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Abstract

It is well established that the environment contributes to health. However, few studies have 

evaluated environmental exposures in women that may influence future health of their offspring. 

Knowledge gained may inform nursing how to better advocate for patients and families; and 

provide individualized interventions and education. Therefore, a more comprehensive investigation 

of the maternal exposome to uncover mechanistic insight into complex disease in offspring is 

warranted. To advance understanding of biological mechanisms that contribute to high-risk birth 

outcomes and offspring predisposition to disease, it will be necessary to measure a range of 

exposures and biomarkers before and during pregnancy.
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Background

With increasing prevalence of complex chronic disease in children such as asthma, 

hypertension, obesity, chronic kidney disease, and type II diabetes, there has been an 

emerging focus on the contributions of early life exposures that lead to chronic health 

outcomes. Of particular importance to this area of research is the concept of the exposome, 

initially proposed by Christopher Wild in 20051, defined as the totality of environmental 

exposures from the prenatal period across the life course. A critical consideration for the 

human exposome to better understand disease susceptibility is the interface with multiple 
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exposures that occur across the lifespan, including sensitive developmental time periods. 

However, our current understanding of how early life exposures, including those during 

preconception and pregnancy, contribute to childhood disease and maladaptive development 

is limited and has focused primarily on single exposure health effects (e.g., relationship of 

alcohol to fetal alcohol syndrome). Recent reviews of health outcomes in children related to 

maternal preconception and pregnancy exposures have concluded that currently available 

data are inconsistent and inadequate to accurately identify associations with disease in 

humans2.

Yet, there is no question that health outcomes, and even life expectancy, are strongly 

influenced by the characteristics of one’s environment3. Environmental exposures comprise 

a significant fraction of disease risk, and longstanding evidence supports that the timing, 

duration, and pattern of exposures play a critical role in the profile of disease risk4. For 

example, chronic stress experienced by mothers during pregnancy is associated with poor 

birth outcomes (i.e., a sustained inflammatory response related to stress is an example of an 

in utero endogenous exposure)5,6. In particular, maternal stress during the fifth and sixth 

months of pregnancy has been shown to have an increased association with poor outcomes 

including preterm birth, low birth weight and small for gestational age infants5. While it is 

estimated that 70-90% of chronic diseases are strongly associated with a variety 

environmental exposures7, the extent to which preconception and pregnancy exposures 

contribute to poor pregnancy outcomes and predisposition to disease later in life is unclear. 

Major obstacles include a limited understanding of the scope of environmental heterogeneity 

both within and between individuals and the development of appropriate measurement 

strategies. This has major implications on nursing science and practice, from the provision 

of nursing interventions that are provided to pregnant women and mothers, to education and 

resources that are given (e.g., whether to advise avoiding certain foods/drinks, cosmetics, 

cleaning products, or other exposures before or during pregnancy). As public health 

advocates, nurses are well suited to advance this area of research and build the evidence 

required to drive health policy change aimed at reducing exposures that are linked with 

disease vulnerability and protecting the health of future generations.

A major challenge in this area of research is tied to one of the conceptual domains of the 

exposome, that is, multiple exposures with small to moderate effects likely combine to 

contribute to the development of complex diseases7,8. However, the exposome paradigm 

complements research on the molecular origins of disease that recognizes the potential for 

interactions between an individuals’ genetic background and exposome whereby the 

sensitivity to the environment is influenced by allelic variation8. For example, measuring 

toxicant levels in the environment [e.g., polychlorinated biphenyls (PCBs)] may not be the 

best proxy for associating exposures to disease outcomes, particularly when they are 

ubiquitous. Individuals with the same levels of exposures may not all develop disease, or 

individuals with lower exposures may be ill due to genetic differences. The measurement of 

the so-called “gene by environment interaction (GxE)” will require the collection of blood or 

other body fluid samples from individuals to measure toxins, or their metabolites, along with 

