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ABSTRACT 

DNA methylation and histone acetylation can be 
modified by various pathological or physiological 
factors such as hypoxia, thus influencing gene 
expression. In this study, we investigated the changes 
of global DNA methylation and histone acetylation 
and the related enzymes in rat brain after chronic 
cerebrovascular hypoperfusion by bilateral common 
carotid occlusion (2-VO) surgery. Colorimetric 
and immunohistochemistry staining were used to  
evaluate the global DNA methylation and histone 
acetylation levels, respectively. The expressions of 
DNA methyltransferase 1/3a (DNMT1/3a), methyl-
CpG binding domain protein 2 (MBD2), histone 
deacetylase 3 (HDAC3) and acetyltransferase (HAT) 
were assessed by Western blot. We found that the 
level of global DNA methylation was decreased to 
31.7% (P <0.01) of the sham-operated group at 10 
days and increased by 30% (P <0.01) compared 
with the sham group at 90 days after 2-VO surgery. 
DNMT3a expression was down-regulated to 75.7% 
of the sham group, while MBD2 expression was 
up-regulated by 95% compared with sham group 
at 90 days after 2-VO. The histone H3 acetylation 
level was markedly decreased to 75.3% of the 
sham group at 10 days and 73.5% at 90 days after 
2-VO, while no significant change was found for 
histone H4 acetylation. HDAC3 expression was 
markedly down-regulated to 36% of the sham group, 
whereas cAMP-response element binding protein 
expression was up-regulated by 33.6% compared 

with the sham group at 90 days after 2-VO. These 
results suggest that chronic cerebrovascular 
hypoperfusion influences global DNA methylation 
and histone acetylation levels through the related 
enzymes, and therefore might contribute to several 
neurodegenerative diseases.
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INTRODUCTION

The term “epigenetics” refers to the study of changes 
in gene expression in response to gene-environment 
interactions without changes in the underlying DNA 
sequence .  Epigenetic modif icat ion involves DNA 
methylation, histone modification, genomic imprinting, 
and chromatin remodeling[1,2].  By influencing gene 
function and characteristics, epigenetic processes can 
regulate cell proliferation and differentiation[3]. Recently, 
epigenetic mechanisms have been increasingly shown to 
play crucial roles in the origin and development of many 
human diseases such as cancer[4-6] and neurodegenerative 
disorders[7-9]. Alzheimer disease (AD) is one of the most 
common neurodegenerative disorders in the elderly 
population. Its exact pathogenesis, especially the sporadic 
form, is still not clear. Recent studies reveal that AD is 
among a few neurodegenerative diseases that may involve 
low folate and B12 and high homocysteine in the blood, 
indicating an imbalance in the S-adenosylmethionine cycle 
that is responsible for epigenetic regulation through DNA 
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methylation[10]. These fi ndings have highlighted the role of 
epigenetic mechanisms in the pathogenesis of AD.

Chronic cerebrovascular hypoperfusion is a common 
pathological process in clinical cases[11]. Persistent 
reduction in regional cerebral blood flow results in a 
decline of cognitive function, as well as the development of 
neurodegenerative disorders such as Parkinson's disease 
(PD) and AD[12-15]. Some data also suggest that the decline 
in cognitive function can be improved by correction of the 
chronic cerebral hypoperfusion in humans[16,17]. Moreover, 
recent studies indicate that the activity of hypoxia-induced 
transcription factors, such as hypoxia-inducible factor-1, 
which are basic for determining the hypoxic response, 
is regulated epigenetically[18-20]. Moreover, through the 
regulation of enzymes that modulate DNA methylation 
and histone modification, hypoxia itself can influence 
gene expression to some extent[21,22]. Since hypoxia is a 
direct consequence of hypoperfusion, changes in DNA 
methylation and histone acetylation levels may contribute 
to brain dysfunction under chronic cerebral hypoperfusion.

