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ABSTRACT: Monozygotic twins share the same genotype because
they are derived from the same zygote. However, monozygotic twin
siblings frequently present many phenotypic differences, such as their
susceptibility to disease and a wide range of anthropomorphic fea-
tures. Recent studies suggest that phenotypic discordance between
monozygotic twins is at least to some extent due to epigenetic factors
that change over the lifetime of a multicellular organism. It has been
proposed that epigenetic drift during development can be stochastic
or determined by environmental factors. In reality, a combination of
the two causes prevails in most cases. Acute environmental factors
are directly associated with epigenetic-dependent disease pheno-
types, as demonstrated by the increased CpG-island promoter hyper-
methylation of tumor suppressor genes in the normal oral mucosa of
smokers. Since monozygotic twins are genetically identical they are
considered ideal experimental models for studying the role of envi-
ronmental factors as determinants of complex diseases and pheno-
types. (Pediatr Res 61: 38R–42R, 2007)

MZ TWINS IN THE STUDY OF AGE-RELATED
NON-MENDELIAN DISEASES

Twin studies have been used extensively in medical re-
search and are instrumental in estimating the relative impor-
tance of genetic versus nongenetic components in the etiology
of human disease. The rationale underlying classical twin
studies is the assumption that MZ twins are genetically iden-
tical, whereas DZ twins on average share 50% of their segre-
gating genes, and are as genetically different or similar as are
ordinary siblings. Similarity in MZ and DZ twin pairs can be
established by means of concordance rates (for dichotomous
variables) and interclass correlation coefficients (for continu-
ous variables). Phenotypes exhibiting a greater degree of
similarity in MZ than in DZ twin pairs (i.e. greater concor-
dance or interclass correlation coefficients) are traditionally
considered to have a genetic etiological component.

Common age-related complex non-Mendelian diseases
such as type 2 diabetes (1), Alzheimer’s disease (2), and
various cancers, including that of the breast (3) and prostate
(4), are all significantly heritable. For example, we, and others,
have previously reported concordance rates of type 2 diabetes
of 50–92% among MZ twins (1,5). Most studies of DZ twins

have reported significantly lower concordance rates, which is
considered evidence of a genetic component in the etiology of
Type 2 diabetes. Despite the indication that there is some
genetic control, no fully penetrant genes have been identified
that in itself fully explains the common form of type 2 diabetes.
However, some studies have demonstrated associations between
various metabolic defects underlying the development of type 2
diabetes and polymorphisms in several susceptibility genes, such
as PPAR� (6), PGC-1 (7), and, most recently, TCF7L2 (8). A
fully penetrant dominant disorder would result in 100% and 50%
concordance in MZ and DZ twins, respectively (9). Incomplete
concordance (�100%) between MZ twins, even in studies of
highly selected subjects, indicates the additional influence of
environmental factors. Accordingly, in our study, half of the
affected MZ twin pairs were discordant for type 2 diabetes,
providing further evidence that the DNA sequence alone cannot
explain susceptibility to the disease (1).

ENVIRONMENTAL FACTORS UNDERLYING TWIN
DISCORDANCE

The cause of phenotypic discordance in MZ twins has
traditionally been attributed to postnatal environmental factors
unique to the individual siblings of the pair (i.e. nonshared
environment). Nevertheless, there is increasing evidence that
MZ co-twins may differ due to postzygotic genetic, epigenetic,
and prenatal environmental factors, hence challenging the
assumption of genetic or epigenetic similarity that underlies
the classical twin model. Genetic differences between MZ
co-twins arising from point mutations and chromosomal ab-
normalities are rare and have only been seldom reported.
Epigenetic differences include skewed X-chromosome inacti-
vation in female twin pairs and loss of imprinting (10–12).
More recently, research has revealed different epigenetic mod-
ifications in autosomal genes in MZ twins (13–15). Our recent
investigation of global and locus-specific differences in DNA
methylation and histone acetylation in young and elderly MZ
twins showed that young MZ twin pairs are essentially indis-
tinguishable in their epigenetic markings, whereas elderly MZ
twin pairs have substantial variations in several tissues (16).
The degree of discordance in epigenetic pattern was related to
environmental differences (i.e. arising from lifestyle and time
spent together) between twins. Moreover, differences in gene
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expression in the elder twin pairs were four times greater than
those observed in the younger twin pairs (16). These findings
are of major importance for understanding the results of
classical twin heritability and concordance analyses and high-
light a potential mechanism by which environmental factors
can regulate gene expression. Although the study design could
not distinguish whether differences in epigenetic modifications
within twin pairs are related to disease discordance, the notion
of age-accumulating epigenetic modifications offers an attrac-
tive explanation for disease discordance, difference in age of
onset, and severity of disease between pairs of twins.

