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ARTICLE INFO ABSTRACT

Article history: Both genetic and epigenetic responses of organisms to environmental factors, including chemical
Received 8 October 2013 exposures, influence adaptation, susceptibility to toxicity and biodiversity. In model organisms, it is
Accepted 9 October 2013 established that epigenetic alterations, including changes to the methylome, can create a memory of

Available online 17 October 2013 the received signal. This is partly evidenced through the analysis of epigenetic differences that develop

between identical twins throughout their lifetime. The epigenetic marks induce alterations to the

gej-/wonis‘: gene expression profile, which, in addition to mediating homeostatic responses, have the potential to
pigenetic promote an abnormal physiology either immediately or at a later stage of development, for example
DNA methylation . . . . . . .

Toxicity leading to an adult onset of disease. Although this has been well established, epigenetic mechanisms

are not considered in chemical risk assessment or utilised in the monitoring of the exposure and
effects of chemicals and environmental change. In this review, epigenetic factors, specifically DNA
methylation, are highlighted as mechanisms of adaptation and response to environmental factors and
which, if persistent, have the potential, retrospectively, to reflect previous stress exposures. Thus, it is
proposed that epigenetic “foot-printing” of organisms could identify classes of chemical contaminants
to which they have been exposed throughout their lifetime. In some cases, the potential for persistent
transgenerational modification of the epigenome may also inform on parental germ cell exposures.
It is recommended that epigenetic mechanisms, alongside genetic mechanisms, should eventually be
considered in environmental toxicity safety assessments and in biomonitoring studies. This will assist
in determining the mode of action of toxicants, no observed adverse effect level and identification of
biomarkers of toxicity for early detection and risk assessment in toxicology but there are critical areas
that remain to be explored before this can be achieved.

© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.

Epigenetic memory
Environment
Epigenetic foot-printing

1. Introduction through advantageous gene expression [8,9]. However, in some
cases these changes are associated with marked phenotypic
endpoints that can be detrimental [10,11]. Such accumulated
modifications of DNA, and the consequent changes in gene expres-
sion, have important implications in diseases, including cancer

e R ran1 -2

Organisms have the ability to respond to environmental
stressors such as toxic chemicals and adapt beneficially to new
environments. This is accomplished, in part, by altering thei

-
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how the genome responds through regulation of transcription
[1-3]. It is well established that various environmental stressors,
including dietary deficiencies and exposure to a wide range of
chemical pollutants, can modulate the epigenome [4-7]. The
changes in response to environmental stressors may contribute to
an adaptive survival advantage of local populations of organisms
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individuals; they also have a significant role in host-pathogen inter-
actions as reviewed by Gomez-Diaz et al. [13]. This demonstrates
the role of epigenetic mechanisms in multiple species interactions.

In this review, we explore the epigenetic responses of organisms
to environmental stressors with a particular focus on the persis-
tence or “memory” of such modifications and the ways in which this
memory can usefully reflect the status of the environment in which
humans and other organisms reside. Epigenetic factors, specifi-
cally DNA methylation, are introduced as an interface between
the genome and the environment, providing partial mechanis-
tic explanations for the sensitivity of organisms to environmental
factors. We argue that epigenetic mechanisms such as DNA meth-
ylation are essential in determining how organisms respond to
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environmental agents and we present examples of studies in a
range of species showing how exposure to chemicals can promote
persistent changes in the epigenome with phenotypic outcomes.
Furthermore, these studies lead to the concept of “epigenetic foot-
printing” for retrospective assessment of chemical exposures. The
relevance and significance of epigenetic mechanisms in environ-
mental risk assessment and the potential for establishment of
suitable biomarkers is discussed in this review. These insights may
shape the future of regulatory toxicology and environmental mon-
itoring, especially where there are chronic exposures to pollutants.