In the present study, we investigated the effects of 
cerebrovascular hypoperfusion on global DNA methylation 
and histone acetylation levels in the rat brain after bilateral 
carotid occlusion (two-vessel occlusion, 2-VO). Meanwhile, 
changes in enzymes related to DNA methylation and 
histone acetylation were investigated. 

MATERIALS AND METHODS

Animals and Surgery
Male Sprague-Dawley rats aged 23 weeks (Vital-River, 
Beijing, China) were raised in the Experimental Animal 
Center of Capital Medical University under a 12:12 h light/
dark cycle. All procedures were approved by the Ministry 
of Science and Technology of China and conformed to the 
guidelines of the Animals Care and Use Committee. The 
rats were randomly divided into six groups (14/group), three 
groups with 2-VO and the other three as sham-operated 
controls. The detailed procedures of 2-VO surgery were as 
described previously[23].

Global DNA Methylation Analysis   
Genomic DNA was extracted from the parietal cortex 
using the Wizard® SV Genomic DNA Purifi cation System 
(Promega, WI). DNA concentration and purity were 

determined by absorbance at 260 and 280 nm. Global 
DNA methylation was measured with the MethyFlash™ 
Methylated DNA Quantifi cation Kit, Colorimetric (Epigentek, 
New York) according to the manufacturer’s instructions. 
In this assay, DNA was bound to strip wells that were 
specifically treated to have a high DNA affinity. The 
methylated fraction of DNA was detected using capture and 
detection antibodies and then quantifi ed colorimetrically by 
reading the absorbance in a microplate spectrophotometer. 
Simple calculation of the percentage of 5-methylcytosine 
(5-mC) in total DNA was carried out using the following 
formula: 

                    .

Histone Acetylation Assay   
Global histone H3 and H4 acetylation was measured using 
the EpiQuik™ Global Histone H3/H4 Acetylation Assay Kit 
(Epigentek, New York) according to the manufacturer’s 
instructions as described previously[24]. The acetylation rate 
was calculated as follows:

               .

Western Blot Analysis   
The parietal cortex was dissected out and homogenized. 
Routine procedures were carried out as described 
previously [25].  The pr imary ant ibodies used were: 
mouse anti-β-actin monoclonal antibody (1:500, ZSGB-
BIO), rabbit anti-histone deacetylase 3 (HDAC3)/(DNA 
methyltransferase 1) DNMT1 monoclonal antibody and anti-
DNMT3a polyclonal antibody (1:1 000, Cell Signaling, MA), 
mouse anti-p300/CBP monoclonal antibody (1:50, Abcam, 
London, UK) and rabbit anti-methyl-CpG binding domain 
protein 2 (MBD2) polyclonal antibody (1:1 000, Santa 
Cruz, CA). The densities of the bands on the membrane 
were scanned by a Gel-Doc Image Scanner (Bio-Rad, CA) 
and analyzed with an image analyzer (ImageJ, Broken 
Symmetry Software).

Immunohistochemistry   
Section preparation and immunohistochemical staining 
were carried out as described previously[25]. All the sections 
were selected from identical sections of the brain tissue 
according to the Paxinos and Watson rat brain atlas. DNA 
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was denatured in situ with 4 mol/L HCl at room temperature 
for 15 min before serum blockade. Section were incubated 
with rabbit anti-5-mC primary antibody (1:300, Merck) 
overnight at 4°C, followed by anti-rabbit secondary antibody 
(1:500; Dylight 488, Invitrogen) for 2 h at room temperature. 
All sections were observed and photographed under a laser 
confocal microscope (TCS SP5, Leica).

Statistical Analysis 
All the data are presented as mean ± SD. Data analyses 
were performed with the SPSS software version 17.0. 
Differences between means within experiments were 
evaluated with the independent samples t-test. P <0.05 
was considered statistically signifi cant.

