Environmental Pollution 234 (2018) 590e600

Contents lists available at ScienceDirect

Environmental Pollution
journal homepage: www.elsevier.com/locate/envpol

Cortex and hippocampus DNA epigenetic response to a long-term
arsenic exposure via drinking water*
Xiaoyan Du a, b, 1, Meiping Tian a, b, 1, Xiaoxue Wang a, Jie Zhang a, c, *, Qingyu Huang a,
Liangpo Liu a, Heqing Shen a, **
a
b
c

Key Lab of Urban Environment and Health, Institute of Urban Environment, Chinese Academy of Sciences, China
University of Chinese Academy of Sciences, China
Guangzhou Key Laboratory of Environmental Exposure and Health, School of Environment, Jinan University, China

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 21 September 2017
Received in revised form
3 November 2017
Accepted 25 November 2017
Available online 21 December 2017

The neurotoxicity of arsenic is a serious health problem, especially for children. DNA epigenetic change
may be an important pathogenic mechanism, but the molecular pathway remains obscure. In this study,
the weaned male Sprague-Dawly (SD) rats were treated with arsenic trioxide via drinking water for 6
months, simulating real developmental exposure situation of children. Arsenic exposure impaired the
cognitive abilities, and altered the expression of neuronal activity-regulated genes. Total arsenic concentrations of cortex and hippocampus tissues were signiﬁcantly increased in a dose-dependent manner.
The reduction in 5-methylcytosine (5 mC) and 5-hydroxymethylcytosine (5hmC) levels as well as the
down-regulation of DNA methyltransferases (DNMTs) and teneeleven translocations (TETs) expression
suggested that DNA methylation/demethylation processes were signiﬁcantly suppressed in brain tissues.
S-adenosylmethionine (SAM) level wasn't changed, but the expression of the important indicators of
oxidative/anti-oxidative balance and tricarboxylic acid (TCA) cycle was signiﬁcantly deregulated. Overall,
arsenic can disrupt oxidative/anti-oxidative balance, further inhibit TETs expression through TCA cycle
and alpha-ketoglutarate (a-KG) pathway, and consequently cause DNA methylation/demethylation
disruption. The present study implies oxidative stress but not SAM depletion may lead to DNA epigenetic
alteration and arsenic neurotoxicity.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
Arsenic pollution is a serious environmental issue worldwide
(Rodriguez-Lado et al., 2013). Peripheral neuropathy is commonly
observed in humans chronically exposed to inorganic arsenic (iAs)
contaminated drinking water (Vahidnia et al., 2007). Besides, iAs is
tightly associated with various adverse effects in central nervous
€rup, 2003). Epidemiological investigations sugsystem (CNS) (Ja
gested that chronic arsenic exposure could damage neurobehavioral function, impair verbal intelligence quotient (IQ) and
long-term memory and switching attention in children and
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adolescents (Ehrenstein et al., 2007; Wasserman et al., 2007;
Rosado et al., 2007; Hamadani et al., 2011). The alterations in
memory and attention processes have also been reported in adults
acutely exposed to iAs (O'Bryant et al., 2011; Carroll et al., 2017).
Similarly, animal studies also showed iAs exposure could cause
neurobehavioral changes, such as the alterations in learning and
memory (Tyler and Allan, 2013).
Epigenetic dysregulation plays an important role in arsenic
toxicity. Increasing evidences show that arsenic exposure may alter
DNA methylation levels (Reichard et al., 2007; Reichard and Puga,
2010; Ren et al., 2011; Lambrou et al., 2012). More recently, an invitro study demonstrated short-term acute arsenic exposure
might induce epigenetic DNA reprogramming and delayed epigenetic effects even after treatment removal (Mauro et al., 2016). The
regulatory processes of DNA methylation dynamics inﬂuence CNS
function and are altered in neurological disorders (Feng and Fan,
2009). However, few are known about the inﬂuence of arsenic
exposure on DNA demethylation process in brains. 5-
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hydroxymethylcytosine (5hmC) is thought as the sixth DNA base,
accounting for ~40% of modiﬁed cytosine in brain (Szulwach et al.,
2011). 5-methylcytosine (5 mC) can be enzymatically modiﬁed to
5hmC by teneeleven translocation (TET) family enzymes through
Fe(II)-a-KGedependent hydroxylation, which presents an
intriguing DNA demethylation mechanism in brains (Chia et al.,
2011). Recently, we observed the organ-speciﬁc alterations of
5hmC in the rats exposed to arsenic-contaminated drinking water