2. Epigenetics

Epigenetics is defined as meiotically and mitotically herita-
ble changes in gene expression that cannot be explained by
changes in DNA sequence [14,15]. Such modifications include DNA
methylation, post-transcriptional chemical modifications of the
N-tail of histones and amino acids within the globular histone
domains, binding of non-histone chromatin proteins to DNA or
histone modifications (i.e. transcription factors), non-coding RNA,
nucleosome positioning and higher order chromatin organisa-
tion [10,14,16-19]. Moreover, these modifications are not isolated
events and are closely inter-linked by influencing chromatin struc-
ture at various levels and by further interactions with the genome
[19]. Under normal conditions, cells of an organism display a finely
tuned epigenetic equilibrium [ 1]. However, disruption of the activ-
ity of enzymes regulating the epigenome or changes in the levels
of the metabolites required for the action of these enzymes can
result in alteration of epigenetic marks and the epigenomic equi-
librium [10] leading to inappropriate regulation of transcription
and potential disorders [14,19]. Methylation of DNA at CpG dinu-
cleotides is the most studied epigenetic modification [ 1] and itis the
principal focus of this review. DNA methylation is the transfer of a
methyl group, by DNA methyltransferases (DNMTs), from the uni-
versal methyl donor S-adenosylmethionine (SAM) to the 5th carbon
position of a cytosine pyridine ring [20,21]. The crosstalk between
histone modification and DNA methylation at the transcriptionally
active and inactive regions is partly accomplished by a cfp1 (CXXC
finger protein 1) and methyl-CpG binding proteins (MeCPs), respec-
tively [22]. These proteins selectively bind to methylation-free and
methylated CpG dinucleotides, respectively [22-24], encouraging
recruitment of histone acetyltransferases and de-acetyltransferase
and other epigenetic and non-epigenetic factors leading to regu-
lation of transcription [23,24]. Although the precise mechanisms
of DNA de-methylation are not known, it has been suggested that
DNA can also either passively or actively undergo de-methylation.
During passive de-methylation, 5-methyl cytosine is removed in
a replication-dependent manner by inhibition of DNMTs while
active de-methylation depends upon enzymatic removal of 5-
methyl cytosine. Recently, TET (ten-eleven translocation) proteins
have been found to be involved in regulation of DNA methyla-
tion. TET1-3 proteins catalyse the conversion of 5-methyl cytosine
to 5-hydroxymethyl cytosine (5-hmC) which is poorly recognised
by DNMTs. This results in a passive replication-dependent loss
of DNA methylation. Alternatively, 5-hmC can be recognised by
the repair machinery and converted to cytosine [25-27]. Thus,
although methylation can be removed from CpG islands, this is
a highly regulated process and, as discussed below, many such
modifications are persistent and “memorised” in cells.

3. Environmental sensitivity of the epigenome throughout
life time and retention (memory) of
environmentally-induced changes

Adaptive responses and sensitivity of an organism to environ-
mental stimuli (e.g. chemical contaminants, diet and stress) are

observed throughout the lifetime of an organism. However, a key
question is what are the molecular mechanisms leading to changes
in the expression of the genome? For example, why do homozy-
gous twins have different disease susceptibilities in the absence of
genetic variation? As introduced above, it is becoming more evident
that, although epigenetic marks are stable enough to regulate gene
expression, they are also susceptible to change by environmental
signals. This means that the epigenome can change as a response to
environmental stimuli, which then can lead to alteration in the phe-
notype [15]. In a way, the epigenome can act as the link between
environmental cues (external and internal) to the organism and
phenotype by translating the environmental signals to phenotypic
responses through altered gene expression profiles. For example,
in response to their immediate environment, a fraction of pluripo-
tent stem cells will differentiate and form distinct cell types with a
characteristic gene expression profile. The tissue-specific expres-
sion patterns are generally maintained throughout the lifetime
of the individual. The differences in transcription profiles of the
differentiated cells are then attributed to their different herita-
ble epigenetic profiles. Hence, tissue-specific epigenetic profiles
provide a method of sustaining the memory of the differentiation
process in the absence of the initiating signal [12,28-30]. One of the
best examples of the influence of environment on the epigenome
and subsequent changes in gene expression is the response of Ara-
bidopsis to prolonged exposure to cold weather (vernalisation).
Following prolonged exposure to cold weather (an environmental
factor), flowering locus C, a repressor of flowering, becomes epi-
genetically silenced. This results in coordination of flowering time
(phenotype) with spring and summer [31-33].

