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Parkinson disease (PD) is the most common age-dependent
neurodegenerative movement disorder. Accumulated evidence
indicates both environmental and genetic factors play impor-
tant roles in PD pathogenesis, but the potential interaction
between environment and genetics in PD etiology remains
largely elusive. Here, we report that PD-related neurotoxins
induce both expression and acetylation of multiple sites of his-
tones in cultured human cells and mouse midbrain dopaminer-
gic (DA) neurons. Consistently, levels of histone acetylation are
markedly higher in midbrain DA neurons of PD patients com-
pared to those of their matched control individuals. Further
analysis reveals that multiple histone deacetylases (HDACs)
are concurrently decreased in 1-methyl-4-phenylpyridinium
(MPP�)-treated cells and 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine-treated mouse brains, as well as midbrain tissues of
human PD patients. Finally, inhibition of histone acetyltrans-
ferase (HAT) protects, whereas inhibition of HDAC1 and
HDAC2 potentiates, MPP�-induced cell death. Pharmacologi-
cal and genetic inhibition of autophagy suppresses MPP�-in-
duced HDACs degradation. The study reveals that PD envi-
ronmental factors induce HDACs degradation and histone
acetylation increase in DA neurons via autophagy and identifies
an epigenetic mechanism in PD pathogenesis.

Parkinson disease (PD)2 is pathologically characterized as
loss of DA neurons in substantial nigra of midbrain and Lewy
body formation in the remaining neurons (1). Genetic studies of
familial cases have identified mutations in at least 14 genes that
are associated with the disease (2). Nevertheless, the majority of
PD cases are sporadic with unidentified etiology. It is well
accepted that environmental factors play an important role in

PD. In addition to aging, exposure to environmental toxins,
such as certain pesticides and herbicides, results in parkinson-
ism resembling the idiopathic PD (3). Thus, both genetic and
environmental factors contribute to PD pathogenesis. How-
ever, the molecular basis of parkinsonia induced by environ-
mental factors remains unclear. Environmental factors are
known to cause abnormal epigenetic modifications resulting in
human diseases, including neurodegenerative diseases (4 – 6).
Such modifications regulate gene expression by mechanisms
other than DNA sequence changes (7). These types of regula-
tion are heritable, self-perpetuating, and reversible (7–9). The
most studied epigenetic regulations include DNA methylation,
RNA modification, and histone modification (8).

Acetylation of histone proteins associated with chromatin
plays a pivotal role in the epigenetic regulation of transcription
and other functions in cells, including neurons (10). Reduced
histone acetylation in animal models has been reported in neu-
rodegeneration characterized by cognitive decline, including
models of Alzheimer disease (AD) (11). Similar findings have
been reported with PD models (3). Valproic acid, a histone
deacetylase inhibitor, demonstrates protection against rote-
none in a rat model of PD (12). Inhibitors of sirtuin-2 rescues
�-synuclein-mediated neurotoxicity both in vitro in cell cul-
tures and in vivo in a Drosophila PD model (13). These findings
suggest that dysregulation of acetylation of histone or non-his-
tone protein is a common mechanism of neurodegeneration in
different neurodegenerative diseases.

In this study, we aim to investigate a role of histone acetyla-
tion in PD pathogenesis. Our results reveal that both levels of
histone and histone acetylation are up-regulated in cells treated
with PD-related neurotoxins and in brains of mice injected with
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). Increased
detection of histone acetylation is also observed in midbrain
DA neurons of PD patients. Further analysis suggests that
reduced expression of HDACs is likely responsible for changes
of histone acetylation induced by PD-related neurotoxins.
Moreover, inhibition of autophagy suppresses 1-methyl-4-phe-
nylpyridinium (MPP�)-induced HDACs degradation. The
results reveal that PD-related environmental toxins regulate
autophagy resulting in abnormal histone acetylation to contrib-
ute to PD pathogenesis.

