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Abstract

The epigenetic machinery plays a pivotal role in the control of many of the body's key cellular
functions. It modulates an array of pliable mechanisms that are readily and durably modified by
intracellular or extracellular factors. In the fast-moving field of neuroepigenetics, it is emerging
that faulty epigenetic gene regulation can have dramatic consequences on the developing CNS that
can last a lifetime and perhaps even affect future generations. Mounting evidence suggests that
environmental factors can impact the developing brain through these epigenetic mechanisms and
this report reviews and examines the epigenetic effects of one of the most common neurotoxic
pollutants of our environment, which is believed to have no safe level of exposure during human
development: lead.
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Lead (Pb) toxicity remains a significant health problem in the USA and worldwide.
Although the prevalence of childhood Pb poisoning nationally has decreased dramatically
over the last 10 years, more than 250,000 children aged 1-5 years still have blood Pb levels
(BLLs) greater than 10 p.g/dl of blood, which was until recently the current CDC action
level. The seriousness of the situation was emphasized in a 2012 report from the CDC
Advisory Committee on Childhood Lead Poisoning Prevention stating that “no level of Pb
appears to be safe” for children [1]. As a result, the CDC recently lowered the action level to
a BLL of 5 pg/dl, increasing thereby the number of at-risk US children to >500,000 [101].
Because Pb interferes with developmental neuronal plasticity, it is especially toxic to the
rapidly developing fetal and neonatal brain [2-4]. Thus, environmental exposure to Pb
during prenatal life or in childhood, even at BLLs below the new CDC action level, may
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cause permanent neurological damage in exposed children. Despite the prevalence of Pb
exposure in the USA and elsewhere, the mechanisms by which prenatal Pb exposure
compromises human brain development and function are largely unknown. Several routes of
action for Pb neurotoxicity have been proposed, such as oxidative stress, deregulation of
calcium signaling and abnormal neural transmission/gene expression [3].

The fascinating world of epigenetics has opened a novel avenue of research for
understanding how the environment can influence our genes and contribute to
neurodevelopmental disorders. Indeed, a number of recent studies have implicated
epigenetic mechanisms in the etiology of Pb-induced neurotoxicity, suggesting that by
altering epigenetic determinants, the effects of Pb could be lifelong, or possibly even
transgenerational. This is supported by recent studies identifying gestational Pb exposure as
a risk factor for a variety of neurological diseases with onset in later life, including
Alzheimer's disease and schizophrenia [5-8].

In this report, we will review the deleterious effects that environmental Pb exposure may
have on the developing human brain and the insights gained from animal models. We will
present evidence of the importance of epigenetic regulation in brain formation and
maintenance and will examine evidence to date suggesting how Pb exposure could affect
epigenetic marks and interfere with brain development and function. We will also discuss
the key achievements and the challenges faced ahead, as researchers seek to understand the
fragile balance between environmental Pb exposure, epigenetics and human
neurodevelopment.

Pb is a pervasive environmental threat

Pb is a naturally occurring heavy metal that has been mined for thousands of years [9].
Natural and mostly anthropogenic sources of dispersion have made of Pb a ubiquitous
nondegradable toxic pollutant of our environment, which can acutely or chronically affect
human health. The most common routes of exposure are inhalation of air contaminated with
Pb dust, ingestion of Pb-tainted food or water, or direct contact with Pb-polluted soil [102].
Even though Pb is now less of a contamination hazard in the USA owing to its removal from
paints and gasoline, it nevertheless remains a serious problem since it can still be found in a
variety of products used daily, including pipes, batteries, ceramics, water, food and toys. Pb
exposure can be detrimental to every organ in the human body, but the brain is particularly
sensitive to its harmful effects, especially in early developmental years [3,4,10]. Among the
population, unborn and young children are the most sensitive to Pb neurotoxicity because
their small size facilitates the absorption and retention of Pb, and their brains are actively
developing. Also, because Pb can freely cross the placental barrier [11] and be mobilized
from maternal bones during pregnancy, Pb-exposed pregnant women may in turn expose the
developing embryo. Even though the neurotoxicity of high Pb concentrations is well
documented, it is now emerging from animal and human studies that even low Pb
concentrations may be harmful to early brain development [1,12], and each year there
continues to be hundreds of new cases in the USA.