RESULTS

Cerebrovascular Hypoperfusion Leads to Changes in 
Global DNA Methylation  
As the circle of Willis allows continuing blood fl ow after the 
onset of 2-VO, the cerebral hypoperfusion is global and no 
distinct ischemic core and penumbra region as well as cell 
death were observed. Colorimetric assay was performed 
to determine the global DNA methylation levels in the 
parietal cortex. The methylation level was decreased to 
31.7% of the sham-operated group after cerebrovascular 
hypoperfusion for 10 days, was comparable to the sham 
group after 30 days, and increased by ~30% compared 
with the sham group after 90 days (Fig. 1). To further 
evaluate the effect of hypoperfusion on DNA methylation, 
immunohistochemical staining for 5-mC was performed. 
The 5-mC immunoreactivity was located in nuclei in the 
hippocampus, and decreased after hypoperfusion for 10 
and 30 days, but was greater after 90 days, compared with 
the sham group (Fig. 2). There was no signifi cant difference 
in 5-mC expression between hippocampus and cortex (data 
not shown).

Cerebrovascular Hypoperfusion Induces Abnormal 
DNMT and MBD2 Expression
DNA methylation is completed by DNA methyltransferases 
(DNMTs), and MBD2, which binds to and recognizes 
5-mC, is accepted to have demethylase activity. Since 
the global DNA methylation level was influenced under 
our experimental conditions, it was essential to determine 

whether it was associated with the expression of DNMTs 
and MBD2. We found that DNMT3a expression decreased 
to 75.7% and MBD2 increased by 95% compared with the 
sham-operated group. However, DNMT1 expression did 
not change signifi cantly (Fig. 3).

Decreased Histone H3 Acetylation Level Is Accompanied 
by Downregulation of HDAC3 and Upregulation of 
p300/CBP under Cerebrovascular Hypoperfusion    
To further investigate the epigenetic mechanisms, histone 
H3/H4 acetylation assay kits were used to evaluate the 
global H3/H4 acetylation levels in rat brain. The global H3 
acetylation level was decreased to 75.3% of the sham-
operated group at 10 days and 73.5% at 90 days after 
2-VO surgery (Fig. 4A), while the H4 acetylation level 
did not change significantly (Fig. 4B). Since histone 
acetylation is induced by histone acetyltransferases (HATs) 
(the co-activators p300 and CBP are HATs[26]) whereas 
deacetylation is regulated by histone deacetylases 
(HDACs), we next assessed the protein levels of p300/
CBP and HDAC3 by Western blot. P300/CBP expression 
in the brain increased by 33.6% compared with sham, 
whereas HDAC3 expression decreased to 36% of the sham 
group at 90 days after 2-VO (Fig. 4C, D). All these results 
implied that DNA methylation and histone acetylation are 
involved in the pathological process of chronic cerebral 
hypoperfusion.

Fig. 1. Global DNA methylation levels in the parietal cortex 
homogenates from sham-operated and 2-vessel occlusion 
(2-VO) rats at 10, 30 and 90 days after surgery, as 
determined by colorimetric assay. Data are presented as 
mean ± SD (n = 6). **P <0.01 vs sham-operated group.
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Fig. 3. Upper panels: Western blots for DNMT1/3a (left) and MBD2 (right) in rat parietal cortex at 90 days after sham operation or 2-vessel 
occlusion (2-VO). Lower panel: densitometric quantifi cation of each protein. Mean ± SD (n = 6). *P <0.05, **P <0.01 vs sham-operated group.

Fig. 2. Immunohistochemical staining for 5-methylcytosine in rat hippocampus after sham operation (A, 10 days; C, 30 days; E, 90 days) 
and after 2-vessel occlusion (B, 10 days; D, 30 days; F, 90 days after surgery). Images were obtained using a confocal microscope. 
Inset in A is a higher magnifi cation image showing 5-methylcytosine immunoreactivity located in the nuclei. Scale bar for A–F, 250 
μm; for the inset in A, 50 μm.
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DISCUSSION

Sufficient cerebral blood flow is essential for maintaining 
normal brain functions. Prolonged, insufficient perfusion 
leads to cognitive impairment[27,28]. Chronic cerebral 
hypoperfusion is assumed to be the pathogenic mechanism 
underlying several types of neurodegenerative disorders. 
In previous studies, we found that chronic cerebrovascular 
hypoperfusion results in memory impairment and β-amyloid 
protein (Aβ) accumulation in the brain[25,29]. Permanent, 
bilateral occlusion of the common carotid arteries (2-VO) 
in rats is widely used to investigate the effects of chronic 
cerebral hypoperfusion on neurodegenerative diseases[22,30]. 
In this model, the occlusion is permanent, and signifi cantly 
reduces cerebral blood fl ow[12,31].