Experimental Procedures

Materials—Antibodies including histone 2A (Cell Signaling,
2578), histone 2B (Cell Signaling, 2934), histone 3 (Cell Signal-
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ing, 9715), histone 4 (Cell Signaling, 2935), acetylated lysine
(Cell Signaling, 9441), acetyl-H2Ak5 (Cell Signaling, 2576),
acetyl-H2Bk5 (Cell Signaling, 2574), acetyl-H2Bk15 (Cell Sig-
naling, 5435), acetyl-H2Bk20 (Cell Signaling, 2571), acetyl-
H3k9 (Cell singling, 9671), acetyl-H3k18 (Cell Signaling, 9675),
acetyl-H3k27 (Cell Signaling, 4353), acetyl-H3k56 (Cell Signal-
ing, 4243), acetyl-H4k5 (Cell Signaling, 9672), acetyl-H4k8

(Cell Signaling, 2594), acetyl-H4k12 (Cell Signaling, 2591),
HDAC1 (Cell Signaling, 5356), HDAC4 (Cell Signaling, 5392),
HDAC6 (Cell Signaling, 7558), and SirT1 (Cell Signaling, 2310)
were purchased from Cell Signaling. Gcn5 (Epitomics,
Q92830), cAMP response element-binding protein (CBP)
(Abcam, ab83857), HDAC2 (Abcam, ab51832), tyrosine hydroxy-
lase (Millipore, ab152; ab9702), Tip60 (Millipore, 07-038) were

FIGURE 1. PD-related neurotoxin MPP� induces histone acetylations. a, SH-SY5Y cells treated with MPP� or solvent (Control) for 1 (1 week) to 2 weeks (2
weeks) followed by immunoblotting with an anti-pan histone acetylation antibody. Migration of protein-stained histones is shown in the left panel (C.B.,
Coomassie Blue staining). �-Actin was used as a loading control. Note that MPP� (100 �M) markedly increases histone acetylation with the 1-week treatment.
b, expression and acetylation of histones following MPP� treatment. SH-SY5Y cells were treated with MPP� or solvent (Control) for 1 (1 week) to 2 weeks (2
weeks) followed by immunoblotting with histone and histone acetylation antibodies. Expression of histone H2A, H2B, H3, and H4 are shown. Acetylation of
histone H2A lysine 5 (AcH2Ak5), H2B lysine 5, 15, and 20 (AcH2Bk5, AcH2Bk15, AcH2bk20), H3 lysine 9, 18, 27, and 56 (AcH3k9, AcH3k18, AcH3k27, AcH3k56),
and H4 lysine 5, 8, and 12 (AcH4k5, AcH4k8, AcH4k12) are shown. c, quantitation of histone acetylation. Signal intensity of immunoblot from 4 independent
experiments was measured by ImageJ software and normalized to each expression of histone. d, immunofluorescent detection of acetylated histones. SH-SY5Y
cells were treated with MPP� or solvent (Control) for 1 week (1 week) followed by immunofluorescent staining with histone acetylation antibodies (red). Cell
nuclei were counterstained with DAPI (blue). Acetylation of histone H2A lysine 5 (AcH2Ak5), H2B lysine 15 (AcH2Bk15), H3 lysine 9 (AcH3k9), and H4 lysine 5
(AcH4k5) are shown. Scale bar � 8 �m. e, PD-related environmental toxins induce histone acetylation. SH-SY5Y cells were treated with MPP� (100 �M), Paraquat
(PQ, 10 �M), rotenone (100 nM), or solvent (Control) for 1 week followed by detection using a histone 2B acetyl-lysine 15 (AcH2Bk15) antibody. Quantitation of
AcH2Bk15 with normalization to histone 2B from three independent experiments is shown. *, p � 0.05; ***, p � 0.001. f, MPP� induces histone acetylation in
neurons differentiated from SH-SY5Y cells. SH-SY5Y cells were differentiated with retinoic acid for 10 days followed by MPP� treatment for 5 days. Cells were
immunofluorescent detected with acetylated lysine antibody (green), neuronal marker MAP2 (red), and nuclei (DAPI, blue). Bar � 30 �m.
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commercially purchased. All chemicals were from Sigma. Human
tissues were obtained from the NICHD, National Institutes of
Health, Brain and Tissue Bank for Developmental Disorders at the
University of Maryland, Baltimore, MD (Tables 1 and 2).

Differentiation of SH-SY5Y Cells—SH-SY5Y cells were from
ATCC and maintained according to the manufacturer’s
instructions. To differentiate, cells were treated with 10 �M

retinoic acid (Sigma, R2625) for 10 days.

MTS Assay and ATP Measurement—CellTiter 96� AQueous
Non-radioactive Cell Proliferation Assay (Promega, G5421),
and ATPlite 1step Luminescence Assay System (PerkinElmer,
6016731) were used to measure cell viability. The assays were
performed according to the manufacturer’s protocol. Absorb-
ance for the MTS assay was measured with a microplate reader
(Thermo Electron Co.). ATP luminescence was detected with
an Analyst HT (Molecular Devices, CA).

