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Abstract: Environmental lead (Pb) exposure is closely associated with pathogenesis of a range of
neurological disorders, including Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic
lateral sclerosis (ALS), attention deficit/hyperactivity disorder (ADHD), etc. Epigenetic machinery
modulates neural development and activities, while faulty epigenetic regulation contributes to the
diverse forms of CNS (central nervous system) abnormalities and diseases. As a potent epigenetic
modifier, lead is thought to cause neurological disorders through modulating epigenetic mechanisms.
Specifically, increasing evidence linked aberrant DNA methylations, histone modifications as well as
ncRNAs (non-coding RNAs) with AD cases, among which circRNA (circular RNA) stands out as a
new and promising field for association studies. In 23-year-old primates with developmental lead
treatment, Zawia group discovered a variety of epigenetic changes relating to AD pathogenesis. This is
a direct evidence implicating epigenetic basis in lead-induced AD animals with an entire lifespan.
Additionally, some epigenetic molecules associated with AD etiology were also known to respond to
chronic lead exposure in comparable disease models, indicating potentially interlaced mechanisms
with respect to the studied neurotoxic and pathological events. Of note, epigenetic molecules acted
via globally or selectively influencing the expression of disease-related genes. Compared to AD,
the association of lead exposure with other neurological disorders were primarily supported by
epidemiological survey, with fewer reports connecting epigenetic regulators with lead-induced
pathogenesis. Some pharmaceuticals, such as HDAC (histone deacetylase) inhibitors and DNA
methylation inhibitors, were developed to deal with CNS disease by targeting epigenetic components.
Still, understandings are insufficient regarding the cause–consequence relations of epigenetic factors
and neurological illness. Therefore, clear evidence should be provided in future investigations to
address detailed roles of novel epigenetic factors in lead-induced neurological disorders, and efforts
of developing specific epigenetic therapeutics should be appraised.

Keywords: epigenetics; lead exposure; neurological disorders; DNA methylation; histone methylation;
histone acetylation; circRNA

1. Introduction

Lead/Pb is a xenobiotic metal continuing to threaten human health in a global perspective [1].
Lead is a ubiquitous toxic pollutant, and can enter the human body through a variety of exposure
routes. Recent years have witnessed the removal of lead from paints and gasoline; however, it can
still be found in a range of daily products, including toys, batteries, food and water. Among them,
the major risks were accounted for by inhalation of air contaminated with lead dust, as well as ingestion
of contaminated food or water [2–4]. Lead exposure can be detrimental to every human organ, but its
toxicity profoundly pervades in brains, especially in early developmental years. In human studies, lead
neurotoxicity displayed a robust gender differences, which has been documented in studies involving
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spatial memory, motor behavior, brain gene expression and dopamine metabolism [5,6]. Of note,
although gender differences in lead neurotoxicity have long been reported, very little attention was
paid to explore the underlying mechanisms [3].

Lead can cause a variety of adverse outcome on central nervous system (CNS), and is regarded as an
important environmental insult leading to multiple neurological disorders, such as Alzheimer’s disease
(AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), attention deficit/hyperactivity
disorder (ADHD), etc. [7–12]. Lead is a risk factor of CNS-related diseases even with a very low
exposure level, and the current “safe” level is 5 mg/dl for children, as proposed by Centers for Disease
Control and Prevention (CDC) [13]. Despite this, cognitive impairment below that dosage has been
suggested, implying that “no level of lead exposure is safe” [14,15].

Recent researches suggest the importance of epigenetic mechanisms in defining the relations
between lead exposure and etiology of neurological diseases [16]. Epigenetics are heritable changes
in gene expression that are not relevant to alterations in the genetic code [3]. The broadly studied
epigenetics can be classified into three forms: DNA methylation, histone tail modification (or histone
modification), and non-coding RNA (ncRNA) [17–19]. These forms were associated with pathogenesis
of various CNS diseases [20]. Meanwhile, lead is recognized as an epigenetic disruptor, based on its
capacity to drive epigenetic changes in the context of neural development and synaptic plasticity [14].
This fast-moving field of epigenetics opened an avenue for understanding how environmentally
toxic signals like lead exposure could be readily sensed by organisms and relayed to reprogram gene
expression profiles, consequently resulting in neural impairment as well as diseases. In particular,
epigenetics are optimal candidates to explain “fetal origin, late onset” characteristics of Alzheimer’s
disease [3]. Although only a limited amount of evidence directly suggested an epigenetic basis in
lead-induced neurological disorders, epigenetic factors may still constitute important molecular aspects
connecting environmental lead exposure and CNS-related disease.

In this review, we summarized epigenetic advances involved in pathogenesis of AD, PD, ALS
and ADHD, as well as their relevance with lead exposure. Among epigenetic elements, DNA CpG
(cytosine-phosphate-guanine) methylation receives the most extensive attention, with novel histone
modifications and ncRNA forms are proposed as a newly evolving perspective. In addition, we
discussed therapeutic approaches targeting epigenetic molecules to reprogram disease pathogenesis.

2. Alzheimer’s Disease

2.1. AD and Risk Genes

Alzheimer’s disease is a highly prevalent and progressive neurodegenerative disease [16]. AD
is pathologically characterized by senile plaques neurofibrillary tangles, gradual memory loss and
difficulty in performing normal activities. AD is a complex syndrome, with etiology from both genetic
and environmental factors, while the sporadic nature of most AD cases supports an environmental
relevance that manifests progressive characteristics [21,22]. Moreover, late onset Alzheimer’s disease
(LOAD) constitutes the majority of AD cases (~90%) and has no clear genetic connection. LOAD can
be induced by infantile lead exposure, resulting in a “fetal origin, late onset” phenomenon [3].

Some genes were identified as risk factors accounting for AD pathogenesis, such as amyloid
precursor protein (APP), presenilin 1 (PSEN1), presenilin 2 (PSEN2), apolipoprotein E (APOE) [16].
About 1% of AD is caused by mutations of APP, PSEN1 or PSEN2, which are involved in the production
of the Aβ peptide [23]. APOE gene represents the major genetic risk factor for LOAD and then
its mutation is linked to most AD cases, accounting for seven novel variants in 29 mild cognitive
impairment subjects [24]. Furthermore, β-site amyloid precursor protein cleaving enzyme 1 (BACE1)
encodes a β-secretase involved in AβPP (β-site amyloid precursor protein) cleavage, and specific
protein 1 (SP1) encodes a transcription factor responsible for regulation of AβPP and BACE1 expression.
The majority of these genes participated in Aβ formation and dynamics [22]. The risk gene may be
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susceptible to lead invasion as well as epigenetic regulation, thereby involved in epigenetic connection
with AD development.

2.2. AD and Lead Exposure

Numerous metal exposures can result in the occurrence of AD, ranging from aluminum, zinc,
mercury to lead [8,25,26]. A growing body of evidence supported close relations of AD patients and
higher lead exposure. For population-based evidence, it was found that higher cumulative lead levels
were associated with decreased memory levels [27]. In 2012, Lee et al. examined the blood lead
level (BLL) of 80 AD patients and 130 healthy people in a hospital of Seoul. According to the results,
average BLLs were 0.20 µg/dl and 0.17 µg/dl for AD patients and healthy participants, respectively [28].
Fathabadi et al. carried out another case-control study from the patients referring to Imam Reza
Hospitals of Birjand, Iran in 2016 to 2017. For comparison, the average BLL in AD case group was
22.22 mg/dL, which was significantly higher than controls [29]. In a recent epidemiological review,
early life lead exposure was recognized as a potential risk factor for AD in the Mexican population [26].
Despite this, case-control studies are not well suited to accommodate long latency between exposure
and disease onset, but still, a new cohort study focusing on the longitudinal association between BLL
and AD mortality was performed in 2019. After examining 8080 elders (over 60 years old) with BLL
data from US National Health and Nutrition Examination Survey (1999 to 2008), the authors concluded
that BLL had a positive, albeit not statistically significant, association with AD mortality [30].

In addition to population-based research, multiple animal models were established to investigate
environmental etiology of AD. In primates exposed to lead during first two-months of life, significant
adverse brain alterations were observed at 23 years of age, along with increased amyloidogenesis
and senile plaque deposition, during which key genes in the amyloid processing pathway were
upregulated [31]. Similarly, rats with early lead treatment exhibited increased expression of APP
mRNA and elevated Aβ aggregation when rats were grown to 20 months of age [32]. These animal
trials demonstrated that lead is a risk factor of AD.

2.3. Epigenetic Basis of AD

Epigenetic evidence in AD pathogenesis is found in human studies of various tissues, animal trials
and in vitro models [16]. Epigenetic changes associated with AD were observed in DNA methylation,
histone modifications and ncRNA. In a human postmortem case-control study, global DNA methylation
was reduced in the entorhinal cortex of AD subjects by quantifying 5-methylcytosine (5-mC) [33]. For a
single twin pair discordant for AD, DNA from the temporal neocortex was hypomethylated from AD
patients comparing to their healthy twins, suggesting that global hypomethylation may co-exist in CNS
with AD symptoms in an aging population [34]. Genome-wide methylation studies in AD brain tissues
revealed that hundreds of genetic regions were differentially methylated compared with healthy brains.
Apart from CNS, AD peripheral tissues also showed methylation dysregulation, providing potential
circulating markers for AD diagnosis [35–38]. It is noteworthy that age and gender should be taken
into consideration in explaining and integrating methylation data deriving from different studies.

DNA CpG methylation predominantly exerts its function via moderating the expression of
target genes, thus the methylation level at specific genetic loci may be critical in determining its
physiological outcome. In terms of AD, the APP (amyloid precursor protein) gene was found to be rich
in CpG nucleotides, along with other AD-related genes predisposed to be reprogrammed by causative
agents [22]. Fuso et al.’s study was consistent with these findings, discovering that DNA methylation
status was associated with consequent deregulation of PSEN1 and BACE1, which encode proteins
contributing to Aβ production and accumulation in cultured cell model [39]. Interestingly, there are
conflicting results describing the methylation status of AD-related genes. By examining specific CpG
sites in blood DNA or postmortem brain regions, none of the major AD genes, such as APP, PSEN1
and PSEN2, were consistently differentially methylated in AD samples relative to controls [40–44].
These discrepancies may be attributed to limited number of postmortem samples, age difference and
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inconsistency between circulating markers and CNS molecules. In 2015, Hannon et al. assessed
epigenome-wide association studies (EWAS) using whole blood tissues and brain tissues from 122
individuals. They concluded that, for the majority of methylation sites, interindividual variation in
whole blood is not a strong predictor of cases in the brain, but still, the utility of blood-based EWAS to
identify epigenetic markers of disease should not be discounted [45]. In addition to risk genes, TREM2
(Triggering receptor expressed on myeloid cells 2) and BDNF (brain-derived neurotrophic factor) are
among the most replicated genes differentially methylated in AD specimens, providing the potentially
valid epigenetic biomarkers for AD [46–48].

5-hydroxymethylcytosine (5-hmC) is a newly described epigenetic modification and regarded as
product of 5-mC (5-methylcytosine) oxidation [49]. Different from 5-mC, 5-hmC is selectively present in
promoter regions of genes with lower CpG content and mostly correlates with gene expression instead
of repression. Recent studies indicated an increase of 5-hmC level in aging mouse brain, implicating
5-hmC enrichment in neurodegeneration [50–52]. Ellison et al. attempted to measure 5-hmC profiles
using postmortem brains classified into varying stages of disease progression. The authors revealed
that 5-hmC levels were elevated in preclinical AD subjects across the tested brain regions; however,
these alterations returned to normal when specimen from progressive stage of AD was examined [53].

While CpG methylation is stable and can even persist into the next generation, histone tail
modifications were relatively dynamic and more prone to environmental signals [54]. Based on studies
in AD patients, major histone-modifying forms like acetylation, methylation and phosphorylation
were implicated in AD pathogenesis, as determined in AD brain and peripheral blood [55]. In terms of
histone acetylation, the investigation of transgenic mouse models of AD revealed an early increase of
H4K12ac (acetylation of histone H4 at lysine 12). Nonetheless, this increase was not observed in AD
patients, showing a dynamic association with early stage of manifestations [56]. In the temporal lobe of
AD subjects, mass spectrometry revealed a significantly decreased H3K18/K23ac (acetylation of histone
H3 at lysine 18/23) level in AD samples compared to controls [57]. In another instance, hypoacetylation
of H4, but not H3, was observed in tg2576 mice, a model of amyloid pathology [58]. Therefore, altered
acetylation showed some extent of site specificity in a range of AD pathology-like models. Interestingly,
while HDACs (histone deacetylases) contribute to deacetylation process of histone marks regardless of
acetylated residues, HDAC2 (histone deacetylase 2) levels were increased in AD samples [59], and the
administration of various pan-HDAC inhibitors (HDACis) was able to restore associative memory
in APP/PS1D9 mice, a model for AD-like pathology [60,61]. Although mounting evidence suggested
divergent regulation towards a distinct histone acetylation site, a recent systematic analysis showed
that there are no consensus findings regarding the roles of global H3 or H4 acetylation in AD [62].

In contrast with substantial evidence of histone acetylation, correlations of AD with histone
methylation were less suggested. Walker et al. cultured hippocampal/cortical neurons from 3xTg-AD
mouse model and quantified H3K9 methylation levels across the lifespan [63]. According to the
findings, H3K9me (methylation of histone H3 at lysine 9) increased with age in non-transgenic
neurons, a phenomenon further amplified in AD model neurons. Moreover, a higher H3K9me3
(trimethylation of histone H3 at lysine 9) level was connected to the downregulation of BDNF gene
expression [63]. Histone methylation shows clear site specificity in modulatory effect, for instance,
H3K4me3 (trimethylation of histone H3 at lysine 4) and H3K27me3 (trimethylation of histone H3 at
lysine 27) activates or inhibits gene expression, respectively. First discovered in embryonic stem cells,
H3K4me3 and H3K27me3 co-occurred in unique genetic location, forming an epigenetic state called
“bivalency” [64]. A recent genome-wide methylation study in AD brains showed that the identified
DMRs (differentially methylated regions) overlapped promoters enriched by bivalent histone marks,
indicating that the bivalent region was susceptible for remodeling in AD pathogenesis [37].

