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Background:Dysregulation of myocyte enhancer factor 2D (MEF2D) is implicated in the pathogenic process of Parkinson
disease (PD).
Results: A small molecule bis(3)-cognitin activates MEF2D and protects Parkinsonian impairments.
Conclusion: Bis(3)-cognitin provides protection of dopaminergic neurons in a model of PD by reversing MEF2D
dysfunction.
Significance: Activation of MEF2D by pharmacological approach has the potential to be a novel therapeutic for PD.

Parkinson disease (PD) is characterized by the selective
demise of dopaminergic (DA) neurons in the substantial nigra
pars compacta. Dysregulation of transcriptional factor myocyte
enhancer factor 2D (MEF2D) has been implicated in the patho-
genic process in in vivo and in vitro models of PD. Here, we
identified a small molecule bis(3)-cognitin (B3C) as a potent
activator ofMEF2D.We showed that B3C attenuated the toxic
effects of neurotoxin 1-methyl-4-phenylpyridinium (MPP�)
by activating MEF2D via multiple mechanisms. B3C signifi-
cantly reduced MPP�-induced oxidative stress and potenti-
ated Akt to down-regulate the activity of MEF2 inhibitor gly-
cogen synthase kinase 3� (GSK3�) in a DA neuronal cell line
SN4741. Furthermore, B3C effectively rescued MEF2D from
MPP�-induced decline in both nucleic and mitochondrial
compartments. B3C offered SN4741 cells potent protection
against MPP�-induced apoptosis via MEF2D. Interestingly,
B3C also protected SN4741 cells from wild type or mutant
A53T �-synuclein-induced cytotoxicity. Using the in vivo PD
model of C57BL/6 mice treated with 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine hydrochloride (MPTP), we
showed that B3C maintained redox homeostasis, promoted
Akt function activity, and restored MEF2D level in midbrain
neurons. Moreover, B3C greatly prevented the loss of tyro-
sine hydroxylase signal in substantial nigra pars compacta

DA neurons and ameliorated behavioral impairments in mice
treated withMPTP. Collectedly, our studies identified B3C as
a potent neuroprotective agent whose effectiveness relies on
its ability to effectively up-regulate MEF2D in DA neurons
against toxic stress in models of PD in vitro and in vivo.

Parkinson disease (PD)2 is the second most common neuro-
degenerative disorder after Alzheimer disease and character-
ized by motor and behavioral disturbances caused by the
degenerative loss of dopaminergic (DA) neurons located in the
substantia nigra pars compacta (SNc) (1–3). Although the mo-
lecular mechanisms for SNc DA neuronal loss are not fully
understood, excess oxidative stress andmitochondrial dysfunc-
tion have emerged as two primary upstream causes triggering
and exacerbating PD pathogenesis. Many genetic and neuro-
toxic insults associated with PD reduce mitochondrial activity
and increase oxidative level, which lead to dysregulation of key
downstream pathways including PI3K/Akt-GSK3� (4–7).
Despite this progress, therapeutically, most of the medications
currently available for PD offer only symptomatic benefits
without a disease-modifying potential (8, 9). Efforts over the
last decade have failed to establish neuroprotective interven-
tions as true therapeutics able to effectively slow the progres-
sion of PD because no genuine new therapeutic targets key to
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DA neuronal survival and new molecules are available (10, 11).
Transcription factor myocyte enhancer factor 2 (MEF2s, iso-
forms A to D) has been shown to play important roles in neu-
ronal survival in several experimental paradigms (12). A num-
ber of survival- and death-related pathways including oxidative
signal and GSK3� converge their regulatory activities onMEF2
(13, 14). More recent studies reveal several unexpected regula-
tory mechanisms by which pathological factors associated with
PD dysregulate MEF2D. MEF2D has been shown to be regu-
lated by chaperone-mediated autophagy, and disruption of this
process may underlie �-synuclein-induced toxicity (15). In
addition, �-synuclein aggregation can reduce nigral MEF2D in
both experimental and idiopathic PD, and alterations of
MEF2D seem to parallel the change of tyrosine hydroxylase
(TH) expressions, suggesting that MEF2D plays an important
role in the function of DA neurons (16). On the other hand,
MEF2D has been demonstrated to be present in mitochondria
to directly regulate complex I function. Loss of mitochondrial
MEF2D underlies pathogenic effects of neurotoxins associated
with PD (17). These findings demonstrate that dysregulation of
MEF2D may play a particularly critical role in PD pathogenic
process. Indeed, several in vivo studies have demonstrated
clearly that enhancing MEF2D in SNc DA neurons protects
them from toxin-induced toxicity in an in vivomodel of PD (17,
18). These findings suggest strongly thatMEF2Dmay represent
a novel, promising, and effective therapeutic target in treating
PD.
A previous study found that bis(7)-cognitin (B7C, a dimeric

