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ABSTRACT
Pesticide exposure has been implicated in the etiopathogene-
sis of Parkinson’s disease (PD); in particular, the organochlorine
insecticide dieldrin is believed to be associated with PD.
Emerging evidence indicates that histone modifications play a
critical role in cell death. In this study, we examined the effects
of dieldrin treatment on histone acetylation and its role in diel-
drin-induced apoptotic cell death in dopaminergic neuronal
cells. In mesencephalic dopaminergic neuronal cells, dieldrin
induced a time-dependent increase in the acetylation of core
histones H3 and H4. Histone acetylation occurred within 10 min
of dieldrin exposure indicating that acetylation is an early event
in dieldrin neurotoxicity. The hyperacetylation was attributed to
dieldrin-induced proteasomal dysfunction, resulting in accumu-

lation of a key histone acetyltransferase (HAT), cAMP response
element-binding protein. The novel HAT inhibitor anacardic
acid significantly attenuated dieldrin-induced histone acetyla-
tion, Protein kinase C � proteolytic activation and DNA frag-
mentation in dopaminergic cells protected against dopaminer-
gic neuronal degeneration in primary mesencephalic neuronal
cultures. Furthermore, 30-day exposure of dieldrin in mouse
models induced histone hyperacetylation in the striatum and
substantia nigra. For the first time, our results collectively dem-
onstrate that exposure to the neurotoxic pesticide dieldrin in-
duces acetylation of core histones because of proteasomal
dysfunction and that hyperacetylation plays a key role in dopa-
minergic neuronal degeneration after exposure of dieldrin.

Parkinson’s disease (PD) is a neurodegenerative disorder
associated with progressive degeneration of nigral dopami-
nergic neurons in the mesencephalic region of the brain,
resulting in irreversible motor dysfunction. This neurological
disease affects approximately 1 million people in the United
States, and an estimated 50,000 new cases are reported each
year. Although the disorder has been studied for many years,
the etiopathogenesis remains unclear because of PD’s very
complex causal relationship with both genetic and environ-

mental factors (Le Couteur et al., 2002). The available data
indicate that environmental exposure to certain chemicals,
such as metals and pesticides, may cause the majority of
idiopathic PD cases, whereas genetic defects (i.e., mutations
in �-synuclein, Parkin, PINK-1, LRRK1, and DJ), are respon-
sible for less than 10% of PD cases. Epidemiological data
overwhelmingly support the possible involvement of pesti-
cide exposure in the development of PD (Fleming et al., 1994;
Corrigan et al., 2000; Priyadarshi et al., 2000).

The organochlorine pesticide dieldrin was widely used
throughout the United States until the late 1980s, and the
pesticide still persists heavily in the environment, particu-
larly in soil sediments (Jorgenson, 2001). Thus, human ex-
posure to dieldrin continues via contaminated food (Corrigan
et al., 1996). Studies indicate that exposure to dieldrin is
closely associated with Parkinson’s disease (Fleming et al.,
1994; Corrigan et al., 2000). Dopaminergic neurons are more
sensitive to dieldrin-induced neurotoxicity as observed in cell
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culture models of PD (Fleming et al., 1994; Kitazawa et al.,
2001; Kanthasamy et al., 2005). Recent reports also indicate
that dieldrin damages the nigrostriatal system through oxi-
dative stress and can significantly decrease dopamine metab-
olites, including 3,4-dihydroxyphenylacetic acid and ho-
movanillic acid, in mouse models (Hatcher et al., 2007).
Despite the established link, the mechanism of pesticide-
induced dopaminergic degeneration has been understudied.
Thus, clarification of the cellular mechanism of dieldrin-
induced neurotoxicity in dopaminergic cells would elucidate
the molecular mechanism underlying dopaminergic neurode-
generation after environmental chemical exposure.

We previously reported that the caspase-3-dependent pro-
teolytic activation of protein kinase C � (PKC�) plays a crit-
ical role in the dieldrin-induced apoptotic cascade (Kitazawa
et al., 2003; Kanthasamy et al., 2005, 2008). We also demon-
strated that dieldrin can impair proteasomal activity, result-
ing in an accumulation of proteins degraded by the ubiquitin-
proteasome pathway (Sun et al., 2005). Still, the effect of
dieldrin at the nuclear level has never been studied.

Epigenetic changes induced by chemical exposure are be-
lieved to be involved in the pathogenesis of chronic neurode-
generative diseases, including PD and Alzheimer’s disease
(Mattson, 2003; Migliore and Coppedè, 2009). However, little
is known about the exact epigenetic mechanisms underlying
neurotoxic pesticide exposure in nigral dopaminergic sys-
tems and the relevance of these epigenetic changes to the
pathogenesis of PD. Histone modification, including methyl-
ation, phosphorylation, acetylation, and ubiquitination, has
been linked to many human diseases in recent years (Somech
et al., 2004). Acetylation of the histone tail by histone acetyl
transferase (HAT) neutralizes the positive charges of his-
tone, resulting in binding of transcription factors to DNA,
which eventually recruits the RNA-polymerase and enables
transcription (Hasan and Hottiger, 2002). In addition to fa-
cilitation of transcription, HATs also are involved in many
other cellular functions, such as DNA repair, cell cycle pro-
gression, and cell death (Chen et al., 2001). It is now known
that histone deacetylase (HDAC) inhibitors, which cause the
hyperacetylation of histones, can induce growth arrest, dif-
ferentiation, or apoptosis of cancer cells (including neuroblas-
toma) in vitro and in vivo (Somech et al., 2004). The balance
of histone acetyltransferase (HAT)/HDAC has recently been
suggested to contribute to neurodegenerative conditions
(Rouaux et al., 2003; Saha and Pahan, 2006). In the present
study, we examined whether histone acetylation plays a role
in dieldrin-induced apoptotic cell death and, if so, whether
inhibition of histone acetylation by a HAT inhibitor protects
against the neurotoxic effect of dieldrin in cell culture models
of PD.