genomic biomarkers to better characterize the influence of the exposome8. Greater precision 

in the measurement of multiple exposures and identification of their biological modifiers 

will provide stronger evidence on which to base health policy and patient teaching.
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Another major research challenge is the further development of the theoretical underpinning 

that establishes the role of environmental exposures across the lifespan on health, taking into 

account preconception health of the mother and pregnancy. The theory of fetal origins of 

adult disease can be used to guide research investigating health outcomes associated with 

preconception and in utero exposures9. Proposed by David Barker after observing a 

correlation between low birth weight and increased risk for cardiovascular disease later in 

life10, the theory states that early life events, especially during the critical fetal development 

period, predispose individuals to disease later in life. As epidemiologic evidence supporting 

Barker’s hypothesis continues to increase, investigations measuring the in utero environment 

and biological samples, similar to the aforementioned approach described by Rappaport8, 

are well positioned to identify causative agents and disease programming mechanisms that 

occur during this critical period of human development. Thus, although there are challenges 

in conducting exposome research, the knowledge to be gained will be instrumental for 

advancing personalized healthcare and precision medicine.

In this review we present an evidence-based model to describe how the preconception and 

pregnancy exposome can contribute to high-risk birth outcomes and increased vulnerability 

to disease in the offspring throughout the life course (Figure 1). We describe how the fetal 

system responds through biologically mediated mechanisms to maternal exposures that 

potentially prime the body to anticipate similar exposures after birth. While these 

adaptations may provide short-term gains, they may also have maladaptive consequences 

later in life that contribute to adult disease. Evidence is provided that biologic programming 

continues to be modified after birth from additional environmental exposures experienced 

across the life span. The discussion that follows describes the mediation of the maternal 

exposome to offspring through candidate biological mechanisms and highlights key 

relationships between the maternal preconception and pregnancy exposome and health 

outcomes in offspring.

Discussion

Investigating the impact of the maternal exposome on birth and health outcomes of offspring 

has traditionally been difficult due to the limited inclusion of pregnant women in clinical 

research. As a prime example, there remains a paucity of data concerning the consequences 

of in utero exposure to medications – a highly relevant topic for the 64% of pregnant women 

who will be prescribed a medication during pregnancy11. Of particular concern is that 90% 

of medications approved for use in the United States have unknown teratogenic profiles12. 

Similar issues exist related to chemicals present in the food supply such as methylmercury 

and endocrine disrupting chemicals. An extensive review of the environment and 

reproductive health by Caserta and colleauges13 acknowledge that practical constraints have 

hindered previous research in women, particularly during pregnancy. Additional issues that 

have limited knowledge development in this area include: lack of measurement of toxicants 

in maternal and fetal samples, small sample sizes, cross-sectional designs and studies that 

have not followed offspring to adulthood or have focused on a limited subset of the 

population.
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Samples deposited in biobanks, such as the Global Alliance to Prevent Prematurity and 

Stillbirth (GAPPS) Repository (http://www.gapps.org/research/gapps_repository), provide 

an opportunity to investigate the relationship of the exposome and molecular biomarkers 

without conducting intervention studies on pregnant women that could present risk to the 

offspring. The GAPPS repository, for instance, contain numerous sample types from 

mothers (blood, urine, vaginal swabs, placental tissue) and offspring (cord blood, meconium, 

urine), as well as extensive questionnaire data, that can be utilized to better understand 

relationships between maternal exposome and offspring health. For example, Budtz-

Jorgensen and colleagues14 conducted a longitudinal study questionnaire data, cord blood, 

and maternal hair samples previously collected at the time of birth to measure 

methylmercury exposure in utero. The authors concluded that methylmercury levels during 

fetal development were associated with neurobehavioral deficits of the infants although the 

effect was attenuated when polychlorinated biphenyls (PCBs) were also present14. In 

another example, Baron-Cohen and colleagues15 analyzed biobanked amniotic fluids from 

two cohort studies and found that elevated levels of specific hormones were associated with 

autism phenotypes in male offspring. Additional studies that incorporate the use of 

biobanked samples may identify associations between environment and disease that have not 

previously been discovered or only documented using animal models. Thus, biobanks 

provide a solution to the challenges of studying the exposome for the following reasons: 1) 

sample collection can be standardized and utilized at multiple locations to pool resources; 2) 

the infrastructure encourages collaboration among investigators with similar research 

interests; and, 3) studies can be coordinated to reduce redundancy and accelerate 

discovery16.