acetylcholinesterase inhibitor derived from tacrine) (19) pre-
vents glutamate-induced excitotoxicity by blocking NMDA
receptors (20). However, B7C still possesses a high toxicity (20,
21). Interestingly, bis(3)-cognitin (B3C), an analog of B7C, was
shown to be neuroprotective in middle cerebral artery occlu-
sion-induced brain damage with low toxicity (21). In this study,
we further showed that B3C is a potent activator of MEF2D.
B3C potentiates MEF2D activity via multiple mechanisms in
two key subcellular compartments, nuclei and mitochondria,
protects SNc DA neurons against PD toxin-induced stress, and
ameliorates movement abnormalities in an animal model of
PD. Thus, we propose that the activation of MEF2D by phar-
macological approachmay have the potential to be a novel ther-
apeutic for PD.

EXPERIMENTAL PROCEDURES

Materials—Unless otherwise noted, all medium and supple-
ments used for cell cultures were purchased from Invitrogen,
Cellgro, and Lonza; B3C (structure in Fig. 1A) was from Dr. Y.
Pang; MPTP, MPP�, and Hoechst 33342 were from Sigma-
Aldrich; and LY294002 andGSK3� inhibitor II were fromEMD
Calbiochem. Antibodies against phospho-Ser-473 Akt, phos-
pho-Ser-9 GSK3�, Akt, GSK3�, �-tubulin, and VDAC were
obtained from Cell Signaling Technology; TH antibody was
from Aves Labs, Inc.; anti-mouse MEF2D antibody was from
BD Biosciences; MEF2A, -2B, and -2C antibodies were from
Abcam Inc.; and the goat anti-chicken IgG was from Jackson
ImmunoResearch Laboratories, Inc. Fluorescein diacetate
(FDA), dihydroethidium (DHE), and 5-(and-6)-carboxy-2�,7�-
dichlorodihydrofluorescein diacetate (CM-H2DCFDA) were

purchased from Invitrogen, Mitochondrial complex I activity
assay kit was from Abcam Inc. (ab109721).
Cell Culture—SN4741 cells were cultured at 33 °C with 5%

CO2 in the medium (DMEM supplemented with 10% FBS, 1%
D-glucose, 1% penicillin-streptomycin, and 140 mM L-gluta-
mine). Experiments were usually performedwhen cells reached
50–60% confluence.
Measurement ofOxidative Stress—Superoxidewasmeasured

using a redox-sensitive, cell-permeable superoxide indicator
DHE (Invitrogen). General oxidative stress wasmeasured using
a cell-permeable indicator CM-H2DCFDA. Briefly, following
MPP� treatment, DHE or CM-H2DCFDA was added to
SN4741 cells at a final concentration of 10�Mand incubated for
30 or 20 min, respectively, and monitored for fluorescence
(excitation and emission wavelengths: DHE, 480/30 nm and
535/40 nm, respectively; CM-H2DCFDA, 540/25 nm and
605/55 nm, respectively). The fluorescence intensity values of
each experiment were calculated from three different fields of
triplicates using ImageJ software. Three independent experi-
ments were carried out.
MEF2Luciferase Reporter, EMSA, andMEF2D siRNAAssays—

MEF2 luciferase reporter assay was carried out as described
previously (15). The EMSA assay was performed as described
(22). The oligonucleotides with the A/T-rich MEF2 consensus
binding site (wild type probe, 5�-AGCTTCGCTCTA-
AAAATAACCCTGATC-3�; mutant probe, the three nucleo-
tides underlined were mutated to GGC) were synthesized and
used as MEF2 probe. Mouse MEF2D siRNA was performed
using a Stealth RNAiTM siRNA kit (Invitrogen, sequence:
5�-ACUUCCCAGGGAGGCAAAGGGUUAA-3�) following
procedures provided by themanufacturer. Briefly, SN4741 cells
were transfected with MEF2D siRNA for 48 h before MPP�

