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Environmental exposures have a significant influence on the chronic health conditions plaguing children and adults. Although the Developmental
Origins of Health and Disease (DOHaD) paradigm historically has focused on nutrition, an expanding body of research specifically communicates
the effects of chemical exposures on early-life development and the propagation of non-communicable disease across the lifespan. This paper
provides an overview of 20 years of research efforts aimed at identifying critical windows of susceptibility to environmental exposures and the
signaling changes and epigenetic influences associated with disease progression. DOHaD grants funded by the National Institute of
Environmental Health Sciences (NIEHS) in 1991, 2001 and 2011 are identified by grant-analysis software, and each portfolio is analyzed for
exposures, disease endpoints, windows of exposure, study design and impact on the field based on publication data. Results show that the 1991 and
2001 portfolios comprised metals, PCBs and air pollutants; however, by 2011, the portfolio has evolved to include or expand the variety of
endocrine disruptors, pesticides/persistent organic pollutants and metals. An assortment of brain-health endpoints is most targeted across the
portfolios, whereas reproduction and cancer increase steadily over the same time period, and new endpoints like obesity are introduced by 2011.
With mounting evidence connecting early-life exposures to later-life disease, we conclude that it is critical to expand the original DOHaD concept
to include environmental chemical exposures, and to continue a research agenda that emphasizes defining sensitive windows of exposure and the
mechanisms that cause disease.
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Introduction

Complex diseases result from gene-environment interactions
over time; however, historically researchers have relied mostly
on genetics for understanding the cause of disease. The
dramatic increase of chronic diseases (e.g. diabetes, obesity,
some cancers, childhood asthma, attention-deficit hyperactivity
disorder, autism, infertility and reproductive dysfunctions such
as premature puberty) without concurrent increases in genetic
variation does indeed suggest that environmental factors
play an important role in disease etiology. In fact, scientists are
increasingly examining interactions between genetic back-
ground and changes in the environment, such as chemical
exposures, diet, stress, infections and drugs.

Early-life environment, beginning at conception, and adult
disease was first linked by increased rates of obesity in indivi-
duals exposed to famine in utero.1 Subsequent studies showed
that maternal starvation during the Dutch ‘hunger winter’ of
the Second World War correlated with an increased risk
in exposed offspring to cardiovascular disease and metabolic
diseases such as obesity, metabolic syndrome and diabetes in
adulthood.2 In the mid-1980s, David Barker expanded this
concept by reporting a negative correlation between birth
weight and the rate of death from ischemic heart disease.2,3 He

theorized that normal variations in the transfer of nutrients
from mothers to babies have profound long-term implications
for the health of offspring and further linked low birth weight,
which can indicate poor maternal nutrition, to increased
coronary heart disease in adulthood.3 These observations paved
the way for further research into the link between maternal-
fetal nutrition and future chronic diseases such as obesity
and certain cancers.2,4,5 The concept fostered by Dr Barker led
to the development of the International Society of Develop-
mental Origins of Health and Disease (DOHaD), which
is a registered charity that aims to promote research linking
nutrition during pregnancy to disease outcomes across the
lifespan. The International Society of DOHaD also supports a
journal by the same name, and an international conference held
every other year.
This paper describes the history and evolution of research

investigating the role of environmental chemical exposures
during development and subsequent disease susceptibility
across the lifespan (Fig. 1), as well as provides snapshot port-
folio analyses of the National Institute of Environmental
Health Sciences (NIEHS)-funded research in 1991, 2001 and
2011 as a surrogate for research in the field. NIEHS is one of
the 27 research institutes and centers within the organization,
the National Institutes of Health (NIH), and is tasked with the
mission to reduce the burden of disease due to environmental
influences. Therefore, the institute is a major funder of envi-
ronmental health research in the United States. To review the
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literature and grant data, we chose the definition of DOHaD
that includes early windows of susceptibility (prenatal to early
childhood) and increased risk of disease outcome across the
lifespan, starting in early childhood. Research grants involving
human subjects, model organisms or cell lines are included.
Furthermore, the breadth and timing of chemical exposures
studied, the disease endpoints measured and the potential
mechanisms of action are examined. Finally, we provide sug-
gestions for future DOHaD research.