FIGURE 2. MPTP induces histone acetylation in vivo in mouse midbrain. a, representative immunohistology images of dopaminergic neuron in acute MPTP
mouse model: DA neurons (dark brown), nucleus (violet). Low magnification (left panel: scale bar � 500 �m); medium magnification (right lower panel: scale
bar � 100 �m); high magnification (right upper panel � 60 �m). b, quantitative analysis of DA neurons of acute MPTP mouse model (aMPTP) and the control
solvent-treated mouse (Control). ***, p � 0.001, n � 3. c, quantitative analysis of DA neurons of chronic MPTP mouse model (cMPTP) and the control
solvent-treated mouse midbrain (Control). *, p � 0.05; ***, p � 0.001, n � 3. d and e, MPTP induces histone acetylation in mouse substantial nigra. Mice were
either acutely treated with MPTP (aMPTP) or solvent (Control). Midbrain tissues mainly containing substantia nigra were dissected and followed by immunoblot
analysis of histone acetylation. Acetylation of H2Ak5, H2Bk15, H3k9, H3k18, H4K5, and H4k12 is shown for 3 MPTP-treated mice and 3 solvent-treated control
mice. �-Actin was detected as loading control. Quantitative analysis of acetyl-histone with normalization to corresponding histones is shown. *, p � 0.05; **,
p � 0.05; ***, p � 0.001, n � 3. f, MPTP induces histone acetylation in mouse midbrain DA neurons. Midbrains of mice treated with chronic concentration of
MPTP (cMPTP) for different time frames were immunostained with an anti-tyrosine hydroxylase antibody (TH, red) and an anti-acetyl lysine antibody (Ac-K,
green). Cell nuclei were counterstained with DAPI (blue). Control: mouse injected with saline for 2 weeks; 2, 3, and 4 weeks stand for mouse treated with MPTP
for 2, 3, and 4 weeks, respectively. Empty arrows: DA neuron, solid arrows: DA neurons with histone acetylation. Bar � 20 �m.
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FACS Analysis—For FACS analysis, adherent cells treated
with MPP� and garcinol (Enzo Life Sciences, BML-GR343-
0050) were harvested by trypsinization followed by neutraliza-
tion with FBS containing culture medium. The cells were
washed briefly with PBS followed by staining with propidium
iodide for 15 min at room temperature in a Ca2�-enriched
binding buffer. The stained cells were immediately analyzed
using a BD FACSCanto flow cytometer (BD Biosciences, San
Jose, CA) at the excitation wavelength of 585 nm. For each
sample, a minimum of 30,000 events was collected on logarith-
mic scales. FACS data were analyzed by FlowJo software
(TreeStar).

Transfection of Plasmid DNA and siRNA—SH-SY5Y cells
were split with 70% confluence at 1 day before transfection.
Plasmids HDAC1 and HDAC2, EGFP, and mock were trans-
fected using Lipofectamine� 2000 DNA Transfection Reagent
(Invitrogen, 11668) according to the manufacturer’s protocol.
Nonspecific control siRNA, HDAC1 siRNA, HDAC2 siRNA,
and ATG5 siRNA were purchased from Shanghai GenePharma
Co., Ltd. siRNAs were transfected using Lipofectamine�
RNAiMax according to the manufacturer’s protocol. Cells were
incubated for 24 h followed by treatment with MPP� for 2 days.

RNA Extraction and Real-time PCR—RNA extraction was
performed with RNA extraction kit, RNeasy Mini Kit (Qiagen,
74104). Real-time PCR was performed with Dual-labeled probe
(TaqMan Assay), using a real-time PCR detection system (Bio-
Rad). The relative quantity of immunoprecipitated DNA frag-
ment was adjusted by using the comparative CT method.
Results were compared by a standard curve generated by
serial dilutions of input DNA. Data were derived from three
independent amplifications. Primers were as follows: HDAC1,
F5�-ACTACTACGACGGGGATGTTGGA-3� and R5�-GAT-
GGAGCGCAAGAATTTAATGT-3�; HDAC2, F5�-GTCTGC-
TACTACTACGACGGTGA-3� and R5�-AGTGGCTTTATG-
GGGCCTATATA-3�; HDAC4, F5�-CCAAAGCCATCCAGA-
TGGACTTT-3� and R5�-AGGCGCAGGTCCATGGGC-
ACTGC-3�; HDAC6, F5�-CCCCAGTCGCCCCCTCAGGA-
CTC-3� and R5�-CACGATTAGGTCTTCTTCCATTG-3�;
SIRT1, F5-�GATGAAATTATCACTAATGGTTT-3� and
R5�-TCGAGGATCTGTGCCAATCATAA-3�.