Although the epigenome is sensitive to the environmental
stimuli throughout an individual’s lifetime, there are critical win-
dows during development that the epigenome is at its most
sensitive with lasting transcriptional effects. For example, genes
such as oestrogen receptor (ER) and glucocorticoid receptor (GR)
are regulated, in part, through DNA methylation of their promoter
regions. The methylation and subsequently the transcription lev-
els of these genes are gender- and region-specific. Furthermore,
DNA methylation of these genes is substantially influenced by
environmental factors, such as maternal care and exposure to
chemicals, encountered during embryogenesis and early postnatal
stages (reviewed in [34-36]). Another good example of develop-
mental sensitive windows of alterations in the epigenome comes
from the studies conducted in fish species looking at the effect
of temperature on gender. Sex determination in many fish and
reptile species is influenced by many factors including the tem-
perature of the water during early stages of larval development.
In European sea bass, high temperatures (21 °C) and low tempera-
tures (15-16°C) increase the number of male fish and female fish,
respectively. It was demonstrated that exposure to high temper-
ature at critical stages of larval development increased the DNA
methylation level of the aromatase (cyp19al) promoter in female
gonads prior to formation of gonadal ridge and differentiation of
the gonads. Aromatase converts androgen to oestrogen. A decrease
in the expression of this gene as a result of high temperatures and
subsequent methylation and suppression of the promoter region
of this gene results in increased levels of androgen, differentia-
tion of the gonads, formation of testis and a male-biased sex ratio
[37]. Many other studies, demonstrate that environmental agents,
independent of inducing mutations, can alter transcription profile
and subsequently the phenotype of an individual by altering its
epigenome [11,39]. Such changes in the epigenome profile can act
as a memory (Fig. 1). However, although gender-dependent DNA
methylation of the promoter region of the aromatase gene could
explain differential expression of the aromatase gene in brain, liver
and gonads of Japanese medaka, this correlation was not apparent
following treatment with 173-estradiol [38].
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Fig. 1. “Epigenetic memory” as an indicator of prior exposure. Epigenetic alterations induced by environmental stressors, including changes to the normal DNA methylation
pattern, can create a persistent memory of the received signal. Most interestingly, it is proposed that each class of chemicals can induce class-specific alterations to the normal
pattern of DNA methylation (epigenetic foot-print). These changes will further induce alterations to the gene expression profile, which can promote change in organism’s
traits either immediately or at a later stage of development. Such persistent modulations of the epigenome offer a unique opportunity to provide a life-time history of an
organism’s prior exposure to factors influencing the epigenome. There is also potential for germ-line modifications to persist into subsequent generations depending on the

nature and critical timing of exposure.

Furthermore, several studies have shown phenotypic plastic-
ity driven by epigenetic changes. The differences in morphology,
behaviour and reproductive ability of genetically identical female
worker and queen honey bees (Apis mellifera) have been explained
by distinct methylation profiles of their brain DNA and subse-
quent impacts on transcription. The variation in their methylation
profiles has been linked, in part, to their different diets dur-
ing larval development. [40]. Likewise, early maturation of male
Atlantic salmon (Salmo salar) has evolved in response to lower
population densities. Moran and Perez-Figueroa [41] demon-
strated that transcription levels vary between brain and testes
of mature and immature salmon in the absence of genetic varia-
tions. Furthermore, maturation stage correlated with differences
in DNA methylation profiles of mature and immature fish, pro-
viding evidence of epigenetically driven phenotypic differences as
a response to an environmental factor in the absence of genetic
variations.

Of particular relevance to evidence of epigenetic “memory”
are several studies in genetically identical human twins that have
clearly demonstrated alink between environmental factors, change
in the epigenome and different susceptibility to disease. One of
the first studies that demonstrated this link was conducted by
Fraga et al. [42]. In this study, it was shown that differences in the
epigenomic profiles of monozygotic (MZ) twins accounts for their
different phenotype (i.e. disease) in response to environmental fac-
tors over time. Indeed, these epigenetic differences appeared more
prevalent with increased age of twins with different lifestyles (i.e.
diet, smoking and physical activity). This demonstrates a strong link
between accumulation of epigenetic changes over time and altered
phenotype.