Apart from these routine modifications, an elevated phosphorylation of H3 was revealed in the
frontal cortex of AD patient brains [65]. For site-specific modification, hyperphosphorylation of H3
Ser10 was described in AD hippocampal neurons, and this mark can only be found in the postmitotic
neuronal cytoplasm (not nucleus) [66]. Besides, Tao et al. reported a finding concerning SUMOylation
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(SUMO, small ubiquitin-like modifiers) in neurodegeneration, demonstrating that, in a mouse AD
model, SUMOylation of HDAC1 was a protective mechanism against Aβ toxicity [67].

ncRNAs are epigenetic regulators extensively investigated in brains and peripheral tissues of
patients suffering from neurological disorders, as well as in animal and in vitro models [68–70].
Among diverse forms of ncRNAs, roles of microRNAs (miRNAs) were greatly appreciated. The target
miRNAs were primarily selected for association studies due to their sequence complementarity with
AD-related genes. Regarding Aβ genesis, increased BACE1 expression was reported in sporadic AD
brains [71]. The miR-29 family was linked to BACE1 regulation in vivo, showing marked reductions in
patients suffering from AD or other forms of dementia [72]. The reductions were accompanied with
exceptionally high BACE1 protein levels, and consequently, a loss of miR-29 resulted in increased Aβ

production [72]. In addition, there are other miRNAs, like miR-195 and miR-107, that target BACE1
and are deregulated in AD subjects [73,74]. Considering tau protein, miR-132 was previously found
to impact tau expression, and its deregulation was discovered in later stage of AD samples [75,76].
Other miRNAs repressing tau synthesis post-transcriptionally include miR-34, miR-107 and miR-219,
which were deregulated in brain tissues from AD patients [77,78]. miR125, miR-146a and miR-155 are
involved in neuroinflammation and can be also regarded as candidate AD biomarkers [78].

lncRNA (long non-coding RNA) also participated in AD pathology. Revealed by microarray
analysis, a total of 315 lncRNAs were significantly dysregulated in the hippocampal tissue of a rat model
of AD [79]. BACE1-AS (BACE1 antisense RNA) is an antisense RNA transcribed by RNA polymerase
II from the complementary strand of BACE1. In terms of activity, BACE1-AS promoted the expression
of BACE1 and was directly implicated in the Aβ accumulation [80]. BACE1-AS levels were aberrantly
elevated in AD subjects, as well as in APP transgenic mice [80,81]. BACE1-AS was further considered
as a potential therapeutic target, as its knockdown reduced amyloid production and plaque deposition
in Tg-19959 mice [82]. Two additional lncRNAs involved in Aβ peptide production or accumulation
were 51A and 17A, which targeted neuronal sortilin-related receptor gene (SORL1) and GABA B
(Gamma-Amino-Butyric Acid B) signaling, respectively [83,84]. Furthermore, lncRNAs associated
with synaptic plasticity or apoptosis, exemplified by BC200 (Brain cytoplasmic 200 long-noncoding
RNA) and NAT-Rad18, were also suggested as AD biomarkers [85,86].

Circular RNAs (circRNAs) represent a newly evolving group of stable noncoding RNAs abundant
in the eukaryotic transcriptome [87]. circRNAs were significantly enriched in human brains, and their
relevant network in AD mouse models was involved in Aβ clearance and myelin function [88].
One highly represented circRNA was ciRS-7 (CDR1as), which acted as an endogenous inhibitor of
miR-7. miR-7 was highly abundant in human brains and inhibited the activity of ubiquitin protein
ligase A (UBE2A), which was involved in clearing toxic amyloid peptides from AD-inflicted brains.
Therefore, ciRS-7 might play a causative role in AD pathogenesis though the miR-7-UBE2A pathway.
In the hippocampal CA1 region of AD patients, ciRS-7 was dysregulated as confirmed by Northern
blotting and sensitive probe RNase R. This alteration may lead to an increased intracellular presence of
miR-7, contributing to the occurrence of prototypic cognitive deficits [87]. An alternative mechanism
was proposed by Lukiw et al., which stated that ciRS-7 were decreased in brains with AD and
acted by reducing protein levels of APP and BACE1 [89]. Furthermore, a recent RNA-sequencing
study was performed from individuals with and without AD from the Knight Alzheimer Disease
Research Center [90]. The authors quantified an atlas of circRNAs in parietal cortex, establishing
significant associations between circRNA and AD diagnosis. Among them, circHOMER1 contains five
predicted binding sites for miR-651, which is predicted to target PSEN1 and PSEN2 [91]; circCORO1C,
which co-expressed with the APP and SCNA (an AD-related gene), contains two predicted binding sites
for miR-105, an miRNA also shown to target APP and SNCA (α-synuclein). While these bioinformatic
results implicated some circRNAs in AD pathogenesis, they still require functional validation in future
investigations [90].
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2.4. Lead Exposure and Epigenetics

Lead is known as an epigenetic modifier [92], with its association to neural epigenetic
reprogramming long established. Chronic lead exposure results in various epigenetic changes,
characterized by DNA methylation [93], histone modification [94] and ncRNAs [95]. In this subsection,
our aim is to summarize lead-induced alterations of the epigenetic molecules which were previously
associated with AD pathogenesis (Table 1).

Table 1. Summary of studies of epigenetics involved in lead-induced neurological disorders.

Disease Epigenetics Observations Associations with Lead

AD Global DNA methylation Reduced DNA methylation in human
postmortem studies (n = 20) [33]

Global DNA methylation
reprogrammed in ESCs (n = 7) [93]

AD CpG methylation at
PSEN1, BACE1

Deregulation of methylation status in
cultured cells (n = 4) [39]

SERBP2-BACE1 pathway
activated in rat brains (n = 40) [96]

AD CpG methylation at
TREM2, BDNF

Differentially methylated in multiple
models (n = 20; n = 30; n = 506,

respectively) [46–48]

Positive relations between BDNF
expression and umbilical cord
blood lead level (n = 60) [97]

AD Global 5-hmC level Elevated 5-hmC levels in preclinical
AD subjects (n = 30) [53]

5-hmC levels at a set of cluster
CpG sites affected in umbilical
cord blood DNA (n = 48) [98]

AD H4K12ac (acetylation of
histone H4 at lysine 12)

Early increase in transgenic mouse
model (n = 19) [56]

Latent increase of H4K12ac
expression in aging primate brains

(n = 5) [9]

AD H4 and H3 acetylation Hypoacetylation of H4, not H3, in
tg2576 mice [58]

H3 acetylation increased in
developmentally exposed rats

(n = 3) [99]

AD HDAC2 (histone
deacetylase 2)

Elevated HDAC2 levels in AD
patients (n = 6–9) [59]

HDAC2 aberrantly increased in
developmentally exposed rats

(n = 3) [100]

AD H3K9me (methylation of
histone H3 at lysine 9)

Increase with age in the 3xTg-AD
mouse model and AD model neurons

(n = 6) [63]

Stable alteration depending on
brain regions and genders in rats

(n = 7–10) [5]

AD

H3K4me3/H3K27me3
(trimethylation of histone

H3 at lysine 4)/
trimethylation of histone

H3 at lysine 27)

Identified DMRs overlapped
promoters with bivalent markers in
genome-wide methylation study in

AD brains (n = 34) [33]

Bivalent regulation of Wnt9b and
Wnt6 altered in hippocampal
neuronal culture (n = 3) [101]

AD H3S10p (phosphorylation
of H3S10)

Hyperphosphorylation in AD
hippocampal neurons (n = 17) [66]

No direct link with lead was
identified.

AD
SUMOylation (SUMO,

small ubiquitin-like
modifiers)

SUMOylation of HDAC1 was a
protective mechanism against Aβ

toxicity in mouse model (n = 5) [67]

SUMOylation of EZH2
deregulated in lead-exposed

PC-12 cells (unpublished data)

AD miR-29
Reductions in AD patients, along with

a increment of its target, BACE1
protein level (n = 5) [72]

MiR-29 elevated in short exposure
period in developmentally
exposed mice (n = 3) [102]

AD miR-132

Deregulation of miR-132, targeting
tau expression, in later stage of AD

samples (n = 90; n = 7,
respectively) [71,72]

miR-132 increased in short
exposure period in

developmentally exposed mice
(n = 3) [102]

AD miR-146a
Deregulation of miR-146a, involved in
neuroinflammation, in brain tissues

from AD samples (n = 6) [77,78]

miR-146a negatively correlated
with blood lead levels in 63
workers, but not significant

(n = 63) [103]

AD BACE1-AS (BACE1
antisense RNA)

Aberrant elevation of BACE1-AS,
promoting expression of BACE1, in

AD subjects and APP transgenic
mice [76,77]

No correlation of BACE1-AS with
lead neurotoxicity was reported

to date.
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Table 1. Cont.

Disease Epigenetics Observations Associations with Lead

AD lncRNAL20992
No information was given concerning
importance of lncRNAL20992 in AD

pathogenesis

lncRNAL20992 was aberrantly
upregulated in a lead-induced

neuronal injury model
(n = 3) [104]

AD ciRS-7 (CDR1as)

Dysregulation in hippocampal CA1
region of AD patient, contributing to

increased level of miR-7 and AD
pathogenesis [87]

No associations were established.

AD circHOMER1

Significant associations with AD
diagnosis, as measured in an

RNA-sequencing study. circHOMER1
contained five predicted binding sites

for miR-651, which is predicted to
target PSEN1 and PSEN2

(n = 77) [105]

No associations were established.

AD circCORO1C

Significant associations with AD
diagnosis, as measured in an

RNA-sequencing study. circCORO1C
contained two predicted binding sites

for miR-105, which is predicted to
target APP and SCNA (n = 77) [105]

No associations were established.

AD

MeCP2 (Methyl-CpG
Binding Protein 2),
DNMT1, DNMT3a

(DNMT, DNA (cytosine-5)-
methyltransferase),
H3K4me2, H3K9ac,
H4K8ac, H4K12ac

In a cohort of female monkeys randomly grouped and exposed with
1.5 mg/kg/d of lead acetate from birth till 400 d of age, cerebral cortex was

sampled from 23-year-old primates, which exhibited AD symptoms.
Developmental lead exposure led to a decreased expression of MeCP2

(p < 0.05), DNMT1 (p < 0.001) and DNMT3a (p < 0.001), along with marked
increase in the expression of H3K4me2 (p < 0.01), as well as H3K9ac,

H4K8ac and H4K12ac (p < 0.001) (n = 5; n = 4, respectively) [9,31]

AD H3K9ac

Male C57BL/6 mice received 0.2% lead acetate from PND 1 through PND 20,
and subsequently brain samples were collected across the lifespan till PND

700. Global downregulation of H3K9ac was observed, and chromatin
immunoprecipitation sequencing revealed distinct subsets of

H3K9ac-enriched genes (n = 5) [106]

PD

DNA methylation at
HLA-DQA1 (Major
Histocompatibility

Complex, Class II, DQ
Alpha 1)

Deregulation of methylation levels at
HLA-DQA1 in blood and brain

measurement of PD patients.
HLA-DQA1 was also regulated by

HDAC1 (n = 5) [107]

Developmental lead exposure
changes the function of HDAC1/2

complex in rats and PC-12 cells
(n = 3) [100]

PD H3 acetylation

Reduced acetyltransferase activity
and H3Ac level in a Drosophila model
of PD [108]; net hyperacetylation of
histone H3 in human primary motor

cortex (n = 3) [109]

H3 acetylation increased in
developmentally exposed rats

(n = 3) [99]

PD H3K9ac Decreased H3K9ac level in human
primary motor cortex (n = 9) [109]

H3K9ac decreased in
lead-exposed PC-12 cell and rat

hippocampus (n = 3) [100]

PD DNA methylation at SCNA
promoter

Hypomethylation at SCNA promotor
in brains of PD patients (n = 12) [110]

Lead increased PD odds only
among subjects carrying

non-deleterious SCNA allele
(n = 328) [111]

ALS DNMT/5-mC
Upregulation of DNMTs and 5-mC in

cellular models of ALS, as well as
human ALS motor neurons (n = 5) [9]

Protein levels of DNMTs
significantly affected in a

23-year-old primate with early life
exposure of lead (n = 5) [9]

ALS miR-142

Upregulation of miR-142 levels in the
spinal cords of ALS patients, possibly

by targeting cell death or brain
development-related pathway [112]

miR-142 exhibited a positive
correlation with increasing tibia
lead levels in the cervix tissue

(n = 45) [113]
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Table 1. Cont.

Disease Epigenetics Observations Associations with Lead

ADHD

CpG 1 methylation at
DRD4 (dopamine receptor

4) promoter, HDAC1,
Myst4 (histone

acetyltransferase 4), p300

In a case-control study towards Chinese children, ADHD was associated
with a specific CpG site methylation at the promoter of DRD4 gene, as well

as with expression levels of histone acetylation-related genes: HDAC1,
Myst4 and p300. Among the same population, blood lead levels in ADHD

children were significantly higher than age/gender-matched controls
(n = 50) [114]

ADHD MeCP2 Reduced MeCP2 expression in ADHD
frontal cortex samples (n = 5) [115]

Lead exposure altered DNMT and
MeCP2 levels in the hippocampus
of exposed dams (n = 6–8) [116]

AD, Alzheimer’s disease; PD, Parkinson’s disease; ALS, Amyotrophic lateral sclerosis; ADHD, Attention
deficit/hyperactivity disorder.

Considering global CpG methylation changes, Senut et al. revealed that lead disrupted global DNA
methylation in embryonic stem cells and alters their neuronal differentiation [93]. For an epidemiological
survey, it was shown by Pilsner et al. that maternal bone lead levels were associated with DNA
methylome in the umbilical cord blood leukocytes of the offspring [117]. Additionally, lead exposure
can alter the expression of proteins involved in DNA methylation, including DNA methyltransferase
and methyl-cytosine-phosphate-guanine (Me-CpG) binding protein-2 (MeCP2) [116,118].

Except from global profiles, lead also altered methylation level at AD-related genetic loci.
By examining 5-mC profiles of DNA extracted from dried blood spots in a cohort of 43 children, Sen et al.
identified a series of female-specific methylation changes on stress response genes like APP [119,120].
In differentiated SH-SY5Y cells exposed to lead, protein expression was examined six days after the
exposure ceased. The findings unveiled that DNMT1 and DNMT3a were significantly downregulated,
accompanied by a latent elevation of AD biomarkers SP1 and SP2 (specific protein 2) [22]. No direct
proof linked lead exposure and methylated changes at BACE1; however, SERBP2 (sterol regulatory
element binding protein 2)-BACE1 pathway was shown to be activated in response to developmental
lead exposure in rat brains [96]. Moreover, BACE1 promoter was CpG rich and its expression was
closely related to methylation changes [121]. For 5-hmC, Sen et al. profiled lead-associated 5-hmC
changes in a human embryonic stem cell model, as well as in umbilical cord blood DNA from 48
mother–infant pairs in a cohort study. According to the results, lead affected 5-hmC level in a set
of clusters of cytosine sites, and these sites can be classified into sex-dependent and -independent
categories [98].

In terms of histone modification, Luo et al. published an article in 2014 describing an increased
acetylated form of histone H3 in rats exposed by 5 or 25 mg/L of lead. This alteration was in parallel
with the enhanced transcription of p300, a typical histone acetyltransferase [99]. In another case,
perinatal lead exposure reduced H3K9ac level in aging mice, suggesting a lasting effect of H3K9ac on
murine physiology [5]. In murine hippocampi exposed by lead, H3K9/14ac was gradually reduced
as exposure prolonged, factored by sex and prenatal stress [102]. An additional investigation found
that early-life lead exposure induced latent increased expression of H4K12ac and H4K8ac, showing an
epigenetic target shared with AD [9]. In the case of HDAC2, our lab previously identified an aberrant
increase upon lead exposure in vivo and in vitro. Mediated by knockdown plasmid and chemical
inhibitors, HDAC2 blockage led to significant restoration of H3K9ac quantity as well as spatial memory
loss [100].

Compared to acetylation, histone methylation is relatively stable and more likely to be linked
with long-term lead neurotoxicity. In an animal study, H3K9me3 displayed a stable alteration in
rats treated with lead, and cases varied depending on the studied brain regions and genders [5].
Considering H3K27me3 and H3K4me3, in cultured hippocampal neurons, 5 µM of lead exposure
resulted in a decreased global level of H3K27me3 at 14 DIV (days in vitro), while no significant changes
were observed regarding protein level of H3K4me3. Still, gene promoters enriched with bivalent
marks were dysregulated in response to lead invasion, like Wnt9b and Wnt6, in which H3K4me3 and
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H3K27me3 displayed divergent alterations [101]. Along with AD-related occasions, this observation
may implicate bivalent genes in the pathogenesis of lead-induced AD. Besides, no direct relations
were established between lead neurotoxicity and H3S10p (phosphorylation of H3S10) or other types of
histone modifications. Interestingly, SUMOylation of EZH2 (a methyltransferase leading to H3K27me3),
was deregulated in PC-12 cells due to lead exposure, according to our unpublished data.