MPTP Injection—MPTP (Sigma, M0896) was dissolved in
saline and intraperitoneally injected in a volume of 10 mg/kg
body weight, 3 times per a day, every 3 h for 1 week (acute
model, aMPTP) and 5 mg/kg body weight, 1 time per a day for

1 month (chronic model, cMPTP). Saline was used as control
injection.

Immunoassays—Immunoblotting and immunofluorescent
staining was performed essentially as described in the protocol
of Abcam and previously described (14). For mouse brains,
Rodent Block M blocking reagent (Biocare Medical) was used
for blocking endogenous mouse IgG, according to the manufa-
cturer’s protocol. The slides were scanned using a automated
high-throughput scanning system (ScanScope� XT system)
and analyzed with a confocal microscope (Zeiss LSM-710).

Statistical Analysis—Immunoblotting, cytotoxicity assay, PI
staining, and immunostaining results were quantified using
ImageJ. Data are analyzed with Student’s t test and one-way
analysis of variance using GraphPad. All error bars indicate
mean � S.E. A probability less than 0.05 was considered statis-
tically significant.

Results

PD Environmental Toxins Induce Histone Acetylation—To
investigate environmental effects on PD pathogenesis, we first
defined a window of time and toxin concentration that resulted
in minimal cell morphological changes and cell death using
human SH-SY5Y neuroblastoma cells, thus settling on MPP�

at 100 �M for 7 days. Cells treated with MPP� (100 �M) for 7
days showed a notable up-regulation of protein amount and
acetylation status of several histones compared with the
untreated controls (Fig. 1, a and b). Further characterization
revealed markedly increased detection of H2A, H3, and H4 as
well as a transient dose-dependent induction of histone acety-
lation on multiple sites, including H2Ak5, H2Bk5, H2Bk15,
H2Bk20, H3k9, H3k18, H3k27, H3k56, H4k5, H4k8, and H4k12
with MPP� treatment (Fig. 1, b and c). The apparent increase in
histone acetylation is due in part to increased histone expres-
sion. Nevertheless, quantitative analysis of pixel density from 4
independent experiments indicated a 6 –30-fold increase of
acetylation of H2Bk15, H3k9, and H3k27 after normalizing to
the level of corresponding histones (Fig. 1c). Immunofluores-
cent staining verified increased acetylation of H2Ak5, H2Bk15,
H3k9, and H4k5 in MPP�-treated cells compared to their
untreated controls (Fig. 1d). At higher concentrations (2 mM)
that induces substantial cell death, MPP� treatment also
induced histone acetylation before cell death (data not shown).
Two additional neurotoxins known to induce parkinsonism,
paraquat and rotenone, showed similar effects by inducing his-
tone acetylation in cultured SH-SY5Y cells (Fig. 1e). Immuno-
fluorescent staining reveals a markedly increased detection of
histone acetylation with MPP� treatment in SH-SY5Y cells dif-
ferentiated to a neuron-like morphology with retinoic acid (Fig.
1f). The results suggest that PD-associated environmental tox-
ins aberrantly up-regulate histone expression and induce his-
tone acetylation.

MPP� Promotes Histone Acetylation in Dopaminergic Mouse
Brain Neurons—To investigate whether PD neurotoxins up-
regulate histone acetylation in vivo, we analyzed histone acety-
lation in brain tissues of mice treated with MPTP. Two estab-
lished protocols were employed to treat mice, including a
1-week acute treatment (aMPTP: 10 mg/kg, 3 injections/day for
1 week) and a 4-week chronic treatment (cMPTP: 5 mg/kg, 1

TABLE 1
Information of brain tissues from PD patients and their controls

Sample
No.

