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Abstract
Environmental neurotoxic exposure to agrochemicals has been implicated in the etiopathogenesis
of Parkinson’s disease (PD). The widely used herbicide paraquat is among the few environmental
chemicals potentially linked with PD. Since epigenetic changes are beginning to emerge as key
mechanisms in neurodegenerative diseases, herein we examined the effects of paraquat on histone
acetylation, a major epigenetic change in chromatin that can regulate gene expression, chromatin
remodeling, cell survival and cell death. Exposure of N27 dopaminergic cells to paraquat induced
histone H3 acetylation in a time-dependent manner. However, paraquat did not alter acetylation of
another core histone H4. Paraquat-induced histone acetylation was associated with decreased total
histone deacetylase (HDAC) activity and HDAC4 and 7 protein expression levels. To determine if
histone acetylation plays a role in paraquat-induced apoptosis, the novel HAT inhibitor anacardic
acid was used. Anacardic acid treatment significantly attenuated paraquat-induced caspase-3
enzyme activity, suppressed proteolytic activation and kinase activity of protein kinase C delta
(PKCδ) and also blocked paraquat-induced cytotoxicity. Together, these results demonstrate that
the neurotoxic agent paraquat induced acetylation of core histones in cell culture models of PD
and that inhibition of HAT activity by anacardic acid protects against apoptotic cell death,
indicating that histone acetylation may represent key epigenetic changes in dopaminergic neuronal
cells during neurotoxic insults.
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1. Introduction
Parkinson’s disease (PD) is a major neurodegenerative disorder among the elderly and is
characterized mainly by progressive degeneration of dopaminergic cells in the substantia
nigra pars compacta of the brain, resulting in irreversible motor dysfunction. Despite a very
complex etiology of the disease, several gene mutations and environmental risk factors have
been implicated (Brown et al., 2006; Le Couteur et al., 2002). In terms of environmental risk
factors, epidemiological evidence supporting the possible involvement of agrochemicals
exposure in the development of PD is overwhelming (Corrigan et al., 2000; Costello et al.,
2009; Firestone et al., 2005; Fleming et al., 1994; Gorell et al., 1998; Hertzman et al., 1994;
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Priyadarshi et al., 2000; Semchuk et al., 1992). The herbicide 1,1′-dimethyl- 4,4′-
bipyridium is widely used in agriculture and is marketed under the trade name paraquat; it is
structurally similar to the parkinsonism-inducing neurotoxic agent 1-methyl-4-
phenyl-1,2,3,6- tetrahydropyridine (MPTP) (Hertzman et al., 1990; Li et al., 2005; Liou et
al., 1997; Peng et al., 2005). Like other dopaminergic neurotoxins, exposure to paraquat
alone or together with other pesticides has been shown to cause nigral dopaminergic
neuronal loss in cell culture and animal models (Dinis-Oliveira et al., 2006; Drechsel and
Patel, 2008; Herrera et al., 2005; Peng et al., 2005; Thiruchelvam et al., 2000). Paraquat has
further been shown to increase reactive oxygen species generation, caspase-3 activation and
neurotoxicity in cell models (Castello et al., 2007; Drechsel and Patel, 2008; Miller et al.,
2007; Yang and Sun, 1998a; Yang and Sun, 1998b). However, cellular and molecular
mechanisms underlying the degenerative process induced by paraquat still remain unclear.
Thus, clarification of the mechanisms and subcellular signal cascades that mediate paraquat-
induced degeneration of dopaminergic cells may provide valuable insights into the
molecular mechanisms underlying dopaminergic neurodegeneration following
environmental chemical exposure in PD.