In terms of microRNAs revealed by a study, at least seven miRNAs were altered pertaining
to their expression levels in mice chronically exposed to 0.2% lead acetate, including upregulated
miR-204, miR-211, miR-448, miR-449a, miR-34b and miR-34c, as well as downregulated miR-494 [102].
Considering miRNAs previously suggested to relate Alzheimer’s Disease, Masoud et al. discovered,
from various growth stages, that the expression of miR-106b (binding APP mRNA) was transiently
stimulated, and a similar tendency was observed regarding miR-29, a molecule targeting SP1.
In addition, miR-29b and miR-132, which were deregulated in AD samples, displayed a profound
elevation in a short exposure period [102]. At PND (postnatal day) 700, the level of miR-124 (binds
to SP1 mRNA) was significantly reduced, indicating a potential link with AD symptoms. In another
instance, Bollati et al. evaluated miRNA expression when 63 workers at an electric furnace steel plant
were incorporated [103]. According to data from blood leukocytes collected following three days of
work, miR-222 expression was positively correlated with lead exposure (β = 0.41, p = 0.02); miR-146a
did not show a significant difference from the control group (control = 0.61± 2.42, exposure = 1.90± 3.94,
p = 0.19), but was negatively correlated with blood lead levels (β = –0.51, p = 0.011).

Very few studies were performed to investigate insight with relations of lncRNA and lead
neurotoxicity. One striking example is lncRNAL20992, which was identified as a key response towards
lead neurotoxicity [104]. The authors found that lncRNAL20992 was aberrantly upregulated in a
lead-induced neuronal injury model; however, no information was given concerning importance of
this lncRNA in AD pathogenesis. Another example is Uc.173, which was significantly decreased in a
lead-exposed population and animal model, as well as in in vitro cell lines [122]. Considering roles of
AD-related lncRNAs, such as BACE1-AS, 51A, 71A and BC-200, no direct links with lead treatment
have been reported to date. Besides, it also remains to be understood whether circRNAs, particularly
those dysregulated in AD etiology, can have relevance with chronic lead neurotoxicity.

2.5. Epigenetic Mechanisms Linking Lead with AD

By integrating epigenetic data associated with lead or AD, it could be summarized that some key
epigenetic determinants were potentially implicated in lead-induced development of AD (Table 1).
However, there are a paucity of direct evidence involving epigenetic mechanisms in the studied
pathogenesis. In light of this, Zawia group contributed substantially to the relevant research in primate
models [9,10,31,102]. Among them, Wu et al. carried out a long-term exposure study based on a
cohort of female monkeys randomly grouped and exposed with 1.5 mg/kg/d of lead acetate from birth
until 400 d of age. The monkeys were terminated 23 years later, and brain tissues were collected for
further examination [31]. Early lead exposure resulted in typical AD-like pathology in aging animals,
characterized as intracellular distribution of Aβ and amyloid plaques in the frontal association cortex.
Meanwhile, methylation activity of DNMT1 in the brain tissues derived from developmental rats
was reduced by 20%, a phenomenon confirmed in mouse primary neurons [31]. The inhibition of
DNMT1 may account for a concomitant lower methylation at the promoter of APP [123]. Meanwhile,
authors examined the abundance of other epigenetic markers in the cerebral cortex of 23-year-old
primates, showing that developmental lead exposure led to a decreased expression of MeCP2 (p < 0.05),
DNMT1 (p < 0.001) and DNMT3a (p < 0.001), along with marked increases in the expression of
H3K4me2 (p < 0.01) as well as H3K9ac, H4K8ac and H4K12ac (p < 0.001) [9]. An analogous study
was performed using C57BL/6 mice as research subjects, where male pups received 0.2% lead acetate
from PND 1 through PND 20, and subsequently brain samples were collected across the lifespan till
PND 700. Chromatin immunoprecipitation sequencing revealed that exposure to lead resulted in a
global downregulation of H3K9ac, however, in the absence of enrichment on genes associated with the
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Alzheimer’s pathway. This might indicate that AD genes were not readily to be controlled by H3K9ac
in the studied context [106].

Negative correlation between methylation and gene expression is supposed to consolidate the
epigenetic hypothesis in lead-induced AD. To this end, Alashwal et al. combined gene expression
and methylation data in multiple AD studies with lead-exposed origin [124]. Data integration
revealed a significant inverse correlation between gene expression and site-specific methylation,
which substantiates roles of epigenetic regulators. Besides, due to its inhibitory activity against
sequence-complementary mRNAs, target genes of unique microRNA can be readily predicted, rendering
their roles in lead-induced AD relatively reliable, albeit without experimental validation in some cases.
For example, Dash et al. observed an increase in miR-34c in the context of lead exposure, and this
microRNA regulates tau gene expression [125]. Furthermore, miRNAs impacted by lead included
those targeting DNMTs, MeCP2 or proteins involved in histone modification [102,126], suggesting an
interlaced network of epigenetic regulators participating in lead-induced AD pathogenesis.

3. Parkinson’s Disease

3.1. PD and Risk Genes

Parkinson’s disease (PD) is the second most common neurodegenerative disorder, affecting
about 2–3% of population worldwide [127]. PD symptoms were mainly characterized by a loss
of dopaminergic neurons in the substantia nigra pars compacta (SN), presence of Lewy bodies, as
well as classic motor dysfunction [128,129]. PD might originate from genetic or environmental cues,
whereas more than 90% cases are sporadic and arise from gene–environment interactions, enabling a
possible involvement of epigenetic mechanisms [130,131].

Regarding risk genes associated with PD, genetic mutations leading to inherited form of PD
should be underpinned. Conventionally, PD can arise from dominant mutations in α-synuclein (SNCA),
leucine-rich repeat kinase 2 (LRRK2), and vacuolar protein sorting-associated protein 35 (VPS35) genes,
as well as recessive mutations in parkin (PARK2), phosphatase and tensin homolog-induced putative
kinase 1 (PINK1), and DJ-1 (PARK7) genes [130,131]. Besides, the most common risk factor is mutation
in the gene GBA1, which encodes for glucocerebrosidase (GCase) [128]. GCase is responsible for
hydrolysis of glucosylceramide to glucose and ceramide. Approximately 7–10% of PD patients harbor
a mutation in GBA1 [132].

3.2. Lead and PD Etiology

Increased PD risks have been associated with a number of environmental factors, ranging from
rotenone, paraquat, pesticides and traumatic brain injury to toxic metals represented by lead [133–135].
In an epidemiological survey, the authors discovered that, compared to the lowest quartile of bone
lead levels, the odds ratio for PD in the highest quartile was 3.21 (95% CI, 1.17–8.83), indicating that
cumulative lead exposure increased the risk of PD [136]. Prior to this finding, in 2006, Coon enrolled 121
PD patients and 414 age-, sex-, and race-, frequency-matched controls in a case-control study. Based on
occupational data on participants from 18 years of age, whole-body lifetime exposures were established
and used to estimate risk factors of PD. According to the results, the risk of PD was elevated by >2-fold
for individuals in the highest quartile for lifetime lead levels relative to the lowest quartile [137]. These
studies gave clear population-based evidence to support the relevance of long-term lead exposure with
PD occurrence. Compared to AD, in vitro valid PD models were scarcely appreciated based on lead
treatment, while conventionally, MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), a neurotoxin
inhibiting mitochondrial complex I, was used to form in vivo and in vitro PD models [138].

3.3. Epigenetics and Lead-Induced PD

Due to the lack of efficient PD models based on lead exposure, epigenetic implication in
lead-induced PD is rarely clarified. Still, epigenetic regulators played roles in PD etiology, some
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of which may constitute common mechanisms shared by lead neurotoxicity. In a blood and brain
measurement of PD patients, differential methylation patterns were observed in a range of genes
compared to age-matched controls, and many of these genes were previously associated with
PD [107]. Interestingly, one of the major genes affected is HLA-DQA1 (a HLA allele located in
the extended major histocompatibility complex on chromosome 6), which was also regulated by
HDAC1 overexpression [107]. In a Drosophila model of PD, it demonstrated that α-synuclein bound
directly to histones, inhibited acetyltransferase activity and reduced H3Ac levels [108]. Cases were
different in a human primary motor cortex study, which revealed a decrease of H3K9ac, as well
as increase of H3K14ac and H3K18ac, leading to a net hyperacetylation of histone H3 [109]. It is
noteworthy that a reduced H3K9ac level was a consensus epigenetic event shared by lead neurotoxicity
in rats [10,100]. Another example showed that SNCA promoter was hypomethylated in brains of
PD patients relative to normal tissues [110]. This methylation mark was found to influence gene
expression in cultured cells and regarded as an effective biomarker for PD. SNP variants of SNCA gene
potentially decided lead-induced risk of PD, specifically, lead increased PD odds only among subjects
carrying non-deleterious SNCA allele, while subjects with highly susceptible SNCA alleles were less
affected [111]. This epigenetic information was summarized in Table 1.

4. Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is another prevalent neurodegenerative disease characterized
by the selective loss of upper and lower motor neurons [112]. ALS is classified into two subtypes:
familial and sporadic, wherein sporadic disease represent 90% of cases. Genes associated to ALS
include superoxide dismutase 1 (SOD1), chromosome 9 open reading frame 72 (C9orf72), fused in
Sarcoma (FUS), and TAR DNA binding protein 43 (TDP-43) [139]. Lead is a risk factor contributing
to ALS pathogenesis. Kamel et al. conducted a case-control study in New England, USA, with 109
ALS cases and 256 population-based controls [140]. As shown by the results, ALS was associated with
blood and bone lead levels. Bone lead levels were more reliable to characterize disease risks, as they
exhibited a 2.3- to 3.6-fold increase in risk for each doubling of bone lead relative to the 1.9-fold increase
for each g/dl increment of blood lead level [140]. This epidemiological evidence was consistent with
previous reports [141,142], and summarized in a recent meta-analysis [143].

Compromised by the lack of animal models of lead-induced ALS, studies concerning epigenetic
roles in this pathogenesis are lacking. However, epigenetic factors were considerably implicated in ALS
pathogenesis. Observations in cellular models of ALS unveiled an upregulation of DNMTs and 5-mC.
Similar results were derived from human ALS motor neurons [14]. As shown previously, DNMTs were
also affected by lead exposure in nervous tissues. For example, in a 23-year-old primate with early
exposure of lead, protein levels of DNMTs were significantly affected [9]. Another report found a
dysregulated DNA methyltransferase activity in mouse cortical neuronal cells exposed to lead [31].
In terms of histone modification, mice carrying ALS-linked SOD1 mutation displayed reduced Sirt1
(a histone deacetylase) level in the spinal cord, while an opposite tendency was observed in muscle
tissue with progression of the disease [144]. Sirt1 was also an epigenetic target of lead in the rat
hippocampus, with its phosphorylation inhibited by this neurotoxic process [145]. Besides, a range
of microRNAs were involved in ALS pathogenesis, including miR-155, miR-142, miR-409, miR-495,
miR-388, miR-206, has-miR4299, etc. [112]. Basically, these miRNAs targeted genes with relevance
to neuronal functioning, as exemplified by ubiquilin 2 (UBQLN2), the RNA binding protein Fox-1
(RBFOX1), reelin (RELN), Gria2 (encoding glutamate ionotropic receptor AMPA type subunit 2), as well
as EPHA4 (ephrin type-A receptor 4, responsible for brain development and neuronal migration) [112].
Among these miRNAs, miR-142 exhibited a positive correlation with increasing tibia lead levels,
although this trial was not performed in nervous tissues [113]. The relevant information was shown in
Table 1.
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5. Attention Deficit/Hyperactivity Disorder

Apart from neurodegenerative disorders, chronic lead exposure can also induce other forms of
neurological disease, like Attention deficit/hyperactivity disorder (ADHD). ADHD is one of the most
commonly diagnosed psychiatric illnesses in children [146]. The global statistics show that more
than 10% of the population has ADHD, making this neurodevelopmental disease an important health
issue [147]. Lead exposure is regarded as one of major factors contributing to ADHD, as numerous
studies connected them in populations with varying regions and ethnicities [148]. According to these
surveys, even the blood lead level of less than 10 µg/dL may affect children with ADHD or at least one
subtype of symptoms.

Concerning epigenetic roles, in a case-control study towards Chinese children, we established
an association of ADHD with a specific CpG site methylation at the promoter of DRD4 gene, as
well as with expression levels of histone acetylation-related genes: HDAC1, Myst4 and p300 [114].
Moreover, among the same population, blood lead levels in ADHD children were significantly higher
than age-/gender-matched controls, therefore, these epigenetic factors may contribute to lead-related
pathogenesis of ADHD. The importance of DNA methylation at DRD4 (dopamine receptor D4) was
also demonstrated in a twin study and a longitudinal cohort investigation [149,150]. In another case,
MeCP2 expression was found to be reduced in ADHD, revealed by a measurement in the frontal cortex
samples [115]. Abnormal MeCP2 expression was also described in an animal study, which showed
that lead exposure altered DNMT (DNA methyltransferase) and MeCP2 levels in the hippocampus of
exposed dams [116]. Besides, Kandemir et al. evaluated miRNA levels in 52 ADHD patients versus
the control group, and a marked dysregulation of circulating miRNA levels were discovered in the
ADHD group [151].

6. Therapeutics for Neurological Disorders Based on Targeting Epigenetic Molecules

After identifying key epigenetic regulators involved in lead-induced neurological disorders, some
therapeutic approaches were then developed to interfere with disease progression. These therapeutics
can be classified into two major categories, DNA methylation inhibitors and histone deacetylase
inhibitors [152].

The most commonly used inhibitors towards DNA methylation is 5-azacytidine (5-aza-C). 5-aza-C
was developed over 40 years ago, which showed strong inhibitory activity against broad range of DNA
methyltransferases as a cytosine analog [153]. 5-aza-C was potent in treating various types of cancer cells,
through disrupting their cell cycle or sensitizing tumor cells to T cell-mediated cytotoxicity [154,155].
In CNS-related disease, 5-aza-C was primarily used to study roles of DNA methylation in different
cellular physiology. For example, the use of 5-aza-C to treat neural stem cells could inhibit DNA
methylation, thereby disrupting neuronal migration and differentiation [156]. Meanwhile, extreme
caution should be exercised when using this chemical to treat AD patients, due to 5-aza-C, as an
antimetabolite, showing an increased frequency of undercondensation of specific chromosomes in
AD patients relative to healthy controls [157]. Nevertheless, this approach has been used in some
neurodegenerative diseases, including Friedreich’s ataxia and fragile X syndrome [158,159].

