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a b s t r a c t
Environmental epigenetics has an important role in regulating phenotype formation or disease etiology.
The ability of environmental factors and exposures early in life to alter somatic cell epigenomes and subsequent development is a critical factor in how environment affects biology. Environmental epigenetics
provides a molecular mechanism to explain long term effects of environment on the development of
altered phenotypes and ‘‘emergent’’ properties, which the ‘‘genetic determinism’’ paradigm cannot.
When environmental factors permanently alter the germ line epigenome, then epigenetic transgenerational inheritance of these environmentally altered phenotypes and diseases can occur. This environmental epigenetic transgenerational inheritance of phenotype and disease is reviewed with a systems biology
perspective.
Ó 2011 Published by Elsevier Ireland Ltd.
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1. Introduction
Aristotle introduced the question if the embryo contain all its
parts in little from the beginning, or is there a true formation of
new structures as it develops (Peck, 1943). Since the emergence
of neo-Darwinism the paradigm has been that genes are responsible for the formation of phenotypes and that they control development, with environmental or epigenetic actions being minimally
important (Wake and Larson, 1987). According to this view, the
environment is assumed to have only a permissive role in development (Gilbert, 2005). However, systemic or integrative biologists
have recognized the importance of the role of environment in the
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developmental process and its importance in shaping phenotypes
(Oster and Alberch, 1982; Nijhout et al., 1986). Although the role
of genetics is crucial for the developmental process, an exclusively
genetic approach ignores important environmentally dependent
events that occur during development. In contrast, consideration
of epigenetic processes provides the opportunity to understand
how environmental signals regulate genome activity or interfere
with developmental processes involved in the formation of the
adult phenotype (Jaenisch and Bird, 2003; Jirtle and Skinner,
2007). The establishment of epigenetic patterns during development is a crucial process that links how environmental conditions
inﬂuence development. The action of these environmental compounds induces the establishment of speciﬁc epigenetic patterns
during key developmental periods that inﬂuence phenotypic variation, which in some cases lead to disease states (Jirtle and Skinner,
2007; Skinner et al., 2010).

0303-7207/$ - see front matter Ó 2011 Published by Elsevier Ireland Ltd.
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The inﬂuence of environmental factors on biological processes
has been appreciated and investigated for hundreds of years; however, the basic molecular mechanism of how the environment can
inﬂuence long term gene regulation has only recently been addressed through epigenetic studies. Even in the early days of genetic knowledge, scientists such as Richard Goldschmidt, an
integrative biologist, highlighted the fact that early developmental
events could have as much importance as genetics in the origin of
the adult phenotype (Goldschmidt, 1933). This message is still valid today when even after years of important discoveries in the
ﬁeld of genetics, the phenotypic states cannot be explained solely
by observed changes in DNA sequence. Epidemiological studies
have for decades suggested signiﬁcant environmental impacts on
biology that could not be explained solely by genetic features.
Examples of such observations follow:
1. The association of disease states with single nucleotide polymorphisms (SNPs) in the ‘‘Genome-Wide Association Studies’’
(GWAS) has revealed that genetic components usually explain
less than 20% of the phenotypic variance (Wallace, 2010). The
importance of moving beyond studying SNPs to examine more
complex chromosomal regulation and epigenetic changes is
paramount (Yuan and Ferguson, 2011).
2. The premise that a detailed genetic knowledge would allow the
causes of the majority of diseases to be determined, which was
based on a reductionist view of genotype–phenotype correlations, is now proven to be false when the evidence suggests
that the majority of diseases are complex traits (Dipple et al.,
2001).
3. The importance of the developmental origins of disease is now
well accepted, which has also been recently recognized by the
World Health Organization (Godfrey et al., 2007).
4. It is known that the risk for common metabolic diseases varies
by geography and ethnicity, therefore making regional environmental inﬂuences an important component in disease incidence
(Wallace, 2010). Several disease mechanisms are now known to
have an important epigenetic component, such as in allergy
(Kuriakose and Miller, 2010), hepatic cancer (Pogribny et al.,
2006), gastric cancer (Nan et al., 2005), asthma (Martino and
Prescott, 2011), colorectal cancer (Choong and Tsafnat, 2011),
prostate cancer (Perry et al., 2010), HIV latency (Hakre et al.,
2011) or brain disorders (Kaminsky and Tsafnat, 2010).
5. Studies in monozygotic twins (same genetic composition) have
revealed striking discordances in the prevalence of many diseases that so far have been thought to have a genetic association (Bell and Spector, 2011). Association of these diseases
with epigenetic mechanisms is evident.
6. Several common diseases have had a dramatic increase in incidence in the past decade, with exposure to environmental factors accounting for 40% of deaths worldwide and with the
majority of cancer being linked to environmental exposures
(Pimentel et al., 2007).
7. Among all environmental compounds or toxicants that are
associated with the onset of diseases very few have the ability
to alter DNA sequence or promote mutations. For example, carcinogenic metals are weak mutagens (Martinez-Zamudio and
Ha, 2011) and few endocrine disruptors have been found to
have a mutagenic effect (Skinner et al., 2010; Guerrero-Bosagna
and Valladares, 2007).
8. In regards to evolutionary biology, the random mutation
hypothesis is not sufﬁcient to explain the origin of phenotypes
(Brisson, 2003; Lenski and Mittler, 1993). However, epigenetically induced genomic changes may play an important role in
promoting speciﬁc types of mutation (Skinner et al., 2010;
Guerrero-Bosagna et al., 2005), as for example CG to TG transitions (Sved and Bird, 1990).