In recent years, epigenetic changes have been recognized as a key mechanism underlying
the pathogenesis of chronic neurodegenerative diseases, including PD and Alzheimer’s
disease (AD) (Abel and Zukin, 2008; Edwards and Myers, 2007; Mattson, 2003; Migliore
and Coppede, 2009). However, little is known about epigenetic mechanisms underlying
neurotoxic pesticide exposure in nigral dopaminergic systems and the relevance of these
epigenetic changes to the pathogenesis of PD. A growing body of evidence from cell culture
and animal models indicates that histone acetylation is linked with gene transcription,
chromatin remodeling, embryonic development and oncogenesis (Gupta et al., 2008; Korzus
et al., 2004; Yin et al., 2007). Acetylation of lysine residues on the N-terminal tail of core
histones helps uncoil the chromatin to facilitate transcription. More strikingly, recent studies
demonstrate that the balance in histone acetylation/deacetylation can be a critical factor in
determining cell survival and cell death (Chen and Cepko, 2009; Marchion and Munster,
2007; Renthal et al., 2007; Soriano et al., 2009). Importantly, studies increasingly suggest
that significant alterations in the critical balance of histone acetylation/deacetylation may
contribute to chronic neurodegenerative processes (Saha and Pahan, 2006; Selvi and Kundu,
2009; Taylor et al., 2003). Histone acetyltransferase (HAT) and histone deacetylase
(HDAC) are the opposing enzymes that dynamically regulate acetylation status of histones
in cells. Maintaining the precise balance of HATs and HDACs is important for cell survival.
Any aberrant changes in the homeostasis of HATs and HDACs might induce neuronal cell
death (Boutillier et al., 2003; Rouaux et al., 2003; Saha and Pahan, 2006; Salminen et al.,
1998).

The effect of environmental neurotoxic chemical exposure on histone acetylation and the
functional consequences of histone acetylation in dopaminergic neuronal cell death have not
been studied in detail. We recently reported that exposure to the organochlorine pesticide
dieldrin hyperacetylates histone H3 and H4 via upregulation of CREB-binding protein
(CBP), a transcriptional co-activator with intrinsic HAT activity, which causes apoptotic cell
death in dopaminergic neuronal cells (Song et al., 2010). In the present study, we examined
whether paraquat, a commonly used herbicide, alters histone acetylation in dopaminergic
neuronal cells. Our results show paraquat induces histone hyperacetylation via a distinctive
mechanism in which suppression of HDAC contributes to the hyperacetylation and
neurotoxicity.
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2. Materials and Methods
2.1. Chemicals

Paraquat 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). RPMI 1640 medium, fetal
bovine serum, L-glutamine, penicillin/streptomycin and Sytox green dye were obtained from
Invitrogen (Carlsbad, CA). The Bradford protein assay kit was purchased from Bio-Rad
(Hercules, CA). The primary antibodies used in this study were protein kinase C delta
(PKCδ), caspase-3 (rabbit polyclonal, Santa Cruz Biotechnology, Santa Cruz, CA), HDAC
Antibody Sampler Kit (rabbit polyclonal, Cell Signaling Technology, Danvers, MA), β-actin
(mouse monoclonal, Sigma, St. Louis, MO), acetyl-lysine (rabbit polyclonal) and Histone
H3 (mouse monoclonal, Millipore, Charlottesville, VA). [3H]-dopamine ([3H]-DA) was
purchased from PerkinElmer (Boston, MA). The Bradford protein assay kit was purchased
from Bio-Rad (Hercules, CA). IRDye 800-conjugated anti-rabbit (Rockland labs,
Gilbertsville, PA) and Alexa Fluor 680 conjugate anti-mouse (Licor, Lincoln, NE) were
used.

2.2. Cell culture and treatment paradigm
Rat mesencephalic N27 dopaminergic cells were grown in RPMI-1640 medium containing
10% fetal bovine serum, 2 mM L-glutamine, 50 units penicillin and 50 μg/ml streptomycin
and maintained at 37°C in a humidified atmosphere containing 5% CO2. Cells (2-3 days old)
were used for experiments. N27 dopaminergic cells were treated with 400 μM paraquat for
12, 24 or 36 h. In the anacardic acid studies, cells with 60% confluency were pretreated with
anacardic acid for 1 h and then exposed to 400 μM paraquat in media containing serum.
Primary mesencephalic neuronal cultures were prepared from timed-pregnant C57BL/6 mice
(gestation E14), as described previously (Zhang et al., 2007). Briefly, mesencephalic tissues
were dissected from mouse embryos and maintained in ice-cold Ca2+-free HBSS; 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 (1 × 106

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

2.3. Histone extraction
After treatment, cells were collected by scraping and were washed thrice with ice-cold PBS.
Whole histones were extracted with the PIERCE “NE-PER” kit and eventually dissolved
into 0.2N HCl. Briefly, cell pellets were incubated with CERI buffer (supplied by NE-PER
kit) plus 0.5% Triton X-100 for 10 min. Nuclei were collected by centrifugation at 2000 × g
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 microfuge, supernatant was
collected for further analysis.