A more prevalent epigenetic therapy is the use of HDAC inhibitor (HDACi). Many studies
reported that transgenic AD mice treated with HDACi, such as trichostatin A (TSA), valproic acid
(VPA), sodium butyrate (NaB) or vorinostat (SAHA), showed an improvement of learning and memory,
as well as a reduced presence of Aβ level in transgenic mice [160,161]. TSA was found to induce BDNF
expression in Neuro-2a cells. By suppressing HDAC2 expression [162], TSA resulted in a striking
recovery of impaired cognitive function [163]. Of note, most HDACis were broad-ranging inhibitors
against diverse isoforms of HDAC, and not specifically targeted HDAC2, which was, however, viewed
as a key epigenetic molecule involved in the regulation of learning and memory [164]. In our previous
investigation, lead can cause a significant elevation of HDAC2 level in either developmental rats or
neuronal cell models, along with an impairment of spatial memory. When HDAC2 was suppressed by
TSA or shHDAC2, a specific siRNA construct, lead neurotoxicity was counteracted, and the damaged
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spatial memory was improved. This is a direct proof that HDAC2 is implicated in lead-induced
memory deficits, meanwhile demonstrating the efficacy of HDAC inhibitors [100].

For other therapeutics, VPA was found to decrease Aβ production in transgenic mice, improving
their behavioral performance [165]. In another instance, VPA could attenuate latent Aβ accumulation
and HDAC abnormality induced by lead in the SH-SY5Y cell line [166]. In terms of SAHA, in the
APPswe/PS1dE9 AD mouse model, SAHA showed robustness in restoring contextual memory by
inhibiting HDAC6 at an early stage of AD [60]. Relative to SAHA, it seems that NaB tended to play a
crucial part at a later stage of AD; Govindarajan et al. reported that NaB alleviated the associative
memory deficit in APPPS1-21 mice when administered at a very advanced stage of pathology [167].
Interestingly, butyrate is an important metabolite of intestinal microbiota, and alters depending on
core microbial composition [168]. Therefore, this HADC inhibitor can potentially mediate a beneficial
effect of some food ingredients on psychiatric disorders.

In addition, to counteract the negative effect of lead, chelation therapy is found to reduce the
body burden of lead. However, this intervention strategy is only recommended for children with
BLL > 45 µg/dL [1]. The chelation strategy was proven ineffective in treating low-level exposures
to lead, and failed to reverse the cognitive and behavioral deficits caused by lead exposure with
long-term/chronic pattern [169,170]. Therefore, it is proposed that treatment strategies directed to the
neuronal representations may be more effective in alleviating the lead-induced neurological damages [1].
In one of our previous publications [171], probiotic formulation effectively mitigated lead-led memory
deficits by remodeling hippocampal histone modifications in SD rats, which demonstrated the feasibility
of epigenetic manipulations in treating lead-led neuronal impairment.

In summary, histone deacetylase was crucial epigenetic determinant connecting early lead exposure
to progressive course of various neurological disorders, thereby becoming an optimal candidate for
pharmaceutical intervention.

7. Conclusions and Future Perspective

In conclusion, epigenetic factors play essential roles in mediating lead-induced neurological
disorders. In particular, some epigenetic marks are rather stable or can even persist into the next
generation, giving rise to long-term inhibition of gene expression. This event accommodates “fetal
programming, late onset” manifestation of multiple neurodegenerative diseases, and highlights the
prime importance of epigenetic regulators in pathogenesis and intervention of CNS-related diseases,
in which various forms of HDAC inhibitors are largely implicated. As a newly emerging research
field, epigenetics are anticipated to have several challenges and future directions regarding their roles
in lead-induced neurological diseases: (I) a key challenge is to understand if epigenetic changes are
a cause or an effect of the pathological process. Currently, most relevant studies have focused on
examining epigenetic alterations during disease progression, and these co-existing events did not
clarify cause–consequence relations. Establishing the cause–effect relations of epigenetic changes and
pathological process is a prerequisite to judge the potential applicability of epigenetic intervention
therapy. Intervention studies using inhibitors or RNAi (RNA interference) constructs were scarcely
applied in the long-lasting period spanning the development of AD or other neurodegenerative diseases;
(II) except AD, very few animal models were established by lead exposure to accurately characterize
key symptoms of PD, ALS or ADHD. This situation circumvented efforts to define epigenetic roles
in these neurotoxic processes, because an appropriate disease model is essential in translating data
derived from animal studies into human bodies. In other aspects, given the difficulty of obtaining
human-based samples, an animal model accurately describing diseases may facilitate the molecular
studies involved in the lead-induced neurological disorders; (III) new epigenetic mechanisms, such as
circRNA, lncRNA and 5-hmC, need to be underscored regarding their associations with neurological
disorders of environmental origin. These missing epigenetic mechanisms should only be clarified
prior to development of any intervention strategies; (IV) the current epigenetic therapeutic tools,
like HADC inhibitors or CpG methylation inhibitors, can only be used to treat the adverse neural
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consequences with these specific epigenetic aberrations. In order to reverse changes of other epigenetic
regulators, the corresponding antagonists or agonists are warranted to be developed to interfere with
disease progression, based on broader range of epigenetic regulators, like histone methylation and
ncRNAs. Besides, other factors, like diet or stress, may predispose some individuals more than others
to epigenetic changes. This complicated the direct link of lead with disease, as well as the “bona fide”
epigenetic mechanisms involved.

Author Contributions: T.W. and Y.X. wrote the paper. Y.X. reviewed and revised the paper. J.Z. aided in literature
collection and data integration. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Fundamental Research Funds for the Central Universities
(JZ2020HGTB0053), the Key Research and Development Project in Anhui (201904e01020001), and the National
Key Basic Research Program of China (No. 2018YFC1602204).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Neal, A.P.; Guilarte, T.R. Molecular neurobiology of lead (Pb(2+)): Effects on synaptic function. Mol. Neurobiol.
2010, 42, 151–160. [CrossRef] [PubMed]

2. Olympio, K.P.; Goncalves, C.; Gunther, W.M.; Bechara, E.J. Neurotoxicity and aggressiveness triggered by
low-level lead in children: A review. Rev. Panam Salud Publica 2009, 26, 266–275. [CrossRef] [PubMed]

3. Senut, M.C.; Cingolani, P.; Sen, A.; Kruger, A.; Shaik, A.; Hirsch, H.; Suhr, S.T.; Ruden, D. Epigenetics of
early-life lead exposure and effects on brain development. Epigenomics 2012, 4, 665–674. [CrossRef]

4. Raciti, M.; Ceccatelli, S. Epigenetic mechanisms in developmental neurotoxicity. Neurotox. Teratol. 2018, 66,
94–101. [CrossRef] [PubMed]

5. Schneider, J.S.; Anderson, D.W.; Kidd, S.K.; Sobolewski, M.; Cory-Slechta, D.A. Sex-dependent effects of lead
and prenatal stress on post-translational histone modifications in frontal cortex and hippocampus in the
early postnatal brain. Neurotoxicology 2016, 54, 65–71. [CrossRef]

6. Leasure, J.L.; Giddabasappa, A.; Chaney, S.; Johnson, J.E., Jr.; Pothakos, K.; Lau, Y.S.; Fox, D.A. Low-level
human equivalent gestational lead exposure produces sex-specific motor and coordination abnormalities
and late-onset obesity in year-old mice. Env. Health Perspect. 2008, 116, 355–361. [CrossRef]

7. Weuve, J.; Press, D.Z.; Grodstein, F.; Wright, R.O.; Hu, H.; Weisskopf, M.G. Cumulative exposure to lead and
cognition in persons with Parkinson’s disease. Mov. Disord. 2013, 28, 176–182. [CrossRef] [PubMed]

8. Wu, S.; Liu, H.; Zhao, H.; Wang, X.; Chen, J.; Xia, D.; Xiao, C.; Cheng, J.; Zhao, Z.; He, Y. Environmental
lead exposure aggravates the progression of Alzheimer’s disease in mice by targeting on blood brain barrier.
Toxicol. Lett. 2020, 319, 138–147. [CrossRef]

9. Bihaqi, S.W.; Huang, H.; Wu, J.; Zawia, N.H. Infant exposure to lead (Pb) and epigenetic modifications in the
aging primate brain: Implications for Alzheimer’s disease. J. Alzheimers Dis. 2011, 27, 819–833. [CrossRef]

10. Eid, A.; Bihaqi, S.W.; Renehan, W.E.; Zawia, N.H. Developmental lead exposure and lifespan alterations in
epigenetic regulators and their correspondence to biomarkers of Alzheimer’s disease. Alzheimers Dement.
(Amst) 2016, 2, 123–131. [CrossRef]

11. Meng, E.; Mao, Y.; Yao, Q.; Han, X.; Li, X.; Zhang, K.; Jin, W. Population-based study of environmental/
occupational lead exposure and amyotrophic lateral sclerosis: A systematic review and meta-analysis. Neurol.
Sci. 2020, 41, 35–40. [CrossRef]

12. Donzelli, G.; Llopis-Gonzalez, A.; Llopis-Morales, A.; Cioni, L.; Morales-Suarez-Varela, M. Particulate Matter
Exposure and Attention-Deficit/Hyperactivity Disorder in Children: A Systematic Review of Epidemiological
Studies. Int. J. Environ. Res. Public Health 2019, 17. [CrossRef] [PubMed]

13. CDC. Available online: https://www.cdc.gov/nceh/lead/data/index.htm (accessed on 3 July 2020).
14. Eid, A.; Zawia, N. Consequences of lead exposure, and it’s emerging role as an epigenetic modifier in the

aging brain. Neurotoxicology 2016, 56, 254–261. [CrossRef] [PubMed]
15. Bellinger, D.C. Very low lead exposures and children’s neurodevelopment. Curr. Opin. Pediatr. 2008, 20,

172–177. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s12035-010-8146-0
http://www.ncbi.nlm.nih.gov/pubmed/21042954
http://dx.doi.org/10.1590/S1020-49892009000900011
http://www.ncbi.nlm.nih.gov/pubmed/20058837
http://dx.doi.org/10.2217/epi.12.58
http://dx.doi.org/10.1016/j.ntt.2017.12.002
http://www.ncbi.nlm.nih.gov/pubmed/29221727
http://dx.doi.org/10.1016/j.neuro.2016.03.016
http://dx.doi.org/10.1289/ehp.10862
http://dx.doi.org/10.1002/mds.25247
http://www.ncbi.nlm.nih.gov/pubmed/23143985
http://dx.doi.org/10.1016/j.toxlet.2019.11.009
http://dx.doi.org/10.3233/JAD-2011-111013
http://dx.doi.org/10.1016/j.dadm.2016.02.002
http://dx.doi.org/10.1007/s10072-019-04067-z
http://dx.doi.org/10.3390/ijerph17010067
http://www.ncbi.nlm.nih.gov/pubmed/31861799
https://www.cdc.gov/nceh/lead/data/index.htm
http://dx.doi.org/10.1016/j.neuro.2016.04.006
http://www.ncbi.nlm.nih.gov/pubmed/27066759
http://dx.doi.org/10.1097/MOP.0b013e3282f4f97b
http://www.ncbi.nlm.nih.gov/pubmed/18332714


Int. J. Environ. Res. Public Health 2020, 17, 4878 15 of 23

16. Bakulski, K.M.; Rozek, L.S.; Dolinoy, D.C.; Paulson, H.L.; Hu, H. Alzheimer’s disease and environmental
exposure to lead: The epidemiologic evidence and potential role of epigenetics. Curr. Alzheimer Res. 2012, 9,
563–573. [CrossRef]

17. Perera, F.; Herbstman, J. Prenatal environmental exposures, epigenetics, and disease. Reprod. Toxicol. 2011,
31, 363–373. [CrossRef]

18. Bannister, A.J.; Kouzarides, T. Regulation of chromatin by histone modifications. Cell Res. 2011, 21, 381–395.
[CrossRef]

19. Esteller, M. Non-coding RNAs in human disease. Nat. Rev. Genet. 2011, 12, 861–874. [CrossRef]
20. Wu, Y.Y.; Kuo, H.C. Functional roles and networks of non-coding RNAs in the pathogenesis of

neurodegenerative diseases. J. Biomed. Sci. 2020, 27, 49. [CrossRef]
21. Bihaqi, S.W. Early life exposure to lead (Pb) and changes in DNA methylation: Relevance to Alzheimer’s

disease. Rev. Environ. Health 2019, 34, 187–195. [CrossRef]
22. Bihaqi, S.W.; Zawia, N.H. Alzheimer’s disease biomarkers and epigenetic intermediates following exposure

to Pb in vitro. Curr. Alzheimer Res. 2012, 9, 555–562. [CrossRef] [PubMed]
23. Migliore, L.; Coppede, F. Genetics, environmental factors and the emerging role of epigenetics in

neurodegenerative diseases. Mutat. Res. 2009, 667, 82–97. [CrossRef] [PubMed]
24. Shao, Y.; Shaw, M.; Todd, K.; Khrestian, M.; D’Aleo, G.; Barnard, P.J.; Zahratka, J.; Pillai, J.; Yu, C.E.;

Keene, C.D.; et al. DNA methylation of TOMM40-APOE-APOC2 in Alzheimer’s disease. J. Hum. Genet.
2018, 63, 459–471. [CrossRef] [PubMed]

25. Shcherbatykh, I.; Carpenter, D.O. The role of metals in the etiology of Alzheimer’s disease. J. Alzheimers Dis.
2007, 11, 191–205. [CrossRef]

26. Gerhardsson, L.; Lundh, T.; Minthon, L.; Londos, E. Metal concentrations in plasma and cerebrospinal fluid
in patients with Alzheimer’s disease. Dement. Geriatr. Cogn. Disord. 2008, 25, 508–515. [CrossRef]

27. Payton, M.; Riggs, K.M.; Spiro, A., 3rd; Weiss, S.T.; Hu, H. Relations of bone and blood lead to cognitive
function: The VA Normative Aging Study. Neurotox. Teratol. 1998, 20, 19–27. [CrossRef]

28. Lee, J.Y.; Kim, J.H.; Choi, D.W.; Lee, D.W.; Park, J.H.; Yoon, H.J.; Pyo, H.S.; Kwon, H.J.; Park, K.S. The
association of heavy metal of blood and serum in the Alzheimer’s diseases. Toxicol. Res. 2012, 28, 93–98.
[CrossRef]

29. Fathabadi, B.; Dehghanifiroozabadi, M.; Aaseth, J.; Sharifzadeh, G.; Nakhaee, S.; Rajabpour-Sanati, A.;
Amirabadizadeh, A.; Mehrpour, O. Comparison of Blood Lead Levels in Patients With Alzheimer’s Disease
and Healthy People. Am. J. Alzheimers Dis. Other Demen. 2018, 33, 541–547. [CrossRef]

30. Horton, C.J.; Weng, H.Y.; Wells, E.M. Association between blood lead level and subsequent Alzheimer’s
disease mortality. Environ. Epidemiol. 2019, 3, e045. [CrossRef]

31. Wu, J.; Basha, M.R.; Brock, B.; Cox, D.P.; Cardozo-Pelaez, F.; McPherson, C.A.; Harry, J.; Rice, D.C.;
Maloney, B.; Chen, D.; et al. Alzheimer’s disease (AD)-like pathology in aged monkeys after infantile
exposure to environmental metal lead (Pb): Evidence for a developmental origin and environmental link for
AD. J. Neurosci. 2008, 28, 3–9. [CrossRef]

32. Basha, M.R.; Murali, M.; Siddiqi, H.K.; Ghosal, K.; Siddiqi, O.K.; Lashuel, H.A.; Ge, Y.W.; Lahiri, D.K.;
Zawia, N.H. Lead (Pb) exposure and its effect on APP proteolysis and Abeta aggregation. FASEB J. 2005, 19,
2083–2084. [CrossRef]