Materials and Methods
Chemicals. Dieldrin (purity 90%) was purchased from Sigma

Chemical Co. (St. Louis, MO). Anacardic acid was purchased from
Alexis Co. (Lausen, Switzerland). The caspase-3 substrate Ac-
DEVD-AFC was obtained from Bachem Biosciences (King of Prussia,
PA). The Cell Death Detection enzyme-linked immunosorbent assay
(ELISA) Plus Assay Kit was purchased from Roche Molecular Bio-
chemicals (Indianapolis, IN). RPMI 1640 medium, fetal bovine se-
rum, L-glutamine, penicillin/streptomycin, and Sytox green dye were
obtained from Invitrogen (Carlsbad, CA). The Bradford protein assay
kit was purchased from Bio-Rad Laboratories (Hercules, CA). The

primary antibodies used in this study were PKC�, caspase-3, CREB-
binding protein (CBP; rabbit polyclonal; Santa Cruz Biotechnology,
Santa Cruz, CA), �-actin (mouse monoclonal; Sigma), acetyl-lysine
(rabbit polyclonal), and histone H3 (mouse monoclonal; Millipore,
Billerica, MA). [�-32P] ATP was purchased from PerkinElmer Life
and Analytical Sciences (Waltham, MA). The Bradford protein assay
kit was purchased from Bio-Rad Laboratories. IRDye 800-conjugated
anti-rabbit (Rockland Immunochemicals, Gilbertsville, PA) and
Alexa Fluor 680 conjugate anti-mouse (Invitrogen) were used.

Cell Culture and Treatment Paradigm. Immortalized rat mes-
encephalic/dopaminergic cells (N27 cells) were grown in RPMI 1640
medium containing 10% fetal bovine serum, 2 mM L-glutamine, 50
units of penicillin, and 50 �g/ml streptomycin and maintained at
37°C in a humidified atmosphere containing 5% CO2. Cells (2–3 days
old) were used for experiments. Two different treatment paradigms
were used in the study. The short-term exposure to high-dose (100
�M) dieldrin was used to evoke immediate neurotoxic responses in
N27 cells, whereas long-term exposures to lower dose exposures
(10–30 �M dieldrin for 24 h) are environmentally relevant. In the
anacardic acid studies, cells with 60% confluence were pretreated
with anacardic acid for 1 h and then exposed to 100 �M dieldrin
under a serum-free condition. Primary mesencephalic neuronal cul-
tures were prepared from timed-pregnant C57/bl mice (embryonic
day 14) as described previously (Zhang et al., 2007). In brief, mes-
encephalic tissues were dissected and maintained in ice-cold Ca2�-
free HBSS, and then HBSS solution containing trypsin-EDTA
(0.25%) was used to dissociate the fetal brain tissues for 30 min at
37°C. The dissociated cells were then seeded at equal density (106

cells) in 30-mm diameter tissue culture wells, which were precoated
with poly-D-lysine (1 mg/ml) and 10 �g/ml laminin. Cultures were
maintained in a chemically defined medium consisting of neurobasal
medium fortified with B-27 supplements, L-glutamine (500 �M),
penicillin (100 IU/ml), and streptomycin (100 �g/ml) (Invitrogen).
The cells were then maintained in a humidified CO2 incubator (5%
CO2, 37°C) for 6 to 7 days. Half of the culture medium was replaced
every 2 days.

Animal Studies. Dieldrin (5.0 mg/kg) was administered to male
C57BL/6J mice every other day for 30 days, and control mice were
injected intraperitoneally with vehicle (dimethyl sulfoxide). All
animal use and related protocol procedures employed in this study
were approved and supervised by the Committee on Animal Care
at Iowa State University (Ames, IA). After treatment, striatum
and substantia nigra tissues were dissected for histone extraction.
Histone acetylation was examined by Western blot with the use of
anti-acetyl-Lys antibody.

Histone Extraction. After treatment, cells were collected by
scraping and were washed thrice with ice-cold PBS. The whole his-
tones were extracted with a NE-PER kit (Thermo Fisher Scientific,
Waltham, MA) and were eventually dissolved into 0.2 N HCl. In
brief, cell pellets were incubated with cytosolic extraction reagent I
(supplied in NE-PER kit) plus 0.5% Triton X-100 for 10 min. Nuclei
were collected by centrifugation at 2000g for 5 min. Then the pellet
was resuspended in 0.2 N HCl and incubated on a rotator for 3 h at
4°C. After centrifuging for 10 min at maximum speed in a microcen-
trifuge, supernatant was collected for further analysis.

Proteolytic Activation of Caspase-3 and PKC�. After dieldrin
exposure, cells were washed with PBS, pH 7.4, and resuspended in
caspase lysis buffer at 37°C for 20 min. Lysates were centrifuged at
14,000 rpm and the cell-free supernatants were incubated with 50
�M Ac-DEVD-AFC at 37°C for 1 h. Formation of 7-amino-4-methyl-
coumarin (AFC), resulting from caspase-3 activity, was measured at
an excitation wavelength of 400 nm and an emission wavelength of
505 nm with the use of a fluorescence plate reader. The caspase-3
cleavage and PKC� cleavage were checked by Western blot
(Kitazawa et al., 2003). In brief, cell lysates containing equal
amounts of protein were loaded in each lane and separated on a
10-to-12% SDS-polyacrylamide gel. After separation, proteins were
transferred to nitrocellulose membrane, and nonspecific binding
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sites were blocked by treating with LI-COR blocking buffer. The
membranes were then incubated with primary antibodies directed
against PKC� (rabbit polyclonal; 1:2000 dilution) or caspase-3 (rabbit
polyclonal; 1:1000). The primary antibody treatments were followed
by treatment with secondary IR dye-800 conjugated anti-rabbit dye
or Alexa Fluor 680 conjugated anti-mouse IgG for 1 h at room
temperature. To confirm equal protein loading, blots were reprobed
with �-actin antibody (1:5000 dilution). Western blot images were
captured with the Odyssey IR Imaging system (LI-COR) and data
were analyzed using Odyssey 2.0 software.

Proteasomal Enzymatic Activity Assay. The proteasomal pep-
tidase assay was performed as described previously (Sun et al.,
2005). In brief, cells after treatment were harvested and lysed with
hypotonic buffer (10 mM HEPES, 5 mM MgCl2, 10 mM KCl, 1%
sucrose, and 0.1% CHAPS). Lysates were then incubated with
fluorogenic substrate succinyl-LLVY-AFC (75 �M) in the assay
buffer (50 mM Tris-HCl, 20 mM KCl, 5 mM magnesium acetate, and
10 mM dithiothreitol, pH 7.6) at 37°C for 30 min. Cleaved fluorescent
products were then examined at an excitation wavelength of 400 nm
and an emission wavelength of 505 nm by a fluorescence plate reader
(Gemini Plate Reader; Molecular Devices, Sunnyvale, CA). Enzy-
matic activities were normalized by protein concentration, which
was measured by Bradford method.