Epigenetic changes can influence gene expression. 
Recent studies have suggested that epigenetic mec-
hanisms play pivotal roles in several human disorders[1,32] 

of which the most commonly studied are DNA methylation 

and histone acetylat ion. DNA methylat ion usually 
represses transcription[33]. The enzymes responsible 
for  the methylat ion process are a fami ly of  DNA 
methyltransferases, including DNMT1, 2, 3a and 3b 
in mammals. DNMT1 is a key player in maintaining 
methylation in somatic cells in which it has already 
occurred, whereas DNMT3a mainly promotes new 
methylation. MBD2 is a protein that binds to methylated 
regions of DNA and acts as a demethylase[34,35]. In this 
study, we demonstrated that the level of global DNA 
methylation in rat brain was significantly decreased at 
10 days and increased at 90 days after 2-VO. However, 
DNMT3a was significantly decreased and MBD2 protein 
was conversely increased compared to the sham-
operated group. Regarding this, the results of global DNA 
methylation analysis to some extent disagreed with the 
changes in DNMT1/3a and MBD2 protein levels. The 
reason is not clear. Some researchers have reported that 
DNMT1 down-regulation is not an essential condition for 

Fig. 4. Histone H3 and H4 acetylation levels and p300/CBP and HDAC3 protein expression in rat parietal cortex. Acetylation levels of 
histone H3 (A) and H4 (B) were calculated as the acetylation rate (%). C and D show Western blot and statistical analysis of p300/
CBP and HDAC3 protein levels. Data are presented as mean ± SD (n = 6). *P <0.05, **P <0.01 vs sham-operated group.
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global genomic hypomethylation in the human placenta[36]. 
This suggests that, although DNA methylation is mainly 
mediated by DNA methyltransferases, the expression of 
DNMT and DNA methylation may not always be consistent. 
DNA methylation is a complex process influenced by 
various environmental factors[1]. Since humans have tens 
of thousands of genes, the global DNA methylation level 
cannot represent a specifi c gene methylation status. Much 
effort is needed to study the specifi c mechanisms in order 
to reveal the relationships between disease and DNA 
methylation.

Histone acetylation is responsible for transcriptional 
activation, while deacetylation is linked with transcriptional 
repression. Both increases and decreases in histone 
acetylation may occur at specifi c loci[4,37]. HATs and HDACs 
are the main enzymes in this process. HATs are known to 
interact with various transcription factors, such as p300 and 
CBP, to regulate gene transcription. HDACs, classifi ed into 
four families, are sequence-specifi c to genetic loci leading to 
transcriptional repression by forming a complex of methyl-
CpG binding protein (MECP) and recruited HDACs[37]. 
HDAC3 is one of the most highly-expressed class I HDACs 
throughout the brain, including the hippocampus[38]. Some 
studies have shown that HDAC3 is a critical negative 
regulator of long-term memory formation[39]. However, there 
are few studies on the function of HDAC3 in AD[40], in which 
the common clinical manifestation is memory impairment. 
Here, we revealed that the histone H3 acetylation level was 
decreased, accompanied by downregulation of HDAC3 
and upregulation of p300/CBP during cerebrovascular 
hypoperfusion. But the H4 acetylation level did not change 
signifi cantly; the reason for this is not clear. 