treatment.
Purification of Mitochondria—Mitochondria were purified

from brain tissue and cells using the discontinuous sucrose gra-
dient method as described by She et al. (17).
Measurement of Neurotoxicity—The MTT assay was per-

formed according to the specifications of the manufacturer
(MTT kit I; Roche Applied Science). The absorbance of the
samples was measured at a wavelength of 570 nm with 655 nm
as a reference wavelength using amicroplate reader. For lactate
dehydrogenase assay, the culturemediumwas collected follow-
ing experimental treatment and analyzed for lactate dehydro-
genase activity using the lactate dehydrogenase cytotoxicity
assay kit (Cayman Chemical) according to the manufacturer’s
protocol.
FDA Staining, Hoechst Assay, and DNA Fragmentation—Vi-

able SN4741 cells were stained with fluorescein formed from
FDA,which is de-esterified only by living cells (20). Briefly, after
24 h of MPP� treatment, SN4741 cells were incubated with 10
�g/ml FDA for 15 min and examined using a fluorescence
microscope. Chromatin condensation was detected by nucleus
staining with Hoechst 33342 (14). The number of apoptotic
nuclei was calculated relative to the total number of nuclei.
DNA fragmentation was assessed using a soluble DNA prepa-
ration described by Li et al. (20).
MPTP Mouse Model of PD—Male C57Bl/6 mice (The Jack-

son Laboratory) at 12.5weeks of agewere used forMPTP study.
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The mice were kept under the same environmental conditions
(ambient temperature 23 � 1 °C, humidity 50–70%, 12-h light
cycle) and had free access to food (Standard diet) and water.
The chronic MPTP schedule was described previously (17, 23).
Mice were injected with MPTP at 8 mg/kg intraperitoneally
daily with or without B3C at the indicated dosages for 10 con-
secutive days and used for experiments 7 days after final injec-
tion. All procedures were approved by the Institutional Animal
Care and Use Committee of Emory University.
Immunohistochemistry—Mouse brains were fixed with 4%

paraformaldehyde (Fisher) and then cut to make 20-�m slices
using a sliding microtome (Thermo Scientific Microm HM
450).Midbrain slices were stained for TH neurons by immuno-
fluorescence as described by She et al. (17), and nuclei were
labeled with DAPI.
Behavior Test—Rotor and footprint tests were performed at

day 7 after the final MPTP injection (24). We used a modified
procedure described by Labandeira-García and co-workers
(25). Briefly, the Rotamex system (Columbus Instruments) was
set at an accelerating program with a starting speed of 12 rpm
and logged the falling of testing animals from the rotating rod as
the end of the experiment. For the footprint test, we followed
the procedure described by Richter et al. (26). Mice with their
forepaws and hind paws colored with blue ink were trained to
walk through a 5-cm-wide, 85-cm-long corridor. Their foot-
steps were recorded on a white absorbing paper.
Statistical Analysis—Results were expressed as mean � S.E.

One-way analysis of variance followed by Tukey’s post hoc
analysis was used for statistical comparisons by Prism software
(GraphPad). Levels of p � 0.05 or less were accepted to be of
statistical significance.

RESULTS

B3C Enhances the MEF2 Activity—B3C has been shown to
regulate NMDA receptors and protect neurons from stroke-
induced death (20, 21). Because transcription factor MEF2
promotes neuronal survival in several experimental para-
digms, we tested the possibility that B3C may regulate MEF2
activity. For this study, we transfected SN4741 cells, a DA
neuronal precursor cell line isolated from mouse midbrain
(15, 17, 27, 28), with MEF2-dependent luciferase reporter
construct and treated the cells with B3C, B7C, and tacrine.
This analysis revealed that B3C, but not B7C and tacrine,
stimulates MEF2 activity under basal condition (Fig. 1B).
Several survival and death pathways converge their activities
on MEF2 (12, 14, 22, 29–31). Because MEF2 has been shown
to be dysregulated in models of PD (15, 17), we investigated
the mechanisms by which B3C enhances MEF2 activity in
MPP�-treated cells, a widely used cellular model of PD.
Exposure of SN4741 cells to MPP� caused a significant
increase in oxidative stress. Although B3C did not signifi-
cantly alter the basal level of oxidative stress, it greatly atten-
uated the levels of MPP�-induced oxidative stress (Fig. 2, A
and B). GSK3� pathway has been shown to negatively regu-
late MEF2 activity (13). Our analysis showed that MPP�

treatment reduces Akt activity and the inhibitory phosphor-
ylation of GSK3� at Ser-9 (Fig. 2C). Consistent with this,
MPP� reduced MEF2 activity in SN4741 cells. This inhibi-

tion could be attenuated by inhibiting GSK3� using GSK3�
inhibitors (LiCl and GSK3� inhibitor II) or dominant nega-
tive GSK3� (Fig. 2D).