33. Mastroeni, D.; Grover, A.; Delvaux, E.; Whiteside, C.; Coleman, P.D.; Rogers, J. Epigenetic changes in
Alzheimer’s disease: Decrements in DNA methylation. Neurobiol. Aging 2010, 31, 2025–2037. [CrossRef]
[PubMed]

34. Mastroeni, D.; McKee, A.; Grover, A.; Rogers, J.; Coleman, P.D. Epigenetic differences in cortical neurons
from a pair of monozygotic twins discordant for Alzheimer’s disease. PLoS ONE 2009, 4, e6617. [CrossRef]
[PubMed]

35. Bakulski, K.M.; Dolinoy, D.C.; Sartor, M.A.; Paulson, H.L.; Konen, J.R.; Lieberman, A.P.; Albin, R.L.;
Hu, H.; Rozek, L.S. Genome-wide DNA methylation differences between late-onset Alzheimer’s disease and
cognitively normal controls in human frontal cortex. J. Alzheimers Dis. 2012, 29, 571–588. [CrossRef]

36. Humphries, C.; Kohli, M.A.; Whitehead, P.; Mash, D.C.; Pericak-Vance, M.A.; Gilbert, J. Alzheimer disease
(AD) specific transcription, DNA methylation and splicing in twenty AD associated loci. Mol. Cell Neurosci.
2015, 67, 37–45. [CrossRef] [PubMed]

http://dx.doi.org/10.2174/156720512800617991
http://dx.doi.org/10.1016/j.reprotox.2010.12.055
http://dx.doi.org/10.1038/cr.2011.22
http://dx.doi.org/10.1038/nrg3074
http://dx.doi.org/10.1186/s12929-020-00636-z
http://dx.doi.org/10.1515/reveh-2018-0076
http://dx.doi.org/10.2174/156720512800617964
http://www.ncbi.nlm.nih.gov/pubmed/22272629
http://dx.doi.org/10.1016/j.mrfmmm.2008.10.011
http://www.ncbi.nlm.nih.gov/pubmed/19026668
http://dx.doi.org/10.1038/s10038-017-0393-8
http://www.ncbi.nlm.nih.gov/pubmed/29371683
http://dx.doi.org/10.3233/JAD-2007-11207
http://dx.doi.org/10.1159/000129365
http://dx.doi.org/10.1016/S0892-0362(97)00075-5
http://dx.doi.org/10.5487/TR.2012.28.2.093
http://dx.doi.org/10.1177/1533317518794032
http://dx.doi.org/10.1097/EE9.0000000000000045
http://dx.doi.org/10.1523/JNEUROSCI.4405-07.2008
http://dx.doi.org/10.1096/fj.05-4375fje
http://dx.doi.org/10.1016/j.neurobiolaging.2008.12.005
http://www.ncbi.nlm.nih.gov/pubmed/19117641
http://dx.doi.org/10.1371/journal.pone.0006617
http://www.ncbi.nlm.nih.gov/pubmed/19672297
http://dx.doi.org/10.3233/JAD-2012-111223
http://dx.doi.org/10.1016/j.mcn.2015.05.003
http://www.ncbi.nlm.nih.gov/pubmed/26004081


Int. J. Environ. Res. Public Health 2020, 17, 4878 16 of 23

37. Watson, C.T.; Roussos, P.; Garg, P.; Ho, D.J.; Azam, N.; Katsel, P.L.; Haroutunian, V.; Sharp, A.J. Genome-wide
DNA methylation profiling in the superior temporal gyrus reveals epigenetic signatures associated with
Alzheimer’s disease. Genome Med. 2016, 8, 5. [CrossRef]

38. Bednarska-Makaruk, M.; Graban, A.; Sobczynska-Malefora, A.; Harrington, D.J.; Mitchell, M.; Voong, K.;
Dai, L.; Lojkowska, W.; Bochynska, A.; Ryglewicz, D.; et al. Homocysteine metabolism and the associations
of global DNA methylation with selected gene polymorphisms and nutritional factors in patients with
dementia. Exp. Gerontol. 2016, 81, 83–91. [CrossRef] [PubMed]

39. Fuso, A.; Seminara, L.; Cavallaro, R.A.; D’Anselmi, F.; Scarpa, S. 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. [CrossRef]

40. Barrachina, M.; Ferrer, I. DNA methylation of Alzheimer disease and tauopathy-related genes in postmortem
brain. J. Neuropathol Exp. Neurol. 2009, 68, 880–891. [CrossRef]

41. De Jager, P.L.; Srivastava, G.; Lunnon, K.; Burgess, J.; Schalkwyk, L.C.; Yu, L.; Eaton, M.L.; Keenan, B.T.;
Ernst, J.; McCabe, C.; et al. Alzheimer’s disease: Early alterations in brain DNA methylation at ANK1, BIN1,
RHBDF2 and other loci. Nat. Neurosci. 2014, 17, 1156–1163. [CrossRef]

42. Yu, L.; Chibnik, L.B.; Srivastava, G.P.; Pochet, N.; Yang, J.; Xu, J.; Kozubek, J.; Obholzer, N.; Leurgans, S.E.;
Schneider, J.A.; et al. Association of Brain DNA methylation in SORL1, ABCA7, HLA-DRB5, SLC24A4,
and BIN1 with pathological diagnosis of Alzheimer disease. JAMA Neurol. 2015, 72, 15–24. [CrossRef]
[PubMed]

43. Piaceri, I.; Raspanti, B.; Tedde, A.; Bagnoli, S.; Sorbi, S.; Nacmias, B. Epigenetic modifications in Alzheimer’s
disease: Cause or effect? J. Alzheimers Dis. 2015, 43, 1169–1173. [CrossRef] [PubMed]

44. Tannorella, P.; Stoccoro, A.; Tognoni, G.; Petrozzi, L.; Salluzzo, M.G.; Ragalmuto, A.; Siciliano, G.;
Haslberger, A.; Bosco, P.; Bonuccelli, U.; et al. Methylation analysis of multiple genes in blood DNA
of Alzheimer’s disease and healthy individuals. Neurosci. Lett. 2015, 600, 143–147. [CrossRef] [PubMed]

45. Hannon, E.; Lunnon, K.; Schalkwyk, L.; Mill, J. Interindividual methylomic variation across blood, cortex,
and cerebellum: Implications for epigenetic studies of neurological and neuropsychiatric phenotypes.
Epigenetics 2015, 10, 1024–1032. [CrossRef]

46. Nagata, T.; Kobayashi, N.; Ishii, J.; Shinagawa, S.; Nakayama, R.; Shibata, N.; Kuerban, B.; Ohnuma, T.;
Kondo, K.; Arai, H.; et al. Association between DNA Methylation of the BDNF Promoter Region and Clinical
Presentation in Alzheimer’s Disease. Dement. Geriatr. Cogn. Dis. Extra. 2015, 5, 64–73. [CrossRef]

47. Celarain, N.; Sanchez-Ruiz de Gordoa, J.; Zelaya, M.V.; Roldan, M.; Larumbe, R.; Pulido, L.; Echavarri, C.;
Mendioroz, M. TREM2 upregulation correlates with 5-hydroxymethycytosine enrichment in Alzheimer’s
disease hippocampus. Clin. Epigenet. 2016, 8, 37. [CrossRef]

48. Xie, B.; Xu, Y.; Liu, Z.; Liu, W.; Jiang, L.; Zhang, R.; Cui, D.; Zhang, Q.; Xu, S. Elevation of Peripheral BDNF
Promoter Methylation Predicts Conversion from Amnestic Mild Cognitive Impairment to Alzheimer’s
Disease: A 5-Year Longitudinal Study. J. Alzheimers Dis. 2017, 56, 391–401. [CrossRef]

49. van den Hove, D.L.; Chouliaras, L.; Rutten, B.P. The role of 5-hydroxymethylcytosine in aging and Alzheimer’s
disease: Current status and prospects for future studies. Curr. Alzheimer Res. 2012, 9, 545–549. [CrossRef]

50. Munzel, M.; Globisch, D.; Bruckl, T.; Wagner, M.; Welzmiller, V.; Michalakis, S.; Muller, M.; Biel, M.; Carell, T.
Quantification of the sixth DNA base hydroxymethylcytosine in the brain. Angew. Chem. Int. Ed. Engl. 2010,
49, 5375–5377. [CrossRef]

51. Song, C.X.; Szulwach, K.E.; Fu, Y.; Dai, Q.; Yi, C.; Li, X.; Li, Y.; Chen, C.H.; Zhang, W.; Jian, X.; et al. Selective
chemical labeling reveals the genome-wide distribution of 5-hydroxymethylcytosine. Nat. Biotechnol. 2011,
29, 68–72. [CrossRef]

52. Morgan, A.R.; Hamilton, G.; Turic, D.; Jehu, L.; Harold, D.; Abraham, R.; Hollingworth, P.; Moskvina, V.;
Brayne, C.; Rubinsztein, D.C.; et al. Association analysis of 528 intra-genic SNPs in a region of chromosome
10 linked to late onset Alzheimer’s disease. Am. J. Med. Genet. B Neuropsychiatr. Genet. 2008, 147B, 727–731.
[CrossRef] [PubMed]

53. Ellison, E.M.; Abner, E.L.; Lovell, M.A. Multiregional analysis of global 5-methylcytosine and
5-hydroxymethylcytosine throughout the progression of Alzheimer’s disease. J. Neurochem. 2017, 140,
383–394. [CrossRef] [PubMed]

54. Miller, J.L.; Grant, P.A. The role of DNA methylation and histone modifications in transcriptional regulation
in humans. Subcell. Biochem. 2013, 61, 289–317. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/s13073-015-0258-8
http://dx.doi.org/10.1016/j.exger.2016.05.002
http://www.ncbi.nlm.nih.gov/pubmed/27167582
http://dx.doi.org/10.1016/j.mcn.2004.09.007
http://dx.doi.org/10.1097/NEN.0b013e3181af2e46
http://dx.doi.org/10.1038/nn.3786
http://dx.doi.org/10.1001/jamaneurol.2014.3049
http://www.ncbi.nlm.nih.gov/pubmed/25365775
http://dx.doi.org/10.3233/JAD-141452
http://www.ncbi.nlm.nih.gov/pubmed/25159670
http://dx.doi.org/10.1016/j.neulet.2015.06.009
http://www.ncbi.nlm.nih.gov/pubmed/26079324
http://dx.doi.org/10.1080/15592294.2015.1100786
http://dx.doi.org/10.1159/000375367
http://dx.doi.org/10.1186/s13148-016-0202-9
http://dx.doi.org/10.3233/JAD-160954
http://dx.doi.org/10.2174/156720512800618008
http://dx.doi.org/10.1002/anie.201002033
http://dx.doi.org/10.1038/nbt.1732
http://dx.doi.org/10.1002/ajmg.b.30670
http://www.ncbi.nlm.nih.gov/pubmed/18163421
http://dx.doi.org/10.1111/jnc.13912
http://www.ncbi.nlm.nih.gov/pubmed/27889911
http://dx.doi.org/10.1007/978-94-007-4525-4_13
http://www.ncbi.nlm.nih.gov/pubmed/23150256


Int. J. Environ. Res. Public Health 2020, 17, 4878 17 of 23

55. Stoccoro, A.; Coppede, F. Role of epigenetics in Alzheimer’s disease pathogenesis. Neurodegener. Dis. Manag.
2018, 8, 181–193. [CrossRef] [PubMed]

56. Plagg, B.; Ehrlich, D.; Kniewallner, K.M.; Marksteiner, J.; Humpel, C. Increased Acetylation of Histone H4 at
Lysine 12 (H4K12) in Monocytes of Transgenic Alzheimer’s Mice and in Human Patients. Curr. Alzheimer
Res. 2015, 12, 752–760. [CrossRef] [PubMed]

57. Zhang, K.; Schrag, M.; Crofton, A.; Trivedi, R.; Vinters, H.; Kirsch, W. Targeted proteomics for quantification
of histone acetylation in Alzheimer’s disease. Proteomics 2012, 12, 1261–1268. [CrossRef] [PubMed]

58. Ricobaraza, A.; Cuadrado-Tejedor, M.; Perez-Mediavilla, A.; Frechilla, D.; Del Rio, J.; Garcia-Osta, A.
Phenylbutyrate ameliorates cognitive deficit and reduces tau pathology in an Alzheimer’s disease mouse
model. Neuropsychopharmacology 2009, 34, 1721–1732. [CrossRef]

59. Graff, J.; Rei, D.; Guan, J.S.; Wang, W.Y.; Seo, J.; Hennig, K.M.; Nieland, T.J.; Fass, D.M.; Kao, P.F.; Kahn, M.;
et al. An epigenetic blockade of cognitive functions in the neurodegenerating brain. Nature 2012, 483,
222–226. [CrossRef]

60. Kilgore, M.; Miller, C.A.; Fass, D.M.; Hennig, K.M.; Haggarty, S.J.; Sweatt, J.D.; Rumbaugh, G. Inhibitors of
class 1 histone deacetylases reverse contextual memory deficits in a mouse model of Alzheimer’s disease.
Neuropsychopharmacology 2010, 35, 870–880. [CrossRef]

61. Liu, X.; Jiao, B.; Shen, L. The Epigenetics of Alzheimer’s Disease: Factors and Therapeutic Implications.
Front. Genet. 2018, 9, 579. [CrossRef]

62. Wen, K.X.; Milic, J.; El-Khodor, B.; Dhana, K.; Nano, J.; Pulido, T.; Kraja, B.; Zaciragic, A.; Bramer, W.M.;
Troup, J.; et al. The Role of DNA Methylation and Histone Modifications in Neurodegenerative Diseases:
A Systematic Review. PLoS ONE 2016, 11, e0167201. [CrossRef] [PubMed]

63. Walker, M.P.; LaFerla, F.M.; Oddo, S.S.; Brewer, G.J. Reversible epigenetic histone modifications and Bdnf
expression in neurons with aging and from a mouse model of Alzheimer’s disease. Age (Dordr) 2013, 35,
519–531. [CrossRef] [PubMed]

64. Kinkley, S.; Helmuth, J.; Polansky, J.K.; Dunkel, I.; Gasparoni, G.; Frohler, S.; Chen, W.; Walter, J.; Hamann, A.;
Chung, H.R. reChIP-seq reveals widespread bivalency of H3K4me3 and H3K27me3 in CD4(+) memory T
cells. Nat. Commun. 2016, 7, 12514. [CrossRef] [PubMed]

65. Rao, J.S.; Keleshian, V.L.; Klein, S.; Rapoport, S.I. Epigenetic modifications in frontal cortex from Alzheimer’s
disease and bipolar disorder patients. Transl. Psychiatry 2012, 2, e132. [CrossRef]

66. Ogawa, O.; Zhu, X.; Lee, H.G.; Raina, A.; Obrenovich, M.E.; Bowser, R.; Ghanbari, H.A.; Castellani, R.J.;
Perry, G.; Smith, M.A. Ectopic localization of phosphorylated histone H3 in Alzheimer’s disease: A mitotic
catastrophe? Acta Neuropathol. 2003, 105, 524–528. [CrossRef]