Assay of Protein Kinase C� Activity. PKC� kinase activity was
examined by immunoprecipitation as described previously (Kitazawa et
al., 2003). N27 cells were exposed to 100 �M dieldrin for 20 min, with
or without the HAT inhibitor anacardic acid, and cell lysates were
extracted. After immunoprecipitation with anti-PKC� antibody,
samples bound to Sepharose A beads were incubated with reaction
buffer containing 0.4 mg of histone H1 and 5 �Ci of [�-32P]ATP (4500
Ci/mM) for 10 min at 30°C. The reaction was terminated by the
addition of 2� SDS gel loading buffer and boiled for 5 min. The
samples were separated on 15% SDS-PAGE and phosphorylated
histone was detected by filmless autoradiographic analysis (Personal
Molecular Imager FX; Bio-Rad) and quantified using Quantity One
4.2.0 Software (Bio-Rad).

DNA Fragmentation. DNA fragmentation assays were per-
formed using a Cell Death Detection ELISA Plus Assay Kit (Roche
Diagnostics) as we have described previously (Sun et al., 2005). This
highly sensitive assay was used for analysis of DNA fragmentation
by quantification of histone-associated low-molecular-weight DNA in
the cytoplasm of cells. In brief, after dieldrin exposure with or with-
out anacardic acid pretreatment, cells were centrifuged and washed
once with PBS and then incubated with cell lysis buffer (supplied
with the kit) for 30 min at room temperature. After centrifuge, the
supernatants were then dispensed into streptavidin-coated 96-well
microtiter plates containing 80 �l of horseradish peroxidase-conju-
gated antibody cocktail. After 2-h incubation at room temperature,
the absorbance of the ELISA reaction was measured at 490 and 405
nm using a microplate reader (SpectraMAX 190; Molecular Devices).
The difference of absorbance between A405 and A490 nm was used to
measure the actual DNA fragmentation level.

Sytox Cell Death Assay and Morphometric Studies. Cell
death was determined by the cell-impermeable dye Sytox green
(Invitrogen) after exposing the cells to dieldrin with or without
anacardic acid pretreatment. Sytox green enters only dead cells
and binds with DNA to produce green fluorescence (Sherer et al.,
2002). In brief, cells grown in 24-well plates were incubated with
1 �M Sytox green for 20 min and then exposed by 100 �M dieldrin
with or without 8.5 �M anacardic acid pretreatment under serum-
free conditions. In the Sytox assay, dead cells can be viewed
directly under the fluorescence microscope as well as quantita-
tively measured using the fluorescence microplate with excitation
at a wavelength of 485 nm and emission at a wavelength of 538 nm
with the use of a fluorescent reader (SpectraMax Gemini XS
Model, Molecular Devices).

ROS Generation Assay. Flow cytometry analysis was performed
on a FACScan flow cytometer (BD Biosciences, San Jose, CA). Hy-

droethidine, a sodium borohydride-reduced derivative of ethidium
bromide, was used to detect reactive oxygen species (ROS) produced
specifically inside the cell. When hydroethidine is loaded in the cells,
it binds to cellular macromolecules. Once O2

� is generated, it converts
hydroethidine to ethidium bromide and increases red fluorescence
(620 nm). A 15-mW air-cooled argon-ion laser was used as an exci-
tation source for hydroethidine at 488 nm, and the optical filter was
585/42 nm bandpass. Cells were detected and distinguished from the
background by forward-angle and orthogonal light scattering char-
acteristics. All flow cytometric data were analyzed by CellQuest data
analysis software to determine the significant increase or decrease in
fluorescence intensity. N27 cells were resuspended with HBSS with
2 mM calcium at a density of 106 cells/ml. Cells were then incubated
with 10 �M hydroethidine for 15 min at 37°C in the dark to allow
loading of dye into the cells. After addition of anacardic acid (5, 10,
30, and 50 �M), ROS generation was measured at 60 min after the
exposure.

siRNA Transfection. Small interfering RNA (siRNA) specific to
rat CBP mRNA or nonspecific siRNA were obtained from Integrated
DNA Technologies (Coralville, IA). N27 cells were transiently trans-
fected with specific and nonspecific siRNA duplexes by the Amaxa
Nucleofector Kit (Amaxa Biosystems, Gaithersburg, MD). In brief,
N27 cells were resuspended with transfection buffer provided with
the kit to a final concentration of 4 to 5 � 106 neurons/100 �l and
mixed with siRNA duplex. The final concentration of siRNA is 5 nM.
Electroporation was executed with an Amaxa Nucleofector instru-
ment according to the manufacturer’s protocol. The transfected neu-
rons were then transferred to a 75-ml flask for 24 h before further
treatments.

TH� Neuron Morphology Examination and Neurite Mea-
surement. Primary mesencephalic dopaminergic neurons labeled
with tyrosine hydroxylase (TH) antibody were examined and ana-
lyzed. Immunocytochemical staining in cell cultures was conducted
as described previously (Zhang et al., 2007). In brief, primary neu-
ronal cells were grown on poly-D-lysine–coated glass coverslips. After
treatment, the cells were fixed with 4% paraformaldehyde, and non-
specific sites were blocked by 5% normal goat serum containing 0.4%
bovine serum albumin and 0.2% Triton X-100 in PBS for 1 h. Pri-
mary neurons were then incubated with antibodies against TH (rab-
bit polyclonal; 1:1000 dilution), overnight at 4°C followed by incuba-
tion with Cy3-conjugated (red; 1:1000) secondary antibody for 2 h at
room temperature. For nucleus staining, Hoechst 33342 (10 �g/ml)
was incubated with the cells for 10 min after secondary antibody
treatments. Then the coverslips containing stained cells were
washed with PBS, mounted on a slide, and viewed under a Nikon
inverted fluorescence microscope (model TE-2000U); images were
captured with a SPOT digital camera (Diagnostic Instruments).
From those pictures, neurite length was measured by Nikon Meta-
morph software and analyzed by Prism 4.0 software (GraphPad
Software, San Diego, CA).