2.4. Proteolytic activation of caspase-3 and PKCδ
After paraquat 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 μM Ac-DEVD-AFC at 37°C for 1 h. Formation of 7-
amino-4-methylcoumarin (AFC), resulting from caspase-3 activity, was measured at
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excitation 400 nm and emission 505 nm using a fluorescence plate reader. The caspase-3
cleavage and PKCδ cleavage were checked by Western blot (Kitazawa et al., 2003). Briefly,
cell lysates containing equal amounts of protein were loaded in each lane and separated on a
10–12% SDS-PAGE gel. After separation, proteins were transferred to nitrocellulose
membrane, and nonspecific binding sites were blocked by treating with Licor blocking
buffer. The membranes then were incubated with primary antibodies directed against PKCδ
(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 (RT).
To confirm equal protein loading, blots were reprobed with β-actin antibody (1:5000
dilution). Western blot images were captured with the Odyssey Infrared Imaging System
(LI-COR) and data were analyzed using Odyssey 2.0 software.

2.5. Sytox cell death assay and morphometric studies
Cell death was determined by the cell-impermeable dye Sytox green (Invitrogen, Carlsbad,
CA) after exposing the cells to paraquat with or without anacardic acid or sodium butyrate
treatment. Sytox green enters only dead cells, and binds with DNA to produce green
fluorescence (Roth et al., 1997; Sherer et al., 2002). Briefly, cells grown in 24-well plates
were exposed to 400 μM paraquat with or without 8.5 μM anacardic acid or 1 mM sodium
butyrate treatment together with 1 μM Sytox green in media containing serum. In the Sytox
assay, dead cells can be viewed directly under the fluorescence microscope as well as
quantitatively measured using the fluorescence microplate with excitation at 485 nm and
emission at 538 nm using a fluorescent reader (SpectraMax Gemini XS Model, Molecular
Devices, Sunnyvale, CA).

2.6. Nuclear extraction
After treatment, cells were collected by scraping and were washed thrice with ice-cold PBS.
Nuclear and cytosolic fractions were separated with the Pierce NE-PER extraction kit.
Briefly, cell pellets were dissolved in CERI solution containing protease inhibitor and
HDAC inhibitor. CERII was added into each sample after 10 min incubation on ice for
another 1 min. Cell suspension was then centrifuged at 16,000 × g for 5 min. Supernatant
was discarded and cell pellets were dissolved in NERI solution and vortexed on the highest
setting for 15 seconds every 15 min for a total of 4 times. The suspension was subjected to
centrifugation at 16,000 × g for 10 min and the supernatant was collected as the nuclear
fraction.

2.7. HAT assays
Each nuclear extract was harvested as described above and subjected to the assays.
Nonradioactive HAT assays were carried out using a HAT assay kit (Millipore, Billerica,
MA), according to the manufacturer’s instructions. Briefly, biotinylated histones were
allowed to bind to the streptavidin-coated 96-well assay plates. After blocking and washing,
each nuclear extract, together with acetyl-CoA and 1X HAT assay buffer, was added and
incubated at RT for 30 min. After washing several times with PBS, acetylated histones were
detected using an anti-acetyl-lysine rabbit polyclonal antibody, followed by the horseradish
peroxidase-based secondary antibody. A colorimetric assay was carried out using TMB
substrate mixture (10 min), and the reaction was stopped by adding 1 M sulfuric acid. The
color development was measured at 450 and 570 nm. The 570-nm values were subtracted
from the 450-nm values to avoid any variations.
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2.8. HDAC assay
HDAC activity was examined in vitro using a commercial HDAC fluorescent activity assay/
drug discovery kit (Enzo, Plymouth Meeting, PA), in which fluorescent product is generated
from a deacetylation process of a synthetic, acetylated substrate. After 3, 6, 12, or 24 h
exposure to paraquat, N27 dopaminergic cells were harvested and lysed in nuclear extraction
buffer supplemented with protease inhibitor. The assay was conducted at RT according to
the manufacturer’s protocol. The samples were prepared in triplicate and the fluorescence
was measured on a fluorescence counter within 30 min, with excitation at 360 nm and
emission at 460 nm after stopping the reaction.

2.9. Data analysis
Data analysis was performed using Prism 4.0 software (GraphPad Software, San Diego,
CA). Data were first analyzed 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.