Numerous epidemiologic and metabolic studies of various
populations throughout the world have yielded compelling
evidence for an association between an adverse fetal environ-
ment and the development of glucose intolerance and associ-
ated defects of glucose metabolism in adulthood (17–19). It
has been hypothesized that a common genotype may result in
low birth weight as well as disease in later life (20), and
several studies investigating the impact of birth weight on
adult disease were unable to adjust for genetic factors. MZ
twins who are discordant for disease are an excellent example
of how genetically identical individuals can exhibit differences
and represent a unique model for studying the contribution
and role of environmental factors in disease development.
Using this design, we have demonstrated significantly lower
birth weights in twins with type 2 diabetes compared with
their nondiabetic, genetically identical co-twins. Accordingly,
we have verified that the influence of birth weight is indepen-
dent of genotype and other confounding variables, such as
gestational age, maternal age, nutrition and height, sex, and
birth order in relation to other siblings (21). In addition, we
have recently demonstrated a nongenetic association between
birth weight and several pathophysiological mechanisms (e.g.
impaired insulin secretion and action) underlying the devel-
opment of type 2 diabetes in elderly MZ twins (22,23).

The influence of fetal environment on adult disease is thought
to be mediated through fetal “programming” (24). This is defined
as either an impaired development of a permanent structure or the
“new” setting of a physiologic system by an early stimulus or
insult operating at a sensitive period that has long-term conse-
quences for function. A more recent expansion of “program-
ming” is the launch of the concept “developmental plasticity,”
which refers to the ability of a genotype to produce more than one
alternative form of structure, physiologic state, or behavior in
response to environmental conditions (24,25). The induced
changes are believed to be potentially beneficial for short-term
survival under conditions of scarce nutritional supply. However,
when they are introduced to an abundant food supply in the
Western world they lead to development of disease. The patho-
physiological and molecular mechanisms underlying the influ-
ence of these prenatal and early postnatal environmental factors
are to a large extent unknown. However, there is growing interest
in the idea that epigenetic processes may play a key role in this
puzzle, potentially representing the link between early environ-
mental influences and disease phenotype. Epigenetic modifica-
tions regulate a variety of genomic activities, including the
expression of genes essential for normal growth, development,
and differentiation, without changing the underlying genomic

sequence, and, unlike the static DNA sequence, display consid-
erably plasticity.

There is increasing evidence of epigenetic modulation oc-
curring early in life in response to environmental factors (26).
Studies of intrauterine-growth-retarded rats have demon-
strated that an adverse intrauterine environment is associated
with an epigenetically induced down-regulation of key genes
regulating �-cell development, differentiation and function
(27). In addition, an adverse uterine environment induced by
maternal dietary protein restriction (28) or uteroplacental in-
sufficiency (29) has demonstrated gene-specific changes in
methylation state and hence gene expression levels in the liver
and kidney in the offspring. Interestingly, maternal behavior
can change the epigenomic state of a gene in the offspring.
Weaver et al. (30) demonstrated that increased pup-licking,
grooming, and arched-back nursing changed the epigenome at
the glucocorticoid receptor gene in the hippocampus, resulting
in greater expression of the glucocorticoid receptor and an
improved response to stress in adult offspring. Furthermore,
these molecular and phenotypic changes were shown to be
reversible upon central infusion of the histone deacetylase
inhibitor trichostatin A. Hence, epigenetic modifications are
believed to occur during prenatal and postnatal life, either due
to stochastic events or external environmental factors, and
thus to be obvious candidate molecular mechanisms for phe-
notypic variation. It is not currently known whether epigenetic
modifications may regulate gene expression in humans who
have been exposed to an adverse environment, whether such
changes may be present throughout the entire life span or
whether prenatal operating factors may influence the rate of
the age related changes.