MEF2D has been shown to function directly in both nuclei
and mitochondria in neurons (17, 31). We investigated the
effects of B3C onMEF2D in both of these subcellular compart-
ments. MPP� reduced the DNA binding and gene transactiva-
tion activities of MEF2D in the nucleus of SN4741 cells (Fig. 3,
A and B), whereas B3C greatly protectedMEF2D nuclear func-
tion. Similarly, MPP� also caused a significant reduction of the
levels of mitochondrial MEF2D and its mitochondrial target
NADH dehydrogenase 6 (ND6) (Fig. 3C). Co-treatment of
SN4741 cells with B3C restored the levels of mitochondrial
MEF2D and ND6. Consistent with this, B3C significantly
reversed theMPP�-induced decline of mitochondrial complex
I activity (Fig. 3D). Our analysis showed that MEF2D is the
major isoform altered byMPP� toxicity and responsive to B3C
because the levels of other MEF2 isoforms were either not sig-
nificantly changed byMPP� or efficiently restored by B3C (Fig.
3E).
B3CRescues SN4741DANeuronalCells fromMPP�-induced

Death—Neurotoxin-induced death of SN4741 cells is widely to
mimic DA neuronal stress. Exposure of SN4741 cells to MPP�

led to a concentration-dependent increase in cell death meas-
ured byMTT (Fig. 4A) and by FDA andHoechst 33342 staining
(Fig. 4B). This death was accompanied with increased DNA
laddering (Fig. 4C), suggesting that the death induced byMPP�

involves an apoptotic mechanism. B3C protected SN4741 cells
from MPP�-induced death. Importantly, knockdown of

FIGURE 1. B3C, but not B7C and tacrine, stimulates MEF2 gene transacti-
vation activity under basal condition. A, chemical structures of tacrine (1)
and bis(3)-cognitin (2). B, SN4741 cells were transfected with MEF2 luciferase
reporter construct and treated with or without B3C (1 �M), B7C (1 �M), and
tacrine (30 �M). The luciferase reporter activity was measured after 24 h of
treatment. The data from three independent experiments with each in tripli-
cate were expressed as the percentage of control activity (n � 3; **, p � 0.01).
wt, wild type MEF2; mt, mutant.
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MEF2D by siRNA rendered B3C largely ineffective in protect-
ing SN4741 cells from MPP�-induced toxicity (Fig. 4D), sug-
gesting that the protective effect of B3C is mainly via MEF2D.
The neuroprotective effect against MPP�-induced toxicity is
specific to B3C because B7C and tacrine, two structurally
relatedmolecules (21), offered SN4741 cells no protection (Fig.
4E). To corroborate these findings, we tested the effect of B3C
in another cytotoxicity model relevant to PD, �-synuclein-in-
duced neuronal damage (15, 16, 32). Overexpression of wild
type and mutant A53T �-synuclein caused SN4741 cell death.

B3C clearly protected these cells from �-synuclein-induced
toxicity (Fig. 5A) and apoptosis (Fig. 5B).
B3C Protects MEF2D Function in Mouse Brain against

MPTP-induced Toxicity—MEF2D is highly enriched in SNc
TH-positive neurons when compared with glial cells (Fig. 6A).
To confirm the findings made in SN4741 cells in SNc DA neu-
rons in vivo, we subjected C57BL/6mice toMPTP-inducedDA
neuronal toxicity, a widely accepted in vivo model of PD. We
injected mice intraperitoneally withMPTP following a chronic
schedule and prepared the midbrain region at 7 days after final