(Zhang et al., 2014). These facts yield a new perspective that arsenic
induced 5 mC-dependent regulatory disruption in brains.
To date, the epigenetic mechanism of arsenic-mediated neurotoxicity remains obscure. S-adenosylmethionine (SAM) works as
methyl donor for both arsenic methylation and DNA methylation
processes. The competition for SAM is proposed to be an effect of
arsenic exposure that leads to a signiﬁcant reduction in genomic
DNA methylation. Liver is the main site for arsenic methylation, and
extensive hepatic SAM depletion by arsenic metabolism was reported to suppress the activities of DNA methyltransferases
(DNMTs) and other cellular methyltransferases (Hoffman et al.,
1980; Caudill et al., 2001). However, it remains a debate whether
arsenic exposure induces signiﬁcant SAM deﬁciency in brain tissues. iAs is difﬁcult to cross the blood-brain barrier (BBB). The iAs
level in cerebrospinal ﬂuid (CSF) reached only 17.7% of the corresponding levels in plasma (Au et al., 2008). In a recent study, for
life-long arsenic exposed rats through drinking water (3 ppm), SAM
was severely decreased in liver, but no change was observed in the
brain (Ríos et al., 2012). Therefore, beyond the classic model of SAM
deﬁciency, there must be another potential epigenetic pathway
responsible for arsenic neurotoxicity.
Oxidative stress is a widely documented mechanism of arsenic
toxicity. Brain consumes 80% of the oxygen, so it is more susceptible
to oxidative damage when compared with other organs (Dringen
et al., 2000; Bharath et al., 2002). Arsenic could exert its effects
on gene regulation by the generation of reactive oxygen species
(ROS) in brains (Xi et al., 2010; Jomova and Valko, 2011; Herrera
et al., 2013). In this study, we hypothesized that arsenic-induced
ROS disrupts DNA methylation and demethylation dynamics
through tricarboxylic acid (TCA) cycle and alpha-ketoglutarate (aKG) pathway in brains (Fig. 1). Sirtuin3 (SirT3) is a nicotinamide
adenine dinucleotide (NADþ) dependent protein deacetylase in
mammals, which was recently found to activate isocitrate dehydrogenase 2 (IDH2) through deacetylation (Chia et al., 2011). TETs
are a-KG-dependent dioxygenases that can catalyze the oxidation
of 5 mC to 5hmC and then may lead to a global DNA demethylation,
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while the excessive oxidative stress may affect the activities of SirT3
and IDH in the TCA cycle, thereby disrupt the conversion process
between isocitric acid and a-KG in brain.
When the exposure occurs in the developmental stages, the
nervous system is more susceptible to toxic agents. So far, there has
been little documentation examining the arsenic-induced brain
DNA methylation changes during childhood. In this study, we
mimicked the developmental exposure situation by treating the
weaned rats with arsenic-contaminated drinking water for six
months. We investigated the effects of arsenic on spatial learning
ability and related gene expression. Furthermore, we investigated
the response of DNA methylation/demethylation processes in brain
tissues (i.e. cortex and hippocampus), and the molecular mechanisms were tested on the above-mentioned hypothesis.
2. Materials and methods
2.1. Animals treatment
Thirty weaned male Sprague-Dawly rats (weight 75 ± 7 g) were
obtained from Shanghai Laboratory Animal Center, China. All animals were maintained under a 12 h lightedark cycle and had free
access to the water and pellet. After the acclimatization, the rats
were randomly divided into the control group, 7.5 mM and 200 mM
arsenic trioxide (ATO)- treated groups. The doses were selected
according to environmental arsenic levels of ground water in
heavily polluted areas. An estimated 100 million people worldwide
are exposed to the ppm range of arsenic via drinking water (Tyler
and Allan, 2014). In Blackfoot diseaseeaffected areas of Taiwan,
arsenic concentrations in drinking water reached 15 mM (Heydorn,
1970). The doses used were also comparable or lower than those
reported in previous toxicological studies (Luo et al., 2009; Tyler
and Allan, 2014). The rats were exposed to ATO for six months. In
the last week of exposure, Morris water maze (MWM) test was
conducted to evaluate the alteration of the learning and memory
ability. After the test, the rats were sacriﬁced by decapitation.
Cortex and hippocampus were dissected out and stored at 80  C
for the further analysis.
2.2. Morris water maze test
The rats were trained on the hidden platform version of MWM
(the details were shown in Supplemental Material A1). The time
that the rats spent to ﬁnd the submerged platform was recorded.