3. Results
3.1. Paraquat-induced cytotoxicity in N27 dopaminergic cells

N27 dopaminergic cells were exposed to 400 μM paraquat for 6, 12, 24 and 36 h. The dose
was selected from published literature and preliminary studies (Peng et al., 2004; Peng et al.,
2005). Morphological changes were measured by phase-contrast microscopy and
cytotoxicity was monitored both qualitatively and quantitatively with the Sytox fluorescence
assay. Microscopic analysis clearly displayed cell death induced by paraquat, evidenced by
Sytox positive green cells in paraquat-treated cells (Fig. 1A-B). Quantitative analysis of
Sytox fluorescence using a fluorescence plate reader revealed a time-dependent increase in
cytotoxicity in N27 dopaminergic cells following paraquat treatment (Fig. 1C). Treatment
with 400 μM paraquat for 24 and 36 h increased cytotoxicity (sytox fluorescence) in cells by
140% and 300% compared with controls, respectively.

3.2. Paraquat induced proteolytic cleavage of PKCδ
Previously we demonstrated that several dopaminergic toxicants induce apoptotic cell death
by activating the mitochondrial-dependent pathway involving caspase-3 dependent
proteolytic activation of PKCδ (Kaul et al., 2005; Kitazawa et al., 2003; Latchoumycandane
et al., 2005). We routinely use PKCδ proteolytic activation as a key marker of apoptotic cell
death. Exposure to paraquat over a 36 h time period resulted in the proteolytic cleavage of
native PKCδ (74 kDa) into the 41 kDa persistently active catalytic fragment and 38 kDa
regulatory fragment (Fig. 2). The proteolytic cleavage of PKCδ increased in a time-
dependent manner. For example, 400 μM paraquat exposure for 12, 24 or 36 h resulted in
1.5-, 2.5-, and 7-fold increases in PKCδ proteolytic cleavage, respectively. Cleaved PKCδ
was detected after 12 h following treatment with 400 μM paraquat and reached the
maximum at 36 h in N27 dopaminergic cells. No proteolytic cleavage of PKCδ was
measured in control N27 dopaminergic cells during the entire exposure period.

3.3. Paraquat induces acetylation of core histones H3 and H4 in a time-dependent manner
in N27 dopaminergic cells

Emerging evidence indicates that acetylation and deacetylation of histones can profoundly
influence various functions, including cell death, in response to stress (Chandramohan et al.,
2007; Jakobsson et al., 2008; Mattson, 2003; Rouaux et al., 2003; Soriano et al., 2009). Our
recent study showed that the organochlorine pesticide dieldrin induced hyperacetylation of
core histones in N27 dopaminergic cells to promote apoptosis (Song et al., 2010). Therefore,
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we examined whether exposure to the neurotoxic herbicide paraquat also induces acetylation
of histones. N27 dopaminergic cells were treated with 400 μM paraquat for 6, 12, 24 and 36
h 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.
3, a time-dependent acetylation of core histone H3 was observed in paraquat-treated cells as
compared to control cells. The acetylation of histone H3 occurred as early as 6 h and
resulted in a 70% increase after paraquat exposure. The acetylation of H3 reached the
maximum at 12 h, which was 2-fold greater than control cells. However, 36 h after paraquat
exposure, acetylation was dramatically reduced, possibly due to loss of integrity resulting
from cell death during the longer exposure. Also, paraquat treatment did not alter acetylation
of H4. Further, we observed a marginal increase in H3 and H4 acetylation levels in control
samples between 12 and 36 h. The increase in the basal level of histone acetylation could be
attributed to the on-going aging process in the cells. However, it is important to point out
that at 12 and 24 h acetylated H3 and H4 are significantly increased in paraquat-treated cells
compared to time-matched untreated controls. The expression levels of non-acetylated H3
bands were unaffected during paraquat exposure suggesting equal protein. Together, these
results demonstrate that paraquat exposure induces histone acetylation in dopaminergic
neuronal cells.

3.4. Paraquat treatment represses HDAC activity and expression in N27 dopaminergic cells
Histone hyperacetylation can be achieved by HAT activation or HDAC inactivation. HATs
have been reported to play important roles in acetylation reactions in the neuronal system.
We previously demonstrated that the HAT domain of CBP is critical to the hyperacetylation
of histone H3 and H4 induced by dieldrin treatment. Therefore, first we examined whether
the histone acetylation observed during paraquat exposure was due to an increase in the
HAT activity. Surprisingly, total HAT activity after paraquat treatment was not increased
(Fig. 4A). Next we examined whether the inactivation of HDAC plays any role in paraquat-
induced histone acetylation. Measurement of HDAC activity in the nuclear extracts of
paraquat-treated cells showed a significant reduction in HDAC activity following 400 μM
paraquat exposures for 3, 6, 12 or 24 h (Fig. 4B). HDAC activity after 6 h of paraquat
exposure was reduced to 60% compared with control cells, and remained reduced during the
entire treatment period. In preliminary studies, we also observed that lower doses of
paraquat (100-300 μM) for a longer period of time (24-72 hr) induced hyperacetylation and
HDAC inhibition (data not shown).