These are just a few of the biological observations that suggest a
signiﬁcant impact of the environment on disease etiology, which
cannot be easily explained through classic genetic mechanisms.
The gaps in knowledge have been partially addressed due to the
advent of epigenetics, a phenomenon described by Waddington
in the 1940’s. His initial deﬁnition of epigenetics had a developmental basis, deﬁning it as ‘‘the branch of biology which studies
the causal interactions between genes and their products which bring
phenotypes into being’’ (Jablonka et al., 2002). However, the speciﬁc
molecular mechanisms involved in epigenetic modiﬁcation of genome activity were not elucidated until more recently (1970’s
through today). Currently, the study of epigenetics focuses on
‘‘molecular factors and processes around DNA that regulate genome
activity independent of DNA sequence and that are mitotically stable’’
(Skinner et al., 2010). Epigenetic systems have been described in
several organisms and include histone modiﬁcations, chromatin
structure, non-coding RNA and DNA methylation and hydroxymethylation (Chen and Riggs, 2005; Craig, 2005; Iqbal et al., 2011;
Kim, 2006; Margueron et al., 2005; Skinner and Guerrero-Bosagna,
2009; Wallace and Orr-Weaver, 2005). Epigenetics is a critical element in the regulation of genome activity, which cooperates with
genetic factors in regulating physiological responses (Gilbert,
2005). Epigenetics also provides a mechanism that allows environmental factors to inﬂuence long-term regulation of gene expression later in life that underlies the process of phenotype
formation. Environmentally induced epigenetic changes may have
a wide range of phenotypic consequences leading to disease conditions such as cancer, reproductive defects and obesity (Anway
et al., 2005, 2006; Cheng et al., 2004; Guerrero-Bosagna et al.,
2008; Howdeshell et al., 1999; Newbold et al., 2006, 2008; Waterland et al., 2008; Yamasaki et al., 1992). Focus on these observations have lead to the deﬁning of the area of environmental
epigenetics, which has had a major role in the elucidating disease
etiology.