Taken together, our data demonstrated that chronic 
cerebrovascular hypoperfusion modifi ed the status of DNA 
methylation and histone acetylation, probably leading to 
changes in gene transcription. Chronic cerebrovascular 
hypoperfusion is involved in several neurodegenerative 
disorders, such as AD. I t  is widely accepted that 
epigenetics is a critical pathological mechanism in AD[41-43]. 
Hypomethylation in the promoter region of the amyloid-β 
precursor protein (APP) gene has been detected in an AD 
patient[44]. A previous study revealed that Aβ induces both 
H3 and H4 acetylation in the hippocampal CA1 region in 
Tg2576 mice that carry the human APPswe mutation[45]. 
Changes in epigenetic regulation have also been reported 

in PD[45]. 
In summary, epigenetics is a relatively new frontier 

in understanding the pathogenic mechanisms underlying 
human diseases, especially with regard to the regulation of 
gene expression in the brain. Further studies are needed 
to investigate the epigenetic changes of specific genes 
in different neurodegenerative disorders associated with 
chronic cerebrovascular hypoperfusion to provide new 
targets for therapeutic intervention in the treatment of these 
diseases.

ACKNOWLEDGEMENTS  

This work was supported by the National Natural Science 
Foundation of China (8107092), the Beijing Education Committee 
of Science and Technology Plan Projects (KM201110025006), and 
the China 973 Preprogram (2011CB512109)

Received date: 2012-10-17; Accepted date: 2012-12-07

REFERENCES

Chouliaras L, Rutten BP, Kenis G, Peerbooms O, Visser PJ, [1] 
Verhey F, et al. Epigenetic regulation in the pathophysiology 
of Alzheimer's disease. Prog Neurobiol 2010, 90: 498–510.
Marques SC, Lemos R, Ferreiro E, Martins M, de Mendonca [2] 
A, Santana I, et al. Epigenetic regulation of BACE1 in 
Alzheimer's disease patients and in transgenic mice. 
Neuroscience 2012, 220: 256–266.
Scheen AJ, Junien C. Epigenetics, interface between [3] 
environment and genes: role in complex diseases. Rev Med 
Liege 2012, 67: 250–257.
Feinberg AP. Phenotypic plasticity and the epigenetics of [4] 
human disease. Nature 2007, 447: 433–440.
Esteller M. Epigenetics in cancer. N Engl J Med 2008, 358: [5] 
1148–1159.
Gerhauser C. Cancer chemoprevention and nutriepigenetics: [6] 
state of the art and future challenges. Top Curr Chem 2013, 
329: 73–132.
Marques SC, Oliveira CR, Pereira CM, Outeiro TF. [7] 
Epigenetics in neurodegeneration: a new layer of complexity. 
Prog Neuropsychopharmacol Biol Psychiatry 2011, 35: 348–
355.
Urdinguio RG, Sanchez-Mut JV, Esteller M. Epigenetic [8] 
mechanisms in neurological diseases: genes, syndromes, 
and therapies. Lancet Neurol 2009, 8: 1056–1072.
Bertram L, Tanzi RE. The genetic epidemiology of [9] 
neurodegenerative disease. J Clin Invest 2005, 115: 1449–
1457.



Xiangmei Wu, et al.    Chronic cerebrovascular hypoperfusion affects global DNA methylation and histone acetylation 691