Fig. 1. Schematic of arsenic interference on DNA methylation/demethylation.
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The escape latent period reﬂected the learning ability. On the ﬁfth
day, the rats were released into water without a platform. We
recorded and calculated the percent time and distance that the rat
spent in the targeted quadrant. Annulus crossing index and trace
diagrams were also recorded.
2.3. Quantiﬁcation of arsenic in the cortex and hippocampus
The brain tissues were sliced and then digested using a Microwave Accelerated Reaction System (MARS) (Matthews, NC).
Digested samples were subjected to an Agilent 7500cx inductivelycoupled plasma mass spectrometer (Santa Clara, CA, USA) to
measure the total arsenic contents. The details are shown in Supplemental Material A2.
2.4. RT-PCR analysis of gene expression
Real-time quantitative polymerase chain reaction (RT-PCR) was
used to determine the expression alteration of DNMTs, TETs and
other important genes involved in neuronal activity regulation (i.e.
BDNF, CaN, c-Fos, Arc, MeCP2, Egr1), oxidative/anti-oxidative balance (i.e. Nrf-2, Keap1, HO-1, Gpx, CAT, SOD) and TCA cycle (i.e.
SirT3, IDH1, IDH2) in cortex and hippocampus.
RNA was extracted using a Qiagen RNeasy Blood & Tissue kit
(Qiagen Corp., UK). The PrimeScript® RT reagent with gDNA Eraser
cDNA synthesis kit (Takara, Dalian, China) was used in synthesis of
cDNA with 1 mg of total RNA. The 20 ml of reactants were prepared
using the SYBR Green Master Mix reagents (Roche, USA) kit. RT-PCR
analysis was performed in triplicate using PRISM 7500 Fluorescence Quantitative PCR system (ABI, USA) according to the manufacturer's protocol. The fold change of gene expression was
evaluated by 2-△△Ct method. More details are shown in Supplemental Material A3.
2.5. Analysis of SAM, MDA, NADþ, NADH and a-KG
The cortex and hippocampus samples were homogenized. The
content of SAM was measured using an ELISA kit (Cell Biolabs, USA).
The level of a-KG was measured using a highly sensitive assay kit
(Biovision, USA). The changes of malondialdehyde (MDA) and
NADþ, NADH were evaluated using the quantitation kits obtained
from Sigma. All the operations were carried out according to the
manufacturers’ instructions.
2.6. Analysis of DNA methylation and demethylation levels
The determination of DNA methylation and demethylation
levels was conducted as described previously (Zhang et al., 2014).
Speciﬁc details are presented in Supplemental Material A5. Brieﬂy,
DNA was extracted with the Sangon Biotech DNA Mini Kit
(Shanghai, China). The DNase I, alkaline phosphatase and exonuclease I were used to hydrolyze DNA. The concentrations of 5 mC
and 5hmC were determined using an Ultimate™ liquid chromatography (Dionex, USA) coupled to a 5500 QTRAP tandem mass
spectrometer (ABI, USA). A 2.1  100 mm 2.6 mm Kinetex® coreshell C18 column (Phenomenex, USA) was used for reverse-phase
separation. The mobile phases were (A) H2O and (B) methanol.
The elution gradient was used: 0e5 min, 3% Be5% B; 5e7.5 min, 5%
Be100% B; 7.5e8.5 min, 100% B; 8.5e8.6 min, 100% Be3% B, and
ﬁnally maintained at 3% for 3 min. The mass spectrometer was
operated under positive ionization mode. The parameters of multireaction monitoring (MRM) were set as follows: 242/126 for 5 mC;
258/142 for 5hmC; 268/152 for guanine (G), respectively. The