2. Environmental epigenetic inﬂuences on meiosis and mitosis
Cell replication requires the conservation of epigenetic patterns
to daughter cells. Environmental exposures can act on both somatic and germ cell replication, inﬂuencing the establishment or
maintenance of speciﬁc epigenetic patterns. These epigenetic processes and programming are inﬂuenced by environmental factors.
For example, dietary compounds have been implicated in the modulation of histone modiﬁcations (Delage and Dashwood, 2008) and
even trace elements have been shown to alter DNA methylation
during early development (Vahter, 2007; Waalkes et al., 2004).
Since DNA and histone methylation are enzymatic reactions that
requires methyl donors to proceed (Singal and Ginder, 1999), the
environment can inﬂuence DNA methylation through modifying
the activity of methyltransferases or through altering the availability of methyl donors, which are the substrate for the methylation
reaction on histones or CpG dinucleotides. Two different classes
of DNA methyltransferases (Dnmts) exist: maintenance and de
novo methyltransferases. One important aspect of epigenetic
mechanisms is their ability to be maintained even after mitotic cell
divisions (Skinner, 2011a,b). The mechanism by which DNA methylation states are mitotically maintained is through the action of
DNMT1, a methyltransferase that only acts upon hemi-methylated
strands of DNA (Yoder et al., 1997). After each cell division, DNMT1
activity will generate newly synthesized DNA strands that are
methylated according to the DNA methylation pattern of the paternal strand. In contrast, other methyltransferases such as DNMT3A
or DNMT3B act upon unmethylated strands of DNA (Yokochi and
Robertson, 2002), which is why they are called de novo methyltransferases. Each DNA methyltransferase acts at a different
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window of time during development (La Salle et al., 2004), with the
action of de novo methyltransferases being crucial in critical windows during early development when DNA methylation patterns
are established. However, once they are established, the action of
DNMT1 is crucial to maintaining these methylation patterns
through adulthood. Therefore, given the susceptibility of epigenetic mechanisms to alteration by environmental compounds,
exposures can shift the normal differentiation process through a
modiﬁcation of the epigenome. These are exposures that occur at
critical windows of development for a given cell type. The exact
mechanism that explains how some regions are targeted by environmental compounds for DNA methylation changes and not others is still unknown. However, the mitotic stability of the
epigenome explains how an early life exposure can impact adult
onset disease and phenotypes (Skinner, 2011a,b).
An altered epigenome induced by an environmental factor impacts the resulting phenotype, which creates an abnormal state
of cellular or tissue differentiation. These phenotypic alterations
may appear long after the exposure to environmental compounds,
Fig. 1. When a group of cells is inﬂuenced early during development by an environmental exposure, they develop an altered epigenome that persists throughout the life of the individual, since
the epigenome is maintained after mitosis. This would explain
how early life events have consequences on the adult phenotype
formation and disease onset, which is called the developmental
origin of diseases (Godfrey et al., 2007; Hanson and Gluckman,
2008). After the individual has become an adult, the possible
changes in the epigenome are limited to the process of maintenance of epigenetic marks rather than to the establishment of
them. Therefore, as suggested by Waddington, as individuals age
they become ‘canalized’ towards more limited possibilities of phenotypes (Waddington, 1959). Depending on when environmental
exposures occur during development Fig. 1, different cell types
and numbers can be affected in terms of their epigenomes and
adult phenotypes. This occurs because the level of linkage between
cell types, called ‘connectance’, varies during development, having
consequences on phenotypic expression and plasticity (Amzallag,
2000). For instance, different windows of sensitivity exist for the
morphogenesis of diverse abnormalities, where, for example,
upper limbs abnormalities arise after exposures early in the prenatal development, while external genitalia defects arise after exposures during late prenatal and early postnatal development
(Moore and Persaud, 1993). Environmental exposures on somatic
cells and associated epigenetic alterations could be the basis for
the majority of altered phenotypes and disease states that are observed. However, since these somatic cell effects are conﬁned to
one ontogeny, the changes produced will not be able to be transmitted to the next generation, which only occurs through alteration of the germ line. The critical role of the germ line in
transmitting components of heredity has previously been described by the geneticist August Weissman in the late 19th century
(Weissman, 1892). Therefore, environmentally induced epigenetic
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changes in somatic cells cannot be considered as an intrinsic
(Guerrero-Bosagna and Skinner, 2009a) transgenerational phenomena, unless modiﬁcations in the germ line epigenome are produced and perpetuated. Germ line epigenomic changes, in turn,
can be induced when the methylation resetting window is targeted
during early development. The germ line development has a relatively narrow critical window when the epigenome can be altered
by an environmental exposure (Jirtle and Skinner, 2007; Skinner
et al., 2010). In the event the germ line epigenome is modiﬁed, impacts on the generation derived from that germ line can occur and
produce a transgenerational effect (Jirtle and Skinner, 2007; Skinner et al., 2010; Anway et al., 2005).