Fuso A, Seminara L, Cavallaro RA, D'Anselmi F, Scarpa S. [10] 
S-adenosylmethionine/homocysteine cycle alterations modify 
DNA methylation status with consequent deregulation of PS1 
and BACE and beta-amyloid production. Mol Cell Neurosci 
2005, 28: 195–204.
Hai J, Wan JF, Lin Q, Wang F, Zhang L, Li H[11] , et al. Cognitive 
dysfunction induced by chronic cerebral hypoperfusion in a 
rat model associated with arteriovenous malformations. Brain 
Res 2009, 1301: 80–88.
Choi BR, Lee SR, Han JS, Woo SK, Kim KM, Choi DH[12] , et 
al. Synergistic memory impairment through the interaction of 
chronic cerebral hypoperfusion and amlyloid toxicity in a rat 
model. Stroke 2011, 42: 2595–2604.
Almkvist O, Tallberg IM. Cognitive decline from estimated [13] 
premorbid status predicts neurodegeneration in Alzheimer's 
disease. Neuropsychology 2009, 23: 117–124.
Hai J, Lin Q, Li ST, Pan QG. Chronic cerebral hypoperfusion [14] 
and reperfusion injury of restoration of normal perfusion 
pressure contributes to the neuropathological changes in rat 
brain. Brain Res Mol Brain Res 2004, 126: 137–145.
Farkas E, Luiten PG, Bari F. Permanent, bilateral common [15] 
carotid artery occlusion in the rat: a model for chronic 
cerebral hypoperfusion-related neurodegenerative diseases. 
Brain Res Rev 2007, 54: 162–180.
Tatemichi TK, Desmond DW, Prohovnik I, Eidelberg D. [16] 
Dementia associated with bilateral carotid occlusions: 
neuropsychological and haemodynamic course after 
extracranial to intracranial bypass surgery. J Neurol 
Neurosurg Psychiatry 1995, 58: 633–636.
Tsuda Y, Yamada K, Hayakawa T, Ayada Y, Kawasaki S, [17] 
Matsuo H. Cortical blood fl ow and cognition after extracranial-
intracranial bypass in a patient with severe carotid occlusive 
lesions. A three-year follow-up study. Acta Neurochir (Wien) 
1994, 129: 198–204.
Yang J, Ledaki I, Turley H, Gatter KC, Montero JC, Li JL[18] , et 
al. Role of hypoxia-inducible factors in epigenetic regulation 
via histone demethylases. Ann N Y Acad Sci 2009, 1177: 
185–197.
Beyer S, Kristensen MM, Jensen KS, Johansen JV, Staller [19] 
P. The histone demethylases JMJD1A and JMJD2B are 
transcriptional targets of hypoxia-inducible factor HIF. J Biol 
Chem 2008, 283: 36542–36552.
X ia  X,  Kung AL.  Pre ferent ia l  b ind ing o f  HIF-1  to [20] 
transcriptionally active loci determines cell-type specific 
response to hypoxia. Genome Biol 2009, 10: R113.
Johnson AB, Denko N, Barton MC. Hypoxia induces a novel [21] 
signature of chromatin modifi cations and global repression of 
transcription. Mutat Res 2008, 640: 174–179.
Watson JA, Watson CJ, McCann A, Baugh J. Epigenetics, [22] 
the epicenter of the hypoxic response. Epigenetics 2010, 5: 

