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Epigenetics is a rapidly developing research field that is expected to unravel the complex interplay between
genes and environmental exposures relevant for health and disease. Epigenetics is classically referred to as
heritable phenotypic changes that cannot be explained by changes in DNA sequence. DNA methylation,
which is the covalent binding of a methyl group to a cytosine followed by a guanine (CpG), is the most
commonly used epigenetic marker in human studies to date. Epigenetics also refers to
hydroxymethylation, chromatin remodelling, histone modifications and expression of noncoding RNAs.
Recent epidemiological and experimental studies have shown that epigenetic changes are influenced by
genetic factors, environmental exposures, ageing and disease processes. In particular, early-life events and
exposures seem to strongly influence epigenetic processes such as DNA methylation [1, 2]. From the
definition of epigenetics, heritable changes are implied and observations from pre-conceptual exposure
studies raise the question whether epigenetic changes really can be inherited at the individual level from
one generation to the next [3]. If so, this would have immense public health implications, since
generations to come may have to face health consequences of the life their parents and grandparents lived,
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the diseases they had or the environmental factors they were exposed to. There are, however, many
question marks around potential epigenetic effects across generations; from epidemiological and
experimental evidence to mechanisms and potential health effects. Here, we report on an European
Respiratory Society (ERS) Environment and Health Committee workshop held in March 2017 where
epigenetics and transgenerational effects in the field of respiratory research were discussed. The aim of the
meeting was to examine the role of ERS advocacy in promoting public health policy in relation to
epigenetic mechanisms and to identify future research activities.

Environmental exposures and epigenetics
Both genetic and environmental factors underlie the development of respiratory diseases like asthma and
chronic obstructive pulmonary disease (COPD) [4]. Their interaction also plays a role, since individual
differences in genetic susceptibility to environmental exposures exist [5, 6]. Besides gene-by-environment
interactions, epigenetic mechanisms have been hypothesised as the missing link between the genetic and
environmental factors leading to disease [7]. Indeed, over 6000 differential DNA methylation sites have
been found associated with in utero and adult cigarette smoking in a variety of studies [1, 8]. Likewise,
differential DNA methylation has also been suggested to have a mediating role in the relation between
occupational exposures and the onset of COPD [9]. Given the relatively large proportion of COPD that is
related to occupational exposures (up to 50% [10]), occupational exposures are a major public health
concern. Recent population-based genome-wide methylation studies also show that DNA methylation is
related to air pollution [11–13]. Air pollution exposures that affect all individuals living in a specific area
have direct public health consequences.

The role of epigenetics in respiratory disease
Epigenetic mechanisms may explain different observations in asthma and COPD, such as environmental
effects across generations, parent of origin effects and lifelong effects of early-life exposures. Epigenetics is
strongly related to ageing, with thousands of methylation changes observed in whole-blood DNA only in
the first 8 years of life [14]. Genes annotated to these CpG sites are enriched for respiratory disease genes,
suggesting that dynamic changes in methylation patterns in early life could be related to later respiratory
outcomes.

Recently, the epigenetics of asthma was reviewed by YANG et al. [15], stressing the importance of
integrating environmental effects on the epigenome and the investigation of relevant cell types (e.g. blood
and epithelial cells). As examples, allergic asthma was associated with 81 differential methylation regions
in peripheral blood mononuclear cells in inner city asthmatics in the USA, with several immune genes
found to be hypomethylated in asthmatic patients, including IL13 and RUNX3 [16]. In a very recent study
from the European MeDALL consortium, methylation levels at 14 CpGs were strongly associated with
asthma from preschool age to adolescence, but not at birth. Reduced methylation at these CpGs was
particularly found in isolated eosinophil cells [17]. Several microRNAs have also been related to asthma
and COPD, and importance as a novel therapeutic target has been proposed for both diseases [18, 19].
Changes in gene expression are paralleled by modifications in the histone code, and cell-specific analysis
can yield further insights into the interrelation of epigenetic mechanisms and gene transcription [20].

Epigenetic research is now at the forefront of science. However, important questions remain to be
answered: are disease-associated epigenetic changes a cause or a consequence of disease? Are tissue or
cell-specific epigenetic changes related to disease, and how should we interpret small changes in
methylation in relation to gene function? If these epigenetic changes are causally implicated, can these be
targeted by novel therapeutics?

Evidence of epigenetic effects across generations and insights from experimental
studies
The epidemiological findings of long-term effects of environmental exposure across several generations are
few and inconsistent. Using retrospectively collected smoking information, two studies found an increased
risk of asthma in the grandchildren of grandmothers who smoked whilst their mothers were in utero [21,
22]. A third study suggested an increased risk for the daughters of fathers exposed in utero to smoking
grandmothers [23]. A recent Swedish study using prospectively collected exposure data found that
grandmaternal smoking whilst mothers were in utero was associated with an increased risk of asthma in
grandchildren [24].