Uptake of [3H]Dopamine. The effects of dieldrin and anacardic
acid on uptake of dopamine were assessed in fetal mouse mesence-
phalic cultures using [3H]dopamine (DA), as we described previously
(Afeseh et al., 2009). In brief, after incubation for 36 h with 10 �M
dieldrin, with or without anacardic acid, medium with the treatment
was removed and cells were then washed once by assay incubation
(Krebs-Ringer) buffer (5.6 mM glucose, 1.3 mM EDTA, 1.2 mM
magnesium sulfate, 1.8 mM calcium chloride, 4.7 mM potassium
chloride, 120 mM sodium chloride, and 16 mM sodium phosphate).
Cells were incubated with 10 �M [3H]DA (30 Ci/mol) for 20 min at
37°C. Positive controls were obtained by incubating the cells with 10
�M [3H]DA together with 1 nM mazindol (potent dopamine reuptake
inhibitor). The uptake was stopped by removing the reaction mixture
and followed by three washes with fresh Krebs-Ringer buffer. Cells
were then collected with the use of 1 N NaOH, and the radioactivity
was measured by liquid scintillation counting after addition 5 of ml
scintillation cocktail to each vial.
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Data Analysis. Data analysis was performed using Prism 4.0
software (GraphPad Software, San Diego, CA). Data were first ana-
lyzed using one-way ANOVA and then Bonferroni’s post test was
performed to compare all treatment groups. Differences with p �
0.05 were considered significant.

Results
Dieldrin Induces Acetylation of Core Histones H3

and H4 in a Time-Dependent Manner in Dopaminergic
Neuronal N27 Cells. Emerging evidence indicates that
acetylation and deacetylation of histones can profoundly in-
fluence various functions of neurons, including cell death in
response to stress (Mattson, 2003; Rouaux et al., 2003; Sori-
ano et al., 2009). First, we examined whether exposure to the
neurotoxic pesticide dieldrin induces acetylation of histones
in dopaminergic neuronal cell models. Dieldrin is a highly
lipophilic compound that accumulates significantly in the
central nervous system (Fleming et al., 1994; Corrigan et al.,
2000). Based on human exposure reports (Campoy et al.,
2001), the calculated cumulative lifetime exposure to dieldrin
is approximately 30 �M. We previously demonstrated that
short-term exposure to 100 �M dieldrin for 1 h induces do-
paminergic cell death (Kitazawa et al., 2003). We used two
different treatment paradigms to examine histone acetyla-
tion in N27 cells. The short-term exposure to high-dose (100
�M) dieldrin was used to evoke immediate neurotoxic re-
sponses in cells, whereas long-term exposures to lower doses

(10–30 �M dieldrin for 24 h) are environmentally relevant.
To understand the early changes, we studied the short-term
effect of 100 �M dieldrin on histone acetylation. N27 cells
were treated with 100 �M dieldrin for 5, 10, 15, 20, and 30
min, and then the nuclear fraction was isolated. Histone
acetylation was examined in the nuclear extract by Western
blot analysis using anti-acetyl-lysine antibody. As shown in
Fig. 1, a time-dependent acetylation of H3- and H4-specific
histones was observed in dieldrin-treated cells compared
with control cells treated only with 0.1% DMSO solvent. The
acetylation occurred as early as 10 min after dieldrin expo-
sure. The H3 band showed equal loading of the protein levels.
The acetylation increase on histone H3 and H4 was observed
after exposure to either 15 or 30 �M dieldrin after 6 to 24 h
as shown in Fig. 1C. Together, these results demonstrate
that dieldrin exposure can alter histone acetylation in dopa-
minergic neuronal cells.

Dieldrin Increases CBP level in Dopaminergic Cells
via Inhibition of Ubiquitin Proteasome Function. The
HAT domain of CBP has been reported to play an important
role in acetylation reactions in the neuronal system (Rouaux
et al., 2003). Therefore, we examined whether the histone
acetylation observed during dieldrin exposure was due to an
increase in the cellular CBP levels. As shown in Fig. 2A,
dieldrin treatment increased CBP protein levels in a time-
dependent manner, and the increase was evident in both the
whole-cell lysate and nuclear fraction. However, quantitative

Fig. 1. Dieldrin induces acetylation of core histones H3 and H4 in a time-dependent manner in dopaminergic neuronal cells. A, N27 dopaminergic
neuronal cells were exposed to 100 �M dieldrin, and then acetylation of histones H3 and H4 was monitored at various time points. Native H3 was used
as an internal control. B, densitometric quantification of acetylated H3 band and H4 band in A. Statistical significance between the control group and
each treatment group was determined by ANOVA, p � 0.01. C, N27 dopaminergic neuronal cells were exposed to dieldrin at the physical concentration
(30 �M), and then acetylation of histones H3 and H4 was also monitored at various time points. Native H3 was used as an internal control.
Densitometric quantification of acetylated H3 band (D) and acetylated H4 band (E) of C. Statistical significance between the control group and each
treatment group was determined by ANOVA, �, p � 0.05; ��, p � 0.01.
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real-time-polymerase chain reaction analysis of the CBP
mRNA levels showed no significant changes between control
and dieldrin-treated cells (Fig. 2B), indicating that the in-
crease in the CBP protein level was not due to an increase in
transcription.

Because cellular CBP levels are regulated mainly by the
ubiquitin-proteasome protein degradative pathway (Yan et
al., 2003), we hypothesized that dieldrin increases CBP pro-
tein levels as a result of the inhibition of proteasome func-
tion. Our recent studies indicate that dieldrin inhibits the

Fig. 2. Dieldrin increases HAT CBP levels in dopami-
nergic cells via inhibition of ubiquitin proteasome func-
tion. CBP protein level increases during dieldrin treat-
ment. A, N27 cells were treated with 100 �M dieldrin
for 5, 10, 15, 20, and 30 min and then cell lysates and
nuclear fractions were prepared as described under Ma-
terials and Methods. The CBP levels in lysates and
nuclear fractions were measured by Western blot using
anti-CBP antibody. Native H3 and �-actin were used as
the loading control. B, CBP mRNA level does not
change after dieldrin exposure. N27 cells were treated
with 100 �M dieldrin for 30 min, and then mRNA was
extracted. CBP mRNA level was performed by relative
quantitative real-time-polymerase chain reaction with
CBP specific primers. C, Dieldrin inhibits proteasome
activity in dopaminergic N27 cells. Cells were treated
with 100 �M dieldrin and then chymotrypsin-like pro-
teasome activity was measured at 10 and 20 min after
exposure using fluorogenic substrate. The proteasome
inhibitor MG-132 was used as a positive control. All the
data represent the mean � S.E.M. for three samples in
each group. Asterisks (���, p � 0.001, Student’s t test)
indicate statistically significant differences compared
with vehicle-treated N27 cells. D, proteasome inhibitor
MG-132 increases CBP protein level. N27 cells were
treated with 5 or 10 �M MG-132 for 20 min, and the
level of CBP was examined by Western blot using anti-
CBP antibody. The membrane was reprobed with anti-
�-actin antibody to show equal loading. E, CBP-specific
siRNA inhibits dieldrin-induced histone hyperacetyla-
tion. N27 cells were transfected with CBP-specific
siRNA or nonspecific (NS) siRNA for 24 h. After trans-
fection, cells were treated with 100 �M dieldrin for 10
and 20 min. Histones were then extracted and acetyla-
tion level was examined by Western blot with anti-
acetyl-lysine antibody.
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ubiquitin-proteasome pathway to promote apoptosis in dopa-
minergic cells (Sun et al., 2005, 2007). Through measure-
ment of proteasomal peptidase activity, we determined that
dieldrin treatment inhibited proteasome activity in cells
within 10 min of exposure (Fig. 2C). Treatment of N27 cells
with the proteasome inhibitor MG-132 also increased CBP
accumulation (Fig. 2D) similar to dieldrin, supporting our
hypothesis that proteasome inhibition increases dieldrin-in-
duced CBP protein levels.