MOLECULAR BASIS OF TWIN DISCORDANCE

The interaction between environmental factors and pheno-
typic discordance within MZ twins has for obvious reasons
been noticed many years ago (31). However, very little has
been known about the molecular mechanisms by which envi-
ronmental factors permanently (or perhaps transiently) may
influence gene function. At the beginning of the 1980s, sci-
entists started to characterize a new chemical modifica-
tion—DNA methylation—that is involved in the control of
gene expression and is deregulated in cancer (32). This chem-
ical modification was considered to be an “epi”-genetic mod-
ification because it provides an additional level of modulation
to the genetic code. Today, it is accepted that epigenetics
spans the range of heritable changes in gene function and
chromatin structure that occur without a change in the DNA
sequence. The best-known epigenetic modifications are DNA
methylation and histone modifications. Both chemical modi-
fications are stable because they can be transmitted in mitosis
but are also relatively easy to modulate, as demonstrated by
the huge amount of enzymes present in the cells that catalyze
epigenetic modifications. That gene function and chromatin
structure can be modulated by means of plastic chemical
modifications in the DNA and the accompanying histones and
that these modifications can be affected by environmental factors
(33–35) make the idea that environmental effects can provoke

39REPIGENETICS IN AGE-RELATED DISEASES



epigenetically mediated phenotypic responses very attractive.
However, the precise mechanism by which the environment
generates phenotypic adaptive responses is still largely unknown
and represents another fascinating area for future research.

CONCEPT OF DIFFERENT “EPIGENOTYPES”

DNA methylation and histone modification are both essen-
tial for metazoan development because they are used by the
cell to create a variety of patterns of gene expression and
chromatin structures essential for cell function. Thus, a supe-
rior organism can be considered to be composed of multiple
“cellular epigenotypes,” probably as many as there are differ-
ent cell types. Apart from cell-specific epigenetic patterns,
epigenetics also varies among individuals. In fact, when
global DNA methylation levels from the same tissue type in a
group of individuals are compared, the levels are found not to
be uniform (16,36), implying the existence of different epig-
enotypes in distinct organisms. These observations raise the
questions of when these epigenetic differences are established
during ontogenic development, and whether they are transmit-
ted to future generations.

In the case of the first question, if sexual reproduction can
produce not only unique genotypes, but also unique epigeno-
types, then epigenetic variability must be acquired during onto-
genic development. Unfortunately, there are few experimental
data that address this matter, although our recent study comparing
epigenetics in MZ twins (16) provides indirect evidence. We
found that young twins were epigenetically identical but also
very different within pairs, which suggests that epigenetic vari-
ability is already present at early developmental stages and that
there may be a strong component of the progenitors in establish-
ing the initial epigenotype at birth. This connects with the second
question about whether epigenetic modifications are transmitted
to the next generation. This is a controversial matter because, on
one hand, there is experimental evidence from inbred mouse
models of the transgenerational persistence of DNA methylation-
dependent phenotypes (37), while on the other hand, it is well
known that during sexual reproduction “epigenetic reprogram-
ming” takes place, which consists of the practical removal of all
methylation from the cell (38). Thus, our concern becomes how
the DNA methylation patterns can be inherited under a context of
complete demethylation. Further research in animal models is
required to clarify this issue definitively. The appropriate exper-
iments would compare global and locus-specific epigenetic char-
acteristics of newborn mice with their progenitors to evaluate the
degree of sexual transmission of epigenetic patterns, and to
determine whether new and unique epigenetic combinations are
generated. Epigenetic reprogramming during mammalian devel-
opment, and the inheritance of an acquired epigenetic status, are
probably among the most challenging ideas in modern biology,
since the possibility that environmentally mediated epigenetic
adaptations have an impact on future generations has enormous
conceptual ramifications.