3. Epigenetic transgenerational inheritance
One of the periods most sensitive to environmental exposures is
fetal gonadal sex determination, when the germ line is undergoing
epigenetic programming and DNA re-methylation (Skinner et al.,
2010; Anway et al., 2005; Guerrero-Bosagna and Skinner, 2009b).
When an environmental factor promotes a permanent change of
the gamete epigenome, this altered genome and associated phenotypes can be transgenerationally transmitted to subsequent generations and progeny (Skinner et al., 2010). The endocrine disruptor
vinclozolin is a fungicide commonly used in agriculture that has
anti-androgenic activity (Wong et al., 1995) and has been experimentally used to induce epigenetic transgenerational phenotypes.
It was initially shown that a developmental exposure to vinclozolin
can affect embryonic testis development and later cause an increase in spermatogenic cell apoptosis in the adult (Uzumcu
et al., 2004). Interestingly, this spermatogenic defect was transgenerationally transmitted from the affected F1–F4 generations (Anway et al., 2005, 2006a,b) and hypothesized to be due to
permanently altered DNA methylation of the male germ-line (Anway et al., 2005). One of the reasons for this hypothesis is that the
pattern of gene expression was found to be altered in the fetal testis (Clement et al., 2007; Clement et al., 2010) and similar for all
generations studied (F1–F3) Anway et al., 2008. Transgenerational
transcriptome pattern changes were also identiﬁed in prostate
(Anway and Skinner, 2008) and brain (Skinner et al., 2008), with
each tissue having a unique set of differentially expressed genes.
Recently, vinclozolin-induced epigenetic transgenerational alterations have been detected in sperm DNA using a genome-wide promoter approach (Guerrero-Bosagna et al., 2010). Therefore, the
transgenerational alteration of the sperm epigenome induced by
vinclozolin appears to promote transgenerational alterations in
transcriptomes of adult somatic cells in different tissues. It remains
to be established how this altered sperm epigenome relate to the
somatic effects in the transcriptome and if epigenetic somatic
changes are also produced.
In addition to the spermatogenic cell defects detected (Anway
et al., 2005), transgenerational effects on the development of other

Fig. 1. Epigenic and genetic cascade of events involved in development and environmental impacts.
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adult onset disease states are also observed as the animals age,
which includes the development of tumors, prostate and kidney
diseases, and immune abnormalities (Anway et al., 2006a,b). Recent observations also suggest transgenerational effects on behaviors such as sexual selection and anxiety (Skinner et al., 2008;
Crews et al., 2007). Therefore, a number of different altered adult
phenotypes that are transgenerationally transmitted have been
identiﬁed after a developmental exposure to vinclozolin, together
with the identiﬁcation of transcriptome somatic effects and germ
line epigenetic effects. However, the experimental evidence of a
transgenerational effect comes only with the generation that has
had no germ line or somatic cell direct environmental exposure.
For example, if a F0 gestating female is affected by an environmental factor, then the F1 fetus will have somatic and germ line effects
and the F2 generation will have germ line effects, since the developing F2 generation germ cells in the F1 fetus are directly exposed
when the F0 mother was exposed. Therefore, only the F3 generation will have truly transgenerational effects, since it was not directly exposed (Skinner, 2011a,b, 2008). Although these germ
line epigenetic transgenerational effects might be limited by the
time of the developmental exposure or the action of speciﬁc compounds, they can still have profound effects on biology, from disease etiology to evolution.
A number of studies from different laboratories have identiﬁed
environmentally induced epigenetic transgenerational inheritance
of adult onset disease phenotypes, Table 1. These include the actions of environmental endocrine disruptors and toxicants such
as bis-phenol A (BPA) that promoted testis abnormalities observed
in the F3 generation (Salian et al., 2009), dioxin that promoted
uterus abnormalities observed in the F3 generation (Bruner-Tran
and Osteen, 2010), and vinclozolin that promoted imprinted gene
DNA methylation changes observed in the F3 generation (Stouder
and Paoloni-Giacobino, 2010). Pharmaceutical agents such as thyroxine and morphine have been shown to promote behavioral
abnormalities that were observed from the F1–F3 generations
(Vyssotski, 2011). Recently, chemotherapy was shown to induce
transgenerational effects such as despair-like behaviors, delivery
complications, reduced primordial follicle pool and early lost of
reproductive capacity (Kujjo et al., 2011). In addition to environmental toxicants, nutritional alterations have also been shown to
induce epigenetic transgenerational inheritance of disease states
(Waterland et al., 2008; Kaati et al., 2007). This includes caloric
restriction promoting metabolic disease phenotypes observed in
the F3 generation (Waterland et al., 2008), as well as high fat diets
promoting transgenerational adult onset metabolic disease and
obesity (Dunn and Bale, 2011; Pentinat et al., 2010). It is becoming
increasingly evident in several organism models that a variety of
environmental factors such as stress (Matthews and Phillips,
2010), endocrine disruptors (Walker and Gore, 2011) or cell culture
conditions (Lee et al., 2009) are able to inﬂuence phenotype formation in a transgenerational manner, Table 1. Genetic mutations