The DOHaD paradigm evolves and expands following the
Human Genome Project

While the DOHaD hypothesis, as it related to humans and
nutrition, was developing across Europe, there was another
research field that also adapted the DOHaD hypothesis – tox-
icology. Early developmental toxicology and environmental
health science studies examined chemical exposures primarily
during pregnancy, finding that animals exposed to teratogens had
altered DNA or mutations that led to death of the fetus, birth
defects, low birth weight and premature birth. Alarm over the
notion that environmental chemicals could result in disease began
to take hold predominantly in the 1970s over a series of medical
tragedies involving diethylstilbestrol (DES). Designed as an arti-
ficial estrogen and prescribed from 1940 to 1971 to millions of
women during pregnancy to reduce miscarriage, DES was later
shown to have serious health consequences (e.g. unusual cancers
and reproductive system malformations) for those exposed
in utero. Animal studies would later confirm DES’s activity as a
transplacental carcinogen.6 Many of the changes seen in
prenatally treated mice were also observed in women exposed to

DES in utero;7 in addition to the signal lesion of vaginal clear cell
adenocarcinoma, women and mice exposed prenatally to DES
also had oviduct malformations, ovarian cysts and histopatholo-
gical changes in the fallopian tubes.7

Although the early teratology literature, including that per-
taining to DES, noted that chemicals could also cause ‘functional’
changes, initially there was no real way to measure them. It was
not until the early 1990s that evidence emerged showing how
some low-dose chemical exposures without direct teratogenic
effects evident at birth could, ultimately, result in later dysfunc-
tions and diseases.8–13 These observations were consistent
with the emergent DOHaD concept, shifting the emphasis of
developmental toxicology research from the study of mutagens
and birth defects to functional changes during development. This
change was mostly because of the development of new genomic
tools and technologies (e.g. shotgun sequencing, microarray,
ChIP-Chip, Agouti mouse model) built on the advances spawned
from the NIH-sponsored Human Genome Project.14 The
genomic revolution helped scientists provide more concrete evi-
dence that early-life exposure to environmental toxicants (e.g.
endocrine disruptors) not only cause DNA damage but also can
produce more subtle disruptions in the absence of a phenotype at
birth, including changes in cell signaling and gene expression, and
that such changes are linked to increased susceptibility to disease
and dysfunction later in life.15–20

Adding more epigenetics research to the DOHaD portfolio
has a lasting impact

Along with new technologies, such as tissue-specific gene
expression profiling, came the examination of epigenetic effects

Fig. 1. Science milestones and events that have impacted the field of DOHaD research as it relates to environmental exposures.
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(methylation, imprinting and chromatin remodeling) on
DOHaD – an area of research that really began to take off
around 2005 (Fig. 1). Epigenetic responses to prenatal expo-
sures were soon linked to health outcomes like cancer, heart
and vascular disease, neurodegeneration, asthma, autoimmune
disease, male and female reproductive disorders and obesity.
The list of environmental chemicals studied also expanded to
include xenoestrogens [genistein, (DES), bisphenol A (BPA)],
dioxin, organochlorine pesticides, second-hand smoke, phtha-
lates, immunotoxicants and air pollutants.21–26 The data from
these studies changed the field of environmental health sciences
and its thinking about exposures during development and their
relationship to epigenetic influences toward diseases later in
life. Furthermore, scientists also produced new data on endo-
crine disruptors and their role in DOHaD and newly identified
health outcomes. For example, in 2006, a hypothesis for the
developmental origins of obesity, type 2 diabetes and metabolic
syndrome due to endocrine disrupting chemical exposure was
published, further stimulating research into the role of such
exposures during development (Fig. 1).23,25,27

Emerging research on environmental pollutants and epige-
netic programming reflected a growing interest by the scientific
community, and thus a conference was held in December of
2005 – ‘Environmental Epigenomics, Imprinting and Disease
Susceptibility.’28 Some recommendations from the meeting
included the following:

∙ A continued emphasis on fetal or developmental basis
of disease paradigm is important with research on both
nutrition and environmental exposures and their interac-
tions, as well as epigenetic modification as the mechanism of
the increased susceptibility to disease later in life.

∙ Transgenerational studies (i.e. epigenetic transmission of
altered programming across generations) using animal
models are needed.

∙ Epidemiology studies using a case-control design that
include epigenetic endpoints are critical to moving the field
forward.