percentages of 5 mC and 5hmC were calculated by dividing their
respective concentrations by G.
2.7. Statistical analysis
All statistical analyses were performed with the SPSS software
package (version 18.0,Chicago, IL, USA). Student's t-test was used to
compare the concentrations of 5 mC, 5hmC, total arsenic and gene
expression levels between the groups. Spearman correlation was
conducted to investigate the relationship between the levels of
total arsenic and 5 mC, 5hmC in each sample. A p-value < 0.05 was
considered signiﬁcant in the analysis.
3. Results and discussion
3.1. MWM test showed arsenic exposure impaired learning and
memory function
Over the past decades, epidemiological reports have shown that
arsenic exposure may alter cognitive function, particularly learning
and memory during childhood (Hamadani et al., 2011; Tyler and
Allan, 2014). In this study, we mimicked the developmental exposure situation by exposing the weaned rats to arseniccontaminated drinking water for six months. MWM performance
is the good indicator of hippocampal function, and it is also associated with cortex, striatum and cerebellum (Vorhees and Williams,
2006). On the 1st day, the treated rats spent a similar time
searching for the hidden platform, as compared to the controls. The
control and treatment groups signiﬁcantly decreased latency over
training course (Fig. 2A). The treated rats presented a little but nonsigniﬁcantly higher latency than the controls on the 4th day. After
training course, behavioral performance was then evaluated by
probe trails characterized by removing hidden platform. Arsenic
did not affect motoric ability indicated by swimming speed
(Fig. 2B). After the exposure, treated rats exhibited worse learned
bias navigating towards the targeted quadrant, which previously
contained the platform. The rats had considerably shorter exploration times and distances in targeted quadrant to search the hidden platform than their counterparts in the control group (Fig. 2C
and D). No signiﬁcant difference of percent time and percent distance was observed between two treatment groups. Furthermore,
annulus crossing indexes of treated rats were also signiﬁcantly
lower than those in control group (p < 0.01) (Fig. 2E). Representative trace diagrams were depicted in Fig. 2F. The spatial memory
was impaired even at the low dose (7.5 mM). Previous in-vivo study
had showed that the chronic damage of learning and memory capacities was only observed in 100 ppm (about 800 mM) arsenictreated group for adult rats (Sharma and Sharma, 2013), the present data suggested that the nervous system may be more susceptible to arsenic in developmental stage.
3.2. Arsenic exposure inhibited the expression of neuronal activityregulated genes
Arsenic presented a signiﬁcant dose-dependent accumulation
(Fig. 3), and caused signiﬁcantly down-regulation of brain derived
neurotrophic factor (BDNF), calcineurin (CaN), recombinant activity
regulated cytoskeleton associated protein (Arc) and early growth
response protein 1 (Egr1) in the cortex and hippocampus (Fig. 4).
The dramatic decrease of c-Fos and methyl CpG binding protein 2
(MeCP2) expression was only observed in cortex (Fig. 4). CaN,
MeCP2 and immediate early genes (IEGs) (i.e. c-Fos, Arc, BDNF and
Egr1) are important indicator genes involved in neuronal activity
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Fig. 2. Results of the MWM tests. (A) During 4 days of training course, both control and treatment groups signiﬁcantly decreased latency. (B) All groups exhibited similar
swimming speed. The treatment groups had considerably shorter exploration times (C) and percent distances (D) in targeted quadrant to search the hidden platform than their
counterparts in the control group. (E) Annulus crossing indexes of treated rats were signiﬁcantly lower than those in control group (P < 0.01). (F) Representative trace diagrams.
Data are expressed as mean ± SEM and analyzed by ANOVA.