Prenatal exposure to Pb affects brain development

Epidemiological studies have provided compelling evidence that, even at BLLs below the
current CDC action level, early-life Pb exposure has harmful effects on the developing
brain. Thus, chronic exposure to Pb during prenatal life or in childhood, can result in
disrupted neuropsychiatric function and reduced cognitive ability, behaviors associated with
attention deficit hyperactivity disorders, lowered intellectual quotients, increased likelihood
of delinquency, reduced activity in brain areas involved in language function and altered
sensory function [3,4,12-16]. Pb-exposed children have a decreased amount of gray matter
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and exhibit cognitive deficits as adults [17-19]. In human primary fetal neuronal cultures,
Pb modifies the activity of protein phosphatases known to regulate synaptic plasticity [20].
While both males and females are vulnerable to the adverse effects of Pb exposure, there is
significant evidence that sex can influence the severity of Pb neurotoxicity. Multiple studies
describe more severe Pb-induced cognitive deficits in girls relative to boys, whereas prenatal
Pb exposure appears to induce poorer cognitive performances in boys, even at very low
BLLs (see [18,21,22]).

Animal model studies have provided invaluable insights into the mechanisms of Pb
neurotoxicity by showing that chronic exposure to Pb can interfere with neurogenesis and
reduce the proliferation, differentiation and survival of newly generated neurons (see
[4,23]). Reports that chronic Pb exposure can lower the density of dendritic spines and
synapses, decrease the levels of synaptic/neural proteins and alter presynaptic function and
vesicular release, were landmark discoveries that identified the synapse as a major target of
Pb neurotoxicity [4,24-28]. Indeed, Altmann et al. showed that chronic Pb exposure inhibits
long-term potentiation (a model for learning) in the rat visual cortex and hippocampus [29].
As in human studies, sex-specific differences in the effects of Pb exposure have also been
documented in spatial learning and memory, motor behavior, dopamine metabolism and
brain gene expression [4,30,31], emphasizing the importance of taking sex into account
when considering the epigenetic basis of Pb effects. Although described in both humans and
animal models, sex differences in the severity of Pb-induced neurotoxicity have surprisingly
been little explored, and their molecular mechanisms are largely unknown. The development
of specific brain regions differs between males and females, and sex-biased response to Pb
exposure may be due to the differential effects of Pb on sex chromosome genes or genes on
autosomal chromosomes that are imprinted and dependent on maternal or paternal
inheritance [30,32]. Sex-based effects of Pb could also be attributed to differences in the
concentrations of sex hormones and their receptors during development [30,33]. For
example, pretreatment with 17-B-estradiol was shown to protect cultured human
neuroblastoma cells from Pb-induced toxicity [33]. Finally, sex-related differences in the
pharmacokinetics of absorption, metabolism and excretion of Pb may account for sex
different Pb neurotoxicity [34].

Recent advancements in the generation of cultured primary neurons and other neural cell
types from embryonic stem cells [35], induced pluripotent stem cells [36], or even ‘induced’
neurons or neural progenitors produced by the direct reprogramming of skin fibroblasts
[37,38], have the potential to revolutionize our understanding of the molecular and cellular
mechanisms underlying Pb neurotoxicity.

Epigenetic mechanisms regulate brain development

Epigenetics are commonly defined as the study of heritable changes in gene activities that
are not related to alterations in the genetic code. Epigenetic modifications are mediated
through a series of interconnected pathways that include DNA methylation, histone
modifications and ncRNAs [39-41]. DNA methylation, undoubtedly the most studied
epigenetic mechanism, corresponds to the addition of a methyl group to the 5 carbon
position on the cytosine pyrimidine ring (5-methylcytosine [5SmC]) via DNA
methyltransferases (DNMTSs) [39]. CpG sites, which can cluster in so-called ‘CpG islands’,
are the target sites of DNA methylation. By altering the binding of transcriptional
modulators, DNA methylation plays an important role in regulation of transcription. DNA
methylation is most commonly associated with gene silencing and plays a critical role in
central developmental events, such as chromosome X inactivation and gene imprinting
[42,43]. The recent discovery that TET proteins can oxidize 5mC into 5-
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hydroxymethylcytosine (5hmC) has added another layer of regulation to the DNA
methylation process [44].