67. Tao, C.C.; Hsu, W.L.; Ma, Y.L.; Cheng, S.J.; Lee, E.H. Epigenetic regulation of HDAC1 SUMOylation as an
endogenous neuroprotection against Abeta toxicity in a mouse model of Alzheimer’s disease. Cell Death Differ.
2017, 24, 597–614. [CrossRef] [PubMed]

68. Reddy, P.H.; Tonk, S.; Kumar, S.; Vijayan, M.; Kandimalla, R.; Kuruva, C.S.; Reddy, A.P. A critical evaluation of
neuroprotective and neurodegenerative MicroRNAs in Alzheimer’s disease. Biochem. Biophys. Res. Commun.
2017, 483, 1156–1165. [CrossRef]

69. Hernandez-Rapp, J.; Rainone, S.; Hebert, S.S. MicroRNAs underlying memory deficits in neurodegenerative
disorders. Prog. Neuropsychopharmacol. Biol. Psychiatry 2017, 73, 79–86. [CrossRef]

70. Zhang, Z. Long non-coding RNAs in Alzheimer’s disease. Curr. Top. Med. Chem. 2016, 16, 511–519.
[CrossRef]

71. Yang, L.B.; Lindholm, K.; Yan, R.; Citron, M.; Xia, W.; Yang, X.L.; Beach, T.; Sue, L.; Wong, P.; Price, D.; et al.
Elevated beta-secretase expression and enzymatic activity detected in sporadic Alzheimer disease. Nat. Med.
2003, 9, 3–4. [CrossRef]

72. Hebert, S.S.; Horre, K.; Nicolai, L.; Papadopoulou, A.S.; Mandemakers, W.; Silahtaroglu, A.N.; Kauppinen, S.;
Delacourte, A.; De Strooper, B. Loss of microRNA cluster miR-29a/b-1 in sporadic Alzheimer’s disease
correlates with increased BACE1/beta-secretase expression. Proc. Natl. Acad. Sci. USA 2008, 105, 6415–6420.
[CrossRef] [PubMed]

73. Zhu, H.C.; Wang, L.M.; Wang, M.; Song, B.; Tan, S.; Teng, J.F.; Duan, D.X. MicroRNA-195 downregulates
Alzheimer’s disease amyloid-beta production by targeting BACE1. Brain Res. Bull. 2012, 88, 596–601.
[CrossRef] [PubMed]

http://dx.doi.org/10.2217/nmt-2018-0004
http://www.ncbi.nlm.nih.gov/pubmed/29888987
http://dx.doi.org/10.2174/1567205012666150710114256
http://www.ncbi.nlm.nih.gov/pubmed/26159193
http://dx.doi.org/10.1002/pmic.201200010
http://www.ncbi.nlm.nih.gov/pubmed/22577027
http://dx.doi.org/10.1038/npp.2008.229
http://dx.doi.org/10.1038/nature10849
http://dx.doi.org/10.1038/npp.2009.197
http://dx.doi.org/10.3389/fgene.2018.00579
http://dx.doi.org/10.1371/journal.pone.0167201
http://www.ncbi.nlm.nih.gov/pubmed/27973581
http://dx.doi.org/10.1007/s11357-011-9375-5
http://www.ncbi.nlm.nih.gov/pubmed/22237558
http://dx.doi.org/10.1038/ncomms12514
http://www.ncbi.nlm.nih.gov/pubmed/27530917
http://dx.doi.org/10.1038/tp.2012.55
http://dx.doi.org/10.1007/s00401-003-0684-3
http://dx.doi.org/10.1038/cdd.2016.161
http://www.ncbi.nlm.nih.gov/pubmed/28186506
http://dx.doi.org/10.1016/j.bbrc.2016.08.067
http://dx.doi.org/10.1016/j.pnpbp.2016.04.011
http://dx.doi.org/10.2174/1568026615666150813142956
http://dx.doi.org/10.1038/nm0103-3
http://dx.doi.org/10.1073/pnas.0710263105
http://www.ncbi.nlm.nih.gov/pubmed/18434550
http://dx.doi.org/10.1016/j.brainresbull.2012.05.018
http://www.ncbi.nlm.nih.gov/pubmed/22721728


Int. J. Environ. Res. Public Health 2020, 17, 4878 18 of 23

74. Wang, W.X.; Rajeev, B.W.; Stromberg, A.J.; Ren, N.; Tang, G.; Huang, Q.; Rigoutsos, I.; Nelson, P.T. The
expression of microRNA miR-107 decreases early in Alzheimer’s disease and may accelerate disease
progression through regulation of beta-site amyloid precursor protein-cleaving enzyme 1. J. Neurosci. 2008,
28, 1213–1223. [CrossRef] [PubMed]

75. Lau, P.; Bossers, K.; Janky, R.; Salta, E.; Frigerio, C.S.; Barbash, S.; Rothman, R.; Sierksma, A.S.; Thathiah, A.;
Greenberg, D.; et al. Alteration of the microRNA network during the progression of Alzheimer’s disease.
EMBO Mol. Med. 2013, 5, 1613–1634. [CrossRef] [PubMed]

76. Zhu, Q.B.; Unmehopa, U.; Bossers, K.; Hu, Y.T.; Verwer, R.; Balesar, R.; Zhao, J.; Bao, A.M.; Swaab, D.
MicroRNA-132 and early growth response-1 in nucleus basalis of Meynert during the course of Alzheimer’s
disease. Brain 2016, 139, 908–921. [CrossRef]

77. Santa-Maria, I.; Alaniz, M.E.; Renwick, N.; Cela, C.; Fulga, T.A.; Van Vactor, D.; Tuschl, T.; Clark, L.N.;
Shelanski, M.L.; McCabe, B.D.; et al. Dysregulation of microRNA-219 promotes neurodegeneration through
post-transcriptional regulation of tau. J. Clin. Investig. 2015, 125, 681–686. [CrossRef]

78. Basavaraju, M.; de Lencastre, A. Alzheimer’s disease: Presence and role of microRNAs. Biomol. Concepts
2016, 7, 241–252. [CrossRef]

79. Yang, B.; Xia, Z.A.; Zhong, B.; Xiong, X.; Sheng, C.; Wang, Y.; Gong, W.; Cao, Y.; Wang, Z.; Peng, W.
Distinct Hippocampal Expression Profiles of Long Non-coding RNAs in an Alzheimer’s Disease Model.
Mol. Neurobiol. 2017, 54, 4833–4846. [CrossRef]

80. Faghihi, M.A.; Modarresi, F.; Khalil, A.M.; Wood, D.E.; Sahagan, B.G.; Morgan, T.E.; Finch, C.E.; St
Laurent, G., 3rd; Kenny, P.J.; Wahlestedt, C. Expression of a noncoding RNA is elevated in Alzheimer’s
disease and drives rapid feed-forward regulation of beta-secretase. Nat. Med. 2008, 14, 723–730. [CrossRef]
[PubMed]

81. Luo, Q.; Chen, Y. Long noncoding RNAs and Alzheimer’s disease. Clin. Interv. Aging 2016, 11, 867–872.
[CrossRef] [PubMed]

82. Modarresi, F.; Faghihi, M.A.; Patel, N.S.; Sahagan, B.G.; Wahlestedt, C.; Lopez-Toledano, M.A. Knockdown
of BACE1-AS Nonprotein-Coding Transcript Modulates Beta-Amyloid-Related Hippocampal Neurogenesis.
Int. J. Alzheimers Dis. 2011, 2011, 929042. [CrossRef] [PubMed]

83. Ma, Z.; Han, D.; Zuo, X.; Wang, F.; Jia, J. Association between promoter polymorphisms of the nicastrin gene
and sporadic Alzheimer’s disease in North Chinese Han population. Neurosci. Lett. 2009, 458, 136–139.
[CrossRef]

84. Massone, S.; Vassallo, I.; Fiorino, G.; Castelnuovo, M.; Barbieri, F.; Borghi, R.; Tabaton, M.; Robello, M.;
Gatta, E.; Russo, C.; et al. 17A, a novel non-coding RNA, regulates GABA B alternative splicing and signaling
in response to inflammatory stimuli and in Alzheimer disease. Neurobiol. Dis. 2011, 41, 308–317. [CrossRef]
[PubMed]

85. Lukiw, W.J.; Handley, P.; Wong, L.; Crapper McLachlan, D.R. BC200 RNA in normal human neocortex,
non-Alzheimer dementia (NAD), and senile dementia of the Alzheimer type (AD). Neurochem. Res. 1992, 17,
591–597. [CrossRef] [PubMed]

86. Parenti, R.; Paratore, S.; Torrisi, A.; Cavallaro, S. A natural antisense transcript against Rad18, specifically
expressed in neurons and upregulated during beta-amyloid-induced apoptosis. Eur. J. Neurosci. 2007, 26,
2444–2457. [CrossRef] [PubMed]

87. Akhter, R. Circular RNA and Alzheimer’s Disease. Adv. Exp. Med. Biol. 2018, 1087, 239–243. [CrossRef]
88. Zhang, T.; Pang, P.; Fang, Z.; Guo, Y.; Li, H.; Li, X.; Tian, T.; Yang, X.; Chen, W.; Shu, S.; et al. Expression of

BC1 Impairs Spatial Learning and Memory in Alzheimer’s Disease Via APP Translation. Mol. Neurobiol.
2018, 55, 6007–6020. [CrossRef] [PubMed]

89. Lukiw, W.J. Circular RNA (circRNA) in Alzheimer’s disease (AD). Front. Genet. 2013, 4, 307. [CrossRef]
[PubMed]

90. Champagne, F.; Diorio, J.; Sharma, S.; Meaney, M.J. Naturally occurring variations in maternal behavior in
the rat are associated with differences in estrogen-inducible central oxytocin receptors. Proc. Natl. Acad.
Sci. USA 2001, 98, 12736–12741. [CrossRef]

91. Agarwal, V.; Bell, G.W.; Nam, J.W.; Bartel, D.P. Predicting effective microRNA target sites in mammalian
mRNAs. Elife 2015, 4. [CrossRef]

92. Mani, M.S.; Kabekkodu, S.P.; Joshi, M.B.; Dsouza, H.S. Ecogenetics of lead toxicity and its influence on risk
assessment. Hum. Exp. Toxicol. 2019, 38, 1031–1059. [CrossRef]

http://dx.doi.org/10.1523/JNEUROSCI.5065-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18234899
http://dx.doi.org/10.1002/emmm.201201974
http://www.ncbi.nlm.nih.gov/pubmed/24014289
http://dx.doi.org/10.1093/brain/awv383
http://dx.doi.org/10.1172/JCI78421
http://dx.doi.org/10.1515/bmc-2016-0014
http://dx.doi.org/10.1007/s12035-016-0038-5
http://dx.doi.org/10.1038/nm1784
http://www.ncbi.nlm.nih.gov/pubmed/18587408
http://dx.doi.org/10.2147/CIA.S107037
http://www.ncbi.nlm.nih.gov/pubmed/27418812
http://dx.doi.org/10.4061/2011/929042
http://www.ncbi.nlm.nih.gov/pubmed/21785702
http://dx.doi.org/10.1016/j.neulet.2009.04.048
http://dx.doi.org/10.1016/j.nbd.2010.09.019
http://www.ncbi.nlm.nih.gov/pubmed/20888417
http://dx.doi.org/10.1007/BF00968788
http://www.ncbi.nlm.nih.gov/pubmed/1603265
http://dx.doi.org/10.1111/j.1460-9568.2007.05864.x
http://www.ncbi.nlm.nih.gov/pubmed/17970741
http://dx.doi.org/10.1007/978-981-13-1426-1_19
http://dx.doi.org/10.1007/s12035-017-0820-z
http://www.ncbi.nlm.nih.gov/pubmed/29134514
http://dx.doi.org/10.3389/fgene.2013.00307
http://www.ncbi.nlm.nih.gov/pubmed/24427167
http://dx.doi.org/10.1073/pnas.221224598
http://dx.doi.org/10.7554/eLife.05005
http://dx.doi.org/10.1177/0960327119851253


Int. J. Environ. Res. Public Health 2020, 17, 4878 19 of 23

93. Senut, M.C.; Sen, A.; Cingolani, P.; Shaik, A.; Land, S.J.; Ruden, D.M. Lead exposure disrupts global DNA
methylation in human embryonic stem cells and alters their neuronal differentiation. Toxicol. Sci. 2014, 139,
142–161. [CrossRef] [PubMed]

94. Hutson, T.H.; Kathe, C.; Palmisano, I.; Bartholdi, K.; Hervera, A.; De Virgiliis, F.; McLachlan, E.; Zhou, L.;
Kong, G.; Barraud, Q.; et al. Cbp-dependent histone acetylation mediates axon regeneration induced by
environmental enrichment in rodent spinal cord injury models. Sci. Transl. Med. 2019, 11. [CrossRef]
[PubMed]

95. An, J.; Cai, T.; Che, H.; Yu, T.; Cao, Z.; Liu, X.; Zhao, F.; Jing, J.; Shen, X.; Liu, M.; et al. The changes of miRNA
expression in rat hippocampus following chronic lead exposure. Toxicol. Lett. 2014, 229, 158–166. [CrossRef]
[PubMed]

96. Zhou, C.C.; Gao, Z.Y.; Wang, J.; Wu, M.Q.; Hu, S.; Chen, F.; Liu, J.X.; Pan, H.; Yan, C.H. Lead exposure
induces Alzheimers’s disease (AD)-like pathology and disturbes cholesterol metabolism in the young rat
brain. Toxicol. Lett. 2018, 296, 173–183. [CrossRef] [PubMed]

97. Ren, L.H.; Mu, X.Y.; Chen, H.Y.; Yang, H.L.; Qi, W. [Prenatal lead exposure related to cord blood brain derived
neurotrophic factor (BDNF) levels and impaired neonatal neurobehavioral development]. Zhonghua Yu Fang
Yi Xue Za Zhi 2016, 50, 514–518. [CrossRef] [PubMed]

98. Sen, A.; Cingolani, P.; Senut, M.C.; Land, S.; Mercado-Garcia, A.; Tellez-Rojo, M.M.; Baccarelli, A.A.;
Wright, R.O.; Ruden, D.M. Lead exposure induces changes in 5-hydroxymethylcytosine clusters in CpG
islands in human embryonic stem cells and umbilical cord blood. Epigenetics 2015, 10, 607–621. [CrossRef]
[PubMed]

99. Luo, M.; Xu, Y.; Cai, R.; Tang, Y.; Ge, M.M.; Liu, Z.H.; Xu, L.; Hu, F.; Ruan, D.Y.; Wang, H.L. Epigenetic
histone modification regulates developmental lead exposure induced hyperactivity in rats. Toxicol. Lett.
2014, 225, 78–85. [CrossRef]

100. Wu, Y.; Xu, Y.; Huang, X.; Ye, D.; Han, M.; Wang, H.L. Regulatory Roles of Histone Deacetylases 1 and 2 in
Pb-induced Neurotoxicity. Toxicol. Sci. 2018, 162, 688–701. [CrossRef] [PubMed]

101. Gu, X.; Xu, Y.; Xue, W.Z.; Wu, Y.; Ye, Z.; Xiao, G.; Wang, H.L. Interplay of miR-137 and EZH2 contributes to the
genome-wide redistribution of H3K27me3 underlying the Pb-induced memory impairment. Cell Death Dis.
2019, 10, 671. [CrossRef]