We next examined whether reduced HDAC activity was a result of reduced expression of
HDAC isoform protein levels. The expression of HDAC1, 2, 3, 4, 5, and 7 levels in control
and paraquat-treated cells was measured and used to determine HDAC protein levels by
Western blot using an HDAC Antibody Sampler Kit (Cell Signaling) and normalized to the
β-actin protein. Paraquat exposure induced a time-dependent decrease in both HDAC4 and
HDAC7 protein levels. For example, 6, 12 and 24 h exposure to paraquat resulted in
reduction of the HDAC4 protein level to 60%, 50% and 30% of the control level. HDAC7
protein level decreased to 80% and 50% of the control level at 12 h and 24 h treatment,
respectively. However, the expression level of HDAC1 did not change during the entire
treatment period (Fig. 4C-D). HDAC2 and 3 only started to decrease until 24 h after
paraquat exposure (Fig. 4C-D). HDAC5 was not detected in N27 dopaminergic cells.
Comparison of the HDAC isoform expression levels and HDAC activity revealed a
significant reduction in the protein expression levels of HDAC4 and HDAC7 as early as 6 h
and 12 h, respectively. It is possible that HDAC4 and HDAC7 are predominantly affected
isoforms during early stages of paraquat-induced toxicity. The HDAC activity kit we used in
our study measures the total combined activity of all HDAC isoforms. At this point,
published data describing the relative activity and expression levels of HDAC isoforms in
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neuronal cells during toxic insults are not available. As we have shown in Fig 4C, the
different HDAC isoforms are differently expressed in untreated N27 dopaminergic cells
(HDAC3=HDAC4 > HDAC7>HDAC1=HDAC2).

3.5. Hyperacetylation of histones promotes paraquat-induced caspase-3 activation and
PKCδ proteolytic activation in dopaminergic cells

To further demonstrate that histone acetylation plays a role in paraquat-induced apoptosis,
we used the HAT inhibitor anacardic acid, which reduces acetylation, and the HDAC
inhibitor sodium butyrate (NaBu), which increases acetylation. The cleaved caspase-3
product was measured as a marker of apoptosis and the data revealed that 8.5 μM anacardic
acid significantly attenuated acetylation, while NaBu significantly exacerbated paraquat-
induced caspase-3 proteolytic cleavage (Fig. 5A-B). Furthermore, measurement of caspase-3
enzyme activity, using the fluorogenic caspase-3 substrate Ac-DEVD-AFC, also revealed
that anacardic acid effectively attenuated paraquat-induced caspase-3 activity while NaBu
exacerbated caspase-3 activation (Fig. 5C). These findings indicate that inhibition of histone
acetylation protects dopaminergic cells against neurotoxic pesticide paraquat-induced
apoptosis, whereas increased histone acetylation exacerbates the neurotoxicity.

Next, we examined if anacardic acid also can reduce paraquat-induced proteolytic activation
of the proapoptotic kinase PKCδ. Anacardic acid effectively blocked paraquat-induced
PKCδ proteolytic cleavage, but NaBu significantly increased the cleavage and activation of
PKCδ (Fig. 5D-E). Anacardic acid suppressed paraquat-induced PKCδ proteolytic cleavage
by 33% and NaBu increased the cleavage of PKCδ by 30%. Anacardic acid at 8.5 μM co-
treatment also reduced hyperacetylation of histone H3 (Fig 5F). Taken together with
caspase-3 cleavage, these results suggest that hyperacetylation may play a proapoptotic role
in dopaminergic neuronal cells following treatment with the neurotoxic pesticide paraquat.

3.6. Inhibition of hyperacetylation protects dopaminergic cells from paraquat-induced
apoptosis and neurotoxicity

To further determine the role of hyperacetylation in the neurotoxicity induced by paraquat in
dopaminergic cells, we used anacardic acid, which has been shown to effectively inhibit
HAT activity (Balasubramanyam et al., 2003; Song et al., 2010; Sun et al., 2005). Anacardic
acid at 8.5 μM effectively inhibits histone acetylation (Song et al., 2010). We examined
whether anacardic acid can alter paraquat-induced neurotoxicity. The Sytox green
cytotoxicity assay was carried out to determine the neurotoxic response. N27 dopaminergic
cells were exposed to 400 μM paraquat in the presence or absence of 8.5 μM anacardic acid
for 36 h. As shown in Fig. 6A, treatment with 8.5 μM anacardic acid for 36 h attenuated
paraquat-induced morphological changes measured by phase-contrast microscopy and Sytox
green fluorescence microscopy. Quantification of Sytox fluorescence (Fig. 6B) revealed
significant protection from paraquat-induced neurotoxicity by anacardic acid, indicating that
anacardic acid, as an inhibitor of histone acetylation, ameliorates cell death induced by
paraquat in dopaminergic neuronal cells.

