmk was purchased from Enzyme Systems
products (Livermore, CA, USA). Baicalein, and Thioflavin T (ThT) were obtained from
Sigma. Uranyl Acetate was obtained from Electron Microscopy Sciences (Hatfield, PA,
USA).

Generation of inducible PC12 cell lines by expression of E46K mutant a-synuclein

Tet-off PC12 cells (Clontech, Palo Alto, CA), stably expressing tTA, were co-transfected
with 2 ug of E46K a-syn construct and 0.2 ug pTK-Hyg (Clontech, Palo Alto, CA) plasmid
by using Lipofectamine Plus (Life Technologies Inc., Gaithersburg, MD). The cells were
selected in the DMEM (GIBCO) with 5% fetal bovine serum (FBS), 10% horse serum, 100
ug/ml G418, 200 pg/ml hygromycin, 200 ng/ml doxycycline (Dox), 100 units/ml penicillin
and 100 units/ml streptomycin. After a 4- to 6-week selection at 37°C in a humidified 7%
CO», incubator, G418/hygromycin-resistant colonies were isolated and screened for
transgene expression by Western blot analysis with an anti-a. syn antibody (1:500, BD
Pharmingen). We characterized three cell lines with higher levels of E46K expression, and
chose a line that highly expressed E46K a-syn with most significant toxicity for this study
(cell line 34, Fig. 1). Cells were maintained in the presence of Dox (200 ng/ml) and media
was changed every 48 h. Expression of the transgene and induction of differentiation were
obtained by withdrawing Dox and adding NGF to medium at the same time.

N2A cell culture and transient transfection of E46K a-synuclein

Mouse N2A cells (American-type culture collection, ATCC) were maintained in Eagle’s
minimum essential medium supplemented with 10% fetal bovine serum(Invitrogen Inc) and
1% penicillin/streptomycin. Cells were grown on coverslips in 24-well plates (Corning
Incorporated Life Sciences) to 50% confluence at the time of transfection. Cells were then
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transfected with Lipofectamine™ 2000 (Invitrogen) according to the manufacturer’s
protocol. Briefly, 0.5 ug of DNA and 0.5 pl of Lipofectamine™ 2000 were diluted in 25 pl
of Opti-MEM Medium, respectively. After incubation for 5 min at room temperature, DNA
and Lipofectamine™ 2000 were mixed and incubated for 20 min at room temperature. 50 pl
of the mixture of DNA and Lipofectamine™ 2000 were added to cultures. The medium
containing DMSO or baicalein was replaced at 4 h after transfection. Cells were then fixed
and processed for immunofluorescent staining at the indicated times.

In vitro aggregation assay

Lyophilyzed E46K a-syn protein was dissolved in double distilled water, diluted to a
concentration of 0.8 mg/ml (50 uM) in PBS (pH 7.4), and centrifuged at 15,000 x g to
remove aggregated material. A 10 mM stock solution of baicalein was prepared in 100%
dimethylsulfoxide (DMSQ). To carry out aggregation experiments, a 50 uM a-syn aliquot
was mixed with baicalein at a final concentration of 0.1, 1, or 10 uM (final DMSO
concentration of 0.1%) and incubated at 37 °C without agitation. A control reaction
containing only E46K a-syn and 0.1% DMSO was also prepared.

Light scattering measurements

A 10 uL aliquot of each aggregation reaction was added to 0.99 ml of PBS (pH 7.4). A 90°
light scattering measurement of each solution was taken in a 0.5 mm QS Helma cuvette
using a FluoroMax-3 spectrofluorometer (Jobin Yvon Horiba) with both excitation and
emission wavelengths set at 450 nm and a 1 nm slit width. Data are reported as an average
of three scans and were determined following subtraction of the buffer signal.

Thioflavin T fluorescence assay

Thioflavin T (ThT) fluorescence was carried out on the samples described above using a
FluoroMax-3 spectrofluorometer. Following addition of ThT to a final concentration of 50
uM and an excitation at 450 nm (slit width of 2.5 nm), fluorescence was measured at an
emission wavelength of 482 nm (and slit width of 5 nm). Data are reported as an average of
three scans and were determined following subtraction of the buffer signal.