have been shown to produce epigenetic changes that are transgenerationally transmitted (Xing et al., 2007), which compliments the
sequence of events leading to disease and phenotype formation
(Nadeau, 2009). In addition to effects in laboratory animals, studies
in human populations suggest that past exposures could have an
important role in current disease states, which would have occurred through epigenetic inheritance (Pembrey et al., 2006; Heijmans et al., 2008). Given this recent evidence, it is anticipated that
the majority of environmental exposure that can affect fetal gonadal development may promote epigenetic transgenerational inheritance and be a crucial component of adult phenotype formation.
The impacts of environmental epigenetics are signiﬁcant to biological sciences and a previously underappreciated factor in understanding phenotype formation and disease etiology. The future
challenges will be to identify the biological mechanisms involved
in this process. Future questions to be experimentally addressed
will be:
 Do environmental stimuli lead to patterned changes in DNA
methylation or to stochastic changes?
 If certain sites are differentially and persistently targeted for a
DNA methylation change, is there any common genomic feature
that would explain this susceptibility?
 How do germ line epigenetic changes correlate with somatic
tissue epigenetic changes latter on during development?
4. Epigenetics, reductionism and systems biology
Systems biology focuses on the integration of molecular to
physiological level understanding of the emergence of biological
processes. Emergence is a concept that was initially proposed by
Paul Weiss (Weiss, 1939), who stated that ‘‘phenotypes, and mechanisms that underlies them are dependent upon, and subordinate to,
the law which rules the complex as a unit’’. In spite of the concept
that a true understanding of how organisms operate arises only
when taking this integrative approach, the recent history of biology
has been mainly written from a reductionist perspective. The genetic reductionism of the past years has left many gaps of knowledge, which are mainly due to the absence of a consideration of
emergent properties (Soto et al., 2009). Emergent properties will
only be adequately interrogated when organism systems as a
whole and not only as a collection of components are included as
the focus of research (Cornish-Bowden et al., 2004). The recent
technological development of biological tools and the advent of
the ‘omics’ era has allowed scientists the possibility of taking this
systems biology approach, however, at the expense of the difﬁculties in integrating and managing enormous datasets (Joyce and
Palsson, 2006). Methodologically, systems biology integrates
knowledge from different biological components and sets of data
into understanding the system as a whole (Ideker, 2004). This integration of data into a systemic approach has been the focus of

Table 1
Examples Epigenetic Transgenerational Inheritance.
Environmentally induced transgenerational inheritance

Reference

Vinclozolin induced epigenetic transgenerational adult onset disease in rats (F1–F4)
Transgenerational response in longevity to nutrition (F0–F2)
Tumor susceptibility in Drosophila (F1–F3)
Nutrition induced transgenerational obesity in mice (F1–F3)
BPA-induced transgenerational testicular abnormality (F1–F3)
Stem cell culture induced adult onset disease (F0–F4)
Dioxin induced transgenerational uterine abnormality (F1–F4)
Stress induced behavior alterations (F0–F2)
Transgenerational glucose intolerance (F0–F2)
Transgenerational effects of morphine or thyroxine on hippocampus, birth weight and behavior (F0–F3)
Transgenerational effects of chemotherapy in mice (F0–F6)
Transgenerational effects of obesity on female body size (F0–F3)