∙ More data on the best way to biobank tissues and serum for
future epigenetic analyses are essential to the field.

∙ Development of new technologies and informatics is needed
to properly analyze future epigenetic data.

This conference further stimulated the idea of epigenetic
changes as mechanisms of action by environmental agents in
the etiology, prevention or progression of disease. Publications
over the next several years included examination of epigenetic
interference caused by endocrine disruptors leading to breast26

and prostate cancer24 in animals; role of endocrine disruptors in
metastable alleles, imprinting and fetal origins of disease;21 and
effects of endocrine disruptors on imprinted genes in the mouse
embryo.29 Another story of success resulting from epigenetic
research was data showing that dietary supplements like folic
acid or genistein can counteract the hypomethylating effects of
BPA exposure during early development, and thus alter the
BPA-induced disease trajectory.22 Finally, in 2008, the NIH

funded the Roadmap Epigenomics Project to expand knowl-
edge in the mechanisms of epigenetic regulation of develop-
ment, develop new technologies for measuring epigenetic
changes, discover new epigenetic marks and to develop and
disseminate standardized protocols. This ongoing program
has developed complete epigenomes for a variety of cell types
and is fostering growth of the field, including assessment of
epigenetic marks in human birth cohort studies (www.road
mapepigenomics.org; Nature, submitted).

PPTOX conferences highlight progress in DOHaD and
environmental health research

In order to understand the breadth and depth of new areas
of DOHaD in environmental health research and to bring
researchers together to stimulate interactions and collaborations,
Philippe Grandjean, who had been examining the effects of
Polychlorinated biphenyls (PCBs) on neurodevelopment of
children in the Faroe Islands, developed the first international
conference on the role of developmental exposures to environ-
mental pollutants and disease outcomes later in life. This con-
ference called Prenatal Programming and Toxicology (PPTOX)
was held in the Faroe Islands in 2007 (Fig. 1). The Faroe
Statement from PPTOX I30 noted that the mother’s chemical
body burden will be shared with her fetus or neonate, and the
child might be exposed to larger doses relative to body weight
than adults. In addition, it was stated that susceptibility to a wide
range of adverse effects later in life is increased during develop-
ment (from preconception through adolescence), depending on
the organ system and exposures to environmental chemicals.
Over the ensuing years, there have been additional PPTOX
conferences, with PPTOX II in Miami Beach in 2009 and
PPTOX III in Paris in 2012 (Fig. 1). The PPTOX conferences
have primarily highlighted progress in the DOHaD area of
environmental chemical exposures, and outcomes from the
conferences have been published with several articles appearing
in the January 2011 issue of Reproductive Toxicology,31 a
special-themed issue of the DOHaD Journal (February 2011);
Toxicological Sciences;32 and Environmental Health.33

Analyses of funded DOHaD research in 1991, 2001 and
2011: growth of the field

A literature review of DOHaD and environmental chemicals
from 1990 to 2013 showed that 50% of the publications came
from NIEHS-funded researchers (data not shown). Thus, here
we describe NIEHS funding in the field over a 20-year period.
Specifically, a keyword search was used to find active NIEHS-
funded grants in the area of DOHaD for years 1991, 2001 and
2011. Grants meeting the definition of DOHaD were selected
and analyzed using tools within the electronic Scientific Port-
folio Assistant (eSPA), which helps build portfolios of NIH
research projects for the purpose of analysis and dissemination
of information (https://espa.niaid.nih.gov). Search terms used
included the following: prenatal, perinatal, postnatal, in utero,
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fetus, pregnant (cy), child (ren), early childhood, puberty and
development (al). We also chose to analyze only research grant
mechanisms and treated larger multicomponent grants, such as
the Children’s Environmental Health Centers, as single projects.
Finally, the final portfolios and analyses were reviewed by
and discussed within a working group (see acknowledgment
section). Each portfolio was then analyzed for the following:
programmechanisms; scientific mechanisms; toxicity endpoints;
disease/organ endpoints; human subjects, model organisms, or
both; windows of susceptibility; and productivity based on
publication numbers, citations and journal impact factors.
Publication data were attained through eSPA (http://connection.
ebscohost.com/c/articles/79702830/electronic-scientific-portfolio-
assistant-integrating-scientific-knowledge-databases-support-
program-impact-assessment) and SPIRES. The portfolios were
further analyzed using the Information for Management, Plan-
ning, Analysis and Coordination II data system (www.tfgov.
com/data/NIH.gov/Pages/era.nih.gov%5Dimpacii%5Dindex.cfm)
to determine funding history and total dollars spent.