Circular Dichroism measurements

Far-UV CD spectra were collected on a Chirascan spectrometer (Applied Biophysics) using
a QS Helma cuvette with a 0.5 mm path length. CD spectra were recorded with a step size of
1 nm, a bandwidth of 1 nm, and an averaging time of 1 s. Prior to CD analysis, each E46K
a-syn sample was diluted in PBS (pH 7.4) to a final concentration of 0.25 mg/ml. CD data
was converted to mean residue ellipticity using Pro-data software.

Electron microscopy

Statistics

Aliquots of 5 uL aggregation reaction diluted 2 times with PBS (pH 7.4) were applied to
formvar- and carbon-coated copper grids and incubated for 3 min. Salts were washed out
with distilled water, and samples were dried, negatively stained with 2% (w/v) uranyl
acetate, and visualized on a HITACHI 7600 TEM operated at 80 kV.

Quantitative data are expressed as mean * SE based on at least three independent
experiments performed in triplicate. The difference between two groups was statistically
analyzed by Student’s t-test or an analysis of variance (one-way ANOVA). A p-value <0.05
was considered significant.
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Expression of E46K a-syn results in cell death in differentiated PC12 cells

To investigate the role of E46K a-syn in PD pathogenesis, we generated an inducible PC12
cell model expressing E46K a-syn. Using the Tet-off gene expression system, E46K a-syn
expression was induced by withdrawal of doxycycline. Expression of E46K a-syn led to
progressive cell death from day 4 to day 7, and most significant cell toxicity was detected at
day 7 following transgene induction(supplemental Fig 1). To quantify cytoxicity in cells
expressing E46K a-syn, we employed three different assays, including the LDH release
assay, a calcein fluorescent cell viability assay, and the LIVE/DEAD assay in three cell lines
with high levels of E46K a-syn expression (Fig 1). There were significant cell death at day 7
in these three lines, namely line28, 29 and 34 using all three assays, with line 34 showing
the greatest cell toxicity (Fig 1); therefore, we used line 34 line in the remainder of this
study. In comparing assay sensitivity, the LIVE/DEAD assay showed the highest signal/
noise ratio; therefore, we used this assay to evaluate the effects of baicalein on cell toxicity.

Baicalein attenuates E46K a-syn induced cell death in differentiated PC12 cells in a
concentration-dependent manner

Induction of E46Ka-syn expression in differentiated PC12 cells resulted in approximately
25% cell death at day 7 following transgene expression. We found that baicalein treatment
significantly attenuated cell death in a concentration-dependent manner within a
concentration range of 100 nM to 10 uM (Fig. 2). The inhibition of cell death by baicalein
was more potent than that of caspase inhibitor z-VAD. As we have previously observed in
the Tet-Off system, compounds found to inhibit transgene expression might also attenuate
toxicity (Wang et al. 2005). To determine whether baicalein affects E46K transgene
expression, we conducted a Western blot assay and found that baicalein treatment had no
effect on E46K a-syn expression (data not shown).

Baicalein attenuates decreased proteasome activity induced by expression of E46K a-syn
in differentiated PC12 cells

Other mutations of a-syn, such as A30P and A53T, have been shown to resemble, in some
respects, the phenotype of cells exposed to proteasomal inhibitors. To investigate the
possibility that cells expressing E46K had diminished proteasome function, we measured
proteasomal activity. We found that expression of E46K a-syn resulted in decreased
proteasome activity in a time-dependent manner: a significantly reduction in proteasome
activity was detected at day 6 following E46K expression, and continued to decline with
time (Fig 3A). Baicalein treatment significantly attenuated the E46K-induced proteasome
inhibition (Fig 3B).