Penetrance of Exposure

Utilization of biological samples to study the exposome will encourage the discovery of 

alterations that represent how the exposome “gets under the skin” and contributes to health 

outcomes. The relationship between the maternal exposome and health outcomes of the 

offspring is complex and may vary depending on how and when the exposures are conferred 

to offspring. For example, exposures could have direct (e.g., chemical delivered directly to 

the fetus through the placenta) and/or indirect (e.g. the chemical causes vasoconstriction of 

in the placenta reducing blood flow and nutrients to the offspring) effects on the in utero 
environment altering fetal programming. Figure 2 illustrates the layers of “skin” that should 

be considering while studying how exposures may influence the health of offspring. The 

environment, maternal health, and fetal environment are all part of the offspring’s first 

environment. The effect an exposure has on offspring predisposition to disease may be 

eliminated or exacerbated by other maternal exposures, as the example of methylmercury 

and PCBs as previously described16.

Potential Mechanisms Contributing to Fetal Programming

In Figure 3, we suggest various maternal endogenous and exogenous factors that could 

contribute to fetal programming of later health outcomes. Several biological mechanisms 

resulting from maternal exposures may underlie the effects on health outcomes of the 

offspring – examples are listed and described in the following sections. This discussion is 

not intended to be all inclusive of potential programming mechanisms, instead, we highlight 
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select mechanisms that are frequently studied and potentially function as biological 

mediators in fetal programming from maternal exposures, specifically DNA methylation, 

telomere length, the microbiome, and hypothalamic-pituitary-adrenal (HPA) axis 

responsiveness.

DNA Methylation—Epigenetic mechanisms contribute to the development of a certain 

phenotypes, or observable characteristics17. Epigenetic modifications can alter how the DNA 

sequence is packaged in cells, impacting which genes are expressed or silenced, and include 

DNA methylation, histone modifications, chromatin remodeling, and microRNA. DNA 

methylation is the most well understood epigenetic modification to date and can be modified 

by endogenous and exogenous environmental exposures (Table 1). Assessing preconception 

and early life exposures, which are likely correlated (Figure 1), to identify associations with 

disease processes, is novel and may be useful in identifying programming events (e.g., a 

change in epigenetic signature) that later result in altered gene expression when a specific 

secondary environmental insult occurs (e.g., diseases such as cancer). Permanent alterations 

in fetal DNA methylation patterns can occur in response to chemical exposures during 

critical periods of intrauterine development resulting in altered gene expression and health 

outcomes throughout the life course4,18. It is well established in animal models that variation 

in nutrients during pregnancy can result in DNA methylation changes that alter the 

phenotype of the offspring19. It was recently reported that human maternal diet at 

conception, falling into the preconception area of our model, can alter DNA methylation 

patterns in offspring although the phenotypic significance is unknown20. Furthermore, 

several studies have identified specific chemicals in the food supply that induce DNA 

methylation changes in offspring4,21, however, questions remain regarding the long-term 

impact on health outcomes associated with these changes.