Early-life exposures to lead and mercury are a priority in the
1991 portfolio

In 1991, the NIEHS DOHaD portfolio contained 16 grants.
Metals were the most studied environmental exposures during
this period, with lead and mercury accounting for 69% of the
DOHaD grants (Table 1), and the brain and/or central nervous
system (CNS; e.g. neurodevelopment, neurocognition, neuro-
behavior, neuropsychiatry and neurobiology) were the most
studied organ systems (Table 2). Most of the studies docu-
mented a robust relationship between in utero and postnatal
exposure to lead and the long-term neuropsychological
morbidities, as well as resulting juvenile delinquency and
criminality during early adulthood.13,34–42 As a consequence
of these and other studies, the Centers for Disease Control
and Prevention lowered the lead action level for children to
10 µg/dl, and more recently set a ‘reference value’ of 5 µg/dl
(see http://www.cdc.gov/nceh/lead/ACCLPP/blood_lead_levels.
htm). Research on methylmercury exposure in the Faroe

Table 1. Frequently studied exposures

1991 (n = 16) 2001 (n = 81) 2011 (n = 173)

Exposure % of totala Exposure % of totala Exposure % of totala

Lead 50 Lead 36 BPA 16
Mercury 19 PCB 20 Mercury 12

Mercury 19 Organophosphate/chlorine 12
PM/air pollution 13 PCB 12
Organophosphate/chlorine 10 PM/air pollution 10
TCDD 6 Arsenic 9

Lead 9
Manganese 6
PAH 6
PBDE 6
Phthalates 5

BPA, bisphenol A; PM, particulate matter; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; PCB, polychlorinated biphenyl; PAH, polycyclic
aromatic hydrocarbons; PBDE, polybrominated diphenyl ethers.
aAny exposures accounting for <5% of the portfolio are not included.

Table 2. Frequently studied disease/organ endpoints

1991 (n = 16) 2001 (n = 81) 2011 (n = 173)

Disease/endpoint % of totala Disease/endpoint % of totala Disease/endpoint % of totala

Brain/CNS 63 Brain/CNS 56 Brain/CNS 50
Immune system 10 Breast 6
Lung 10 Cancer 13
Reproduction 10 Immune system 8

Lung 11
Obesity 7
Reproduction 24

CNS, central nervous system.
aAny endpoints accounting for <5% of the portfolio are not included.
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Islands, where marine animals and fish are food staples, also
revealed its damaging effects on neurodevelopment and sub-
sequent neuropsychological deficits later in life.43–47 As a result
of these and other studies, the EPA, National Research Coun-
cil, World Health Organization and United Nations Environ-
ment Program supported the established reference dose of
0.1 µg/kg/day for a safe exposure limit for the mother and
fetus.37,48–51 Finally, although all 16 projects fit the definition
of DOHaD, only one project included the discussion of regu-
lated gene expression and developmental programming within
the specific aims of the grant.52

The 2001 portfolio points to evolving DOHaD research,
including developmental programming

The NIEHS 2001 portfolio grew to 81 active research projects
fitting the DOHaD paradigm. The portfolio again centered
mainly on metals, with lead and mercury accounting for 55%

of the entire group (Table 1; Fig. 2a). It was more robust and
diverse than the 1991 portfolio and included DOHaD research
on developmental exposures to PCBs, air pollution, organo-
phosphates and organochlorines (Table 1 and Fig. 2a). NIEHS
was also funding DOHaD grants researching reproductive,
lung and immune system diseases (10% of total; Table 2 and
Fig. 2b). The majority of grants still centered on postnatal or
early childhood exposures rather than prenatal exposures, with
the numbers of animal and human studies remaining roughly
equal (Fig. 2c). Moreover, during this time, a small number of
the grants began exploring some form of developmental
programming.