Baicalein preserves mitochondrial membrane potential in differentiated PC12
cells—Mitochondrial dysfunction has been implicated in the pathogenesis of PD.
Therefore, it was deemed important to examine the relationship between mitochondrial
function and E46K a-syn expression to elucidate the pathological mechanisms of PD.
Previous studies have shown that other mutations of a-syn induced mitochondrial
depolarization (Elkon et al. 2002; Hsu et al. 2000; Smith et al. 2005; Stefanis et al. 2001;
Tanaka et al. 2001). To identify whether E46K a-syn led to mitochondria depolarization, we
used the dye JC-1 to measure the mitochondrial membrane potential. Expression of E46K
caused mitochondrial depolarization in a time-dependent manner (Fig 4A). Significant
mitochondrial depolarization was detected at day 6 following E46K induction, one day
before the detection of significant cell death. Baicalein significantly attenuated
mitochondrial depolarization induced by E46K a-syn in differentiated PC12 cells, as did
cyclosporin A treatment, a mitochondrial permeability transition pore inhibitor (Fig. 4B).
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Baicalein inhibits E46K a-syn aggregation in vitro—To analyze the effect of
Baicalein on E46K a-syn aggregation, we first carried out a Thioflavin T (ThT) binding
assay. Purified soluble E46K a-syn was treated with increasing concentrations of Baicalein
and fibrillogenesis was monitored by ThT fluorescence emission at 482 nm. ThT is a reagent
known to become strongly fluorescent upon binding to amyloid fibrils. In the absence of
baicalein, an increase in ThT fluorescence, consistent with the formation of E46K a-syn
fibrils, was observed after a lag phase of 10 days (Fig 5A). This observation is consistent
with a nucleated polymerization mechanism (Fredenburg et al. 2007;Zhu et al. 2004)
Addition of baicalein to the sample lead to a reduction in ThT fluorescence, as compared to
the control, consistent with a decrease in E46K fibrillization (Fig 5A). The effect of
baicalein was concentration-dependent, with a baicalein 1Csq of approximately 10 uM, and a
measurable ThT fluorescence signal reduction with addition of 1 uM baicalein.

To confirm these observations, we used static light scattering (SLS) to monitor the effect of
baicalein on E46K a-syn aggregation. SLS yields the average size and mass of particles and,
via the angular-dependent scattering curves, can provide information on particle shape. As
shown in Fig 5B, a dose-dependent decrease in light scattering of E46K a-syn, attributed to
a decrease in large aggregate formation, was observed in the presence of baicalein as
compared to the control. These data are consistent with those from the ThT binding assay,
and demonstrate that baicalein inhibited E46K a-syn aggregation in a dose-dependent
manner.

Baicalein prevents E46K a-synuclein conversion to beta —sheet conformation

Previous studies have demonstrated that monomeric wild type a-syn is unstructured in
solution, but adopts beta-sheet structure upon conversion to amyloid fibrils (Zhu et al.
2004). To determine the effect of baicalein on secondary structure of E46K, we used
Circular Dichroism (CD) Spectroscopy. As shown in Fig 5C, soluble E46K displayed a CD
spectrum characteristic of a random coil, or unstructured, protein with a major negative peak
observed at 198 nm. The presence of baicalein at 1 day had no significant effect on a-syn
E46K secondary structure (Fig 5C). After 22 days, E46K displayed a CD spectrum
characteristic of a beta-sheet protein, including disappearance of the 198 nm negative peak
and coincident appearance of a negative peak at 218 nm (Fig 5D). These changes are
consistent with the formation of E46K amyloid fibrils. A concentration-dependent inhibition
of E46K conversion to beta-sheet, as demonstrated by the negative 218 nm peak, was
observed in the presence of baicalein after 22 days (Fig 5D, E). Similar observations were
recently reported for wild-type a-syn aggregation studies carried out in the presence of
baicalein (38) These data demonstrate that baicalein prevents the conversion of E46K from
random coil to beta-sheet-rich amyloid fibrils.

Baicalein inhibits E46K a-syn fibril formation and alters the structure of
oligomeric structures visible by Transmission Electron Microscopy—To
visualize the effect of baicalein on E46K a-syn aggregation at the morphological level, we
used Transmission Electron Microscopy (TEM). As shown in Fig. 6, elongated fibrillar
structures 5-25 nm in diameter were visible beginning at day 7, with a peak after 24 days
(Fig 6C, E). In contrast, treatment of 50 uM E46K a-syn with 10 pM baicalein lead to a
dramatic decrease in fibril formation, relative to the control sample, in favor of amorphous
protein aggregates and spheroid structures with a diameter of 20-40 nm (Fig 6D, F). These
data are consistent with ThT binding, SLS, and CD Spectroscopy results, and, taken
together, demonstrate that baicalein inhibits fibrillization of E46K a-syn.
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Baicalein inhibits E46K expression-induced a-synuclein aggregation in N2A cells

It has been reported that the E46K mutation formed insoluble fibrils in vitro more rapidly
than the wild type protein, and resulted in widespread pathology (Zarranz et al. 2004). To
further investigate the effects of baicalein on E46K a-syn aggregation in mammalian cell
culture, we transfected E46K a-syn into neuronal N2A cells. In E46K-transfected N2A cells,
a-syn aggregates were detected at 72 h after transfection (Fig 7), whereas we could not
detect similar aggregates in PC12 cells. Baicalein treatment significantly decreased the
number of cells with a-synuclein aggregates and increased cells with diffuse (soluble) a-syn
staining in live cells (Fig. 7).