3. Discussion
Our results demonstrate that the neurotoxic herbicide paraquat induces acetylation of
histones in dopaminergic neuronal cells and that the hyperacetylation can contribute to
paraquat-induced apoptosis. Histone acetylation status depends on the dynamic balance
between the activity of HAT and HDAC. Maintaining the precise balance of HATs and
HDACs is critical for normal functioning of cells. Any aberrant changes in the homeostasis
of HATs and HDACs might result in cell death (Boutillier et al., 2003; Rouaux et al., 2003;
Saha and Pahan, 2006; Salminen et al., 1998). We found that total HDAC activity was
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decreased, despite little change in HAT activity after paraquat exposure. Moreover, protein
expression levels of HDAC4 and 7 were affected at the early time point after paraquat
treatment. For the first time we report that HDACs are differentially expressed under basal
conditions as well as during early and late stages of paraquat-induced cell death in N27
dopaminergic cells. Thus, the loss of equilibrium between HDAC activity and HAT activity
leads to histone hyperacetylation in paraquat-treated cells.

The effect of environmental neurotoxic chemicals on histone acetylation has not been
studied in detail. Recently, we reported that the environmental neurotoxic pesticide dieldrin
induces acetylation of H3 and H4 in dopaminergic cells due to accumulation of the key
histone acetyltransferase CBP (Song et al., 2010). In order to determine whether additional
neurotoxic agents can induce histone acetylation, we examined the effect of the herbicide
paraquat on histone acetylation in the present study. Although we found paraquat induces
histone acetylation similar to dieldrin, some key differences we noted. First, paraquat-
induced acetylation was limited to H3 histone as compared to acetylation of both H3 and H4
acetylation following dieldrin exposure. Second, paraquat reduced the HDAC level but did
not alter HAT activity. Therefore, the mechanisms of histone acetylation used by various
neurotoxicants appear to be distinct. Further characterization of the effect of other
neurotoxicants on histone acetylation will provide greater insight into the role of histone
acetylation and epigenetic changes underlying neurotoxic exposure. Comparison of the time
course of paraquat-induced cell death and histone acetylation revealed that histone
acetylation preceded the cell death, suggesting that histone modification is an early event in
the neurotoxicity. Importantly, we found paraquat-induced PKCδ-dependent cleavage is
significantly attenuated in the presence of the HAT inhibitor anacardic acid and exacerbated
in the presence of the HDAC inhibitor NaBu. We further demonstrate that paraquat-induced
cytotoxicity is blocked by the HAT inhibitor anacardic acid but is exacerbated by the HDAC
inhibitor NaBu, indicating that histone hyperacetylation promotes the neuronal cell death
processes during neurotoxic insult. The results of the present study suggest that core histone
H3 hyperacetylation is related to reduced HDAC activity, which in turn contributes to
apoptotic cell death.