To verify that CBP contributes to dieldrin-induced histone
acetylation, we examined cellular acetylation after CBP
knockdown by CBP-siRNA. As shown in Fig. 2E, N27 cells
transfected with CBP-specific siRNA had significantly re-
duced expressions of CBP protein levels, whereas nonspecific
siRNA transfection did not alter the CBP protein levels. It is
noteworthy that CBP knockdown significantly blocked diel-
drin-induced histone acetylation compared with that ob-
served in the nonspecific siRNA-treated groups, demonstrat-
ing that CBP plays a role in the dieldrin-induced histone
acetylation in dopaminergic cells.

HAT Inhibitor Anacardic Acid Attenuates Dieldrin-
Induced H3 and H4 Acetylation. To further examine the
role of hyperacetylation in the neurotoxicity induced by diel-
drin in dopaminergic cells, we used anacardic acid, which has
been shown to effectively inhibit HAT with an IC50 value of
8.5 �M (Balasubramanyam et al., 2003; Sun et al., 2006).
N27 cells were pretreated with 8.5 �M anacardic acid for 1 h
and then exposed to 100 �M dieldrin. As shown in Fig. 3A,
histone (specifically on H3 and H4) acetylation dramatically
increased as soon as 10 min after exposure to dieldrin alone.
However, the anacardic acid treatment significantly attenu-
ated the dieldrin-induced hyperacetylation of both H3 and
H4 histones (Fig. 3, B and C), indicating that anacardic acid
is an effective inhibitor of histone acetylation in dopaminer-
gic neuronal cells.

Hyperacetylation of Histones Promotes Dieldrin-In-
duced Caspase-3 Activation and PKC� Proteolytic Ac-
tivation in Dopaminergic Cells. We have demonstrated
previously that dieldrin induces apoptotic cell death by

activating the mitochondrial-dependent pathway involving
caspase-3 dependent proteolytic activation of PKC�
(Kitazawa et al., 2003). We routinely use PKC� proteolytic
activation as an apoptotic marker. To demonstrate the role
of HAT, we examined whether anacardic acid would attenu-
ate dieldrin-induced activation of PKC�. To do this, we first
reduced histone acetylation using the HAT inhibitor ana-
cardic acid and then measured key markers of apoptosis
including caspase-3 activation and PKC� proteolytic activa-
tion during dieldrin treatment. As shown in Fig. 4A, 8.5 �M
anacardic acid significantly attenuated dieldrin-induced
caspase-3 proteolytic cleavage, as measured by Western blot
analysis of cleaved caspase-3 product. Quantitative analysis
revealed a time-dependent inhibition of caspase-3 proteolytic
cleavage by anacardic acid (Fig. 4B). Furthermore, measure-
ment of caspase-3 enzyme activity by using the fluorogenic
caspase-3 substrate Ac-DEVD-AFC, revealed that anacardic
acid dose-dependently attenuated dieldrin-induced caspase-3
activity (Fig. 4C), indicating that inhibition of histone acet-
ylation can protect dopaminergic cells against neurotoxic
pesticide dieldrin-induced apoptosis.

Next, we examined whether anacardic acid also can reduce
dieldrin-induced proteolytic activation of the proapoptotic
kinase PKC�. Anacardic acid effectively blocked dieldrin-
induced PKC� proteolytic cleavage (Fig. 5A). The protective
effect of anacardic acid was time-dependent (Fig. 5B). To
determine the kinase activity resulting from PKC� proteo-
lytic cleavage, we measured PKC� kinase activity in the
absence of a lipid activator, as we described elsewhere (Kaul
et al., 2005; Sun et al., 2008). PKC� immunoprecipitation
kinase assay was performed with the use of [32P]ATP and
histone H1 substrate. A 20-min exposure to 100 �M dieldrin
resulted in a 6-fold increase in PKC� activity, compared with
control cells, and pretreatment with 8.5 �M anacardic acid
significantly suppressed the dieldrin-induced PKC� kinase
activity (Fig. 5C). These results indicate that anacardic acid
can inhibit the activation of both caspase-3 and PKC� in-
duced by dieldrin exposure. Collectively, these results sug-
gest that hyperacetylation may play a proapoptotic role in

Fig. 3. HAT inhibitor anacardic
acid attenuates dieldrin-induced
H3 and H4 acetylation. A, N27 do-
paminergic cells were pretreated
with 8.5 �M anacardic acid for 1 h
and then exposed to 100 �M diel-
drin. H3 and H4 acetylation was
measured from the nuclear his-
tone extract by Western blot. Na-
tive H3 was used as an internal
control. Densitometric quantifica-
tion of acetylated H3 band (B) and
acetylated H4 band (C). Statistical
significance between the dieldrin
exposed groups, with or without
anacardic acid pretreatment, was
determined by ANOVA, ��, p �
0.01; ���, p � 0.001.
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dopaminergic neuronal cells after treatment with the neuro-
toxic pesticide dieldrin.

Inhibition of Hyperacetylation Protects Dopaminer-
gic Cells from Dieldrin-Induced Apoptosis and Neuro-
toxicity. Next, we determined the effect of anacardic acid on
dieldrin-induced cell death using the Sytox green cytotoxicity
assay. As shown in Fig. 6, A and B, pretreatment with 8.5 �M
anacardic acid for 30 min attenuated dieldrin-induced mor-
phological changes measured by phase-contrast microscopy
and Sytox green fluorescence microscopy. Quantification of
Sytox fluorescence (Fig. 6C) revealed almost total protection
of dieldrin-induced neurotoxicity by anacardic acid.