regulation. The IEGs play key role in synaptic plasticity and cognitive processes, notably learning and memory (Okuno, 2011). The
abnormal expression of these IEGs has been associated with
neurological disorders (Raphael and Liisa, 2006). For instances, cFos and Arc were highly correlated with sensory and behaviorally
evoked neuronal activities (Okuno, 2011). In GSH deﬁcient cells,

arsenic-induced the down-regulation of c-Fos and Akt genes via the
ubiquitin-proteasome-mediated degradation (Habib, 2010). The
down-regulation of CaN gene in the treatment group rats can be
supported by the changes of IEGs in the brain is tightly associated
with calcium signal (Okuno, 2011). CaN is the only Ca2þ-activated
phosphatase in the brain and acts as the major regulator of key
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Fig. 3. Contents of total arsenic. There were signiﬁcant increases of total arsenic concentrations in a dose-dependent manner in the cortex and hippocampus. The data were
expressed as mean ± SEM.

Fig. 4. Expression alterations of neuronal activity-regulated genes. Most investigated neuronal activity-regulated genes in treated groups were signiﬁcantly down-regulated in
the cortex and hippocampus. IEGs: immediate early genes. The data were expressed as mean ± SEM.

proteins essential for synaptic transmission and neuronal excitability (Baumg€
artel and Mansuy, 2012). The signiﬁcant decrease of
MeCP2 in cortex may imply that IEGs transcription can be directly
regulated by epigenetic modiﬁcation of DNA. The disruption of
MECP2 gene expression has been reported to induce a severe
neurological disease of Rett syndrome (Gabel et al., 2015). MeCP2 is
enriched in brain and binds to methylated cytosine and hydroxymethylcytosine (Mellen et al., 2013), so the alteration of MeCP2
expression indicated the interruption of DNA methylation and
demethylation processes.

3.3. Arsenic suppressed DNA methylation/demethylation processes
Dysregulation of DNA epigenetic processes could mechanistically contribute to arsenic-induced changes in gene expression and
consequently result in a variety of diseases (Ren et al., 2011). There
have been several studies reporting arsenic exposure induced loss
of DNA methylation in cancer cells, liver and other organs, but very
few data have been reported about brain. DNA methylation is
critical important for both memory formation and memory maintenance. Coincident with the critical roles in DNA methylation, DNA
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demethylation also contributes to the maintenance and regulation
of pluripotency. Recently, we observed the arsenic-induced organspeciﬁc alterations of 5hmC in lung, heart, kidney, pancreas and
spleen, suggesting 5hmC was a more sensitive epigenetic
biomarker than 5 mC (Zhang et al., 2014). Therefore, it is very
important to illustrate the inﬂuence of arsenic exposure on both
DNA methylation and demethylation processes in brain.
We observed a signiﬁcant decrease of 5 mC and 5hmC in both
cortex and hippocampus (Fig. 5A and B). Furthermore, we investigated the relationship between individual's arsenic exposure and
global DNA epigenetic status. Signiﬁcant negative correlations were
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found between total arsenic contents and 5 mC levels in the cortex
(Spearman's rho ¼ 0.860, p < 0.001) and hippocampus (Spearman's rho ¼ 0.942, p < 0.001) (Fig. 5C). Similarly, total arsenic
contents were highly correlated with 5hmC levels in both tissues.
They all indicated the disruption of DNA epigenetic balance.
DNA methylation and demethylation processes are catalyzed by
DNMTs and TETs enzyme families, respectively. DNMTs are
required for the maintenance of neuronal DNA methylation, for
proper control of gene expression, and consequently for synaptic
plasticity, as well as learning and memory (Feng et al., 2010). DNMT
genes displayed different expression alteration in cortex and