EPIGENETIC DRIFT DURING AGING

It is well known that specific epigenetic changes are asso-
ciated with aging. Early studies of global DNA methylation

revealed a reduction in methylcytosine in various mammalian
tissues (39,40). However, in multicellular organisms, changes
in global DNA methylation levels during ageing must be
interpreted taking into account two critical factors: the DNA
region and cell type in which they occur. Epigenetics in
general, and DNA methylation in particular, are the most
important molecular mechanisms determining cell fate and
tissue specificity. Indeed, DNA methylation is cell-type de-
pendent (41). Thus, in the case of epigenetic changes during
ontogenic development, it is important to bear in mind that the
epigenetic changes and their biologic significance can vary
greatly with tissue type. For example, various tissues, includ-
ing peripheral leukocytes, feature a global decrease in DNA
methylation with age (42), while other tissues do not change
(43). Epigenetic studies of complex tissues are required to
establish the relative proportions of cell populations with and
without changes in DNA methylation over time. In addition,
target tissues with known direct involvement in key disease
processes are an ultimate demand in studies addressing a
potential role of epigenetic modifications in various diseases.

Having stated that the DNA methylation changes are de-
pendent on the cell type because each cell type has its own
basal methylation level, and that these levels may also vary
among individuals, it is important to note that even when there
is a net loss of global methylation in some cell types and
within specific contexts, this does not entail a loss of methyl-
cytosine in the whole genome. In fact, there are DNA regions,
such as ribosomal DNA clusters, that become hypermethyl-
ated during ageing (44). So, what are the biologic significance
and consequences of the global demethylation of the genome?
Our study of MZ twins provides some clues. If we look at the
methylation status of repeated DNA in 50-y-old twins, we can
see that both siblings of older twins have constitutively lower
methylation levels than do those of younger twins and that one
of the oldest has extremely low methylation levels in these
regions. Similar age-related losses of methylation of repeated
DNA have also been reported in mouse (45–48). If the role of
DNA methylation in these repeated DNA regions is to main-
tain a condensed-repressed chromatin state (49), thereby re-
ducing transcriptional noise (50), we may hypothesize that the
molecular mechanism responsible for maintaining the hyper-
methylated status of these regions becomes less effective with
age, that this effect is much stronger in some individuals than
in others, and that the efficiency of the methylation machinery
is independent of the genotype due to the changes that cause
the differences between MZ twins (16).

Considering all these matters together, although it is clear
that there is generally a global loss of methylation as mam-
mals age, the basal levels of different individuals are very
different. This is consistent with the concept of “epigeno-
types” (interindividual variation) and is not contradicted by
the observation that some older individuals are more methyl-
ated than are younger people, since the DNA methylation
levels of the older individuals were probably higher at birth
than were those of the younger individuals. As it is not
possible to analyze the mC levels over complete human
lifetimes, we can only resolve this matter using animal mod-
els. However, these might pose problems of their own: the
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shorter lifespan of mice (for example) might affect the con-
clusions about aging-dependent epigenetic variation.

We are also interested in establishing how epigenetic vari-
ability is generated during ontogenic development. It has been
proposed that epigenetic changes during ontogenic develop-
ment are determined by the environment or are stochastic
(34,35,51). In fact, the changes probably result from a com-
bination of the two processes. There is much direct and
indirect experimental evidence supporting the environmental
cause. For instance, it has been demonstrated that specific care
of young rats by their mothers can cause epigenetic changes in
the glucocorticoid receptor (33). Similarly, diets deficient in
nutrients important for the epigenetic metabolism like folate,
choline, and methionine are associated with genome-wide
hypomethylation (52,53), and with the development of cancer
(54), Parkinson’s (55) and Alzheimer’s (56) diseases. The
close association between the percentage of the lifetime
shared by MZ twins and their epigenetic concordance (16)
also suggests a strong effect of environmental factors on the
epigenetic modifications. However, there are several epige-
netic changes during ontogenic development that cannot be
explained by environmental effects alone (57). These epige-
netic variations have been postulated as being stochastic (57).
The existence of a stochastic component of epigenetic vari-
ability is strongly supported by experiments with inbred mice
(which are virtually twins after several generations) under
almost identical environmental conditions—something impos-
sible to achieve with human models (58). These experiments
demonstrated that, apart from the environment, phenotypic
variability must be attributed to a “third component,” which
can be considered the result of a kind of stochastic “epigenetic
recombination” after sexual reproduction. The hypothesis of
the “third component” is consistent with the concept of mul-
tiple epigenotypes and could explain the different epigenetic
patterns found even between young individuals (16).