4. Examples of the range of environmental stressors that
can alter the epigenome

Direct exposure to chemicals, such as chronic exposure to
persistent lipophilic compounds or metals in the environment,
can cause adverse effects by inducing change in the epigenome
([7], reviewed in [43,44]). For example, the carcinogenicity of
some environmental contaminants such as endocrine disrupters,
nickel, cadmium, chromium and arsenic cannot entirely be
explained through genetic based mechanisms [45]. Alterations to
the epigenome through exposure to endocrine disruptors have
been linked, for example, to negative impacts on neuroendocrine
systems [34,46], altered behavioural neuroendocrinology [21,47]
and higher rates of tumourigenesis at environmentally relevant
concentrations in mice [48]. Metals can interfere with the activity
of DNA methyltransferases either directly or through production
of reactive oxygen species. This leads to an altered DNA meth-
ylation profile and subsequent alterations in gene expression.
For instance, it has been proposed that cadmium (Cd)-induced
global DNA hypomethylation may be due to Cd interaction with
DNA methyltransferases (DNMTs) and subsequent interference
with their methylation activity. Detoxification of inorganic arsenic
(As) is dependent on its enzymatic methylation via the univer-
sal methyl donor S-adenosylmethionine (SAM), thus reducing the
amount of available SAM for DNA methylation reactions. Hence,
epigenetically-induced deregulation of key signalling pathways can
result from exposure to contaminants detected in the environment.

In addition to the significant effects of chemical exposures
on the epigenome, diet-induced epigenetic alterations can also
have severe, persistent health effects because the activities of
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epigenetically modifying and de-modifying enzymes depend upon
levels of cofactors and metabolites present in the intra- and extra-
cellular environment [10,44]. Several studies have demonstrated
that alterations in the levels of nutrients such as folate, choline
and methionine in diet or alterations to other components of the
one-carbon cycle such as the methyl-donor SAM can also have sig-
nificant health effects by inducing aberrant DNA methylation. In
these studies, a link between diets deficient in choline or other
primary methyl donors, DNA hypomethylation and development
of tumours in rodents, humans and fish has been established
[4-6,49-54].

5. Epigenetic memory and its link with adult-onset of
disease

There are two DNA methylation re-programming events associ-
ated with development in mammals. During embryogenesis, there
is susceptibility to modifications due to environmental stressors
that can influence phenotype and potential disease later in life.
A second stage re-programming in germ cells of the F1 genera-
tion, at least in mammals, is also susceptible to interference that
could influence phenotype but also can involve modifications to
genes such as those that are imprinted and that influence sex
determination. Disruption of epigenetic mechanisms during these
two critical stages of development has been recognised, in part,
as a factor affecting development of certain adulthood phenotypes
long after the stimulating factor has been removed. These include
linkage of various cancers, diabetes, obesity and behavioural and
neurodegenerative disorders with environmental factors encoun-
tered during prenatal and early post-natal periods in mammals.
This is known as “foetal basis or early-life programming of adult-
onset of disease” [15,55-58]. The epigenetic marks inflicted upon
the genome by environmental factors very early on during an
individual’s life act as an “epigenetic memory” of the exposure.
These epigenetic memories can manifest in adults as a pathologi-
cal phenotype often following a secondary trigger such as ageing or
changes in hormone levels. For example, in the 1950s diethylstilbe-
strol (DES) was used during pregnancy to prevent spontaneous
abortions. DNA methylation changes induced by this agent dur-
ing embryogenesis have been identified as the cause of a range
of disorders such as increased breast and testicular cancer in adult
female and male offspring [59]. Exposure to oestrogens and a range
of endocrine disruptors in early development has been shown to
predispose to cancer in rodents and humans [60-62], alter hor-
monal responses later in life in the frog (Xenopus laevis) [63] and
cause a range of reproductive and behavioural effects in rodents
(reviewed in [34-36]). Specifically, methylation changes caused
by diethylstilbestrol to c-fos and lactoferrin genes at the neona-
tal stage in mice contribute to an increased incidence of uterine
cancer [64].

Studies using the agouti (AYY) mouse model have clearly demon-
strated a link between adult onset of disease, DNA methylation-
induced changes in the activator binding protein-intra-cisternal A
particle (IAP) transposon located in the Avy allele during embryo-
genesis and environmental exposure of the gestating female mice
[56,65,66]. For example dietary uptake of genistein in gestating
agouti mice, at levels comparable to the diet of a human with high
soy consumption, results in hypermethylation of the AYY allele and
generation of pseudo-agouti offspring with a lower risk of devel-
opment of obesity in adulthood [66].