In addition to changes in DNA methylation status to control neural gene expression and
subsequent brain function, histone modifications are another epigenetic means of regulating
gene transcription [40]. Histones are proteins around which the DNA wraps itself to form
the nucleosome, the basic unit of chromatin organization. By controlling how tight or loose
chromatin is during transcription, histones influence gene expression. The terminal tails of
histones can be subjected to various post-translational modifications, including acetylation,
phosphorylation, methylation or ubiquitination that are under the control of enzymes
comprising histone acetyltransferases, histone deacetylases (HDACS), histone methylases
and histone demethylases.

Another epigenetic mechanism of controlling gene transcription is ncRNAS [41]. As the
name suggests, NCRNAs are not translated into protein and have been subdivided into
several categories such as miRNAs, siRNAs, piRNAs and snoRNAs [41]. ncRNAS can
regulate gene expression via various mechanisms such as transcriptional and post-
transcriptional gene silencing or mRNA degradation.

The suggestion of an epigenetic regulation of brain development came from the observation
that elements of the epigenetic apparatus, such as DNMTS, are expressed at various
developmental time windows in the brain [45]. The human brain undergoes epigenetic
changes throughout life, and the increasing number of epigenetic studies of the human brain
is uncovering associations between alterations in epigenetic determinants and
neurodevelopmental disorders [46,47]. It has been observed that altered expression and
subsequent deregulation of methyl-CpG-binding proteins is associated with a variety of
autism spectrum diseases, such as Rett syndrome, and DNA hypermethylation of the FMR1
gene promoter is associated with Fragile X syndrome, the most common form of mental
retardation [46,47]. In humans, the brain starts forming approximately 3 weeks after
conception and continues to develop and mature well into juvenile life. Early brain
development is an especially sensitive time, during which changes in epigenetic marks can
affect subsequent brain development and maturation. A critical player in embryonic brain
development is the neural stem cell, which can self-renew and differentiate into the three
major neural cell types: neurons, astrocytes and oligodendrocytes [47]. Our understanding of
the involvement of epigenetic mechanisms in brain development has mostly emerged from
animal model studies and shown that all three epigenetic mechanisms outlined above are
critical players in the development of the healthy brain. The importance of DNA
methylation in neural development came to light with the demonstration that null mutations
of DMNTSs resulted in decreased levels of DNA 5mCs, abnormal brain development and
subsequent lethality in mouse embryos [48]. In addition, disruption of MeCP2and MBD1
expression resulted in alterations of neuronal survival, differentiation and function in
postnatal mouse brain [47]. Phosphorylation of MeCP2was recently shown to be involved
in synaptogenesis and spatial memory in a mouse model [49]. Several /n vitro studies have
also identified a role for DNA methylation in downregulating the pluripotency genes in
embryonic stem cells during neural induction [50]. Interestingly, a recent study shows that
the higher conversion rate from 5mC to 5hmC occurring postnatally in the mouse
hippocampus and cerebellum is regulated by the binding of the MecP2 protein to 5mC,
suggesting that hydroxymethylation of 5mC targets may be critical for brain development
[51]. Indeed, 5hmC levels, which are intriguingly abundant in the brain compared with other
tissues, were shown to increase from postnatal day 7 to 6 weeks of age (maturity) in the
mouse cerebellum and hippocampus [51]. Also, a cerebellum-specific enrichment in 5hmC
was observed from 6 weeks to 1 year of age. The observation that immunostaining for 5hmC
associates with mature rather than immature neurons, suggests that 5ShmC may be involved
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in neuronal differentiation. Gene profiling of mouse cerebellar tissue revealed that 5hmCs
are enriched in gene bodies and upstream of transcriptional start sites, which was also
observed in the adult human cortex [51]. Gene ontology analysis of genes exhibiting an age-
related enrichment of stable or dynamic 5hmC sites identified genes involved in critical
neurodevelopmental processes such as neuronal differentiation and synaptic function [51].
Taken together, these data highlight the importance of 5-hydroxymethylation of cytosine in
shaping the brain.

Given its essential role in the regulation of gene expression, histone modifications have also
been shown to regulate developing brain processes. For example, the transcription factor
REST (also known as NRSF) blocks the neuronal phenotype in non-neuronal cells by
recruiting a complex containing HDACSs and other corepressors to the promoter of neuronal
genes [50,52]. Furthermore, the HAT p300 is implicated in neuronal and astrocytic
differentiation from neural stem cells [53], and HDACs play a role in oligodendrocyte
differentiation [54]. Specifically, the inhibition of HDAC activity was shown to result in
increased neuronal differentiation in the hippocampal neurogenic niche [55].