DNA fragmentation has been regarded as a key marker
of apoptosis; therefore, we examined whether inhibition of
hyperacetylation by anacardic acid protects N27 dopami-

nergic neuronal cells from dieldrin-induced DNA fragmen-
tation and cytotoxicity. N27 cells were treated with 100
�M dieldrin for 20 min in the presence or absence of 8.5
�M anacardic acid. Apoptotic cell death was determined by
measuring DNA fragmentation in an ELISA sandwich as-
say, as we have described previously (Kaul et al., 2005;
Sun et al., 2008). As shown in Fig. 6D, anacardic acid
pretreatment led to a marked reduction in DNA fragmen-
tation induced by dieldrin, showing the protective effect of
the HAT inhibitor during neurotoxic response to the pes-
ticide.

Anacardic Acid Does Not Show Antioxidant Effect.
Because anacardic acid at higher concentrations has been
shown to inhibit superoxide generation by acting as an antiox-
idant (Trevisan et al., 2006), we evaluated whether the protec-

Fig. 4. Anacardic acid attenuates
dieldrin-induced caspase-3 proteo-
lytic activation. A, N27 cells were
pretreated with 8.5 �M anacardic
acid for 1 h and then exposed to
100 �M dieldrin. Caspase-3 acti-
vation was measured by cleaved
caspase-3 Western blot and densi-
tometric quantification of cleaved
caspase-3 band intensity (B). Sta-
tistical significance between the
dieldrin exposure groups with or
without anacardic acid pretreat-
ment was determined by ANOVA,
p � 0.001. C, measurement of
caspase-3 enzyme activity by fluo-
rogenic caspase-3 substrate Ac-
DEVD-AFC. Asterisks (��, P �
0.01) indicate significant differ-
ences between anacardic acid pre-
treated and dieldrin-alone treated
cells.

Fig. 5. The HAT inhibitor anacardic acid attenuates dieldrin-induced PKC� proteolytic cleavage and kinase activation. A, N27 cells were pretreated
with 8.5 �M anacardic acid for 1 h and then exposed to 100 �M dieldrin. PKC� cleavage was measured in the cell lysate by immunoblotting. Equal
loading of protein was demonstrated by using �-actin. B, densitometric quantification of cleaved PKC� band statistical significance between the
dieldrin-exposed groups, with or without anacardic acid pretreatment, was determined by ANOVA, p � 0.01. C, after treatment, cell lysates were
collected and subjected to immunoprecipitation kinase assays as described under Materials and Methods. Phosphorylated histone bands were
quantified by filmless autoradiographic analysis after scanning the dried gel, and the data are expressed as percentage of control. The values represent
mean � S.E. from two separate experiments performed in triplicate. Asterisks (��, P � 0.01) indicate significant difference compared with
dieldrin-alone treated cells and anacardic acid together with dieldrin-treated N27 cells.
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tive function of anacardic acid was due to antioxidant properties
or to HAT inhibition. Intracellular ROS generation after treat-
ment with anacardic acid was then quantified by flow cytom-
etry. Anacardic acid treatment did not reduce ROS generation at
the concentration used in our study (Fig. 7). A slight increase in
ROS generation was detected among N27 cells treated with
higher doses of anacardic acid. The results from this study
show that anacardic acid does not exhibit an antioxidant
function; at higher concentrations, it increases ROS gen-
eration. Thus, anacardic acid reduces dieldrin-induced ap-
optotic cell death by inhibiting HAT and not by acting as
an antioxidant.

Anacardic Acid Shows Neuroprotective Effect
against Dieldrin-Induced Dopaminergic Degeneration
in Primary Mesencephalic Neuronal Cultures. We fur-
ther assessed the protective effect of anacardic acid on dopami-
nergic neurons using primary mesencephalic neuronal cultures.
N27 cells were exposed to dieldrin for 24 h in the presence or
absence of 8.5 �M anacardic acid. However, because the pri-
mary cultures will be exposed to dieldrin for 36 h, we increased
the anacardic acid concentration to 10 �M. Mouse primary
mesencephalic cultures were cotreated with 10 �M anacardic
acid and 10 �M dieldrin, dopaminergic neuronal morphology
was measured by TH immunochemistry, and the neuronal
function was assessed by dopamine uptake assay. As shown in
Fig. 8A, anacardic acid treatment significantly rescued the TH�

neuronal degeneration caused by dieldrin treatment. Measure-
ment of the neurite lengths of the TH� neurons indicated sig-
nificant protection against dieldrin-induced neurotoxicity (Fig.
8B). The protective effect of anacardic acid against dieldrin
toxicity was further confirmed by examination of dopamine
uptake as a marker for loss of dopaminergic neurons. A [3H]DA
uptake assay was performed in dieldrin and dieldrin-plus anac-

ardic acid-treated cultures. As shown in Fig. 8C, a greater than
50% decrease in dopaminergic neuronal viability was observed
after a 36-h treatment with 10 �M dieldrin, but anacardic acid
effectively ameliorated dieldrin-induced loss of dopaminergic
neurons. Together, these results demonstrate that the HAT
inhibitor anacardic acid protects against the neurotoxic effect of
dieldrin in nigral dopaminergic neurons.

Dieldrin Exposure Induces Hyperacetylation of His-
tones in an Animal Model. To validate our results obtained
in cell culture models, we examined the effect of dieldrin on
histone acetylation in animal models. C57BL/6J mice were
treated for an intermediate term with 5.0 mg/kg via oral gavage
every other day for 30 days, and then histone acetylation in the
striatum and substantia nigra was measured. Intermediate-
term exposure of dieldrin has been shown to produce neuro-
chemical changes and oxidative damage in the nigrostriatal
dopaminergic system (Hatcher et al., 2007). We also observed
acute tremor and locomotor deficits in dieldrin-exposed ani-
mals. As shown in Fig. 9, A and B, an increased acetylation of
histone H4 in both striatum and substantia nigra of dieldrin-
treated animals was observed compared with the vehicle-
treated group. The H4 acetylation was more pronounced in the
striatum than substantia nigra (Fig. 9, C and D). This result
validates our in vitro findings and suggests that environmental
exposure to dieldrin can induce hyperacetylation of histones in
the nigrostriatal dopaminergic system.