Among various mammalian HDACs that regulate histone deacetylation, our data suggest
that members of the class II family, HDAC4 and 7, play a key role in paraquat-induced
hyperacetylation of histone H3. Our data also show paraquat-induced increases in core
histone H3 acetylation, but not in other core histones: H2A, H2B and H4. In addition, we
also have demonstrated that protein expression of two members from the mammalian class
II HDAC family, HDAC4 and 7, is significantly reduced in paraquat-treated samples.
HDAC4 is abundantly expressed in the brain, suggesting its critical role in neurons
(Grozinger et al., 1999). A previous study reported that HDAC4 appears to mediate neuronal
cell death, because inactivation of HDAC4 by small interfering RNA or HDAC inhibitors
suppresses neuronal death induced by low-potassium or excitotoxic glutamate conditions
(Bolger and Yao, 2005). On the contrary, later, more careful examination of HDAC4-null
mice revealed a delayed formation of the folia, indicating that HDAC4 acts in a pro-survival
manner rather than a pro-apoptotic one (Majdzadeh et al., 2008; Vega et al., 2004). A recent
study confirmed the HDAC4 pro-survival role, in which overexpression of HDAC4
attenuates low-potassium-induced neuronal cell death through inactivation of cyclin-
dependent kinase-1. Moreover, the study also demonstrated that HDAC4 protects
neuroblastoma cells against cell death induced by oxidative stress (Majdzadeh et al., 2008).
Similarly, studies using a model of mouse retinal degeneration showed that HDAC4
promotes survival of photoreceptor cells (Chen and Cepko, 2009). There are very few
studies investigating the role of HDAC7 in neuronal systems (Ajamian et al., 2004; Hoshino
et al., 2003; Sharma et al., 2008). HDAC7 associates with transcription factors such as
myocyte enhancer factor 2 (MEF2) and regulates cell differentiation, cell migration, gene
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expression, and animal development (Gao et al., 2010; Gregoire et al., 2007). We also noted
a significant reduction in HDAC2 and HDAC3 at 24 h, but the reduction was much lower
than reductions of HDAC4 and HDAC7. Collectively, our results indicate that HDAC
isoforms are differentially affected by neurotoxic insult induced by paraquat in
dopaminergic neuronal cells.

Many different types of HDAC inhibitors (HDACi) have been discovered and described
(Candido et al., 1978; Jeon et al., 2010; Kim et al., 1999; Remiszewski, 2003; Richon et al.,
1998; Schlake et al., 1994). The effect of HDAC inhibitors on neuronal cell survival and
death has been controversial. Some studies indicate that HDAC inhibitors are protective
against neurodegeneration in a variety of cell culture and in vivo models (Butler and Bates,
2006; Langley et al., 2005; Steffan et al., 2001). However, other reports demonstrate that
HDAC inhibitors induce neuronal cell death, and overexpression of HDAC can protect
cultured neurons (Chen and Cepko, 2009; Majdzadeh et al., 2008; Wang et al., 2009). Our
results indicate that HDAC inhibitors induce neuronal apoptosis. Notably, we observed that
the classic HDAC inhibitor NaBu significantly augmented the paraquat-induced caspase-3
inhibitor, suggesting a proapoptotic function of HDAC in dopaminergic neurotoxicity.
Inhibition of HDACs can result in the accumulation of hyperacetylated histones, followed
by the transcriptional activation of certain genes by weakening histone-DNA interactions,
relaxing the DNA conformation, and regulating the cell cycle and apoptosis (Butler and
Bates, 2006; Langley et al., 2005; Steffan et al., 2001). To examine if the histone acetylation
homeostasis is critical to dopaminergic neuronal cell survival following neurotoxic insults,
we reduced the acetylation level by using the general HAT inhibitor anacardic acid and then
determined the paraquat neurotoxicity. Anacardic acid effectively attenuated increases in the
activation of caspase-3 and proapoptotic kinase PKCδ in dopaminergic cells treated with the
neurotoxicant paraquat. Further studies are needed to elucidate how upstream signaling
cascades and other regulatory mechanisms reduce activity of these HDACs and their
influence on neuronal apoptosis after paraquat exposure.