FIGURE 2. B3C attenuates MPP�-induced oxidative stress and potentiates Akt against MPP� to down-regulate MEF2 inhibitor GSK3� in SN4741 cells.
A and B, attenuation of MPP�-induced oxidative stress by B3C. SN4741 cells were treated with 500 �M MPP� in the presence or absence of 10 �M B3C for 24 h
and then incubated with 10 �M DHE for 30 min (A) or 10 �M CM-H2DCFDA (B) for 20 min, respectively. The mean intensity values of fluorescence images were
derived from three different fields of each experiment of total three independent experiments (n � 3; **, p � 0.01, ***, p � 0.001). C, B3C reverses the decrease
of phospho-Ser-473-Akt and phospho-Ser9-GSK3� (pSer473-Akt and pSer9-GSK3�) induced by MPP�. SN4741 cells were pretreated with 10 �M B3C for 2 h
with or without 5 �M LY294002 and then exposed to 500 �M MPP� for 2 h, and lysates were immunoblotted with the indicated antibodies. The quantifi-
cation shown on the right was expressed as the ratio to the corresponding control (CTL) (n � 4; *, p � 0.05, **, p � 0.01, respectively, versus the MPP� group).
D, attenuation of MPP�-induced inhibition of MEF2 activity by inhibition of GSK3�. SN4741 Cells were transfected with wild type or mutant MEF2 reporter
genes for 12 h and treated with 500 �M MPP� with or without the addition of different GSK3� inhibitors (a, LiCl, 10 mM; b, GSK3� inhibitor II, 10 �M). The
luciferase activity was determined 24 h later and is shown as the percentage when compared with the wild type MEF2 reporter without any treatment (n � 4;*,
p � 0.05, **, p � 0.01, respectively). mt, mutant; wt, wild type GSK3�; KD, kinase-dead GSK3�.
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injection, a time when significant loss of TH-positive neurons
incurred, for analysis. Immunoblot showed that MPTP dys-
regulates Akt-GSK3� pathway (Fig. 6B) and increases oxidative
stress in the midbrain region (Fig. 6C). B3C attenuated MPTP-
induced oxidative stress and reduced the activity of MEF2D
inhibitor GSK3� in vivo, but it did not affect the basal levels of
phospho-Akt and -GSK3� (Fig. 6D).MPTP reduced the level of
MEF2D in the nuclei (Fig. 6E) and the levels of mitochondrial
MEF2D andND6 in vivo (Fig. 6F). B3C enhancedMEF2D levels
in both nuclei and mitochondria under basal (Fig. 6G) and
stressed condition and also attenuated MPTP-induced loss of
ND6 in mitochondria (Fig. 6F).

B3C Protects SNc DA Neurons from MPTP-induced Death
and Ameliorates MPTP-induced Movement Abnormalities in
Mice—We tested the effects of B3C in MPTP-induced loss of
SNc DA neurons in C57BL/6 mice, a widely accepted in vivo
model of PD. Our results showed that intraperitoneal injection
ofmicewithMPTP caused a significant loss of TH signal in SNc
(Fig. 7A). Mice co-injected with B3C retained TH signal at
much higher level, suggesting that B3C effectively protects SNc
DA neurons from MPTP-induced toxicity. Loss of SNc DA
neurons contributes to the movement abnormalities observed
in PD. We assessed the movement of mice following MPTP
injection.Our analysis showed thatMPTP significantly reduces

FIGURE 3. B3C protects neuronal survival factor MEF2 from MPP�-induced inhibition in both nuclear and mitochondrial compartments. A,
attenuation of MPP�-induced inhibition of MEF2 DNA binding activity in the nucleus. SN4741 cells were treated with 500 �M MPP� with or without B3C
for 24 h. Nuclear extracts adjusted for equal amounts of MEF2D (bottom panel) were used for EMSA assay (top panel: arrowhead, MEF2D supershift
complex; arrow, MEF2D and probe complex; double arrow, free probe). wt, wild type MEF2; mt, mutant. B, attenuation of MPP�-induced inhibition of
MEF2 transactivation activity. MEF2 reporter gene expression was measured after 24 h of 500 �M MPP� treatment with or without B3C. The data from
three independent experiments with each in triplicate were expressed as the percentage of control activity (n � 3; *, p � 0.05 versus MPP� treated group
or untreated control). C, attenuation of MPP�-induced inhibition of MEF2D in mitochondria. Lysates from purified mitochondrial extracts from 500 �M

MPP�-treated SN4741 cells with or without B3C were probed for MEF2D, ND6 (MEF2D target gene), and VDAC (mitochondrial loading control).
Quantification was expressed as the ratio relative to control (n � 4; *, p � 0.05 when compared with the MPP�-treated group, respectively). D, reverse
of the MPP�-induced decline of complex I activity in mitochondria. SN4741 cells were preincubated with 10 �M B3C for 2 h and then exposed to 500 �M