102. Masoud, A.M.; Bihaqi, S.W.; Machan, J.T.; Zawia, N.H.; Renehan, W.E. Early-Life Exposure to Lead (Pb) Alters
the Expression of microRNA that Target Proteins Associated with Alzheimer’s Disease. J. Alzheimers Dis.
2016, 51, 1257–1264. [CrossRef] [PubMed]

103. Bollati, V.; Marinelli, B.; Apostoli, P.; Bonzini, M.; Nordio, F.; Hoxha, M.; Pegoraro, V.; Motta, V.; Tarantini, L.;
Cantone, L.; et al. Exposure to metal-rich particulate matter modifies the expression of candidate microRNAs
in peripheral blood leukocytes. Environ. Health Perspect. 2010, 118, 763–768. [CrossRef] [PubMed]

104. Nan, A.; Jia, Y.; Li, X.; Liu, M.; Zhang, N.; Chen, L.; Yang, T.; Xu, Y.; Dai, X.; Cheng, Y.; et al. Editor’s Highlight:
lncRNAL20992 Regulates Apoptotic Proteins to Promote Lead-Induced Neuronal Apoptosis. Toxicol. Sci.
2018, 161, 115–124. [CrossRef]

105. Dube, U.; Del-Aguila, J.L.; Li, Z.; Budde, J.P.; Jiang, S.; Hsu, S.; Ibanez, L.; Fernandez, M.V.; Farias, F.;
Norton, J.; et al. An atlas of cortical circular RNA expression in Alzheimer disease brains demonstrates
clinical and pathological associations. Nat. Neurosci. 2019, 22, 1903–1912. [CrossRef] [PubMed]

106. Eid, A.; Bihaqi, S.W.; Hemme, C.; Gaspar, J.M.; Hart, R.P.; Zawia, N.H. Histone acetylation maps in aged
mice developmentally exposed to lead: Epigenetic drift and Alzheimer-related genes. Epigenomics 2018, 10,
573–583. [CrossRef]

107. Masliah, E.; Dumaop, W.; Galasko, D.; Desplats, P. Distinctive patterns of DNA methylation associated with
Parkinson disease: Identification of concordant epigenetic changes in brain and peripheral blood leukocytes.
Epigenetics 2013, 8, 1030–1038. [CrossRef]

108. Kontopoulos, E.; Parvin, J.D.; Feany, M.B. Alpha-synuclein acts in the nucleus to inhibit histone acetylation
and promote neurotoxicity. Hum. Mol. Genet. 2006, 15, 3012–3023. [CrossRef]

109. Gebremedhin, K.G.; Rademacher, D.J. Histone H3 acetylation in the postmortem Parkinson’s disease primary
motor cortex. Neurosci. Lett. 2016, 627, 121–125. [CrossRef]

110. Jowaed, A.; Schmitt, I.; Kaut, O.; Wullner, U. Methylation regulates alpha-synuclein expression and is
decreased in Parkinson’s disease patients’ brains. J. Neurosci. 2010, 30, 6355–6359. [CrossRef]

http://dx.doi.org/10.1093/toxsci/kfu028
http://www.ncbi.nlm.nih.gov/pubmed/24519525
http://dx.doi.org/10.1126/scitranslmed.aaw2064
http://www.ncbi.nlm.nih.gov/pubmed/30971452
http://dx.doi.org/10.1016/j.toxlet.2014.06.002
http://www.ncbi.nlm.nih.gov/pubmed/24960059
http://dx.doi.org/10.1016/j.toxlet.2018.06.1065
http://www.ncbi.nlm.nih.gov/pubmed/29908845
http://dx.doi.org/10.3760/cma.j.issn.0253-9624.2016.06.008
http://www.ncbi.nlm.nih.gov/pubmed/27256731
http://dx.doi.org/10.1080/15592294.2015.1050172
http://www.ncbi.nlm.nih.gov/pubmed/26046694
http://dx.doi.org/10.1016/j.toxlet.2013.11.025
http://dx.doi.org/10.1093/toxsci/kfx294
http://www.ncbi.nlm.nih.gov/pubmed/29301062
http://dx.doi.org/10.1038/s41419-019-1912-7
http://dx.doi.org/10.3233/JAD-151018
http://www.ncbi.nlm.nih.gov/pubmed/26923026
http://dx.doi.org/10.1289/ehp.0901300
http://www.ncbi.nlm.nih.gov/pubmed/20061215
http://dx.doi.org/10.1093/toxsci/kfx203
http://dx.doi.org/10.1038/s41593-019-0501-5
http://www.ncbi.nlm.nih.gov/pubmed/31591557
http://dx.doi.org/10.2217/epi-2017-0143
http://dx.doi.org/10.4161/epi.25865
http://dx.doi.org/10.1093/hmg/ddl243
http://dx.doi.org/10.1016/j.neulet.2016.05.060
http://dx.doi.org/10.1523/JNEUROSCI.6119-09.2010


Int. J. Environ. Res. Public Health 2020, 17, 4878 20 of 23

111. Huang, S.; Weisskopf, M.G.; Bhramar, M.; Jennifer, W.; Linda, H.N.; Marie-Helene, S.-H.; Lewis, S.; David, K.S.;
Bonnie, H.; Joel, D.S.; et al. The Potential Influence of Variants of the SNCA Gene on the Impact of Cumulative
Lead Exposure on Risk of Parkinson’s Disease. Available online: https://ehp.niehs.nih.gov/doi/10.1289/isee.
2013.P-2-26-18 (accessed on 3 July 2020).

112. Bennett, S.A.; Tanaz, R.; Cobos, S.N.; Torrente, M.P. Epigenetics in amyotrophic lateral sclerosis: A role
for histone post-translational modifications in neurodegenerative disease. Transl. Res. 2019, 204, 19–30.
[CrossRef]

113. Sanders, A.P.; Burris, H.H.; Just, A.C.; Motta, V.; Amarasiriwardena, C.; Svensson, K.; Oken, E.;
Solano-Gonzalez, M.; Mercado-Garcia, A.; Pantic, I.; et al. Altered miRNA expression in the cervix
during pregnancy associated with lead and mercury exposure. Epigenomics 2015, 7, 885–896. [CrossRef]
[PubMed]

114. Xu, Y.; Chen, X.T.; Luo, M.; Tang, Y.; Zhang, G.; Wu, D.; Yang, B.; Ruan, D.Y.; Wang, H.L. Multiple epigenetic
factors predict the attention deficit/hyperactivity disorder among the Chinese Han children. J. Psychiatr. Res.
2015, 64, 40–50. [CrossRef] [PubMed]

115. Nagarajan, R.P.; Hogart, A.R.; Gwye, Y.; Martin, M.R.; LaSalle, J.M. Reduced MeCP2 expression is frequent in
autism frontal cortex and correlates with aberrant MECP2 promoter methylation. Epigenetics 2006, 1, e1–e11.
[CrossRef] [PubMed]

116. Schneider, J.S.; Kidd, S.K.; Anderson, D.W. Influence of developmental lead exposure on expression of DNA
methyltransferases and methyl cytosine-binding proteins in hippocampus. Toxicol. Lett. 2013, 217, 75–81.
[CrossRef] [PubMed]

117. Pilsner, J.R.; Hu, H.; Ettinger, A.; Sanchez, B.N.; Wright, R.O.; Cantonwine, D.; Lazarus, A.;
Lamadrid-Figueroa, H.; Mercado-Garcia, A.; Tellez-Rojo, M.M.; et al. Influence of prenatal lead exposure on
genomic methylation of cord blood DNA. Environ. Health Perspect. 2009, 117, 1466–1471. [CrossRef]

118. Dosunmu, R.; Alashwal, H.; Zawia, N.H. Genome-wide expression and methylation profiling in the aged
rodent brain due to early-life Pb exposure and its relevance to aging. Mech. Ageing Dev. 2012, 133, 435–443.
[CrossRef]

119. Sen, A.; Heredia, N.; Senut, M.C.; Hess, M.; Land, S.; Qu, W.; Hollacher, K.; Dereski, M.O.; Ruden, D.M. Early
life lead exposure causes gender-specific changes in the DNA methylation profile of DNA extracted from
dried blood spots. Epigenomics 2015, 7, 379–393. [CrossRef]

120. Li, Y.Y.; Chen, T.; Wan, Y.; Xu, S.Q. Lead exposure in pheochromocytoma cells induces persistent changes in
amyloid precursor protein gene methylation patterns. Environ. Toxicol. 2012, 27, 495–502. [CrossRef]

121. Byun, C.J.; Seo, J.; Jo, S.A.; Park, Y.J.; Klug, M.; Rehli, M.; Park, M.H.; Jo, I. DNA methylation of the
5′-untranslated region at +298 and +351 represses BACE1 expression in mouse BV-2 microglial cells.
Biochem. Biophys. Res. Commun. 2012, 417, 387–392. [CrossRef]

122. Qin, J.; Ning, H.; Zhou, Y.; Hu, Y.; Huang, B.; Wu, Y.; Huang, R. LncRNA Uc.173 is a key molecule for the
regulation of lead-induced renal tubular epithelial cell apoptosis. Biomed. Pharmacother. 2018, 100, 101–107.
[CrossRef]

123. Wu, J.; Basha, M.R.; Zawia, N.H. The environment, epigenetics and amyloidogenesis. J. Mol. Neurosci. 2008,
34, 1–7. [CrossRef] [PubMed]

124. Alashwal, H.; Dosunmu, R.; Zawia, N.H. Integration of genome-wide expression and methylation data:
Relevance to aging and Alzheimer’s disease. Neurotoxicology 2012, 33, 1450–1453. [CrossRef] [PubMed]

125. Dash, M.; Eid, A.; Subaiea, G.; Chang, J.; Deeb, R.; Masoud, A.; Renehan, W.E.; Adem, A.; Zawia, N.H.
Developmental exposure to lead (Pb) alters the expression of the human tau gene and its products in a
transgenic animal model. Neurotoxicology 2016, 55, 154–159. [CrossRef] [PubMed]

126. Bihaqi, S.W.; Alansi, B.; Masoud, A.M.; Mushtaq, F.; Subaiea, G.M.; Zawia, N.H. Influence of Early Life
Lead (Pb) Exposure on alpha-Synuclein, GSK-3beta and Caspase-3 Mediated Tauopathy: Implications on
Alzheimer’s Disease. Curr. Alzheimer Res. 2018, 15, 1114–1122. [CrossRef]

127. Rousseaux, M.W.C.; Shulman, J.M.; Jankovic, J. Progress toward an integrated understanding of Parkinson’s
disease. F1000Research 2017, 6, 1121. [CrossRef]

128. Ysselstein, D.; Nguyen, M.; Young, T.J.; Severino, A.; Schwake, M.; Merchant, K.; Krainc, D. LRRK2 kinase
activity regulates lysosomal glucocerebrosidase in neurons derived from Parkinson’s disease patients.
Nat. Commun. 2019, 10, 5570. [CrossRef]

https://ehp.niehs.nih.gov/doi/10.1289/isee.2013.P-2-26-18
https://ehp.niehs.nih.gov/doi/10.1289/isee.2013.P-2-26-18
http://dx.doi.org/10.1016/j.trsl.2018.10.002
http://dx.doi.org/10.2217/epi.15.54
http://www.ncbi.nlm.nih.gov/pubmed/26418635
http://dx.doi.org/10.1016/j.jpsychires.2015.03.006
http://www.ncbi.nlm.nih.gov/pubmed/25840828
http://dx.doi.org/10.4161/epi.1.4.3514
http://www.ncbi.nlm.nih.gov/pubmed/17486179
http://dx.doi.org/10.1016/j.toxlet.2012.12.004
http://www.ncbi.nlm.nih.gov/pubmed/23246732
http://dx.doi.org/10.1289/ehp.0800497
http://dx.doi.org/10.1016/j.mad.2012.05.003
http://dx.doi.org/10.2217/epi.15.2
http://dx.doi.org/10.1002/tox.20666
http://dx.doi.org/10.1016/j.bbrc.2011.11.123
http://dx.doi.org/10.1016/j.biopha.2018.01.112
http://dx.doi.org/10.1007/s12031-007-0009-4
http://www.ncbi.nlm.nih.gov/pubmed/18157652
http://dx.doi.org/10.1016/j.neuro.2012.06.008
http://www.ncbi.nlm.nih.gov/pubmed/22743688
http://dx.doi.org/10.1016/j.neuro.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27293183
http://dx.doi.org/10.2174/1567205015666180801095925
http://dx.doi.org/10.12688/f1000research.11820.1
http://dx.doi.org/10.1038/s41467-019-13413-w


Int. J. Environ. Res. Public Health 2020, 17, 4878 21 of 23

129. Coppedè, F. The Epigenetics of Alzheimer’s and Other Neurodegenerative Disorders. In Epigenetics in
Human Disease; Elsevier: Amsterdam, The Netherlands, 2018; pp. 305–326. [CrossRef]

130. Renani, P.G.; Taheri, F.; Rostami, D.; Farahani, N.; Abdolkarimi, H.; Abdollahi, E.; Taghizadeh, E.; Gheibi
Hayat, S.M. Involvement of aberrant regulation of epigenetic mechanisms in the pathogenesis of Parkinson’s
disease and epigenetic-based therapies. J. Cell. Physiol. 2019, 234, 19307–19319. [CrossRef]

131. Coppede, F. Genetics and epigenetics of Parkinson’s disease. Sci. World J. 2012, 2012, 489830. [CrossRef]
132. O’Regan, G.; deSouza, R.M.; Balestrino, R.; Schapira, A.H. Glucocerebrosidase Mutations in Parkinson

Disease. J. Parkinsons Dis. 2017, 7, 411–422. [CrossRef]
133. Ascherio, A.; Schwarzschild, M.A. The epidemiology of Parkinson’s disease: Risk factors and prevention.