Tissue
Bank ID Sex Age Race

Postmortem
interval

Disease
condition

h
C1 5028 M 67.8 Caucasian 18 Control
C2 4735 M 73.5 Caucasian 21 Control
C3 4789 F 72.1 Caucasian 19 Control
C4 5171 M 79.2 Caucasian 5 Control
C5 1818 M 76.8 Caucasian 3 Control
PD1 1947 M 70.7 Caucasian 17 PD
PD2 1741 M 70.9 Caucasian 20 PD
PD3 4977 F 76.2 Caucasian 14 PD
PD4 4879 M 75.9 Caucasian 15 PD
PD5 4526 M 78.5 Caucasian 1 PD
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FIGURE 3. Aberrant up-regulation of histone acetylation in midbrain DA neuron of PD patients. a-c, immunodetection of histone expression and histone
acetylation in midbrain (a), histone acetylation in cerebral cortex (b), and cerebellar cortex (c) of PD patients and their matched controls. Numbers on the top of
each panel represent different individuals. Expression of H2A, H2B, H3, and H4 and acetylation of H2Ak5 (AcH2Ak5), H2Bk15 (AcH2Bk15), H3k9 (AcH3k9), and
H4K5 (AcH4K5) was shown. �-Actin was detected as a loading control. d, immunodetection of histone acetylation in midbrains of AD patients and their
matched controls. Numbers on the top of each panel represent different individuals. Acetylation of H2Ak5 (AcH2Ak5), H2Bk15 (AcH2Bk15), H3k9 (AcH3k9), and
H4K5 (AcH4K5) was shown. �-Actin was detected as a loading control. e, representative immunofluorescent images of histone acetylation in midbrain of PD
patients. TH�, DA neurons (red); Ac-K�, acetylated lysine (green). Cell nuclei are stained with DAPI (blue). Low magnification (scale bar � 100 �M) in the lower
panel and high magnification (scale bar � 20 �m) in the upper panel are shown. White arrows, DA neurons with acetylated lysine signal. f, quantitative analysis
of the number of DA neurons (TH�) and DA neurons with histone acetylation positive signal (TH�/Ac-K�) in midbrains of PD patients and their matched control
individuals (Control). The data for each condition represents an average of 10 independent microscopic fields.
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injection/day for 4 weeks) (15). The effectiveness of MPTP
treatment was demonstrated by a 74 and 68.4% reduction of
tyrosine hydroxylase (TH)-positive neurons in midbrains with
aMPTP and cMPTP treatments, respectively (Fig. 2, a–c). His-
tone acetylation is significantly up-regulated in midbrain tis-
sues compared with controls injected with saline (Fig. 2, d and
e). In the cMPTP model, a notable increase of histone acetyla-
tion was detected in DA neurons of mouse midbrains as early as
2 weeks of treatment and persisted through 4 weeks treatment
(Fig. 2f). Consistent with findings of cells treated with MPP�,

expression levels of H2A, H3, and H4 were up-regulated by
acute treatment (Fig. 2d). Together, these results indicate that
environmental toxins induce expression and acetylation of his-
tones in dopaminergic neurons of mouse brains in vivo.

Specific Up-regulation of Histone Acetylation in DA Neurons
of PD Patient Brain—We next examined histone acetylation in
postmodern brain tissues of PD patients. Midbrain tissues from
5 PD patients and 5 age, sex, and postmodern interval-matched
control individuals were analyzed (Table 1). The results show a
marked increase of acetylation of H2Ak5, H2Bk15, H3k9, and
H4k5 in midbrain tissues of 3 of 5 PD patients compared with
that of 5 control individuals (Fig. 3a). Importantly, increased
histone acetylation was only observed in cerebral tissue of one
PD compared with controls (Fig. 3b). Acetylation of H2Bk15,
but not H2Ak5, H3k9, and H4k5, was increased in the cerebel-
lar cortex of PD patients over their controls (Fig. 3c). In con-
trast, acetylation of H2Bk15 and H4k5 are notably decreased in
the midbrain of AD patients compared with that of matched
controls (Fig. 3d, Table 2). Immunostaining analysis specifically
detected high levels of histone acetylation (Ac-K) in midbrain
DA neurons of PD patients. Conversely, histone acetylation is
barely detectable in non-DA cells of PD patients or in the mid-
brain DA neurons of the control individuals (Fig. 3e). Quanti-