MPP� for 24 h. Mitochondrial complex I activity was measured using a specific assay kit from Abcam. E, B3C does not significantly change the levels of
MEF2A-C. SN4741 cells were preincubated with or without B3C at the indicated concentrations for 2 h and then exposed to 500 �M MPP� for 24 h.
Lysates of purified nuclei and mitochondrial extracts from these SN4741 cells were probed for MEF2A, -2B, -2C, and -2D, poly(ADP-ribose) polymerase-2
(PARP) (nuclei loading control), and VDAC (mitochondrial loading control).
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the time of mice on rotating rotor rod and causes mice to lose
their normal gait (Fig. 7, B and C). B3C largely corrected the
movement abnormalities.

DISCUSSION
The ultimate goal in PD therapy is to be able to arrest or delay

the relentless progression of this disorder caused by the loss of
SNc DA neurons (33). Current treatments for PD mostly offer
sympatric relief with little effect on the disease progression.
Although cell-based and gene-based therapeutic approaches to
PD open up exciting perspectives for future treatment, their
long term safety and efficacy in and outside the nigrostriatal
system remain as important challenges. Therefore, the devel-
opment of neuroprotective treatments via identification of
novel molecular targets and drug candidates is one of the cen-
tral challenges for future PD therapy. Targeting oxidative
stress, mitochondrial dysfunction, apoptosis, autophagy, and
proteasome dysfunction have all been proposed as new thera-
peutic approaches for PD (10).

Because survival factor MEF2D is regulated by nearly all of
the aforementioned processes, targeting MEF2D represents
attractive therapeutic strategy. Indeed, several previous studies
have shown that enhancing MEF2D in vivo protects SNc DA
neurons from toxicity in an animal model of PD (17, 18). How-
ever, those studies enhanced MEF2D using recombinant viral
approach, which clearly has its limits in practical application.
Our current study showed that the small molecule B3C is a
potent agent capable of protecting DA neuronal cells against
MPP�-induced damage in culture and protecting against
MPTP toxicity in vivo by activatingMEF2D. Interestingly, B3C
also protects SN4741 cells from �-synuclein-induced cytotox-
icity. Although more experiments need to investigate its pre-
cisely acting mechanisms, we speculate that the reverse of
MEF2D dysfunction may be involved in protection by B3C
against �-synuclein-induced toxicity based on our previous
findings that both wild type and A53Tmutant �-synuclein dys-
regulate the function of MEF2D (15). Although it is possible

FIGURE 4. B3C protects SN4741 cells from MPP�-induced apoptosis via MEF2D. A, attenuation of MPP�-induced death by B3C. SN4741 cells were
preincubated with 1 or 10 �M B3C for 2 h and exposed to 500 �M MPP� for another 24 h. Cell viability was measured using the MTT assay. Data were expressed
as the percentage of untreated control (n � 3; *, p � 0.05, **, p � 0.01). B, SN4741 cells were treated as described in A. SN4741 cells were assayed with FDA and
Hoechst 33324 staining. Viable cells were stained with fluorescein formed from FDA, which is de-esterified only by living cells. The number of apoptotic nuclei
(white arrows) was counted and expressed as the percentage of total nuclei counted (n � 3; *, p � 0.05, **, p � 0.01). C, attenuation of MPP�-induced DNA
fragmentation. SN4741 cells were treated as described in A. DNA was extracted from the SN4741 cells and analyzed by agarose gel electrophoresis and
ethidium bromide staining. D, MEF2D-dependent attenuation of MPP�-induced death. SN4741 cells were transfected with scramble siRNA or MEF2D siRNA for
48 h and then treated as described in A. Cell viability was measured by lactate dehydrogenase releasing assay. Data were expressed as the percentage with total
release after cell lyses set as 100% (n � 3; **, p � 0.01). The immunoblot shows the level of MEF2D after knockdown of MEF2D expression (Control indicates
untransfected cells). E, B3C, but not B7C and tacrine, attenuates MPP�-induced SN4741 cell death. SN4741 cells were preincubated with B3C (10 �M), B7C (1 or
10 �M), or tacrine (30 or 60 �M) for 2 h and exposed to 500 �M MPP� for another 24 h. Cell viability was measured using the MTT assay. Data were expressed as
the percentage of untreated control (n � 3; **, p � 0.01).
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that there are other B3C effectors,MEF2D should represent the
major downstream mediator for its therapeutic effects in our
model system because B3C does not significantly affect the lev-
els of the other three MEF2 isoforms and knockdown of
MEF2D renders B3C largely ineffective in protecting cells from
toxic stress. The small molecule that we identified in the cur-

rent investigation provides a promising drug candidate and an
effective as well as practical approach of modulating MEF2
activity in neurons in vivo therapeutically. B3C readily crosses
the blood-brain barrier after intraperitoneal administration by