In summary, we have shown the neurotoxic herbicide paraquat induced hyperacetylation of
core histone H3 in dopaminergic neuronal cells by reducing HDAC activity. Suppression of
paraquat-induced H3 acetylation by the HAT inhibitor anacardic acid attenuated the
apoptotic cell death. Alternatively, hyperacetylation caused by treatment with the HDAC
inhibitor NaBu exacerbates apoptotic cell death. These findings suggest that core histone
acetylation status plays a key role in determining cell survival or cell death. As summarized
in Fig. 7, we propose that environmental neurotoxic agents can alter the homeostasis of
histone acetylation by causing imbalance in HAT/HDAC levels, which might be important
in dopaminergic neurotoxicity.
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Fig. 1. Paraquat induced cytotoxicity in dopaminergic neuronal N27 dopaminergic cells
N27 dopaminergic neuronal cells were exposed to 400 μM paraquat for indicated time. (A)
Phase contrast images of N27 dopaminergic cells treated with paraquat, (B) Sytox
fluorescence staining in N27 dopaminergic cells treated with paraquat, (C) Sytox green
fluorescence in cells treated with paraquat was also quantified using a microplate reader.
The data represent n =6. Asterisk ***p < 0.001 represents significant difference between the
control and paraquat-treated group.
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Fig. 2. Paraquat induced proteolytic cleavage of PKCδ
N27 dopaminergic cells were treated with 400 μM paraquat for 6, 12, 24 or 36 h
respectively. (A) PKCδ cleavage was examined in the cell lysate by immunoblotting against
anti-PKCδ antibody. Equal loading of protein was demonstrated by using β-actin. (B)
Densitometric quantification of cleaved PKCδ band statistical significance between control
and the paraquat exposed groups was determined by ANOVA. Asterisks (*p < 0.05; ***p <
0.001) indicate significant difference compared with control and paraquat-treated cells.
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Fig. 3. Paraquat increases acetylation of core histones H3 in N27 dopaminergic cells
(A) N27 dopaminergic cells were exposed to 400 μM paraquat 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 bands and H4 bands in Fig. 3A
was analyzed. Statistical significance between the control group and each treatment group
was determined by ANOVA, *p < 0.05; **p < 0.01.
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Fig. 4. Paraquat treatment represses HDAC activity and expression in N27 dopaminergic cells
N27 dopaminergic cells were exposed to 400 μM paraquat for 3, 6, 12 or 24 h respectively.
(A) Total HAT activity was examined in the nuclear extractions from control or each treated
samples by HAT assay, as described in the Methods section. (B) Nuclear HDAC activity
was also detected in those nuclear extractions from each treatment. ***p < 0.001 indicates
significant difference compared with control cells and paraquat-treated cells. (C) Various
specific HDACs protein level was assessed in whole-cell lysates of each sample by
immunoblotting. Equal loading of protein was demonstrated by using β-actin. (D)
Densitometric quantification of each HDAC protein band was measured from triplicates and
analyzed. Statistical significance between control and paraquat-exposed groups for
individual HDAC was determined by ANOVA. Asterisks (*p < 0.05; ***p < 0.001) indicate
significant difference compared with control and paraquat-treated cells.
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Fig. 5. HAT inhibitor anacardic acid attenuates paraquat-induced PKCδ proteolytic cleavage
and caspase-3 activation, and HDAC inhibitor NaBu enhances PKCδ proteolytic cleavage and
caspase-3 activation
N27 dopaminergic cells were pretreated with 8.5 μM anacardic acid or 1mM NaBu for 1 h
and then exposed to 400 μM paraquat. (A) Caspase-3 proteolytic activation was examined
by cleaved caspase-3 Western blot and (B) Densitometric quantification of cleaved
caspase-3 band intensity then was analyzed. Statistical significance between the paraquat
exposure groups with or without anacardic acid/NaBu co-treatment was determined by
ANOVA, *p < 0.05, **p <0.01. (C) Measurement of caspase-3 enzyme activity by
fluorogenic caspase-3 substrate Ac-DEVD-AFC. Asterisks (*p < 0.05, ***p < 0.001)
indicate significant differences between anacardic acid or NaBu pretreated and paraquat-
alone treated cells. (D) PKCδ cleavage was measured in the cell lysate by immunoblotting.
Equal loading of protein was demonstrated by using β-actin. (E) Densitometric
quantification of cleaved PKCδ band statistical significance between the paraquat exposed
groups, in the presence and absence of anacardic acid or NaBu treatment, was determined by
ANOVA, *p < 0.5, **p < 0.01. (F) H3 acetylation with or without anacardic acid treatment
was measured from the nuclear histone extract by Western blot. Native H3 was used as an
internal control.
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Fig. 6. Paraquat-induced dopaminergic neuronal cell death is attenuated by anacardic acid
treatment
N27 dopaminergic cells were pretreated with 8.5 μM anacardic acid for 1 h and then
exposed to 400 μM paraquat for 36 h. (A) Phase contrast images and Sytox fluorescence
staining of N27 dopaminergic cells treated with paraquat in the presence and absence of
anacardic acid. (B) Sytox green fluorescence in cells treated with paraquat with or without
anacardic acid was also quantified using a microplate reader. The data represent n =6. **p <
0.01 represents significant difference between the paraquat-treated group and the cells
treated with paraquat plus anacardic acid.
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Fig. 7. Schematic representation of mechanisms underlying paraquat-induced histone H3
hyperacetylation
Exposure to neurotoxic insult paraquat inhibits total HDAC activity, particular HDAC4 and
7, resulting in imbalance between HDAC and HAT. Decreased HDAC activity results in
greater acetylation of nuclear histone H3 in the chromatin, which ultimately results in
alterations of gene expression associated with the neurodegenerative process including
oxidative damage and apoptosis in dopaminergic cells.
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