FIGURE 4. Down-regulation of HDACs in MPP�-treated cells, MPTP-treated mice, and the midbrain of PD patients. a and b, immunoblotting detection of
HDAC1, -2, -4, -6, and SirT1 in cells treated with 1 or 100 �M MPP� to those in cells treated with solvent (a). Quantitative analysis of 3 independent experiments
is shown (b). Results are normalized to �-actin. *, p � 0.05; **, p � 0.01; ***, p � 0.001. c, quantitative RT-PCR analysis of expression of HDAC1, -2, -4, -6, and SirT1
in cells treated with 1 or 100 �M MPP� to those in cells treated with solvent. Results are normalized to �-actin. **, p � 0.01; ***, p � 0.001. d and e,
immunoblotting detection of HDAC1, -2, -4, -6, and SirT1 in midbrain of aMPTP-treated mice to those in the midbrain of solvent-treated mice (d). Quantitative
analysis of 3 independent experiments is shown (e). Results are normalized to �-actin. *, p � 0.05; **, p � 0.01; ***, p � 0.001. f, immunodetection of HATs (Gcn5,
Tip60, and CBP), HDACs (HDAC1, HDAC2, HDAC4, HDAC6, and SirT1), and acetylated histone H3k27 (AcH3k27) in human PD midbrain (PD) and their matched
controls (Control). Numbers on the top of each panel represent different individuals.

TABLE 2
Information of brain tissues from AD patients and their controls

Sample
No.

Tissue
Bank ID Sex Age Race

Postmortem
interval

Disease
condition

h
C1 4921 F 74 Caucasian 13 Control
C2 5082 M 68 Caucasian 19 Control
C3 5171 M 79 Caucasian 5 Control
C4 5246 F 78 Caucasian 19 Control
C5 5352 M 81 Caucasian 17 Control
AD1 1212 F 73 Caucasian 18 AD
AD2 4693 M 70 Caucasian 12 AD
AD3 4697 M 78 Caucasian 23 AD
AD4 5007 F 77 Caucasian 15 AD
AD5 5222 F 80 Caucasian 7 AD
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tative analysis by pixel density revealed detection of Ac-K in
82.7% TH-positive neurons of PD patients (n � 5). However,
only 2% TH-positive neurons are AcK positive in the midbrain
of normal control individuals (n � 5, Fig. 3f). The results sug-
gest that specific histone acetylation is involved in dopaminer-
gic neurodegeration in the midbrain of PD patients. Moreover,
histone acetylation is differentially regulated in PD and AD.
Together, histone acetylation is regulated in the midbrain of PD
patients with cell type, brain region, and disease specificity.

Down-regulation of HDACs in Brain of PD Patients—We
next investigated the mechanism of abnormal histone acetyla-
tion induced by PD-related neurotoxins. SH-SY5Y cells treated
with low doses of 1 �M and 100 �M MPP� exhibited signifi-
cantly reduced levels of HDAC1, HDAC2, HDAC4, and
HDAC6 (Fig. 4, a and b). These changes are unlikely due to
transcriptional regulation because mRNA levels of these
HDACs were either not altered with 1 �M MPP� treatment or
up-regulated with 100 �M MPP� treatment (Fig. 4c). Consist-
ent with findings from cultured cells, HDAC1, HDAC2,
HDAC6, and SirT1 were decreased in midbrains of mice
treated with aMPTP compared with that of vehicle-treated
controls. In contrast, the level of HDAC4 was not notably
affected (Fig. 4, d and e). Furthermore, levels of HDAC1,
HDAC2, HDAC4, HDAC6, and SirT1 were also markedly
lower in midbrain tissues of PD patients than those in midbrain
tissues of their matched controls (Fig. 4f). Consequently,

decreased HDACs and increased histone acetylation seem to be
correlated in the midbrains of PD patients. Histone acetyltrans-
ferases Gcn5 and Tip60 were either not changed or not consis-
tently changed between the disease and control groups (Fig. 4f).
However, CBP was detected in 1 of 5 PD patient midbrains and
3 of 5 control midbrains (Fig. 4f). These results indicate that
PD-associated up-regulation of histone acetylation is likely a
result of reduced HDACs in midbrain tissues.

MPP� Promotes Degradation of HDAC1 and HDAC2 via
Induction of Autophagy—Previous studies suggested that
MPP� treatment induces autophagy (16, 17). We explored the
mechanism of HDACs degradation by employing a modified
fluorescent protein-tagged LC3 reporter system (18). This dual
color system provides two readouts for autophagy activity,
including the number of DsRed-LC3 puncta and measurable
autophagy index. MPP� treatment resulted in loss of GFP
detection in SH-SY5Y cells (Fig. 5, a–c). The results support
induction of autophagy by MPP� treatment. Meanwhile,
MPP� treatment led to markedly reduced detection of HDAC1
and HDAC2 (Fig. 5, d and e). Three autophagy inhibitors,
including chloroquine, 3-methyladenine, and E-64d, sup-
pressed MPP�-induced degradation of HDAC1 and HDAC2.
In contrast, the proteasomal inhibitor MG-132 had little effect
on MPP�-induced degradation of HDAC1 and HDAC2 (Fig.
5d). Consistent with results of pharmacological inhibition,
ATG5 siRNA showed a notable inhibitory effect on MPP�-in-