FIGURE 5. Protection of SN4741 cells from wild type and mutant A53T
�-synuclein-induced toxicity by B3C. A, SN4741 cells were transfected with
wild type or mutant A53T �-synuclein (�-Syn), and 4 h later, they were
exposed to B3C at the indicated concentrations for 36 h. The viability was
measured by MTT assay. Data were expressed as the percentage of the con-
trol (n � 6, *, p � 0.05, **, p � 0.01 versus the same transfection without B3C
treatment). B, SN4741 cells were treated as described in A (B3C at 10 �M).
SN4741 cells were stained by Hoechst 33324 and visualized using a fluores-
cence microscope. The number of apoptotic nuclei was counted and
expressed as the percentage of total nuclei counted (n � 3; **, p � 0.01). Con,
control.

FIGURE 6. B3C ameliorates MPTP-induced impairments of MEF2D in an
in vivo model of PD. A, co-localization of TH and MEF2D in the SNc region.
Midbrain slices were prepared from 14-week-old mice and analyzed by
co-immunofluorescence (TH, red; MEF2D, green). Scale bar � 20 �m. B,
attenuation of MPTP-induced inhibition of Akt pathway by B3C in C57BL/6
mice. C57BL/6 mice were treated with saline (control (CTL)), MPTP alone,
or MPTP/B3C by intraperitoneal injection. The lysates of mouse brain tis-
sues from SNc region collected at day 7 after final injection were analyzed
using the indicated antibodies. The levels of protein were quantified as
the ratio relative to the control (n � 9; *, p � 0.05, **, p � 0.01). pSer473-
Akt, phospho-Ser-473-Akt; pSer9-GSK3�, phospho-Ser9-GSK3�. C, attenu-
ation of MPTP-induced increase in H2O2 in mouse brain by B3C. As
described in B, the H2O2 level in mouse brain tissues homogenate was
tested by using the Cayman kit (n � 9; *, p � 0.05). D, B3C does affect basal
levels of phospho-Akt and -GSK3�. C57BL/6 mice were treated with saline
and B3C by intraperitoneal injection. The lysates from brain SNc region
collected at day 7 after injection were analyzed using the indicated anti-
bodies. E, attenuation of MPTP-induced reduction of nuclear MEF2D in
mice by B3C. Nuclear fractions were prepared from brain tissues from mice
treated as described in B and analyzed for nuclear MEF2D (n � 6; *, p �
0.05). F, attenuation of MPTP-induced decrease in mitochondrial MEF2D.
Mitochondria were prepared from midbrain tissues from mice as treated
in B and analyzed for mitochondrial MEF2D, ND6, and VDAC. The levels of
MEF2D and ND6 were quantified (saline control was set as one; n � 9; *,
p � 0.05). G, B3C enhances expression of MEF2D in both nuclei and mito-
chondria. Nuclear and mitochondrial fractions were prepared from brain
SNc region from mice treated as described in A and analyzed for MEF2D
and H1 (left panel) and VDAC (right panel).
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HPLC/MS analysis.3 It would be highly interesting to test B3C
in other models of PD to validate its therapeutical potential
fully.
Many studies have shown that MEF2 is tightly regulated in

neurons by many signals. Both survival-related and death-re-
lated pathways converge on MEF2s. For example, calcium,
nutrient, and oxidative stress signals have all been documented
to modulate MEF2 activity (14, 31). Pathways including p38
mitogen-activated protein kinase, protein kinase A, cyclin-de-
pendent kinase 5, and Akt-GSK3� all phosphorylate MEF2D
directly to control its activity (13, 14, 18, 34–37).Our analysis of
MPP�/MPTP models indicates clearly that B3C modulates
MEF2 viamultiplemechanisms including attenuation of oxida-
tion-mediated inhibition of MEF2D, reduction of MEF2 inhib-
itor GSK3� activity via activating Akt, and increase in MEF2D
expression via yet unknown mechanisms to synergistically
increase neuroprotective activity of MEF2D in both mitochon-
dria and nuclei. Consistent with our findings, both oxidative
stress and PI3K/Akt pathway have been shown to be involved in
neurotoxic and neuroprotective processes in PD models (38,
39). It is well documented that oxidative stress plays a major