Baicalein inhibits E46K a-syn-induced toxicity in N2A cells

To determine whether a baicalein-induced decrease in a-syn aggregation in N2A cells is
beneficial or detrimental, we used activated caspase-3 staining as an early marker for cell
toxicity. N2A cells transfected with E46K a-syn or wild type a-syn were treated with
DMSO (vehicle) had a higher percentage of activated caspase-3 staining compared to cells
treated with baicalein (Fig. 8).

Discussion

We have investigated the effects of the flavonoid baicalein on E46K a-syn aggregation
using recombinant expressed protein, and on aggregation and cell toxicity in two cell culture
models of PD. Baicalein reduced fiber formation and beta sheet composition, while
increasing the abundance of certain oligomeric assemblies of E46K a-syn. Baicalein
strikingly ameliorated E46K-induced toxicity in mammalian cell cultures.

The effect of baicalein on wild-type a-syn in vitro has been previously studied, though its
effect on mutant a-syn has not been investigated. Previous studies have demonstrated that
baicalein is a potent inhibitor of a-syn fibrillization (Bomhoff et al. 2006; Hong et al. 2008;
Kostka et al. 2008; Kragh et al. 2009; Lee et al. 2009; Luk et al. 2007; Meng et al. 2009;
Zhu et al. 2004). We found comparable effects on E46K mutant a-syn protein. using ThT
fluorescence, static light scattering, and TEM, we show that baicalein treatment lead to a
dramatic reduction in E46K a-syn fibril formation. We found effects at substantially lower
concentrations than most previous studies (around 1-10 uM, while previous aggregation
studies employed 100 uM baicalein or higher concentrations) (Hong et al. 2008; Kragh et al.
2009; Lee et al. 2009; Luk et al. 2007; Zhu et al. 2004). We used CD spectroscopy to
demonstrate that baicalein stabilized an unfolded conformation of E46K, consistent with two
recent studies by Uversky and coworkers using wild-type synuclein protein (Hong et al.,
2008; Meng et al., 2009). Previous studies have suggested that baicalein can form a covalent
linkage with wild-type a-syn. Interestingly, while baicalein- a-syn oligomers have a well-
packed globular structure, these species cannot form fibrils, but can interact with
monomeric, unmodified a-syn to prevent fibril formation and stabilize its unfolded
conformation (Hong et al, 2008).

Based on the more recent paper, a-synuclein Y125/Y133/Y 136 within wild-type are
important for baicalein inhibition (Meng et al, 2009), suggesting that oxidized (quinone)
baicalein can form a covalent linkage with E46K a-syn, and that this baicalein-modified
protein can prevent fibrillization of the non-modified protein. These studies were done with
a higher concentration of baicalein than the current experiments (100 uM vs 10uM). Our
aggregation studies were carried out without agitation while Meng et al stirred the WT a-syn
aggregation samples. This may account in part for differences in rates of aggregate
formation between the two studies (hours to days for Meng et al vs several days for our
studies).
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In previous cell culture studies (Smith et al. 2005; Tanaka et al. 2001), we developed cell
models with inducible expression of A30P and A53T a-syn. The A30P mutant was not toxic
on-its-own, but caused enhanced toxicity in concert with cell stress, such as proteasome
inhibition. The A53T mutation was capable of causing cell toxicity on its own, via several
different pathways, including mitochondrial inhibition, free radical toxicity, and ER stress
(Smith et al., 2005). Our new data show that E46K can also cause toxicity on its own. Since
patients with the E46K mutation have widespread brain pathology, and since the E46K
mutation shows robust fibrilization in cell free systems, this may be an excellent model for
study.

The mechanism of baicalein inhibition of toxicity is unclear. Baicalein is a free radical
scavenger and xanthine oxidase inhibitor (Lapchak et al. 2007; Shieh et al. 2000). In
addition, it has been shown to protect neurons from 6-hydroxydopamine-induced toxicity
(Mu et al. 2009), MPTP neurotoxicity (Cheng et al. 2008), and inhibited methamphetamine-
induced loss of dopamine transporter in mouse striatum (Wu et al. 2006). In the current
studies, baicalein was able to attenuate mitochondria depolarization and proteasome
inhibition induced by E46K, and protect against E46K-induced cell toxicity in a
concentration-dependent manner in stably-transfected PC12 cells. Consistent with these
observations, baicalein treatment resulted in a two-fold reduction in toxicity in transiently-
transfected N2A cells, as demonstrated by activated caspase 3 staining.