Furthermore in our recent publications [54,67] we established
a link between exposure to marine pollutants, alteration in DNA
methylation patterns and liver tumours dissected from the flat-
fish dab (Limanda limanda) captured from waters around the UK.
Based on the finding of significant epigenetic modifications and

disruption of metabolites of the 1-carbon pathway in non-tumour
hepatic tissue of adenoma-bearing fish, our study lends support
to the epigenetic progenitor model of cancer. Disruption of epi-
genetic mechanisms can cause stable, heritable changes in gene
expression that are independent from mutations. These changes
can occur prior to mutations [68]. Therefore, in this model, it is
proposed that epigenetic changes inflicted as a result of chemical
exposures can initiate carcinogenesis. Thus epigenetic “memory”
may predispose to cancer highlighting the significant impacts that
disruption of epigenetic mechanisms can have on the health of
an exposed individual. In the light of this, the value of assess-
ment of epigenetic changes in environmental biomonitoring and
in the early detection of adverse health effects becomes evident.
Importantly, even minor epigenetic changes as a response to envi-
ronmental factors can accumulate over time, leading to gradual
alteration of the phenotype [7]. However, it is important to bear
in mind that establishing a cause- and effect-relationship between
exposure to environmental factors, changes in the epigenome and
disease is challenging.

6. Transgenerational epigenetic “memory”

Perhaps the most concerning aspect of epigenetic modulation
by environmental toxicants is the potential for modulation of
the programming of the germ line, causing a transgenerational
“memory” (Fig. 1) [58,69]. Transmission of a phenotype to a fol-
lowing generation is accomplished through germ lines. Therefore
environmentally induced-epigenetic changes in imprinted genes
during the re-programming at the critical germ cell stage can
influence both sex determination and can potentially be inher-
ited leading to transgenerational modifications. During the germ
cell re-programming event in mammals, most epigenetic marks
are removed and reset in a gender-dependent manner. Certain
epigenetic marks that are sex-specific, such as imprinted genes
established during germ cell reprogramming, escape the second
wave of DNA methylation changes that occur in pre-implantation
embryos [2,70]. Transgenerational epigenetic inheritance or the
epigenetic basis for inheritance of a trait [56,71] provides a further
aspect of “epigenetic memory” relevant to this review.

Importantly, it is necessary to distinguish between epige-
netic transgenerational effect and epigenetic transgenerational
inheritance. The former is a broad term incorporating all pheno-
types in following generations that are not genetically determined
[69]. For example, stressed female rats have a reduced mater-
nal licking/grooming and arched back nursing (LG-ABN) behaviour
towards their neonates. A lower level of LG-ABN behaviour results
in epigenetic silencing of the glucocorticoid receptor (GR) gene,
resulting in fearful behaviour in the F2 generation, and persis-
tence and transfer of the phenotype to subsequent generations.
The acquired phenotype is epigenetically maintained in multiple
generations. However, cross nurturing of the F3 generation born
from the low LG-ABN F2 group results in hypomethylation of the
GR gene and normal LG-ABN behaviour in these mice [72-74].
Therefore, transfer of the acquired epigenetic phenotype is not
through gametes and it is dependent upon consistency of the envi-
ronmental condition [70]. In contrast, transgenerational epigenetic
inheritancerelies oninheritance of the epigenetically acquired phe-
notype through gametes. This requires persistence of epigenetic
marks through the reprogramming events. [75]. Also important
is the realisation that the DNA re-methylation of germ cells is
influenced by the microenvironment afforded by the surrounding
somatic cells and by signals received directly from environmen-
tal factors. As a consequence, environmental factors can both
directly or indirectly influence the re-methylation of germ cells
[76].
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In viviparous species, for a biological trait to be categorised as
inherited, the phenotype must be maintained to at least the F3
generation. This is because exposure of the gestating female (FO)
to chemicals that modify the epigenome could result in simul-
taneous direct exposure of the developing embryo (F1) and the
developing germ line of the embryo (F2) [56,76]. Several studies
have demonstrated the possibility of epigenetic inheritance of a
phenotype in multiple generations in mammals, plants and flies
(forreviews see [58,69]). Of particular interest is the demonstration
that, following intra-peritoneal exposure of gestating outbred Har-
lan Sprague-Dawley female rats to the anti-androgenic endocrine
disrupter vinclozolin (100 mg/kg body weight (bw)/day), epigene-
tically male germ cell transmitted phenotypic characteristics are
induced during critical stages of sex determination (E12-E15), up
to at least the F3 generation in male rat offspring. The characteris-
tics include, for instance, increased spermatogenic cell apoptosis,
decreased sperm motility and numbers, prostate abnormalities,
tumours and renal lesions. The reproducibility and frequency of
the vinclozolin-induced phenotypes (i.e. rate of tumours) and
identification of genes with altered methylation in the affected
individuals compared to controls indicated that mutations are
not the most likely cause of this abnormality [60,75-80]. Fur-
thermore, using a rat model exposed to several chemicals, it has
been demonstrated that the ovarian disease can be epigenetically
inherited across several generations [81]. However, it has been
demonstrated that the effect and epigenetic inheritance of changes
induced by vinclozolin are highly dependent on dose [58], ani-
mal strain [82] and route of exposure [83]. Oral administration
of vinclozolin (100 mg/kg bw/day) in outbred Wistar rats [83] and
intra-peritoneal (IP) injection of vinclozolin (100 mg/kg bw/day) in
inbred CD-Sprague Dawley rats [82] during the sex determination
stage failed to induce inherited phenotypic effects. However, there
is a great deal of controversy surrounding this area of research.
For example, a recent publication failed to demonstrate any trans-
generational inheritance after IP administration of vinclozolin (0,
4, 100 mg/kg bw/d) on gestation days 6-15 in outbred Wistar rats
[84].