Fig. 5. Results of global DNA methylation and demethylation status. The data were expressed as mean ± SEM. Histograms of genomic DNA methylation (A) and demethylation
(B) exhibited decrease trend in both cortex and hippocampus. (C) Scatter plot of ln-transformed DNA methylation and arsenic concentrations. The signiﬁcant negative correlations
were found between total arsenic contents and 5 mC levels in the cortex (Spearman's rho ¼ 0.860, p < 0.001) and hippocampus (Spearman's rho ¼ 0.942, p < 0.001). For the
cortex, y ¼ 0.2346x þ 4.9569, R2 ¼ 0.5719; for hippocampus, y ¼ 0.2541x þ 4.4493, R2 ¼ 0.852. (D) Scatter plot of ln-transformed DNA demethylation and arsenic concentrations.
The signiﬁcant negative correlations were found between total arsenic contents and 5hmC levels in the cortex (Spearman's rho ¼ 0.806, p < 0.001) and hippocampus (Spearman's
rho ¼ 0.882, p < 0.001). For cortex, y ¼ 0.0195x þ 0.354, R2 ¼ 0.4691; for hippocampus, y ¼ 0.0271x þ 0.3916, R2 ¼ 0.7521.
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Fig. 6. DNMTs and TETs alterations. (A) The expression of DNMTs and TETs was signiﬁcantly down-regulated in the cortex of treated rats. (B) No signiﬁcant change of DNMTs
expression and a decline of TETs expression was observed in the hippocampus of treated rats. The data were expressed as mean ± SEM.

hippocampus after arsenic exposure. The DNMTs were signiﬁcantly
down-regulated in cortex, while they unchanged in hippocampus
(Fig. 6). Although the reason behind the arsenic-induced different
DNMTs response in brain tissues remains unclear, arsenic exposure
was reported to inhibit the expression and activity of DNMTs
(Reichard and Puga, 2010). The decreased levels of DNMTs in
neuronal precursor cells may eventually cause the global DNA
hypomethylation, neuromuscular function abnormalities and cell
death during early postnatal development (Fan et al., 2001; Nguyen
et al., 2007; Yu et al., 2011). The short-term acute arsenic exposure
might also induce epigenetic DNA reprogramming (both global and
gene speciﬁc DNA methylation alteration) and delayed epigenetic
effects even after the removal of the treatment. For example, a
recent in-vitro study showed the mRNA expression levels of
DNMT3A and DNMT3B genes were down-regulated in an arsenic
dose-dependent manner and persisted for several cell generations
even after arsenic removal, but an increasing renewal of DNMT3A
and DNMT3B was observed in 20 and 40 cell generations (Mauro
et al., 2016). This study offered a potential persistently genotoxic
mode of action of arsenic. However, whether the toxicity mechanism works in CNS cell lines and brain tissues remains unknown,
and further in-vivo study is required to conﬁrm the mechanism.
Brain is susceptible to oxidative damage due to the high oxygen
consumption (Dringen et al., 2000; Bharath et al., 2002). Increasing
evidences have demonstrated that arsenic is capable to induce
severe oxidative stress in brain. In neuronal cells, elevated oxidative
stress has been associated with oxidative deamination of 5 mC,
which may lead to the G:T mismatch. The mismatch can activate
the DNA base-excision/repair pathway and subsequently result in
unmethylated C:G base pairing (Feng et al., 2010). Recently, high
abundance of 5hmC has been detected in neurons. 5hmC is derived

from hydroxylation of 5 mC by TET1 enzymes (Liu et al., 2015). The
DNA demethylation pathway via 5hmdC is tightly involved in a
repair mechanism of DNA mismatch. In addition to the role as an
intermediate in DNA demethylation, 5hmC also modulates the
binding of the factors responsible for regulation of transcription
(Branco et al., 2011). After the exposure, the expression of TETs was
signiﬁcantly inhibited in both cortex and hippocampus, suggesting
that arsenic disrupted the DNA demethylation pathway in brain.
The above signiﬁcantly negative correlations between individual's
arsenic exposure and DNMTs as well as TETs were similarly found
in the relationship scatter plots (Fig. S1). If the TETs function was
lost, 5 mC and 5hmC would be decreased. Aberrant regulation of
TET expression has been related to CNS disorder (Day et al., 2015)
and gliomas (Kraus et al., 2015). In this study, signiﬁcant DNA
epigenetic alteration was induced by arsenic during the childhood,
which might possibly trigger a biologic cascade thereby inﬂuencing
downstream health.
3.4. Arsenic-induced ROS disrupted DNA demethylation process
through TCA cycle and a-KG pathway
The SAM depletion has been suggested as one of the modes of
toxic action of arsenic that could link DNA epigenetic alteration.
However, we did not observe arsenic-induced SAM changes in the
brain tissues (Fig. 7). Previous report also supported that arsenic did
not lead to SAM deﬁciency in the brain (Nain and Smits, 2012; Ríos
et al., 2012). Considering the tight association between oxidative
stress, metabolic process and TETs expression, we suggested
arsenic-induced ROS might inhibit DNA demethylation process
through TCA cycle and a-KG pathway in brain (Fig. 1).
Oxidative stress is another mode of toxic action of arsenic. In
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Fig. 7. Arsenic exposure did not change SAM concentrations in the brain tissues. The data were expressed as mean ± SEM.