293–296.
Ni J, Ohta H, Matsumoto K, Watanabe H. Progressive [23] 
cognitive impairment following chronic cerebral hypoperfusion 
induced by permanent occlusion of bilateral carotid arteries 
in rats. Brain Res 1994, 653: 231–236.
Guo X, Wu X, Ren L, Liu G, Li L. Epigenetic mechanisms [24] 
of amyloid-beta production in anisomycin-treated SH-SY5Y 
cells. Neuroscience 2011, 194: 272–281.
Liu H, Xing A, Wang X, Liu G, Li L. Regulation of beta-[25] 
amyloid level in the brain of rats with cerebrovascular 
hypoperfusion. Neurobiol Aging 2012, 33: 826 e831–842.
Ogryzko VV, Schiltz RL, Russanova V, Howard BH, Nakatani [26] 
Y. The transcriptional coactivators p300 and CBP are histone 
acetyltransferases. Cell 1996, 87: 953–959.
Zhu H, Zhang J, Sun H, Zhang L, Liu H, Zeng X[27] , et al. An 
enriched environment reverses the synaptic plasticity defi cit 
induced by chronic cerebral hypoperfusion. Neurosci Lett 
2011, 502: 71–75.
Shibata M, Yamasaki N, Miyakawa T, Kalaria RN, Fujita Y, [28] 
Ohtani R, et al. Selective impairment of working memory in 
a mouse model of chronic cerebral hypoperfusion. Stroke 
2007, 38: 2826–2832.
Wang X, Xing A, Xu C, Cai Q, Liu H, Li L. Cerebrovascular [29] 
hypoperfusion induces spatial memory impairment, synaptic 
changes, and amyloid-beta oligomerization in rats. J 
Alzheimers Dis 2010, 21: 813–822.
Vicente E, Degerone D, Bohn L, Scornavaca F, Pimentel A, [30] 
Leite MC, et al. Astroglial and cognitive effects of chronic 
cerebral hypoperfusion in the rat. Brain Res 2009, 1251: 
204–212.
Davidson CM, Pappas BA, Stevens WD, Fortin T, Bennett [31] 
SA. Chronic cerebral hypoperfusion: loss of pupillary refl ex, 
visual impairment and retinal neurodegeneration. Brain Res 
2000, 859: 96–103.
Crews D, McLachlan JA. Epigenetics, evolution, endocrine [32] 
disruption, health, and disease. Endocrinology 2006, 147: 
S4–10.
de Carvalho CV, Payao SL, Smith MA. DNA methylation, [33] 
ageing and ribosomal genes activity. Biogerontology 2000, 1: 
357–361.
Mastroeni D, Grover A, Delvaux E, Whiteside C, Coleman [34] 
PD, Rogers J. Epigenetic changes in Alzheimer's disease: 
decrements in DNA methylation. Neurobiol Aging 2010, 31: 
2025–2037.
Feng Q, Zhang Y. The MeCP1 complex represses [35] 
transcription through preferential binding, remodeling, and 
deacetylating methylated nucleosomes. Genes Dev 2001, 
15: 827–832.
Novakovic B, Wong NC, Sibson M, Ng HK, Morley R, [36] 
Manuelpillai U, et al. DNA methylation-mediated down-



Neurosci Bull     December 1, 2013, 29(6): 685–692692

regulation of DNA methyltransferase-1 (DNMT1) is coincident 
with, but not essential for, global hypomethylation in human 
placenta. J Biol Chem 2010, 285: 9583–9593.
Abel T, Zukin RS. Epigenetic targets of HDAC inhibition in [37] 
neurodegenerative and psychiatric disorders. Curr Opin 
Pharmacol 2008, 8: 57–64.
Broide RS, Redwine JM, Aftahi N, Young W, Bloom FE, [38] 
Winrow CJ. Distribution of histone deacetylases 1-11 in the 
rat brain. J Mol Neurosci 2007, 31: 47–58.
McQuown SC, Barrett RM, Matheos DP, Post RJ, Rogge GA, [39] 
Alenghat T, et al. HDAC3 is a critical negative regulator of 
long-term memory formation. J Neurosci 2011, 31: 764–774.
Burns A, Iliffe S. Alzheimer's disease. BMJ 2009, 338: b158.[40] 
Mastroeni D, Grover A, Delvaux E, Whiteside C, Coleman [41] 

PD, Rogers J. Epigenetic mechanisms in Alzheimer's 
disease. Neurobiol Aging 2011, 32: 1161–1180.
Zawia NH, Lahiri DK, Cardozo-Pelaez F. Epigenetics, [42] 
oxidative stress, and Alzheimer disease. Free Radic Biol Med 
2009, 46: 1241–1249.
West RL, Lee JM, Maroun LE. Hypomethylation of the [43] 
amyloid precursor protein gene in the brain of an Alzheimer's 
disease patient. J Mol Neurosci 1995, 6: 141–146.
Fuso A, Nicolia V, Pasqualato A, Fiorenza MT, Cavallaro RA, [44] 
Scarpa S. Changes in Presenilin 1 gene methylation pattern 
in diet-induced B vitamin deficiency. Neurobiol Aging 2011, 
32: 187–199.
Kwok JB. Role of epigenetics in Alzheimer's and Parkinson's [45] 
disease. Epigenomics 2010, 2: 671–682.