role in the degeneration of DA neurons in PD (40, 41). Supple-
mentation with antioxidants to increase the antioxidant capac-
ity of neurons has been widely tested in the prevention and
treatment of PD (42). Our previous work has shown thatMPTP
enhances reactive oxygen species generation and reduces ATP
synthesis in mitochondria through inhibiting mitochondrial
MEF2D function and complex I activity (17). Our current find-
ings clearly demonstrate that B3C can reverse oxidative stress
and mitochondrial dysfunction caused by both MPP� and
MPTP but does not reduce basal level of oxidative stress.
Restoring mitochondrial function is necessary for maintaining
the proper level of antioxidant defense (43). Together, these
findings suggest that recovery of the mitochondrial bioener-
getic function may underlie in part B3C-mediated neuropro-
tection. Whether B3C can decrease mitochondria-derived
reactive oxygen species generation via enhancing endogenous
antioxidant pathways remains to be investigated (44). Similarly,
inhibition of PI3K/Akt signaling cascade has been observed in
the substantia nigra, whereas activation of PI3K/Akt protects
SNc neurons from apoptosis induced by MPP�/MPTP (4, 45,
46). More importantly, inhibition of GSK3� has been reported
to protect SH-EP1 cells fromMPP�-induced death (4). In addi-
tion, our findings also show that B3C can enhanceMEF2 activ-
ity and MEF2D expression under basal condition. Thus, it

3 L. Yao, W. Li, H. She, J. Dou, L. Jia, Y. He, Q. Yang, N. L. Cápiro, D. Walker, K. D.
Pennell, Y. Pang, Y. Liu, Y. Han, and Z. Mao, unpublished data.

FIGURE 7. B3C ameliorates MPTP-induced loss of SNc DA neurons and behavioral impairments in mice. A, attenuation of MPTP-induced loss of TH signal
in SNc DA neurons by B3C. C57BL/6 mice were treated with saline, MPTP alone, or MPTP/B3C by intraperitoneal injection. At day 7 after the final MPTP injection,
midbrain slices were prepared from mice and analyzed by immunofluorescence (TH, green; DAPI, blue). The images shown are representative. Relative levels of
the TH� signal in midbrain region from six mice of three slices were quantified (the error bars are S.E.; n � 6;**, p � 0.01). B, attenuation of MPTP-induced
decrease in the time-on-rod by B3C. Mice were treated as described in A and tested on rotor by an accelerating schedule on 7 days after 10 consecutive daily
MPTP injections (8 mg/kg of MPTP) with or without co-injection of B3C (1.0 mg/kg of B3C) or saline. Values shown were the means of time-on-rod from nine
mice in each group (n � 9; *, p � 0.05, **, p � 0.01). C, attenuation of MPTP-induced imbalance in walking by B3C. Mice were treated as described above. At day
7 after the final MPTP injection, mice with their forepaws and the hind paws colored with blue ink were subjected to the footprint walking test. The represent-
ative footprint images are shown. The line in the middle panel indicates a shortened footstep, and the arrows indicate dragging hind paws. The average footstep
length was quantified (n � 9 for each group; **, p � 0.01).
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appears that B3Cmodulatesmultiple targets to protect neurons
from toxic stress. Such a one-molecule multitarget agent may
be more effective in treating chronic and progressive diseases
including PD, which are multifactorial in nature, caused by
genetic, environmental, and endogenous factors and processes
(47). Given the potent rescuing effect and the multitude of reg-
ulatory signals onMEF2D, it would be interesting to determine
whether B3C may modulate additional pathways to affect
MEF2D. Delineating these mechanisms in PD and other model
systems should broaden the potential application of B3C.
Recent studies indicate thatMEF2D functions in both nuclei

and mitochondria (12, 17). Dysregulation of MEF2D activity in
both compartments may occur in PD (15, 17). Although many
mechanisms have been identified to modulate nuclear MEF2D
in neurons (12, 13, 31), very little is known how mitochondrial
MEF2D may be regulated. Our findings that B3C can alter
MEF2D activity in both nuclei and mitochondria not only pro-
vide an explanation for its potent neuroprotective effects but
also offer a model for delineating the molecular processes by
which mitochondrial MEF2D is controlled in response to
signals.
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