this study, we observed that arsenic exposure induced signiﬁcant
oxidative stress in brain tissues. The increase of MDA and heme
oxygenase 1 (HO-1) levels and the decrease of superoxide dismutase (SOD) and catalase (CAT) levels (Fig. 8) were consistent
with previous reports (Abiko et al., 2010; Kadeyala et al., 2013;
Ruiz-Ramos et al., 2009; Sannadi et al., 2013; Yadav et al., 2009),
but there was no change of glutathione peroxidase (GPx). KeapNrf2 is the major regulator of cytoprotective responses to oxidative stress. The expression of Kelch-like ECH-associated protein1(Keap1) and NF-E2-related factor 2(Nrf2) was up-regulated in
200 mM-treated group, indicating that arsenic exposure might
induce oxidative stress and then activate the anti-antioxidant defense mechanism through Keap-Nrf2 signal pathway in the cortex
and hippocampus. This notion was further supported by the
observation that arsenic nduced the decrease of NADH and NADH/
NAD þ ratio. Oxidative stress might damage protein components of
the defective DNA mismatch repair (MMR) system, leading to its
functional inactivation (Chang et al., 2002). Previous studies
showed arsenic exposure induced methylation alteration of
mismatch DNA repair genes hMLH1 and hMSH2 (Treas et al., 2013;
Mauro et al., 2016). As mentioned above, arsenic-induced alteration
could be restored after a long recovery time. The expression of
hMLH1 and hMSH2 is possible to be restored to improve MMR
system.
SirT3 is a NAD þ -dependent enzyme, which reduces the ROS
accumulation in mitochondria through improving the activity of
clearance enzyme of free radical and stability of mitochondrial
function (Kong et al., 2010; Someya et al., 2010). Arsenic exposure
induced the decrease of SirT3 in the cortex, indicating a shift in
oxidant-antioxidant balance. In addition to regulate mitochondrial
redox status, SirT3 is a general regulator of IDH2 functions (Yu et al.,
2012). Decreased SirT3 inhibited the expression of IDH1 and IDH2
in treated rats. IDHs are NADP þ -dependent enzymes which catalyzes the oxidative decarboxylation of isocitrate to a-KG (Chia
et al., 2011). The conversion of 5 mC to 5hmC is catalyzed by TET
enzymes, and this reaction requires the co-factor a-KG. The
decreased level of a-KG in the cortex also signiﬁcantly suppressed
the expression and total activity of TET enzymes responsible for the
generation of 5hmC. These observations were consistent with
previous report. In vitro study showed that SOD and SirT3 levels
signiﬁcantly decreased in a dose- and time-dependent manner
during arsenic treatment (Padmaja et al., 2015). Taken together, we
suggest that through TCA cycle and a-KG pathway, oxidative stress
caused by arsenic exposure may inhibit the expression of TETs
enzymes to produce 5hmC and consequently disrupt DNA