Our results demonstrate that baicalein decreased fibril formation and reduced toxicity.
However, this observation does not imply a simple causative relationship. The fibrilization
pathway is likely to be complex, and several intermediates, including different kinds of
oligomeric species, may have very different effects on toxicity (Fink 2006; Irvine et al.
2008; Kazantsev and Kolchinsky 2008; Ross and Poirier 2004; Uversky 2003; Uversky
2008; Waxman and Giasson 2009). As in previous cell free system studies, we found an
increase in some oligomeric species, though this increase was not investigated in detail in
the current study. We found that baicalein caused an increase in annular oligomers. This
finding, in concert with the minimal effects of oligomers on membranes in the Hong et al
study, suggests that pore formation by annular intermediates (Lashuel et al. 2002a; Lashuel
et al. 2002b) may not be a major mechanism of toxicity in our systems.

Multiple lines of evidence (EI-Agnaf et al. 1998; Moussa et al. 2008; Uversky 2008)
indicate that abnormal conformation and aggregation of both wild-type and mutant a-syn,
and accumulation in Lewy bodies are relevant to both familial and sporadic PD brains (Baba
et al. 1998; Ono et al. 2008). Therefore, identification of specific steps in the process of a-
syn aggregation may be useful for understanding pathogenesis of both genetic and sporadic
forms of PD.

Previous studies have demonstrated that proteasomal activity was inhibited in PC12 cells
expressing other a-syn mutations (Betarbet et al. 2006; Emmanouilidou et al. 2008; Smith et
al. 2005; Tanaka et al. 2001) The present data demonstrate that E46K a-syn-expressing cells
have diminished proteasome activity. Taken together, these data support a link between
mutant a-syn expression and proteasomal inhibition. Here, we show that baicalein treatment
can partially restore proteasome function. If a baicalein-E46K adduct is formed in cells, as is
observed in in vitro aggregation studies, this modified protein might be less capable of
inhibiting the proteasome. Alternatively non-covalent interactions might alter the
conformation of a-syn, making a less effective proteasome inhibitor. Mitochondrial
dysfunction is believed to play an important role in PD-induced cell death (Yao and Wood
2009). Here, we show that cells expressing E46Kmutant a-syn displayed a selective increase
in mitochondrial depolarization and cell death. Baicalein treatment resulted in improved
mitochondrial membrane potential and reduced cell death.
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In conclusion, our current results provide evidence for a striking neuroprotective effect of
baicalein on E46K mutant a-syn-induced toxicity and aggregation in cell cultures. In
combination with other studies involving chemically-induced PD models, these findings
suggest the value of further investigation of the mechanism of cell protection by baicalein,
and analogs. Baicalen may be a useful tool for studying the role of different conformational
forms and oligomerization states of a-syn in cell toxicity. These studies also provide support
for baicalein as a potential therapeutic agent in preclinical trials carried out in a-syn
transgenic mouse models.
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Fig 1. E46K a-synuclein expression leads to cell death in PC12 cells

Tet-off PC12 cells were maintained in the presence of doxycycline (Dox, 200 ng/ml) to
inhibit E46K a-synuclein expression. Expression of E46K a-synuclein was induced by
withdrawal of Dox, and PC12 cells were differentiated by adding NGF to the medium.
Three G418/hygromycin-resistant lines (line 28, 29, 34) showed higher expression of E46K
a-synuclein by Western blots (A) and immunostaining (B); Cell toxicity was measured by
calcein fluorescent cell viability assay (C), LDH release assay (D), and LIVE/DEAD assay
(E and F) at day 7 following transgene induction. *p<0.01 compared to the values of
corresponding Dox(+) group by standard student’s t-test.
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Fig. 2. Baicalein protects cells against E46 K a-synuclein induced toxicity in PC12 cells

Cells maintained in medium containing doxycycline (Dox +) served as control, E46K a-
synuclein was induced by withdrawal of Dox (Dox —) and cell differentiation was induced
by adding NGF to the medium. Cells were treated with baicalein at a range from 3 nM to 10
uM or caspase inhibitor z-VAD (50 uM) at day 2 and the medium was refreshed every 48hrs
with baicalein. Cell toxicity was measured by LIVE/DEAD assay at day 7 following
transgene induction. (A) Representative pictures of dead cells stained with ethidium
homodimer (red) and nucleus labeled by Hoechst 33342 (blue); (B) Baicalein concentration-
dependently inhibited cell death induced by E46K a-synuclein, *p< 0.01 compared with the
value of Dox (—) group (with Standard Student’s t-tests).