Discussion

In the present study, we demonstrate that dieldrin in-
creases histones acetylation in dopaminergic neuronal cells,
an event known to modulate cellular function. Major findings
from our present study are as follows: 1) dieldrin rapidly can

Fig. 6. Anacardic acid protects
against dieldrin-induced cytotox-
icity and DNA fragmentation.
N27 cells were pretreated with
8.5 �M anacardic acid for 1 h and
then exposed to 100 �M dieldrin.
Phase contrast images of N27
cells treated with dieldrin in the
presence and absence of ana-
cardic acid, B, Sytox fluorescence
staining in N27 cells treated with
dieldrin in the presence and ab-
sence of anacardic acid. C, Sytox
green fluorescence in cells treated
with dieldrin was also quantified
using a microplate reader. The data
represent n � 6. Asterisks (���, p �
0.001) represent significant differ-
ences between the dieldrin-treated
group and the cells treated with
dieldrin plus anacardic acid. D, apop-
totic cell death was determined by
measuring DNA fragmentation in
an ELISA sandwich assay as de-
scribed under Materials and Meth-
ods. Asterisks (�p � 0.05; ��� p �
0.001) indicate significant differ-
ence compared with dieldrin-
treated cells and dieldrin plus
anacardic acid-treated cells.
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induce the hyperacetylation of histones, specifically histone
H3 and H4, as early as 10 min after the start of dieldrin
exposure in dopaminergic neuronal cells; 2) long-term diel-
drin exposure in a mouse model also induces histone hyper-
acetylation in the striatum and substantia nigra; 3) dieldrin-

induced histone acetylation is attributed to accumulation of a
major histone acetyl transferase CBP, resulting from inhibi-
tion of proteasomal function; 4) HAT-inhibitor anacardic acid
effectively attenuates dieldrin-induced hyperacetylation as
well as the apoptotic cascade that includes caspase-3 activa-

Fig. 7. Effect of anacardic acid on
ROS generation. N27 dopaminergic
cells were pretreated with 1 to 10 �M
anacardic acid for 60 min, and then
ROS was measured using hydroethi-
dine in a flow cytometer. Top, repre-
sentative flow cytometric histogram.
Bottom, quantitative data. ��, p �
0.01; ���, p � 0.001 compared with
the control group (n � 3). ��, p � 0.01;
���, p � 0.001 compared with the con-
trol group (n � 3).

Fig. 8. Neuroprotective role of anacardic acid against dieldrin-induced dopaminergic neuronal degeneration in primary mesencephalic neuronal
cultures. Mesencephalic cultures were cotreated with 10 �M dieldrin and 10 �M anacardic acid for 36 h. Immunocytochemical staining by anti-TH
antibody reveals the morphology of the dopaminergic neurons, B, measurement of neurites length of TH� neuron by Metamorph software (Molecular
Devices). The data represent the mean � S.E.M. for three samples in each group. Asterisks (�, p � 0.05, Student’s t test) indicate statistically
significant differences compared between dieldrin treated group and the treatment group exposed by dieldrin together with anacardic acid.
C, assessment of viability of dopaminergic neurons using [3H]DA uptake assay. (�, p � 0.05).
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tion, PKC� proteolytic activation and DNA-fragmentation;
5) anacardic acid also shows a neuroprotective effect against
dieldrin-induced nigral dopaminergic neuronal degeneration
in primary mesencephalic culture models; and 6) the neuro-
protective effect of anacardic acid is independent of its anti-
oxidant effect. Collectively, these findings indicate that his-
tone hyperacetylation is an early signaling event in the
execution of apoptosis after neurotoxic exposure to the envi-
ronmental toxicant dieldrin. To our knowledge, this is the
first report of histone modification during the apoptotic cell
death of nigral dopaminergic neurons after exposure to an
environmental neurotoxicant.

A number of observations show that histone acetylation
plays an important role in gene transcription, chromatin
remodeling, development and oncogenesis (Yin et al., 2007;
Gupta et al., 2008). Most strikingly, recent studies using
disease models show that the balance in histone acetylation/
deacetylation can be a determining factor in mediating cell
survival and cell death (Marchion and Münster, 2007; Sori-
ano et al., 2009). For example, an HDAC inhibitor, which
induces histone hyperacetylation, could cause death in can-
cer cells (Aron et al., 2003; Condorelli et al., 2008). Histone
acetylation and deacetylation also play very important roles
in neurodegenerative models (Saha and Pahan, 2006; Selvi
and Kundu, 2009). Studies have shown that HDAC inhibitors
might slow or prevent neurodegeneration in the Hunting-
ton’s disease model (Steffan et al., 2001). On the contrary,
overexpression of HDAC-4 prolongs neuronal survival in a
mouse model of retinal degeneration (Chen and Cepko,
2009). These findings further emphasize that any significant
alterations in the critical balance of histone acetylation/
deacetylation may contribute to degenerative processes. In
the present study, we provide evidence that dieldrin can
cause rapid impairment in homeostasis of histone acetylation
in dopaminergic neuronal cells. Our data also show that the
small-molecule HAT inhibitor anacardic acid can effectively
suppress dieldrin-induced hyperacetylation of histones, sug-
gesting that the increase in HAT during dieldrin treatment is
responsible for the acetylation of histones. In addition, diel-
drin-induced cytotoxicity is greatly blocked by anacardic

acid, demonstrating that hyperacetylation plays a role in the
cell death processes of neuronal cells during neurotoxic in-
sult. We previously showed that dieldrin induces generation
of ROS during dopaminergic neuronal cell death (Kitazawa
et al., 2001) and that dieldrin induces apoptosis in dopami-
nergic neuronal cells through a caspase-3 and PKC�-depen-
dent manner (Kitazawa et al., 2003). The results of the
present study suggest that the increase in histone acetyla-
tion contributes to apoptotic cell death, which may be an
early step before the downstream cellular apoptotic process,
including caspase-3 and PKC� activation.

HATs and HDACs are the enzymes that influence histone
acetylation levels in cells. Maintenance of the precise balance
of HATs and HDACs is critical to cell survival, and aberrant
changes in the homeostasis of HATs and HDACs can induce
neuronal cell death (Saha and Pahan, 2006). Rouaux et al.
(2003) found a critical loss of CBP/p300 histone acetylase
activity in different models of neuronal cell death including
K�-deprived cerebellar granule neuron apoptosis, amyloid
precursor protein activation-induced neuronal apoptosis, and
motor neuron degeneration. They further demonstrated that
CBP is specifically targeted by caspases during the onset of
neuronal apoptosis (Rouaux et al., 2003). In contrast, other
studies have shown that treatment with the HDAC inhibitor
trichostatin A or overexpression of CBP can induce hyper-
acetylation of histones and neuronal apoptosis (Salminen et
al., 1998; Boutillier et al., 2003).