FIGURE 5. MPP� promotes autophagy degradation of HDAC1 and HDAC2. a, schematic illustration of pQCXI Puro Ds-Red-LC3-GFP reporter plasmid
responding to autophagy signal. Once induction of autophagy, activated Atg4 Cys-protease cleaves DsRed-LC3-GFP. The GFP region goes through degrada-
tion and Red-LC3 incorporates to form autophagosome. b, representative immunofluorescent images of overexpression of the Ds-Red-LC3-GFP reporter
plasmid in SH-SY5Y with 2 mM MPP�. Red-LC3 (red), GFP (green), and cell nuclei with DAPI (blue). Scale bar � 10 �m. c, quantitative analysis of the signal intensity
of the GFP/Red-LC3 confocal image (10 cells are analyzed for each group). ImageJ software was used to measure the intensity. ***, p � 0.001. d, immunode-
tection of HDAC1 and HDAC2 in 2 mM MPP�, proteasome inhibitor (MG-132) in 5 �M, and autophagy inhibitors (chloroquine (ChQ) in 10 �M, 3-methyladenine
(3-MA) in 10 mM, and E-64d in 1 �M) with controls (Control) for 12 and 24 h. Numbers on the top of each panel show different time points. �-Actin was detected
as a loading control. e, inhibition of autophagy (siRNA ATG5) recoveries the dysregulation of HDAC1 and HDAC2 by 2 mM MPP�. f, quantitative analysis of
experiments in e is shown. The results are normalized by �-actin. *, p � 0.05, n � 4.
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duced degradation of HDAC1 and HDAC2 (Fig. 5, e and f).
Together, MPP� treatment induces degradation of HDAC1
and HDAC2 via autophagy.

Inhibition of HATs or HDACs Regulates MPP�-induced
Cytotoxicity—To determine whether histone acetylation regu-
lates MPP�-induced cell death, we employed a commercial
HAT inhibitor and two HDAC inhibitors. Pharmacological
inhibition of HATs by garcinol significantly suppresses MPP�-
induced cell death and ATP content reduction (Fig. 6, a–c).
Conversely, HDAC inhibitors, MS-275 and trichostatin A
(TSA), promote MPP�-induced cell death (Fig. 6, d and e).
Immunoblotting analysis revealed that pan-histone and H3k9
acetylation induced by MPP� were down-regulated by garcinol
and greatly up-regulated by MS-275 and TSA, respectively (Fig.
6f). MS-275 and TSA are known to inhibit HDAC1 and HDAC2
(19). Likewise, knockdown of HDAC1 and HDAC2 individually
or in combination using specific siRNAs promoted MPP�-in-
duced cytotoxicity (Fig. 7a). Consistently, overexpression of
HDAC1 and HDAC2 in SH-SY5Y cells significantly suppressed
MPP�-induced cytotoxicity (Fig. 7b). The results suggest that
reduced HDACs promote histone acetylation likely contribut-
ing to neurodegeneration induced by PD neurotoxins.

Discussion

We demonstrate in this study that PD neurotoxins specifi-
cally induce expression and acetylation of histones, in both cul-
tured human cells and DA neurons of mouse midbrains. Sub-

stantial increases in histone acetylation at multiple sites with
notably lower levels of multiple HDACs are observed to corre-
late in midbrain DA neurons in 3 of 5 PD patients compared
with matched controls. Pharmacological and genetic inhibition
of HDAC1 and HDAC2 potentiate MPP�-induced cytotoxic-
ity. In contrast, overexpression of HDAC1 and HDAC2 sup-
presses MPP�-induced cell death. Further analysis reveals
that PD neurotoxin-induced HDACs degradation is via an
autophagy mechanism. Thus, autophagy-mediated HDACs
reduction results in aberrant up-regulation of histone acetyla-
tion in DA neurons leading to eventual neurodegeneration. The
study identifies an epigenetic mechanism in PD pathogenesis.