The expression of small nonprotein-coding miRNAs that bind to target mMRNAs and inhibit
their translation is also dynamically regulated during brain development [56]. Deletion of
DICER, a disruptor of miRNA production, is known to affect neurogenesis, gliogenesis and
neuroplasticity [56].

Prenatal or postnatal experiences can readily affect the brain epigenome and such changes
may be transient or last a lifetime. For example, rat studies showed that quality of maternal
care modified the epigenetic profile of a glucocorticoid receptor in the hippocampus of
offspring, thereby influencing their response to stress as adults [57]. By contrast, short-
lasting epigenetic changes were shown to be key to the establishment of learning and
memory processes in fear conditioning experiments [58]. Taken together, these examples
emphasize how important epigenetic mechanisms are in moderating every step of the brain
developmental process, and how slight changes in these pathways caused by environmental
exposures could trigger a cascade of neuro logical damage and dysfunction that may have
immediate effects or manifest only later in life.

Early-life exposure to Pb causes changes in epigenetic marks

The nacent field of neuroepigenetics has already produced a small number of reports of
great importance to elucidating the epigenetic basis of heavy metal neurotoxicity. The
growing body of literature suggests that epigenetic determinants may indeed be strategic
intermediaries between environmental exposures and brain development, and that such
epigenetic targets can be altered by exposure to heavy metals. Thus, arsenic, nickel,
chromium, cadmium and methylmercury have been shown to modify the DNA methylation
status of a variety of genes [59-62]. Furthermore, changes in histone madifications have
been reported for arsenic, nickel, chromium, methylmercury and copper, while arsenic,
aluminum and cadmium have been identified as impacting ncRNA expression [59-62].

Although epidemiological studies of the effects of early-life Pb exposure on the human
epigenome are still sparse, the first evidence that prenatal exposure to Pb can also influence
the fetal epigenome in humans came from the work of Pilsner and coworkers [63]. This
group analyzed the impact of maternal-prenatal Pb exposure on the DNA methylation
profile of umbilical cord blood. Using pyrosequencing, they showed that maternal patella
and tibia Pb levels, reflective of cumulative exposure, were inversely associated with cord
blood methylation levels in LINE-1 and Alul, respectively, two elements frequently
analyzed in DNA methylation studies. Conversely, no association between cord blood Pb
levels and DNA methylation changes was found, suggesting that Pb levels in bone (chronic
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exposure) rather than blood (recent exposure) are good biomarkers for Pb
neurodevelopmental toxicity. The authors speculate that Pb-induced modifications in either
oxidative stress or homocysteine levels may have destabilized epigenetic processes. These
data, combined with previous studies showing an association between Pb maternal levels
and 1Q deficits in children [64,65], suggest that epigenetic mechanisms may be in part
responsible for the cognitive impairments in Pb-exposed children. Further indication of Pb
influence on methylation marks comes from studies performed in adults where an
association between bone Pb levels and reduced LINE-1 DNA methylation was also found
in elderly men [66]. In adult women undergoing /n vitrofertilization, a statistically
significant negative correlation was recently found between BLLs and promoter methylation
of the COL1AZ, a gene associated with preterm birth in humans [67]. In addition to
hypomethylation, a study reporting a positive correlation between BLLs of Pb-exposed adult
men and methylation of the pZ6 gene, a cell cycle regulator upregulated during
neurodegeneration [68], showed that Pb exposure could also induce DNA hypermethylation.

In vitro cellular models have also been extremely useful to examine the epigenetic effects of
Pb exposure. For example, Pb exposure inhibits the activity of IGF1-stimulated methionine
synthase, an enzyme involved in the regulation of DNA methylation in cultured human
neuroblastoma cells [69]. By contrast, exposure of human embryonic stem cells to Pb
concentrations similar to those found in maternal and cord blood, had no effect on
heterochromatin formation [70]. We have indicated earlier, that the synapse is a target of Pb
toxicity. MeCP2, a crucial epigenetic regulator that binds methylated cytosines at the CpG
sites on DNA, regulates the expression of factors key to synapse development, such as
BDNF. Exposure to Pb impedes BDONF transcription and translation in rat embryonic
hippocampal neurons [25]. By contrast, although Pb had no observable effect on the
methylation status of the BDN/F gene promoter, it induced a decrease in the levels of
phosphorylated MeCP2 at S421, total MeCP2 and ratio of S421MeCP2:total MeCP2,
thereby maintaining the repressor function of MeCP2 and preventing BDONF transcription
[25]. Taken together, these studies provide compelling evidence that changes in the DNA
methylation status of genes crucial to brain development may mediate some of the
neurotoxic effects observed following early-life exposure to Pb (Figure 1). Whether early
exposure to Pb impacts other epigenetic mechanisms, such as histone modifications or
ncRNA expression, has yet to be determined.