In contrast to various studies in rodents, transgenerational
epigenetics remains a fairly unexplored field in other species.
Epigenetic changes have been studied in two generations of the
water flea (Daphnia magna) following exposure to a range of
environmentally relevant compounds ([85-88], reviewed in [89]).
5-Azacytidine, a demethylating drug, induced significant DNA
hypomethylation in non-directly exposed F1 and F2 D. magna off-
spring as well as the exposed FO generation [88]. Although it is
possible that these effects are epigenetically inherited, D. magna
reproduces both sexually and asexually and therefore observation
of similar changes in the phenotypes in F3 generation are required
prior to concluding that the observed effects as truly transgenera-
tional [90].

In the non-eutherian fish, only the FO and the gamete/oocyte
of the F1 generation are directly exposed. Therefore, after elim-
ination of the potential exposure directly to the eggs following
spawning, it would be possible to categorise any epigenetically
inherited phenotype in the F2 generation as a true transgenera-
tional epigenetic effect. Being non-eutherian, fish do not require
imprinting to prevent direct “parent conflict” and it is not known
if the reprogramming event in germ cells during the sex deter-
mination stage (a critical stage for transgenerational effects in
mammals) occurs in fish. This is not to say that methylation does
not play a role during sex determination in fish since the regula-
tion of aromatase, involved in sex determination in fish, is partly
through DNA methylation [37,38]. Furthermore the methylation,
and as a result the expression of this gene, is sensitive to com-
pounds such as 17a-ethinylestradiol [38]. Thus, the existence of
the environmentally-sensitive differentially methylated aromatase

gene in male and female fish further justifies the investigation of
transgenerational epigenetic mechanisms and the occurrence of
DNA methylation reprogramming during the sex determination
stage in non-mammalian species.

7. Implications of “epigenetic memory” for chemical safety
assessment and environmental biomonitoring and future
directions

In the context of toxicity testing, whether in laboratory animals
to assess the risk to humans or in species relevant to the natural
environment, epigenetic changes are not currently a standard fea-
ture of safety assessment. Part of the reason for this is the inability
to interpret the findings in relation to potential adverse outcome
without a more complete knowledge of the fundamental relation-
ships between specific changes and disease. However, the evidence
for changes in DNA methylation in early development influencing
disease, including cancer, in later life or beyond into subsequent
generations should be borne in mind.

Currently, standard carcinogenicity testing does not usually
include exposure to the test compound during early develop-
ment. The evidence accruing for the contribution of change in
DNA methylation to cancers produced by numerous non-genotoxic
and genotoxic carcinogens [91-93] and the established carcino-
genic effect of DNA methylation changes following deficiencies in
choline and other primary methyl-donors [49-52], indicates that
such potential mechanisms should not be ignored. However, unlike
the assumptions made about genotoxic carcinogens, a pragmatic
threshold level of exposure to non-genotoxic carcinogens or dietary
deficiency may be required for a clear impact on cancer develop-
ment.