The 2011 NIEHS DOHaD portfolio includes more
exposures, mechanisms and health outcomes

Between 2001 and 2011, the literature on DOHaD and
environmental chemical exposures underwent a dramatic

Fig. 2. (a) Overview of the timing of funded disease/organ endpoint studies and relative predominance in each portfolio (1991, 2001 and
2011); (b) overview of the timing of funded toxicity endpoint studies and relative predominance in each portfolio; (c) content analysis of three
grant portfolios (1991, 2001 and 2011) for windows of exposure and human subject studies v. model organisms, or both (note : if a grant
assessed more than one endpoint, each was counted individually); (d) content analysis of three grant portfolios (1991, 2001 and 2011) – the
number of grants; human subject studies v. model organisms or both (note : if a grant assessed more than one endpoint, each was counted
individually); and total dollars spent for each portfolio.
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increase. The NIEHS DOHaD portfolio mirrored this
change as the number of grants increased to 173 by 2011. The
snapshot analysis of the 2011 portfolio of active grants revealed
that the number of grant investments in studying model
organisms v. human subjects remained about equal as previous
years (Fig. 2d). (Note: the vast majority of model organism
studies involved mice and rats.) However, the number of grants
describing pesticides and other endocrine disruptors (e.g. BPA)
peaked in the 2011 DOHaD portfolio (Table 1 and Fig. 2a),
and the number and types of persistent organic pollutants
(POPs) and metals also expanded. Grants centered on reproduc-
tive diseases and disorders, including sex differences, increased
from 10% in 2001 to 24% in 2011, and studies involving the
brain/CNS, cancer and breast at least doubled in number during
that same time period (Table 2 and Fig. 2b). In addition,
endpoints such as obesity (7%) were observed for the first time in
the 2011 portfolio (Table 2 and Fig. 2b). Themost studied disease
or health endpoints (brain/CNS, reproduction and cancer) were
analyzed for concomitant exposures (Fig. 3), and the largest
number of brain/CNS grants were associated withmetal exposures
(e.g. arsenic, lead, mercury and manganese), with many others
describing pesticides (e.g. organophosphates and organochlorines)
and other POPs (e.g. polybrominated biphenyl ethers (PBDEs),
polychlorinated biphenyls (PCBs), and polycyclic aromatic
hydrocarbons (PAHs); Fig. 3). On the other hand, grants

involving reproductive dysfunctions in males and/or females were
primarily affiliated with BPA exposure followed by pesticides and
other POPs (Fig. 3).
By 2011, the number of studies on prenatal exposures nearly

doubled with 142 grants as compared with 77 postnatal expo-
sure grants (Fig. 2c). This increase in prenatal exposure studies
follows an emerging trend toward identifying epigenetic
mechanisms (e.g. DNA methylation, histone modifications,
chromatin remodeling and RNA regulation/metabolism). In
fact, 35 of the 173 grants in the DOHaD portfolio specifically
explored epigenetic changes. As a comparison, there was just
one epigenetics-related grant in 1991 and 11 grants in 2001
(Fig. 4a). Not only did the number of epigenetic grants within
DOHaD increase, but the epigenetics research itself evolved
from analyzing only DNA methylation to including chromatin
remodeling.
Having observed this increasing trend in epigenetics

research, we analyzed publications resulting from the NIEHS-
funded DOHaD projects, as changes in science are reflected
more quickly in publications rather than in grant applications.

Fig. 3. Most studied disease/organ endpoints and associated toxicity
endpoints.

Fig. 4. (a) Epigenetics-based DOHaD grants across three grant
portfolios (1991, 2001 and 2011) (note : if a grant studied more
than one epigenetic process, each was counted individually). Also
shown, the evolution of epigenetics research from examining mostly
DNA methylation to including chromatin remodeling and
regulatory RNAs; (b) The number of publications related to NIEHS
DOHaD grants with an epigenetic focus during the years from 2007
to 2011. NIEHS, National Institute of Environmental Health
Sciences; DOHaD, Developmental Origins of Health and Disease.
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Interestingly, epigenetics-related publications (2007–2011)
showed a clear uptick in discussions regarding histone marks,
chromatin modifications and regulatory RNAs (Fig. 4b). This
result follows a trend in the epigenetics field of the progression
of studying primarily DNA methylation to identifying
modifications in RNA metabolism and chromatin structure.
Indeed, new discoveries and technologies are allowing scientists
to explore the genome in much greater detail to determine
epigenetic susceptibility to environmental exposures. Some
grants in the 2011 portfolio also began research into transge-
nerational inheritance – environmentally induced changes in
the epigenome that are inherited due to incomplete germline
reprogramming.53–56 For example, Anway et al.54,57 reported
transgenerational effects of reproductive toxicity resulting in
decreased sperm count and motility in male rats following
maternal exposure to the fungicide, vinclozolin and the pesti-
cide methoxychlor. Surprisingly, the effects on fertility were
observed in four subsequent generations.57 We expect more
studies to broaden the characterization of epigenetic mechan-
isms to more than only DNA methylation, as well as produce
data that demonstrates epigenetic changes as predictive bio-
markers of disease susceptibility.