Early Pb exposure, epigenetics & susceptibility to adult diseases

By modifying the global DNA methylation landscape, early-life Pb exposure may not only
have immediate dire consequences for brain development, but may also have effects that
persist after the initial exposure defining the “fetal origin of adult diseases’ or ‘Barker
hypothesis’ [71]. Gestational exposure to Pb may increase the susceptibility to diseases later
in life, as recently shown for obesity in a mouse model [31]. The idea of an association
between developmental Pb exposure and adult-onset neurological diseases came from rodent
studies showing that postnatal exposure to Pb induces an increase in the neonatal expression
of the amyloid precursor protein (APP), a key protein in Alzheimer's disease. While this
increase abated in adulthood, it resumed 20 months after the termination of Pb exposure.
The increase in APP expression was observed to parallel an increase in expression and
DNA-binding of the APP-regulating transcription factor SP1 [8]. Consequently, enhanced
APP expression resulted into an increase in p-amyloid protein, which in turn promoted
oxidative stress and enhanced the potential susceptibility to neurodegeneration. Not only
were these observations confirmed in a primate model of developmental Pb exposure, but
the possible involvement of epigenetic mechanisms was also put forward by Wu and
collaborators [5]. In this study, it was shown that female Macaca fascicularis monkeys
exposed as infants to Pb displayed a 50-100% increase in APP mRNA expression and f-
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amyloid protein levels in late adulthood. Furthermore, intracellular and extracellular
deposits of B-amyloid protein, a pathological hallmark of Alzheimer's disease, were also
noted in the cortex of Pb-exposed animals. Interestingly, a 20% decrease in the activity of
the methylating enzyme DNMT1 was observed in adult brain tissues from developmentally
Pb-exposed animals, suggesting that epigenetic mechanisms may have been mediating the
neurotoxic effects of Pb. In addition, microarray analysis of brain-related genes identified 22
genes altered by Pb infantile exposure, 20 of which had enriched CpG sequences, making
them vulnerable to Pb-induced changes in DNMTI expression [5]. Another recent study
indicated that infantile Pb exposure may also reduce the expression levels of several
acetylated and methylated histones [72]. These data are of great potential importance given
that an inverse relationship between prenatal BLLs and adult expression of genes involved
in amyloid protein biology was recently reported in humans [6]. Another study has recently
shown that aging mice developmentally exposed to Pb from gestational day 13 to postnatal
day 20 exhibited changes in the DNA methylation profiles of many neural genes [73]. Four
gene categories were identified: metal binding, metabolic enzymes, transduction/
transcription and immune response. Upregulation of these genes, which normally occurs in
aging, was suppressed by developmental Pb exposure, rendering the aging brain more
susceptible to degeneration [73]. Interestingly, expression status of these genes correlated
with their DNA methylation profiles. Although needing further confirmation in human
epidemiological studies, these data strongly support an epi-genetic basis for the effects of
developmental Pb exposure on the late-onset of neurological diseases (Figure 1).