Telomeres—Telomeres are DNA repeats present at the ends of chromosomes that are 

important for protecting the chromosome during cell division and for chromosome 

stability31. Variation in telomere length has been associated with both environmental 

exposures and disease32,33. For instance, psychological stress has been posited to accelerate 

cellular oxidative stress and lead to chronic low-grade inflammation – two synergistic 

mechanisms that operate to shorten telomere length through the production of reactive 

oxygen species that promote DNA damage33. Critically shortened telomeres provides one 

pathway to altered gene expression and development of disease. Because of susceptibility to 

the aforementioned mechanism, telomere length has potential to serve as a biomarker for 

studying the impact of exposure to stress in pregnant women and their offspring. A review 

by Zhang, Lin, Funk, and Hou32 identified a number of environmental and occupational 

exposures that alter telomere length, including arsenic, traffic related air pollution, and 

pesticides. However, it is unclear if exposures that occur while in utero have the same impact 

on fetal telomere length. Although telomeres tend to become shorter as humans age, a study 

by Eisenberg, Hayes, and Kuzawa34 found telomeres were longer in offspring born to older 

fathers as were the subsequent generation of offspring. The findings of Eisenberg and 

colleagues suggest that exposures that alter telomere length in gametes may have long-

lasting health implications for future generations.
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Microbiome—The microbiome of the mother and/or infant may contribute to disease by 

altering immunity, as well as through epigenetic modifications. The fetal intestines are 

theoretically sterile at birth and become colonized with approximately 100 trillion microbes 

by adulthood35. The intestinal microbiota modulates the maturation of the immune system 

and significant alterations in composition can result in immune dysfunction36. Although the 

precise mechanisms of how immune programming occurs between microbes and their host, 

a study by Olszak and colleagues28 indicates that altering the initial composition of 

microbes that colonize a host will alter methylation patterns of immune cells that influence 

cellular responses later in life. Deciphering how the microbiome contributes to health and/or 

as a biomarker of health status is currently underway by several research groups 

participating in the Human Microbiome Project37. For example, differences in microbial 

diversity have been identified within the gut related to obesity38 and lower diversity of 

bacterial species in infancy has been associated with increased risk for developing allergies 

in children39. A recent study investigating the gut microbiota of malnourished children 

found the microbiota did not mature in the same way as healthy children and the bacterial 

composition reverted back to the immature state even after intensive malnutrition therapy40. 

The long-term implications of gut dysbiosis early in life, or how long the alterations persist, 

are yet to be determined. Additional research in this area is needed to determine if the 

microbes associated with a host are merely a biomarker associated with certain conditions or 

if the composition of microbes independently function as an exogenous exposure to 

influence the health outcomes of the host.

HPA Axis—In addition to exogenous exposures that occur during preconception or in utero, 

there are endogenous factors of the mother and fetus that can influence health outcomes. 

Some of the endogenous factors listed in Figure 3 (neurohormones and inflammation) are 

influenced by HPA axis responsiveness. The HPA axis is involved with controlling an 

individual’s response to stress41. Long term effects, such as premature mortality, heightened 

response to stress throughout life and altered reproductive functioning, have been associated 

with traumatic events early in life and are thought to be the result of altered priming of the 

HPA axis42. Excessive cortisol levels, which may result from altered HPA axis 

programming, can cause damage to tissues and has been associated with the development of 

disease43. Furthermore, cortisol crosses the placenta and exposure to elevated levels of 

cortisol in utero have been associated with cognitive and affective disorders in offspring44,45. 

Evidence that altered levels of endogenous factors, which are modulated by the HPA axis 

response to environmental stress, influence health outcomes indicate HPA axis 

responsiveness should also be considered while examining the exposome related to health.

Interaction of mechanisms—Collectively, but perhaps not equally, the maternal 

exposome and fetal environment contribute to microbiome-epigenetic-HPA axis interactions 

(Figure 3) that result in fetal programming, the physiological parameters of adaptation. Fetal 

programming determines the range of molecular events and behaviors that occur in response 

to specific stimuli, represented by the lines in the model associating exposures in the mother 

to outcomes of the offspring. These mechanisms could be modifiable components of fetal 

programming working synergistically to influence predisposition to complex diseases. Due 

to the plasticity of these mechanisms, they represent potential targets for intervention. An 
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example of the interplay between exogenous and endogenous factors that contribute to 

health outcomes is the crosstalk between the microbiome and the HPA axis, particularly due 

to the impact on other biological processes that result in measurable biomarkers. 