Environmental neurotoxins induce parkinsonism in both
human and animal models (20 –22), but the molecular basis
remains largely unknown. Our results suggest that PD-related
environmental neurotoxins induce broad and specific changes
of both protein levels and acetylation status of histones via a
mechanism of reduced expression of HDACs. These epigenetic
changes likely result in abnormal gene expression, contributing
to PD pathogenesis. Remarkably similar changes are identified
in midbrain tissues of sporadic PD patients, suggesting that the
epigenetic abnormality detected in this study is potentially a
common mechanism in PD pathogenesis. It is possible that
aging and different PD environmental factors induce oxidative
stress via mitochondrial dysfunction. Consistent with this
notion, reactive oxygen is known to induce histone acetylation

FIGURE 6. Pharmacological inhibition of HATs or HDACs modulates MPP� toxicity. a– c, HAT inhibitor, garcinol, suppresses MPP� cytotoxicity. Cells treated
with solvent (Control), MPP� (MPP�, 2 mM), or MPP� and garcinol (MPP�/garcinol). Cell death was quantified with FACS (a), MTS assay (b), and ATP level (c). Note
that inhibition of HATs with garcinol suppresses MPP� cytotoxicity. ***, p � 0.001. d and e, HDAC inhibitors potentiate MPP� cytotoxicity. Cells were treated
with solvent (control), MPP� (MPP�, 2 mM), MPP� and 10 �M MS-275 (MPP�/MS-275), or MPP� and 100 nM TSA (MPP�/TSA). Non-lethal concentrations of HAT
and HDAC inhibitors were determined by MTS assay (data not shown). Quantitations of cell death with a MTS assay (d) and representative images of PI staining
by ImageJ software (e) are shown. **, p � 0.01; ***, p � 0.001. f, MPP�-induced histone H3k9 acetylation (AcH3k9) is inhibited by garcinol treatment
(MPP�/Garcinol), but greatly induced by treatments of MS-275 (MPP�/MS-275) or TSA (MPP�/TSA).
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in different cell types, including neurons (23). Nevertheless, it is
yet to understand the functional consequence of increased his-
tone expression and reduced HDAC6 with MPTP treatment.

Three different assays in this study indicate selected
autophagic degradation of HDACs after exposure to PD neuro-
toxins. Previous studies have shown that PD neurotoxin MPP�

potentiates autophagy that is further confirmed by the present
study (16, 17). Autophagy is proposed to play either a protective
or a pathogenic role under different conditions. This is also
likely the case in PD pathogenesis. PINK1 and PARKIN, two
recessive PD causative genes, function to degrade damaged
mitochondria via mitophagy, therefore, neuroprotective (24). A
recent study shows that MPP�-induced autophagy is pro-death
of DA neurons in rat brain (16). It is possible that in the early
stage of disease, selective autophagy is activated to promote the
clearance of damaged mitochondria and un/misfolded pro-
teins, resulting in a protective role. With the progression
of disease, health mitochondria are significantly reduced
and un/misfolded proteins get accumulated, dysregulated
autophagy thus accelerates degeneration of “sick” neurons.
Further investigation is needed to address the potential “two-
phase hypothesis” of neurondegeneration.

Previous studies have shown diverse roles of histone acetyla-
tion in neurodegeneration (3, 13, 25, 26). In cellular models,
both dieldrin and paraquat induce histone acetylation (3, 27).
Inhibition of HDAC1 activity by p25/Cdk5 results in DNA
damage-mediated neurotoxicity, whereas overexpression of
HDAC1 protects against DNA damage and neurotoxicity in
cultured neurons and an ischemia rat model (25). Other studies
suggest deregulation of HDAC1 and �2 as a means to induce
cell death for potential cancer therapy (28, 29). Consistent with
these reports, results from this study systematically demon-
strate that PD-related neurotoxins promote cell death likely via
inducing expression and acetylation of histones using in vitro
cultured cells and in vivo both mouse model and human brain
tissues. However, several HDAC inhibitors are also shown to
suppress neurotoxicity induced by MPP� and �-synuclein (30).
The basis of the discrepancies among these studies remains
unclear. It is possible that HDAC inhibitors have multiple tar-
gets to regulate neuronal death and survival, indeed non-his-
tone targets of HDACs are also potentially involved in neuro-
protection. HDAC inhibition-induced acetylation of �-tubulin
stabilizes microtubules and increases axonal transportation

leading to BDNF release and neuroprotection (31, 32).
Although HDAC inhibitors are being developed to treat neuro-
degenerative disease, results from this study suggest that such
strategies need to be cautiously examined.
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