To better understand how dieldrin changes the level of
histone acetylation, we investigated the possibility that
HAT also participates in the process. Our results show
that the protein level of CBP, a well known HAT, increases
in a time-dependent manner during dieldrin treatment. It
is noteworthy that the time-course increase in the CBP
level mirrored the time course of hyperacetylation, reveal-
ing the interrelationship between dieldrin-induced CBP
and hyperacetylation. CBP levels change in various dis-
ease models, including neurodegenerative diseases
(Rouaux et al., 2003); like other short-lived regulatory
proteins, CBP is degraded through the ubiquitin-protea-
some pathway (Yan et al., 2003). The ubiquitin proteaso-

Fig. 9. Hyperacetylation of his-
tones in the substantia nigra and
striatum in animal model of diel-
drin neurotoxicity. C57 black mice
were treated with 5 mg/kg dieldrin
via oral gavage every other day for
30 days. B, acetylation of histones
H3 and H4 was examined in the
striatum and substantia nigra by
Western blot with anti-acetyl-Lys
antibody. Native H3 was used as
an internal control. Densitometric
quantification of acetylated H4
band in the striatum (C) and sub-
stantia nigra (D) are presented.
Asterisks (�, p � 0.05, Student’s t
test) indicate statistically signifi-
cant differences between dieldrin-
treated group and the vehicle con-
trol group.
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mal system is present not only in the cytoplasm but also in
the nucleus and may be directly involved in gene expres-
sion (Bader et al., 2007; Scharf et al., 2007). We have
shown previously that dieldrin very rapidly impairs the
proteasomal function and causes the accumulation of ubiq-
uitin-conjugated protein within dopaminergic cells (Sun et
al., 2005). We also showed that mutation of various poly-
ubiquitination sites can differentially regulate fragmenta-
tion of nuclear DNA during dieldrin treatment (Sun et al.,
2009). Based on these observations, it is likely that in-
creased CBP protein in both cytoplasmic and nuclear frac-
tions, observed in the present study, may be due to inhi-
bition of cytosomal and nuclear ubiquitin proteasomal
systems by dieldrin. The accumulated CBP eventually con-
tributes to increased acetylation of histones in treated
cells. Consistent with the hypothesis, we show that in
addition to dieldrin, MG-132, a well known proteasome
inhibitor, can also increase CBP protein levels. We also
show that both dieldrin and MG-132 inhibited 70 to 90% of
proteasome activity within 10 min, which is the time point
in which significant hyperacetylation started to occur dur-
ing dieldrin treatment. Furthermore, cells transfected by
siRNA specific for CBP completely suppressed histone hy-
peracetylation induced by dieldrin, establishing the role
for CBP in histone acetylation during dieldrin treatment.
We cannot completely rule out the possibility that de-
creases in HDAC activity may contribute to hyperacetyla-
tion because we did not examine the effect of dieldrin on
HDAC in the present study. Future efforts may be under-
taken to examine HDAC activity; however, based on these
results, we propose that the dramatic increase in histone
acetylation may be due in part to an increase in the CBP
level resulting from inhibition of proteasomal function
during dieldrin treatment.

Anacardic acid, extracted from cashew nut shells, is re-
ported to be a potent inhibitor of the histone acetyltrans-
ferase CBP/p300/PCAF or Tip60. The IC50 of anacardic acid
was determined to be 8.5 �M in cell-free assays (Balasubra-
manyam et al., 2003). Recent reports have shown that anac-
ardic acid has significant potential for development of anti-

cancer therapeutics (Sun et al., 2006; Eliseeva et al., 2007).
Besides being a CBP/p300/PCAF inhibitor, anacardic acid
has been reported to have antioxidant activity (Trevisan et
al., 2006). In our study, measurement of ROS during anac-
ardic acid treatment revealed no antioxidant effect. In fact,
we observed a slight increase in ROS after treatment with
higher doses of anacardic acid. However, anacardic acid was
effective in attenuating the increase in histone acetylation
and the activation of caspase-3 and proapoptotic kinase
PKC�. Anacardic acid also attenuated dopaminergic neuro-
nal cell death in primary mesencephalic cultures, suggesting
that anacardic acid and its analogs may serve as a neuropro-
tective agent against dopaminergic degeneration. We at-
tribute the neuroprotective effect of anacardic acid on dopa-
minergic neuronal cells to its HAT-inhibitory properties.

Although our study is mainly focused on neuronal cells,
both astrocytes and microglia also might influence the over-
all neurotoxic effect in in vivo conditions. Valproate, an an-
ticonvulsant with significant inhibitory properties on HDAC,
has been shown to protect midbrain dopaminergic neurons by
stimulating neurotrophic factor release from adjacent astro-
cytes (Chen et al., 2006). The role of microglia in neurotoxi-
cant-induced dopaminergic degeneration has been increasingly
realized. A recent study demonstrated that dieldrin induced a
dose-dependent generation of ROS in microglia, resulting in
enhanced neurotoxicity (Mao et al., 2007). It is possible that
dieldrin neurotoxicity may result from a complex interaction
between astrocytes, microglia, and neurons. The function of
HAT/HDAC in neurotoxicity is beginning to emerge, but a de-
tailed understanding of the role of histone acetylation in glial
cells during neurotoxic insults may shed more light on the
molecular mechanisms of dopaminergic degeneration.

In summary, we present a novel finding that the environ-
mental neurotoxicant dieldrin induces hyperacetylation of
histones as an early event after neurotoxic insult, mainly
because of increases in CBP resulting from proteasomal dys-
function (Fig. 10). We also show that the HAT inhibitor
anacardic acid has a neuroprotective effect against dieldrin-
induced neurotoxicity, indicating the translational potential
of HAT inhibitors in the neurodegenerative process of dopa-

Fig. 10. Schematic representation of mechanisms underly-
ing dieldrin-induced hyperacetylation. Exposure to neuro-
toxic insult dieldrin inhibits proteasome dysfunction, re-
sulting in accumulation of a major HAT CBP. Increased
CBP results in greater acetylation of nuclear histones in
the chromatin, which ultimately results in alterations of
gene expression associated with the neurodegenerative
process, including oxidative damage and apoptosis in dopa-
minergic neurons. The symbols used in the scheme were
taken from the SABiosciences Corporation web site.
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minergic neurons. These results advance the understanding
of environmental neurotoxicant exposure and epigenetic
mechanisms in the pathogenesis of Parkinson’s disease and
may facilitate the development of promising therapeutic
treatments of this devastating disease.
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