The fact that methylation of CpG islands increases the rate of
mutations at these sites by around 10-fold [94] raises implications
not only for cancer but also for reproductive deficiencies that could
impact on ecosystems [95]. Moreover, environmentally-induced
alterations in the methylation of sex determining genes may have
a significant impact on the population and health of species (e.g.
impaired rate of fertilisation). As noted above, although so far only
demonstrated in laboratory maintained and in farmed fish, the
ratio of fish embryos that develop into female or male fish can be
influenced by the methylation level of the aromatase gene [37].
Therefore it is possible that environmentally-induced DNA meth-
ylation changes, as well as contributing towards adaptive responses
of various species to their ever changing environment and species
biodiversity, can have a significant contribution towards some of
the adverse effects observed in response to environmental stress-
ors immediately or at a later stage in life (a concept referred
to as epigenetic predisposition and adult-onset of disease). For
example, epigenetic mechanisms, as well as single nucleotide poly-
morphisms (SNPs), can prove to contribute to the mechanisms
involved in the sex differentiation and sex ratio shifts observed in
response to changes in the temperature of the water and the plas-
ticity of this response in wild sea bass from different geographical
locations.

In addition to the concerns about the potential of pollutant-
induced epigenetic modulation to impact on disease and
biodiversity, those modulations that are persistent offer a unique
opportunity to provide a reflection of an organism’s prior exposure
to factors influencing the epigenome. This fact is well estab-
lished through the discovery of differential epigenetic changes that
develop in genetically identical human twins (see above). Such
persistent modifications thus provide the exciting opportunity to
assist in retrospective environmental monitoring of organisms to
such exposures including pollutants. We propose that epigenetic
“foot-printing” of organisms could identify classes of chemical
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contaminants to which they have been exposed throughout their
life-time. Such epigenetic variability has been shown to occur
in natural populations of the clonal fish Chrosomus eos-neogaeus
[39]. The adaptive changes observed can help identify popula-
tions vulnerable to environmental change. To study this effectively,
genetically identical organisms can provide a stable background
upon which accumulation of epigenetic changes can be measured
and we are currently assessing this in clonal vertebrate and inver-
tebrate species.

The classical ecological endpoints for ecotoxicology may not be
sufficientin that, as mentioned above, early life stage changes in the
epigenome following acute exposure have the potential to cause
disease later in life and potentially through generations. This raises
the possibility of benefits of investigating epigenetic marks in the
context of environmental monitoring and ecotoxicological assess-
ments. A limitation of the current practices for ecotoxicological
assessments and a major difficulty for regulators in the context of
water quality regulations such as the EU Water Framework Direc-
tive [96], is the inability to make assessments of exposures and
their effects other than through “snap-shot”, expensive analyses of
organism biodiversity, individual organism health, chemical mea-
surements and a few biomarkers of limited diagnostic value. We
propose a novel mechanism that allows researchers to retrospec-
tively interrogate exposure history and chemical effects on the
epigenome, thus potentially helping to provide a mechanism-based
assessment of the quality and impact of the environment. The epi-
genetic “memory” can inform on the life-time exposure to stressors
that modify the epigenome (Fig. 1). Irrespective of whether such
changes may be indicative of toxicity per se, the signature has
the potential to act as a surrogate for assessment of toxic expo-
sures and other environmental stressors that could manifest as
disease through alternative mechanisms for the same agents. For
example, oxidative stress is known to be caused by a range of
organic chemicals and metals and is frequently detected in animals
exposed to aquatic pollutants [97]. Oxidative stress can lead to DNA
hypomethylation through the inhibition of methyltransferases 7]
and this may, at least in part, explain the changes in DNA methyl-
ation in the liver of fish [98] and in Daphnia [85-88] treated with
certain metals. A good example of the potential use of methylation
in environmental monitoring comes from the effects of endocrine
disruptors. The 5’ flanking region of the un-transcribed vitellogenin
(vtg1) gene in the brain of the male and female adult zebrafish
and the liver of the male adult zebrafish is highly hypermethylated
compared to the vtgl in the liver of female zebrafish, where it is
very highly expressed in response to endogenous oestrogen during
oocytogenesis. [99]. Vtgl is not expressed normally in the liver of
male fish but, upon exposure to exogenous estrogenic compounds,
vtg1 becomes highly expressed and is associated with feminisation
of male fish. Therefore, expression of vitellogenin protein in male
fishisused as a standard biomarker of exposure to oestrogens [ 100].
It has been shown that the 5’ flanking region of the vtgl gene in
male fish exposed to oestrogens is significantly hypomethylated,
corresponding with its induction [99]. Therefore, it is reasonable to
suggest that DNA methylation changes have biomarker potential.
There is also the possibility that a specific pattern of gene methyla-
tion represents an indicator of the type of exposures. Although the
degree and mechanisms of specificity are not established, there is
evidence to suggest its occurrence. For example, phenobarbital is a
non-genotoxic compound that can cause tumours through the con-
stitutive androstane receptor pathway (CAR) in the liver of treated
rodents. Lempiainen etal.,[101] demonstrated that treatment with
phenobarbital causes non-random and tissue-specific changes in
DNA methylation and transcription. While Cyp2b10, one of the
main genes affected through the CAR pathway, was hypomethy-
lated and over-expressed in the liver of treated mice, it was not
affected in non-tumour bearing kidney. Furthermore, there was