Lancet Neurol. 2016, 15, 1257–1272. [CrossRef]
134. Tamegart, L.; Abbaoui, A.; Makbal, R.; Zroudi, M.; Bouizgarne, B.; Bouyatas, M.M.; Gamrani, H. Crocus

sativus restores dopaminergic and noradrenergic damages induced by lead in Meriones shawi: A possible
link with Parkinson’s disease. Acta Histochem. 2019, 121, 171–181. [CrossRef] [PubMed]

135. Gorell, J.M.; Johnson, C.C.; Rybicki, B.A.; Peterson, E.L.; Kortsha, G.X.; Brown, G.G.; Richardson, R.J.
Occupational exposure to manganese, copper, lead, iron, mercury and zinc and the risk of Parkinson’s
disease. Neurotoxicology 1999, 20, 239–247. [PubMed]

136. Weisskopf, M.G.; Weuve, J.; Nie, H.; Saint-Hilaire, M.H.; Sudarsky, L.; Simon, D.K.; Hersh, B.; Schwartz, J.;
Wright, R.O.; Hu, H. Association of cumulative lead exposure with Parkinson’s disease. Environ. Health
Perspect. 2010, 118, 1609–1613. [CrossRef] [PubMed]

137. Coon, S.; Stark, A.; Peterson, E.; Gloi, A.; Kortsha, G.; Pounds, J.; Chettle, D.; Gorell, J. Whole-body lifetime
occupational lead exposure and risk of Parkinson’s disease. Environ. Health Perspect. 2006, 114, 1872–1876.
[CrossRef] [PubMed]

138. Hayashita-Kinoh, H.; Yamada, M.; Yokota, T.; Mizuno, Y.; Mochizuki, H. Down-regulation of alpha-synuclein
expression can rescue dopaminergic cells from cell death in the substantia nigra of Parkinson’s disease rat
model. Biochem. Biophys. Res. Commun. 2006, 341, 1088–1095. [CrossRef] [PubMed]

139. Ling, S.C. Synaptic Paths to Neurodegeneration: The Emerging Role of TDP-43 and FUS in Synaptic
Functions. Neural Plast. 2018, 2018, 8413496. [CrossRef]

140. Kamel, F.; Umbach, D.M.; Hu, H.; Munsat, T.L.; Shefner, J.M.; Taylor, J.A.; Sandler, D.P. Lead exposure as a
risk factor for amyotrophic lateral sclerosis. Neurodegener. Dis. 2005, 2, 195–201. [CrossRef]

141. Armon, C.; Kurland, L.T.; Daube, J.R.; O’Brien, P.C. Epidemiologic correlates of sporadic amyotrophic lateral
sclerosis. Neurology 1991, 41, 1077–1084. [CrossRef]

142. Chancellor, A.M.; Slattery, J.M.; Fraser, H.; Warlow, C.P. Risk factors for motor neuron disease: A case-control
study based on patients from the Scottish Motor Neuron Disease Register. J. Neurol. Neurosurg. Psychiatry
1993, 56, 1200–1206. [CrossRef]

143. Wang, M.D.; Gomes, J.; Cashman, N.R.; Little, J.; Krewski, D. A meta-analysis of observational studies of
the association between chronic occupational exposure to lead and amyotrophic lateral sclerosis. J. Occup.
Environ. Med. 2014, 56, 1235–1242. [CrossRef]

144. Valle, C.; Salvatori, I.; Gerbino, V.; Rossi, S.; Palamiuc, L.; Rene, F.; Carri, M.T. Tissue-specific deregulation of
selected HDACs characterizes ALS progression in mouse models: Pharmacological characterization of SIRT1
and SIRT2 pathways. Cell Death Dis. 2014, 5, e1296. [CrossRef]

145. Feng, C.; Gu, J.; Zhou, F.; Li, J.; Zhu, G.; Guan, L.; Liu, H.; Du, G.; Feng, J.; Liu, D.; et al. The effect of
lead exposure on expression of SIRT1 in the rat hippocampus. Environ. Toxicol. Pharmacol. 2016, 44, 84–92.
[CrossRef] [PubMed]

146. Brue, A.W.; Oakland, T.D. Alternative treatments for attention-deficit/hyperactivity disorder: Does evidence
support their use? Altern. Ther. Health Med. 2002, 8, 68–70, 72–74. [PubMed]

147. Salehi, B.; Imani, R.; Mohammadi, M.R.; Fallah, J.; Mohammadi, M.; Ghanizadeh, A.; Tasviechi, A.A.;
Vossoughi, A.; Rezazadeh, S.A.; Akhondzadeh, S. Ginkgo biloba for attention-deficit/hyperactivity disorder
in children and adolescents: A double blind, randomized controlled trial. Prog. Neuropsychopharmacol.
Biol. Psychiatry 2010, 34, 76–80. [CrossRef] [PubMed]

148. Daneshparvar, M.; Mostafavi, S.A.; Zare Jeddi, M.; Yunesian, M.; Mesdaghinia, A.; Mahvi, A.H.;
Akhondzadeh, S. The Role of Lead Exposure on Attention-Deficit/ Hyperactivity Disorder in Children:
A Systematic Review. Iran. J. Psychiatry 2016, 11, 1–14. [PubMed]

http://dx.doi.org/10.1016/b978-0-12-812215-0.00010-8
http://dx.doi.org/10.1002/jcp.28622
http://dx.doi.org/10.1100/2012/489830
http://dx.doi.org/10.3233/JPD-171092
http://dx.doi.org/10.1016/S1474-4422(16)30230-7
http://dx.doi.org/10.1016/j.acthis.2018.12.003
http://www.ncbi.nlm.nih.gov/pubmed/30573341
http://www.ncbi.nlm.nih.gov/pubmed/10385887
http://dx.doi.org/10.1289/ehp.1002339
http://www.ncbi.nlm.nih.gov/pubmed/20807691
http://dx.doi.org/10.1289/ehp.9102
http://www.ncbi.nlm.nih.gov/pubmed/17185278
http://dx.doi.org/10.1016/j.bbrc.2006.01.057
http://www.ncbi.nlm.nih.gov/pubmed/16460685
http://dx.doi.org/10.1155/2018/8413496
http://dx.doi.org/10.1159/000089625
http://dx.doi.org/10.1212/WNL.41.7.1077
http://dx.doi.org/10.1136/jnnp.56.11.1200
http://dx.doi.org/10.1097/JOM.0000000000000323
http://dx.doi.org/10.1038/cddis.2014.247
http://dx.doi.org/10.1016/j.etap.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27131751
http://www.ncbi.nlm.nih.gov/pubmed/11795624
http://dx.doi.org/10.1016/j.pnpbp.2009.09.026
http://www.ncbi.nlm.nih.gov/pubmed/19815048
http://www.ncbi.nlm.nih.gov/pubmed/27252763


Int. J. Environ. Res. Public Health 2020, 17, 4878 22 of 23

149. Wong, C.C.; Caspi, A.; Williams, B.; Craig, I.W.; Houts, R.; Ambler, A.; Moffitt, T.E.; Mill, J. A longitudinal
study of epigenetic variation in twins. Epigenetics 2010, 5, 516–526. [CrossRef]

150. van Mil, N.H.; Steegers-Theunissen, R.P.; Bouwland-Both, M.I.; Verbiest, M.M.; Rijlaarsdam, J.; Hofman, A.;
Steegers, E.A.; Heijmans, B.T.; Jaddoe, V.W.; Verhulst, F.C.; et al. DNA methylation profiles at birth and child
ADHD symptoms. J. Psychiatr. Res. 2014, 49, 51–59. [CrossRef]

151. Kandemir, H.; Erdal, M.E.; Selek, S.; Ay, O.I.; Karababa, I.F.; Kandemir, S.B.; Ay, M.E.; Yilmaz, S.G.; Bayazit, H.;
Tasdelen, B. Evaluation of several micro RNA (miRNA) levels in children and adolescents with attention
deficit hyperactivity disorder. Neurosci. Lett. 2014, 580, 158–162. [CrossRef]

152. Kwok, J.B. Role of epigenetics in Alzheimer’s and Parkinson’s disease. Epigenomics 2010, 2, 671–682.
[CrossRef]

153. Santi, D.V.; Garrett, C.E.; Barr, P.J. On the mechanism of inhibition of DNA-cytosine methyltransferases by
cytosine analogs. Cell 1983, 33, 9–10. [CrossRef]

154. David, G.L.; Yegnasubramanian, S.; Kumar, A.; Marchi, V.L.; De Marzo, A.M.; Lin, X.; Nelson, W.G. MDR1
promoter hypermethylation in MCF-7 human breast cancer cells: Changes in chromatin structure induced
by treatment with 5-Aza-cytidine. Cancer Biol. Ther. 2004, 3, 540–548. [CrossRef] [PubMed]

155. Gang, A.O.; Frosig, T.M.; Brimnes, M.K.; Lyngaa, R.; Treppendahl, M.B.; Gronbaek, K.; Dufva, I.H.; Straten, P.T.;
Hadrup, S.R. 5-Azacytidine treatment sensitizes tumor cells to T-cell mediated cytotoxicity and modulates
NK cells in patients with myeloid malignancies. Blood Cancer J. 2014, 4, e197. [CrossRef] [PubMed]

156. Singh, R.P.; Shiue, K.; Schomberg, D.; Zhou, F.C. Cellular epigenetic modifications of neural stem cell
differentiation. Cell Transplant. 2009, 18, 1197–1211. [CrossRef] [PubMed]

157. Payao, S.L.; Smith, M.D.; Bertolucci, P.H. Differential chromosome sensitivity to 5-azacytidine in Alzheimer’s
disease. Gerontology 1998, 44, 267–271. [CrossRef]

158. Chiurazzi, P.; Pomponi, M.G.; Willemsen, R.; Oostra, B.A.; Neri, G. In vitro reactivation of the FMR1 gene
involved in fragile X syndrome. Hum. Mol. Genet. 1998, 7, 109–113. [CrossRef] [PubMed]

159. Sandi, C.; Al-Mahdawi, S.; Pook, M.A. Epigenetics in Friedreich’s Ataxia: Challenges and Opportunities for
Therapy. Genet. Res. Int. 2013, 2013, 852080. [CrossRef]

160. Coppede, F. The potential of epigenetic therapies in neurodegenerative diseases. Front. Genet. 2014, 5, 220.
[CrossRef]

161. Sung, Y.M.; Lee, T.; Yoon, H.; DiBattista, A.M.; Song, J.M.; Sohn, Y.; Moffat, E.I.; Turner, R.S.; Jung, M.; Kim, J.;
et al. Mercaptoacetamide-based class II HDAC inhibitor lowers Abeta levels and improves learning and
memory in a mouse model of Alzheimer’s disease. Exp. Neurol. 2013, 239, 192–201. [CrossRef]

162. Ishimaru, N.; Fukuchi, M.; Hirai, A.; Chiba, Y.; Tamura, T.; Takahashi, N.; Tabuchi, A.; Tsuda, M.; Shiraishi, M.
Differential epigenetic regulation of BDNF and NT-3 genes by trichostatin A and 5-aza-2′-deoxycytidine in
Neuro-2a cells. Biochem. Biophys. Res. Commun. 2010, 394, 173–177. [CrossRef]

163. Graff, J.; Woldemichael, B.T.; Berchtold, D.; Dewarrat, G.; Mansuy, I.M. Dynamic histone marks in the
hippocampus and cortex facilitate memory consolidation. Nat. Commun. 2012, 3, 991. [CrossRef]

164. Guan, J.S.; Haggarty, S.J.; Giacometti, E.; Dannenberg, J.H.; Joseph, N.; Gao, J.; Nieland, T.J.; Zhou, Y.;
Wang, X.; Mazitschek, R.; et al. HDAC2 negatively regulates memory formation and synaptic plasticity.
Nature 2009, 459, 55–60. [CrossRef] [PubMed]

165. Qing, H.; He, G.; Ly, P.T.; Fox, C.J.; Staufenbiel, M.; Cai, F.; Zhang, Z.; Wei, S.; Sun, X.; Chen, C.H.; et al.
Valproic acid inhibits Abeta production, neuritic plaque formation, and behavioral deficits in Alzheimer’s
disease mouse models. J. Exp. Med. 2008, 205, 2781–2789. [CrossRef] [PubMed]

166. Wang, Y.; Hu, Y.; Wu, Z.; Su, Y.; Ba, Y.; Zhang, H.; Li, X.; Cheng, X.; Li, W.; Huang, H. Latent role of in vitro
Pb exposure in blocking Abeta clearance and triggering epigenetic modifications. Environ. Toxicol. Pharmacol.
2019, 66, 14–23. [CrossRef] [PubMed]

167. Govindarajan, N.; Agis-Balboa, R.C.; Walter, J.; Sananbenesi, F.; Fischer, A. Sodium butyrate improves
memory function in an Alzheimer’s disease mouse model when administered at an advanced stage of
disease progression. J. Alzheimers Dis. 2011, 26, 187–197. [CrossRef]

168. Lee, S.M.; Kim, N.; Nam, R.H.; Park, J.H.; Choi, S.I.; Park, Y.T.; Kim, Y.R.; Seok, Y.J.; Shin, C.M.; Lee, D.H.
Gut microbiota and butyrate level changes associated with the long-term administration of proton pump
inhibitors to old rats. Sci. Rep. 2019, 9, 6626. [CrossRef] [PubMed]

http://dx.doi.org/10.4161/epi.5.6.12226
http://dx.doi.org/10.1016/j.jpsychires.2013.10.017
http://dx.doi.org/10.1016/j.neulet.2014.07.060
http://dx.doi.org/10.2217/epi.10.43
http://dx.doi.org/10.1016/0092-8674(83)90327-6
http://dx.doi.org/10.4161/cbt.3.6.845
http://www.ncbi.nlm.nih.gov/pubmed/15034303
http://dx.doi.org/10.1038/bcj.2014.14
http://www.ncbi.nlm.nih.gov/pubmed/24681961
http://dx.doi.org/10.3727/096368909X12483162197204
http://www.ncbi.nlm.nih.gov/pubmed/19660178
http://dx.doi.org/10.1159/000022023
http://dx.doi.org/10.1093/hmg/7.1.109
http://www.ncbi.nlm.nih.gov/pubmed/9384610
http://dx.doi.org/10.1155/2013/852080
http://dx.doi.org/10.3389/fgene.2014.00220
http://dx.doi.org/10.1016/j.expneurol.2012.10.005
http://dx.doi.org/10.1016/j.bbrc.2010.02.139
http://dx.doi.org/10.1038/ncomms1997
http://dx.doi.org/10.1038/nature07925
http://www.ncbi.nlm.nih.gov/pubmed/19424149
http://dx.doi.org/10.1084/jem.20081588
http://www.ncbi.nlm.nih.gov/pubmed/18955571
http://dx.doi.org/10.1016/j.etap.2018.12.015
http://www.ncbi.nlm.nih.gov/pubmed/30593950
http://dx.doi.org/10.3233/JAD-2011-110080
http://dx.doi.org/10.1038/s41598-019-43112-x
http://www.ncbi.nlm.nih.gov/pubmed/31036935


Int. J. Environ. Res. Public Health 2020, 17, 4878 23 of 23

169. Rogan, W.J.; Dietrich, K.N.; Ware, J.H.; Dockery, D.W.; Salganik, M.; Radcliffe, J.; Jones, R.L.; Ragan, N.B.;
Chisolm, J.J., Jr.; Rhoads, G.G.; et al. The effect of chelation therapy with succimer on neuropsychological
development in children exposed to lead. N Engl. J. Med. 2001, 344, 1421–1426. [CrossRef]

170. Dietrich, K.N.; Ware, J.H.; Salganik, M.; Radcliffe, J.; Rogan, W.J.; Rhoads, G.G.; Fay, M.E.; Davoli, C.T.;
Denckla, M.B.; Bornschein, R.L.; et al. Effect of chelation therapy on the neuropsychological and behavioral
development of lead-exposed children after school entry. Pediatrics 2004, 114, 19–26. [CrossRef]

171. Xiao, J.; Wang, T.; Xu, Y.; Gu, X.; Li, D.; Niu, K.; Wang, T.; Zhao, J.; Zhou, R.; Wang, H.L. Long-term probiotic
intervention mitigates memory dysfunction through a novel H3K27me3-based mechanism in lead-exposed
rats. Transl. Psychiatry 2020, 10, 25. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1056/NEJM200105103441902
http://dx.doi.org/10.1542/peds.114.1.19
http://dx.doi.org/10.1038/s41398-020-0719-8
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Alzheimer’s Disease 
	AD and Risk Genes 
	AD and Lead Exposure 
	Epigenetic Basis of AD 
	Lead Exposure and Epigenetics 
	Epigenetic Mechanisms Linking Lead with AD 

	Parkinson’s Disease 
	PD and Risk Genes 
	Lead and PD Etiology 
	Epigenetics and Lead-Induced PD 

	Amyotrophic Lateral Sclerosis 
	Attention Deficit/Hyperactivity Disorder 
	Therapeutics for Neurological Disorders Based on Targeting Epigenetic Molecules 
	Conclusions and Future Perspective 
	References