J Neurochem. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jiang et al.

Page 15

Fig. 3. Baicalein attenuates proteasome inhibition induced by E46K a-synuclein in PC12 cells
(A) Chymotryptic proteasomal activity was measured at the indicated time points in E46K-
induced and noninduced cultures. Time-dependent decline of proteasomal activity occurred
in E46K-induced cells, *p<0.05 compared to the values of day 1 with Student’s t-tests. (B)
Baicalein (10 uM) attenuated proteasomal inhibition induced by expression of E46K a-
synuclein. Proteasomal activity was measured on day 6 following E46K induction. *p<0.05
compared to values of Dox(+) group and **p< 0.05 compared to the values of Dox(—) group
with Student’s t-tests.
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Fig. 4. Baicalein attenuates mitochondrial depolarization induced by E46K a-synuclein in PC12
cells

(A) Mitochondrial membrane potential was measured at the indicated time points in E46K-
induced and noninduced cultures; E46K a-synuclein expression results in mitochondria
depolarization. *p<0.05 compared to the values of day 1 with Student’s t-tests. (B) Baicalein
(10 uM) preserved mitochondrial membrane potential, which was measured on day 6
following E46K a-synuclein induction. Cyclosporin A (CsA) served as a positive control. *
p< 0.05 compared to the value of Dox (+) group, **p<0.05 compared to the values of
Dox(—) group with Student’s t-tests.
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Fig. 5. Baicalein inhibits fibril formation and beta sheet conversion of E46K a-synuclein

(A) Thioflavin T assay reveals a concentration-dependent inhibition of 482 nm fluorescence
in the presence of baicalein. (B) 90° static light scattering follows the increase in particle
size over time (C, D) Far UV CD spectra of E46K a-synuclein in the presence or absence of
baicalein collected on day 1 (C) and day 22 (D), follows conformational changes associated
with E46K fibril formation, and the effect of baicalein on these changes. (E) Comparison of
beta-sheet structure of E46K, as evident by a negative 218 nm peak, in the presence of
increasing concentrations of baicalein. Green: E46K, Blue: E46K + 0.1 uM baicalein, Light
red: E46K + 1 uM baicalein, Red: E46K+10uM baicalein.
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Baicalein

Fig. 6. Morphology of E46K a-synuclein fibrillar and spheroid species by Transmission Electron
Microscopy

Aggregation samples at days 1, 7, and 24 were negatively stained with Uranyl Acetate. TEM
micrographs depict alpha-synuclein E46K in the absence (A, C, E) and presence (B, D, F) of
10 puM baicalein. Scale bar represents 500 nm for all micrographs.
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Fig. 7. Balicalein inhibits a-synuclein aggregation in neuronal N2A cells transiently transfected
with E46K e-synuclein

N2A cells were transiently transfected with E46K a-synuclein and cells were fixed at 72 hrs
after transfection and immunostained with anti-a-synuclein antibody. (A) Representative
cell images of cells treated with vehicle (DMSO) or baicalein (10 uM). Green fluorescent
color represents E46K a-synuclein staining, and blue color represents nucleus. Note the
arrows point to aggregates. (B quantification of live cells with aggregates or (C) diffuse
immuostaining of E46K a-synuclein at 72 h after transfection. *p<0.05 compared to the
values of vehicle (DMSO) group with Student’s t-tests.
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Fig. 8. Baicalein inhibits E46K a-synuclein-induced toxicity in neuronal cells

N2A cells were transiently transfected with E46 K a-synuclein or wild type a-synuclein.
Cells were fixed at 72hrs and immunostained with anti-activated caspase 3 antibody (Red),
anti-alpha-synuclein antibody (green) and nucleus was labeled by Hoechst 33342 (blue). (A)
Representative pictures of staining. (B) Quantification of cells with activated caspase 3 in a-
synuclein transfected N2A cells. P values were determined by Student t-tests.
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