Conclusion & future perspective

Untangling the complex epigenetics of early-life Pb exposure will undoubtedly shed new
light on the mechanisms of developmental Pb neurotoxicity. Importantly, it will help us
identify epigenetic biomarkers of early-life Pb exposure, which will be essential for early
diagnosis, disease prevention and design of novel therapeutic strategies. Because Pb is
known to cause oxidative stress, and TET proteins that convert 5mC into 5hmC are sensitive
to oxidation, we speculate that Pb-induced changes in methylation patterns could be partly
mediated through Pb oxidative stress and metabolism alterations [74]. This possibility,
added to the fact that 5hmC marks are important for brain development, makes the analysis
of Pb-induced hydroxylation of 5mC a new research avenue to improve our understanding
of the epigenetic basis of Pb-induced brain dysfunction. Much research also remains to be
carried out to define the role of early Pb exposure on other epigenetic processes known to
affect brain development, such as his-tone modifications and expression of ncRNAs.
Although long believed to be restricted to an individual or an individual generation, it now
appears that some changes in epigenetic determinants can extend to the germline [75],
raising the possibility that Pb-induced alterations could be propagated transgenerationally.
Identifying the epigenetic basis of neurological effects of early-life Pb exposure will
however be a complicated path, hampered by multiple challenges. First, although early-life
Pb exposure is known to cause neurological problems in children, it is not yet understood
why some children appear more susceptible than others to the Pb-triggered neurotoxic
effects. It is likely that such differences in sensitivity will be partly due to the combination
of individual epigenetic variability and interplay between Pb exposure, epigenetics and
genetic background, which will need to be elucidated. Second, because sex differences in
the neurodevelopmental effects of early Pb exposure have been reported in humans, future
research should focus on how Pb exposure modulates gene imprinting and chromosome X
inactivation, two processes crucial to normal development. Finally, given our natural
environment, it is likely that coexposure to toxicants other than Pb may further complicate
the interpretation of epigenetic data collected from Pb-related epidemiological studies [76].
Other factors, such as diet or stress [77], may predispose some individuals more than others
to Pb-induced epigenetic changes and will have to be identified. Overcoming these
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difficulties and understanding how the DNA methylome and other epigenetic determinants
act together to influence the neurodevelopmental effects of exposure to Pb and other heavy
metals would have immediate implications for the prevention and treatment of heavy metal
exposure and should be a central objective of the expanding field of toxicogenomics in years
to come.
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Executive summary
Background
W Lead (Pb) is a pervasive environmental threat.
M Pb is a ubiquitous pollutant of our environment.

Hl Developing embryos and children are especially sensitive to the health impact of
Pb.

H The developing brain is particularly susceptible to Pb toxicity.
Prenatal exposureto Pb affects brain devel opment

H Chronic exposure during prenatal life or early childhood can have dramatic effects
on cognitive ability and neuropsychiatric function.

B Severity of Pb-induced neurotoxicity is affected by sex.
B Experimental studies have shown that the synapse is a major target of Pb toxicity.

H Recent advances in the analysis of human neurons /n vitro will accelerate our
understanding of the molecular and cellular effects of Pb and other toxicants.

Epigenetic mechanisms regulate brain development

B The human brain undergoes transient and stable epigenetic changes throughout its
life.

B Alterations of epigenetic determinants have been associated with
neurodevelopmental disorders.

M Researchers are trying to better understand how epigenetic determinants regulate
brain development. In particular, emphasis has been put on the role of 5-
hydroxymethylcytosines that are abundant in specific regions of the developing
brain.

H Multiple epigenetic regulating systems are involved in neurodevelopmental
processes such as neural stem cell proliferation and neuronal/glial differentiation.

Early-life exposure to Pb causes changes in epigenetic determinants
H Research to elucidate the epigenetic basis of Pb neurotoxicity is in its infancy.

H Gestational Pb exposure results in changes of the methylation status of cord blood
LINE-1 and Alul. Hypo-/hyper-methylation in COL1AZ (a gene associated with
preterm birth in humans), and p6 (a gene involved in neurodegeneration) have been
reported.

M Early-life exposure to Pb induces a decrease in phosphorylation of MeCp2
inhibiting transcription of BDNF, a gene key to synapse development and function.

Early Pb exposure, epigenetics & susceptibility to disease

H Recent research raised the idea that early-life Pb exposure may play a role in the
adult onset of diseases, a so-called ‘fetal origin of adult diseases’.

B Animal model studies associate developmental exposure to Pb to increased risk of
Alzheimer's disease, a neurodegenerative disease that generally affects older adults.

Future perspective
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e Learning disabilities

* Attention-deficit disorders
* Developmental delay

* Mental retardation

* Altered sensory function
¢ Increased delinquency

Environmental
Pb exposure

Early-life
exposure

epigenetic
mechanisms?

* Hypomethylation LINE-1  *Alzheimer disease:.

* Hypomethylation Alu-1 decreased expression

« Hypomethylation COL1A2  of genes involved in
promoter (adult exposure) ~amyloid B protein

* Hypermethylation p16 pathways
promoter (adult exposure) * Schizophrenia?
* Others?

Figurel.
Epigenetic and neurological effects of environmental lead exposure identified in human

epidemiological studies.
Pb: Lead.
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