Anway et al. (2005)
Kaati et al. (2007)
Xing et al. (2007
Waterland et al. (2008)
Salian et al. (2009)
Lee et al. (2009)
Bruner-Tran and Osteen (2010)
Matthews and Phillips (2010)
Pentinat et al. (2010)
Vyssotski (2011)
Kujjo et al. (2011)
Dunn and Bale (2011)
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developmental biology since its origins, by focusing on coordinated
morphological changes (e.g. morphogenesis, connectance) that
consider the emergent properties of the developmental process
(Theissen, 2006). Since epigenetics has a developmental origin,
the study of epigenetic mechanisms is inherently a systems biology approach because it includes analysis of top-down and bottom-up relationships between the whole and the parts, as well
as integration of sets of data from different levels of analysis. The
study of systems biology brings back the old dichotomy of parts
versus the whole that dates from the Aristotelian saying ‘‘the whole
is more than the sum of its parts’’ (Bostock, 2003). Systems biology
re-emphasizes that emergent properties are only visible when considering the whole as a unit and lost when the focus is exclusive on
the parts. Epigenetics is an essential molecular component to consider for taking this integrative approach. Future experiments
should be designed to look into integrating genome wide data sets
of several molecular components that inﬂuence the formation of
phenotypes, rather than a reductionist approach considering selected speciﬁc genes. Research must not omit the integration of
groups of genes and environmental parameters in order to study
emergent phenotypes.

5. Conclusions
It is becoming increasingly accepted that environmental compounds can produce changes in the genome that in spite of not
altering DNA sequence can produce important and permanent
alterations in the phenotype. In addition, the ability of environmental exposures to inﬂuence generational effects has signiﬁcant impacts in our understanding of the basic regulation of biology. A
number of different experimental approaches need to be considered in order to understand how the environment can produce long
lasting effects not only on individuals exposed, but on their subsequent progeny for generations to come. Environmental epigenetics
provides the molecular understanding of how environmental factors promote immediate and long term effects on the individual exposed (Skinner et al., 2010). However, the transgenerational
epigenetic mechanism requires the actions of environmental compounds during germ line differentiation to inﬂuence epigenetic programming. Although the actions of most environmental factors can
easily produce alterations in the somatic cell epigenome, only in the
event the germ line is epigenetically modiﬁed will transgenerational inheritance of disease or phenotypes be intrinsically promoted.
The suggestion that environmental factors can interfere with
early development to induce epigenetic transgenerational disease
is a new paradigm in disease etiology. The current paradigm for
the causal factors in disease etiology involves genetic mutations
or chromosomal abnormalities as the initial triggering mechanism.
However, only a small percentage of nearly all disease states are
associated with known genetic mutations. Epigenetics provides a
molecular mechanism that is anticipated to have a signiﬁcant role
in disease etiology because epigenetic systems respond to environmental factors and directly inﬂuence phenotype formations and
the onset of diseases, Fig. 1. Prenatal and early postnatal exposures
are likely more critical in disease etiology than the adult exposures,
which are more resistant to epigenetic change due to increased
levels of cellular and tissue differentiation versus the sensitivity
of epigenetic systems during early stages of development.
Reductionist approaches taken so far to explain the emergence of
phenotypic features have fallen short in explaining the emergent
properties that arise from the intricate cellular connections of a
developmental system. The study of developmental epigenetics as
being the link between environmental and genetic features will provide a new framework to understand the factors inﬂuencing phenotype formation. Such a focus is in the realm of systems biology.

5

Considering the system requires an understanding of environmental actions on the biology. The amount of toxicants in our environment and the increasing evidence for the correlation of exposures
with human diseases requires the inclusion of environmental epigenetics in future systems biology investigations. In addition to elucidate disease etiology, environmental epigenetics will also impact
other areas of biology such as evolutionary studies, in which the
environment will play a fundamental role in explaining the induction of new phenotypic variation, which before where primarily explained to be originated from random genetic modiﬁcations.
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