NORMAL AND DISEASE PHENOTYPES VERSUS
NORMAL AND DISEASE EPIGENOTYPES

The relationship between phenotype and epigenetics has been
extensively described in the previous sections. This relationship
is even more evident in disease phenotypes: aberrant hypermeth-
ylation of CpG islands located in the promoter regions of tumor
suppressor genes is one of the most important mechanisms of
improper gene inactivation in cancer (59). Apart from cancer, an
increasing number of other diseases are being found to be caused
by aberrant epigenetic functioning, including atherosclerosis
(60), osteoarthritis (61), lupus erythematosus (62), imprinting
disorders (63), and neuropsychiatric disorders (64).

Sometimes the relationship between an adverse environ-
mental condition, epigenetic alterations, and disease is quite
evident. For instance, it was recently reported that the pro-
moter region of the tumor suppressor gene p16 is frequently
hypermethylated even in normal cells of smokers (65). How-
ever, in most cases, the association between abnormal epige-
netic modifications and disease is not so clear and it is in these
intermediate situations that the definition of the “disease epig-
enotypes” is truly challenging. A good illustration of this is the

observation that one of the siblings of 50-y-old twins from our
study (16) had lower DNA methylation levels in repeated
DNA than did his brother. The lower levels were associated
with the overexpression of repeated DNA sequences that must
be repressed in healthy cells. Intriguingly, the sibling with the
DNA methylation defects exhibited a marked disease pheno-
type, including of cardial incompetence, gout, acute myocar-
dial infarction, hypertension, and diabetes. Further research is
needed to establish the mechanistic relationship between the
disease phenotype and epigenotype of this twin.

Several twin studies, mainly investigating mental diseases
such as bipolar disorders and schizophrenia (14,51,66), have
focused on the epigenetic differences in discordant MZ twins.
It is currently unknown whether epigenetic modification rep-
resents a key determinant of type 2 diabetes. The development
and natural history of type 2 diabetes is age-related—the
incidence increases with age and the severity of metabolic
defects increases with time—and is consistent with a putative
role for accumulating age-related epigenetic modifications in
the pathogenesis of type 2 diabetes. Epigenetic modifications
add an additional layer of complexity to the process of trans-
lating DNA code to its end product (i.e. structural and func-
tional proteins), and may explain the failure to identify causal
genes of complex diseases, including type 2 diabetes. Further-
more, the incomplete penetrance of susceptibility genes and
variation in phenotype (severity of disease) in genetically
predisposed individuals may in part be explained by differ-
ences in epigenetic regulation and gene expression (9,57).
Some indication of a subtle role for DNA methylation in type
2 diabetes comes from a study demonstrating reduced
S-adenosylmethionine, the main physiologic donor of methyl
groups, in diabetic patients (67). Other studies have concluded
a role for DNA methylation in regulating the expression of
glucose transporter 4 and leptin genes during adipocyte dif-
ferentiation (68,69). However, these studies are merely sug-
gestive, and much remains to be resolved. MZ twins discor-
dant for type 2 diabetes constitute an excellent model for
investigating whether phenotypic differences are associated
with differences in global and gene-specific epigenetic pro-
files. Future studies identifying epigenetically regulated target
genes in target tissues of insulin resistance (ie skeletal muscle
and adipose tissue), representing an early (or the earliest)
defect of metabolism in Type 2 diabetes, may provoke a major
break through, or even paradigm shift, in our understanding of
the molecular mechanisms underlying this disease.
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