Publication data reflect the evolution and impact of NIEHS-
funded DOHaD research

In order to assess whether the types of journals that published
DOHaD-related research changed over time, the top publica-
tions, based on citation number, were researched for both the
1991 and 2011 grant portfolios. The 2001 portfolio was not
included because of overlap in the grants of both the 1991 and
2011 portfolios, thereby causing publication redundancy. The
journals that published the most cited articles resulting from
grants in the 1991 portfolio mirrored the research trends of that
time and were Toxicology and Applied Pharmacology (6 of 20),
Neurotoxicology and Teratology (3 of 20) and Environmental
Health Perspectives (EHP; 3 of 20) (Table 3 and Supplementary
Table S1). The journals that published the most cited articles
resulting from grants in the 2011 portfolio were Lancet (2 of
20), Proceedings of the National Academy of Sciences (PNAS)
(2 of 20) and EHP (8 of 20) (Table 3 and Supplementary
Table S2). This change in journals follows the evolving science
from general toxicity and birth defects to chemicals such as

endocrine disruptors and functional changes that lead to
susceptibility to non-communicable diseases across the life-
span. In 1991, the most cited articles discussed dioxin, lead and
mercury exposures (Table 1 and Supplementary Table S1),
whereas in 2011 the most cited articles reflected an expanded
number of chemicals including BPA, PCBs and pesticides like
organophosphates (Table 1 and Supplementary Table S2).
Citation numbers for the entire 2011 portfolio, including both
research and review articles, added up to over 17,000 (data not
shown). It is clear from these data that research across the globe
and international scientific conferences have all worked toge-
ther to expand research areas, fill identified gaps, enhance our
knowledge of the effects of developmental exposures and
broaden our reach in the form of high-impact publications.

Data gaps

New trajectories to stimulate the DOHaD field

As noted, studies on the effects of metal exposures (primarily
lead and mercury) on neurodevelopment have consistently
occupied a large percentage of the DOHaD portfolio at
NIEHS (Fig. 2a and Table 1); however, the last decade also saw
an increase in environmental health researchers studying the
effects of endocrine-disrupting chemicals such as BPA, phtha-
lates, tributyl tin, PCBs, flame retardants, pesticides, dioxins
and other persistent organic pollutants. In fact, the increase in
grants with reproductive endpoints reflects the growing interest
within the DOHaD research community on endocrine dis-
ruptors and downstream differential sex effects. The NIEHS,
for its part, has also highlighted both epigenetics and DOHaD
as high priority areas for the next several years in its newly
released Strategic Plan.58 Moreover, emerging DOHaD
research areas include new disease/dysfunction endpoints such
as obesity, diabetes and metabolic syndrome, as well as diseases
of other endocrine systems that might be affected by environ-
mental exposures.
It is imperative that scientists continue to work on better

understanding how exposure affects the regulatory proteins and
processes upstream of DNA methylation and other epigenetic
marks. Moving the field from descriptive and correlative studies
to an enhanced mechanistic understanding of how environ-
mental exposures affect the proteins and functional genomic