In experimental studies, exposure to nicotine and tobacco smoke has particularly been investigated for its
potential role as an intergenerational (i.e. direct parental effects on the offspring and its germ cells) and
transgenerational (i.e. effects on successive generations in the absence of direct exposure of the offspring)
risk factor for respiratory diseases [3]. Animal studies have demonstrated the presence of an inherited
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asthma phenotype in the second-generation offspring of nicotine-exposed grandmaternal mice [25]. In this
study, the granddams had been given subcutaneous nicotine in a dose equivalent to habitual smokers
whilst the first generation (F1) offspring were in utero. In the F2 generation, affected lung function
measures were observed, and further studies in the F3 generation also revealed similar lung function
changes [26]. Of note, F1 offspring of nicotine-treated dams showed altered DNA methylation and specific
modifications of histones (H3/H4 acetylation) in both lungs and gonads, implying that epigenetic
information could be transmitted via the germline to the F2 generation [25]. Transmission of asthma risk
to F2 and F3 generations after exposure to environmental particles during pregnancy has also been
observed [27].

So far, inter- and transgenerational studies have primarily focused on disease transmission via the
maternal line while paternal spermatozoa were considered as simple transporters of genetic information
via their DNA [28]. A recent study, however, observed that paternal smoking also increases the risk of
early-onset asthma in offspring [29]. The risk was particularly high when fathers smoked during
adolescence, as compared to fathers starting in later life. One mechanistic basis for epigenetic
programming via the father is suggested by a study in mice, in which chronic stress altered microRNA
signatures in spermatocytes and induced the paternal stress phenotype in offspring [28].

Taken together, there is epidemiological and experimental evidence that parental smoking can affect
offspring respiratory health many years later and further, that the risk of lung disease may be passed on to
subsequent generations via epigenetic modifications. However, there is a lack of animal studies beyond the
F1–F2 generations, which will be needed in order to unravel suggested epigenetic mechanisms underlying
transmission of disease risks across generations, and to directly evaluate intervention strategies targeting
the epigenome [30].

Public health aspects
Several reasons, as discussed above, render epigenetics an interesting and potentially very important public
health topic. 1) Epigenetic changes may be inheritable, and will thus not only affect the fetus and the germ
line in utero, but may also be transmitted via heritable changes to following generations. 2) Epigenetic
changes are modifiable and, in principal, reversible, and can therefore be viewed in a similar light as
classical modifiable risk factors such as smoking or air pollution. 3) Epigenetics may be particularly
important early in life, as evidenced by mechanisms related to embryogenesis and developmental
programming. Thus, epigenetic changes have the potential to influence life-long disease occurrence, and
their impact might be much larger and longer-lasting than the duration and direct effects of the
underlying environmental exposure itself. 4) If epigenetic markers, induced by environmental exposures or
other stimuli, distinguish individuals at high risk of later disease, it would enable early, targeted
intervention strategies to reduce such risks. 5) From a regulatory point of view, it could also be possible to
develop regulatory tests for epigenetic modifications, i.e. epigenotoxicity tests, similar to current available
genotoxicity tests.

To better understand the challenges and possibilities that epigenetic research can provide to public health,
we recommend the following issues be addressed in future studies: 1) temporal patterns of changes of
epigenetic signatures across the life course; 2) changes in epigenetic markers in relation to common
exposures, which can vary greatly over time (e.g. air pollution or tobacco smoke exposure); 3) the role of
epigenetic markers of disease onset and progression, using longitudinal epidemiological studies as well as
large-scale epigenetic studies in relevant tissues and cells; and 4) multiple-generation population studies
for evaluation of effects across generations. In addition, animal studies supporting evidence for causal
effects on the F4 generation are needed.

Concluding remarks
Medical societies have a key role to play in this debate by remaining strong advocates for public health.
The 2017 ERS Presidential Summit noted this need to keep pushing for policies that promote respiratory
health through public health measures. Despite advances, there is a need to continue to advocate and
educate around risk factors, both known and emerging and provide evidence to policy makers. Policy
needs an up-to-date understanding of all risk factors, including those that may influence health in
generations to come through epigenetic or other mechanisms. In this article, we have provided arguments
for public health concerns related to environmental exposures, epigenetic mechanisms and long-term
respiratory health effects. In particular, we recommend that attention should be paid to tobacco smoking
and use of nicotine products (including electronic cigarettes), as well as relevant occupational and
residential exposures, given the link between these exposures and epigenetic effects. ERS, through its
Advocacy Council, Environment and Health Committee, and Tobacco Control Committee, remains
committed to delivering this message.
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