methylation/demethylation balance in the cortex. Interestingly,
different from the cortex, hippocampus TET expressions were
signiﬁcantly down-regulated but the a-KG level remained unchanged, suggesting brain tissues may have tissue-speciﬁc epigenetic response and molecular mechanism of arsenic exposure.
The proposed pathway is supported by the ﬁndings in the cortex
and not completely in the hippocampus. The disrupted pathway is
associated with many adverse neurological outcomes. SirT3 plays
pivotal roles in neuronal responses to bioenergetic and oxidative
stress. SirT3 expression was signiﬁcantly reduced in the cortex of
Alzheimer Disease (AD) mice, suggesting SirT3 might contribute to
AD development via modulating mitochondrial energy homeostasis (Yang et al., 2015). SirT3 deﬁciency also rendered hippocampal
neurons vulnerable to excitotoxic and metabolic stress, and further
caused neuronal ATP depletion (Cheng et al., 2016). SirT3 overexpression increased the resistance of neurons to degeneration in
animal model of Huntington Disease (HD) (Cheng et al., 2016). IDHs
catalyzes the oxidative decarboxylation of isocitrate yielding a-KG.
IDH1 is tightly associated with the procession of brain cancers (i.e.
glioma) and might be able to regulate neuronal apoptosis following
intracranial hemorrhage (Dang et al., 2010; Xing et al., 2017). a-K
was also suggested to be a potential biomarker of glioma (Huang
et al., 2017). As the downstream of the pathway, the alterations of
TETs and 5hmC are related to differentiation and development of
neuron as well as axonal formation (Rudenko et al., 2013; Zhao
et al., 2014). In TET1 knockout adult mouse model, neurological
damage was noted in the hippocampus, accompanied by spatial
learning and memory dysfunction (Zhang et al., 2013). Furthermore., the reduction of TETs and 5hmC is associated with HD and
AD (Wang et al., 2013; Condliffe et al., 2014).
4. Conclusions
In summary, our study shows that arsenic exposure inhibited
the expression of neuronal activity-regulated genes and impaired
memory and learning abilities during childhood stage in rats.
Arsenic exposure suppressed the DNA methylation/demethylation
processes in cortex and hippocampus. Our results may support that
oxidative stress caused by arsenic exposure inhibits the expression
of TETs enzyme through TCA cycle and a-KG pathway, and consequently disrupts the DNA methylation/demethylation balance. The
present study in further imply the oxidation but SAM depletion
may innate arsenic's DNA epigenetic effect and neurotoxicity.
However, there are some limitations for this study. First, we
analyzed genomic DNA methylation and demethylation levels
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Fig. 8. Results of the oxidative stress and TCA cycle. The data were expressed as mean ± SEM. (A) It shows the alteration of oxidative stress biomarkers in the cortex and
hippocampus. MDA and HO-1 were up-regulated in a dose-dependent manner in the cortex and hippocampus, while the levels of SOD and CAT were signiﬁcantly down-regulated
in 200 mM group. All groups exhibited similar GPx in both tissues. The expression of Keap1 and Nrf2 were up-regulated in 200 mM group. (B) It shows the alteration of TCA cycle
biomarkers in the cortex and hippocampus. SirT3 exhibited signiﬁcant decreases in all treatment groups for the cortex, but it only presented a signiﬁcant decrease in 200 mM group
for the hippocampus. IDH1 and IDH2 showed dose-dependent decrease in both tissues. The level of a-KG was not changed for the hippocampus, but it was slightly decreased in
200 mM group for the cortex. The increase of NADþ and the decrease of NADH/NADþ were observed in the cortex, but no signiﬁcant change of these indexes was noted in the
hippocampus.

without investigation of the promoter methylation of the speciﬁc
synaptic plasticity genes. Second, we used whole brain tissue lysates for the analysis. Due to the high cell heterogeneity in brain, it
is difﬁcult to determine the type of cells in which the methylation
process is altered. Also, the intervention experiment on oxidative

stress is required in further study for conﬁrming our observations.
Interestingly, a recent in-vitro study showed the arsenic-induced
DNA methylation alteration might be persistent after the removal
of the treatment and gradually restored in a long recovery time
(Mauro et al., 2016). It shed important insight on the research of
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arsenic toxicity and therapy. In summary, more in-vivo and
epidemiological studies were required to elucidate epigenetic
mechanism in arsenic-induced neurotoxicity.
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