Table 3. Journals publishing most cited articles

DOHaD portfolio Journal % of top 20 articles cited Frequent exposures

1991 Toxicology and Applied Pharmacology
Neurotoxicity and Teratology
Environmental Health Perspectives

30%
15%
15%

Dioxin
Lead

Mercury
2011 Environmental Health Perspectives

Proceedings of the National Academy of Sciences
Lancet

40%
10%
10%

BPA
PCBs

Organophosphates
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elements involved in establishing and maintaining gene expres-
sion patterns and chromatin states is vital. As there are now
studies showing multigenerational and transgenerational inheri-
tance of disease/dysfunctions, understanding the mechanism(s)
for transgenerational inheritance as well as which chemicals can
transmit deleterious effects to subsequent generations and tar-
geted tissues are important goals within the DOHaD field. In
addition, the sensitivity of the F2 generation (e.g. grandchildren)
from exposure during pregnancy has not been studied well. The
F1 generation (direct offspring) is somatically exposed during
development, but the F2 generation is exposed only via the
germ cells; therefore, transmission to the F2 generation could
be somewhat different and significant. Indeed, there are now
numerous publications showing that developmental exposures to
environmental chemicals including DDT, tributyl tin, dioxin,
vinclozolin and phthalates can lead to effects that are apparent in
the F3 and F4 generations.25,56,59–64

Although the DOHaD paradigm centers on the in utero and/
or neonatal time period as a sensitive window for environ-
mental exposures, it is important to define all sensitive windows
of exposure across the lifespan, and to understand what
underlies a ‘sensitive window.’ It is also critical to better mimic
real world situations, including determining the interaction of
multiple exposures (mixtures) or chemicals, and indeed mix-
tures of environmental exposures with altered nutrition, stress,
infection and/or drugs. Similarly, expanding DOHaD experi-
ments beyond the analysis of one disease is important, in other
words, looking for disease syndromes, as an environmental
chemical is likely to affect more than one organ/tissue, and thus
potentially increasing the risk for many diseases. If researchers
continue to study the one-chemical and one-disease relation-
ship, it will be very difficult to completely understand the
integrated toxicity associated with exposures.

Epigenetic signatures or footprints that result from devel-
opmental exposures, which can be predictive of increased dis-
ease risk later in life, must be developed. Specifically, signatures
from accessible tissues like cord blood/tissue and blood cells
would be particularly valuable. Although researchers are cur-
rently linking specific epigenetic signatures in blood to disease
outcomes in humans a few years later, these signatures have not
been validated with regard to sensitivity, specificity or accuracy.
Does an epigenetic footprint in blood really predict disease in a
tissue? Once it is possible to predict lifetime disease incidence
due to developmental exposures, effective strategies can be
devised to reduce exposure to stressors in order to reduce dis-
ease incidence. Such strategies have the potential to reduce
the overall societal burden of non-communicable disease and
alleviate health disparities.32

Finally, as noted in the published summary of the PPTOX III
meeting,32 the two fields of research, developmental nutrition
(i.e. the original DOHaD focus) and developmental environ-
mental/chemical exposures, need to work together as many
aspects of the research are similar. For example, both act during
specific windows of exposure when tissues are developing;
both result in functional changes that can be apparent without

a change in birth weight and appear as increased disease
susceptibility after a latent period; both alter developmental
‘programming,’ which at least in part is due to altered epige-
netic marks and effects of both nutrition and chemical expo-
sures that can be transmitted to future generations via the
germ line; and both result in increased susceptibility to major
human diseases including obesity, diabetes, cardiovascular
diseases and neurodevelopmental and reproductive diseases.
Thus, as noted, research on nutrition and environmental
chemicals in DOHaD can be viewed as two sides of the
same coin.32 To truly improve human health by reducing the
burden of non-communicable diseases, scientists must explore
both areas with the goal of improving nutrition and reducing
environmental chemical exposures during development across
the globe.

Conclusions

Non-communicable diseases and conditions result from a com-
bination of genetic and environmental factors, and the most
sensitive window for environmental impact is during develop-
ment. Data described in the body of the literature regarding
nutrition and DOHaD led to the development of the ‘DOHaD
paradigm.’ It is now clear that a wide variety of environmental
exposures occurring during periods of time when tissues and
organ systems are developing can also markedly increase the risk
for (or even cause) disease across the life course.32 Indeed,
research on environmental chemicals has expanded the DOHaD
paradigm to include more diseases/dysfunctions; a variety
of environmental exposures, singly and in combination; and
also epigenetic mechanisms, which include transmission of the
disease/dysfunction susceptibility across multiple generations.
Evidence also suggests that disadvantaged populations may
experience greater exposure to environmental hazards and exhibit
higher rates of disease incidence, morbidity and mortality.
Understanding and modulating this risk in humans during
sensitive windows of development offers the promise of disease
prevention and reduction of health disparities.32
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