no significant overlap between DNA methylation or transcriptio-
nal changes observed in the liver and kidney of the treated mice.
Several other studies have also indicated that at various stages
of phenobarbital-induced tumourigenesis DNA methylation and
transcription changes are non-random (in the absence or pres-
ence of mutagenic compounds) [102-104]. Further evidence on the
specificity of the DNA methylation profile on the causative agent
comes from a study demonstrating that hepatocellular carcino-
mas induced by hepatitis C virus (HCV) or hepatitis B virus (HBV)
have different methylation profiles [105]. These studies all support
the idea that each category of compounds can give rise to a spe-
cific DNA methylation “footprint” which will not only inform on
the potential for adverse effects during life-time, but most impor-
tantly will also establish and introduce a novel retrospective and
predictive monitoring tool to assess environmental quality. There-
fore, in the same way that genetic polymorphisms can influence
the susceptibility of individual organisms to toxicity, differences
in the epigenome that emerge throughout the life-time of an indi-
vidual may also have the same effects [12]. Indeed, modulation of
methylation as a result of environmental stresses such as metals,
could, through selection, afford local populations of organisms a
survival advantage through consequent advantageous gene expres-
sion changes [8]. However, in identification of suitable epigenetic
biomarkers, it is important to differentiate between the initial DNA
methylation changes (referred to as driver methylation) and the
DNA methylation changes that are triggered as a consequence of
a change (e.g. formation of tumours). The latter is referred to as
passenger methylation [25] and is less relevant to environmen-
tal monitoring. Furthermore, it is important to bear in mind that
some DNA methylation changes may simply be biomarkers indica-
tive of exposure rather than necessarily predictive of an adverse
effect [91].

Furthermore, the field of paleoecology (resurrection ecology)
may provide a unique opportunity for investigating the role of
epigenetic mechanisms in population diversity and adaptation to
environmental changes. Daphnia species can produce diapausing
eggs viable for decades [8]. Sampling of these eggs from sediment
cores from ponds and lakes, alongside sediment chemistry data,
provide a unique opportunity for unveiling ecological and evolu-
tionary changes as a result of environmental changes throughout
several decades [106,107]. In a review by Eads et al. [108], several
studies have been highlighted looking at phenotypic plasticity and
genetic difference as a result of environmental changes (e.g. chem-
icals, introduction of a new predator) using Daphnia resting eggs
dating back several decades. However, the focus of the majority
of such studies is genomic variation (e.g. copy number varia-
tion) and the relationship to phenotypic plasticity and adaptation.
Considering the well-established role of epigenetic mechanisms in
regulating the responses of organisms to environmental factors,
adaptation and evolution [9,109-112], it seems highly possible that
epigenetic mechanisms have a substantial role in the evolution and
adaptation that are observed throughout decades, for example in
the resting eggs of Daphnia. Certainly, the resting eggs provide an
exceptional opportunity for studying the concept of epigenetically-
driven phenotypic evolution and adaptation.

In conclusion, the advances in knowledge of epigenetic mech-
anisms and the potential for such changes to persist throughout
life-time, and even beyond into subsequent generations, give
concern as to whether such changes imposed by environmental
stressors impact on health despite beneficial adaptive conse-
quences. There are opportunities to exploit epigenetic memory,
using already available techniques such as bisulfite and modified
bisulfite sequencing, as a reflection of prior stressor exposures and
it is anticipated that, with improved knowledge, such changes will
become an important component of safety assessment and in envi-
ronmental monitoring.
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