Bidirectional communication between the microbiota and central nervous system take place 

through multiple pathways including neuroendocrine, neuroimmune, autonomic nervous 

system (sympathetic and parasympathetic arms) and the enteric nervous system46. Sudo and 

colleagues47 provided seminal evidence of the influence of intestinal microbiota on the 

development of the HPA axis. Subsequent studies suggest there is a critical window during 

early life in which colonization must occur for normal development and appropriate 

regulation of the stress response in later life48.

Evidence for Trans-generational Inheritance of Exposures

Exposures of the gametes, including those that occur during the prenatal period and early 

development, have been found to play a large role in risk of disease over the lifespan10. 

Studies in animal models have documented epigenetic changes that persist from generation 

to generation. For example, in murine models, the methylation changes associated with DES 

exposure persist into the third generation suggesting in utero exposures may have a lasting 

impact on the health of future generations49. The same chemical clearly demonstrates a link 

between environment and germ-line mutations in humans as a trans-generational alteration 

in DNA methylation patterns of the fetus caused by exposure to DES in utero. DES is a 

synthetic estrogen that was administered to pregnant women to prevent spontaneous 

abortions prior to the mid 1970’s. DES causes hypermethylation of the homeobox protein 

Hox-A10 (HOXA10), a gene that controls uterine organ development, resulting in 

reproductive tract anomalies that persist into adulthood21. Hypermethylation of HOXA10 

was specific to the fetus and did not occur in laboratory experiments using cell lines or the 

somatic cells of pregnant women who received DES, suggesting that this molecular 

alteration is unique to in utero exposure.

Investigations are ongoing in grandchildren of women given DES. Current clinical evidence 

suggests DES granddaughters have more menstrual irregularities, infertility, and stillbirths50; 

and both granddaughters and grandsons exhibit more birth defects51. Other examples of 

trans-generational effects of environmental exposures, or epimutations, are listed in Table 2. 

This accumulating evidence supports that epimutations occur from exposure during gonadal 

sex determination, a highly vulnerable period when the germ line DNA is demethylated and 

remethylated in a sex specific manner52. The chemically-induced modifications in 

epigenetic programming of the germ line results in differentially altered epigenomes and 

transcriptomes in all tissues propagated from the affected sperm or ovum, which can 

influence development of disease in later life53. Although data is sparse related to trans-

generational effects of environmental exposures in human studies, there is a need to better 

inform clinicians and patients about this critically vulnerable period during, and prior to, 

pregnancy54-57. Confirmation of animal models of trans-generational effects will require the 

enrollment at least 3 generations of participants (grandparent, parent, and child).
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Preconception Exposome related to Birth Outcomes

In light of the limited exploration related to preconception health and birth outcomes, the 

Centers for Disease Control and Prevention (CDC) in the United States has drafted an action 

plan to improve preconception health to reduce poor birth outcomes; including 

recommendations to improve monitoring and surveillance during the preconception 

period58. Several studies in animal models have documented permanent phenotypic changes 

in offspring that were induced by environmental exposures and alteration in the 

preconception diet of the mother59,60. Robledo and colleagues found that maternal 

preconception exposure to several different persistent organic pollutants are associated with 

lower birth weights of human offspring61. Additionally, multiple risk factors associated with 

preconception health have been associated with poor birth outcomes. For example, women 

with any of the following characteristics and behaviors have a higher risk of having poor 

birth outcomes: being underweight, obese, a smoker, excessive alcohol intake, increased 

levels of stress, diabetes, or poor dietary habits62-65. The biological mechanisms to explain 

these associations have yet to be identified

Preconception Exposome related to Health Outcomes of Offspring in Adulthood

Given the recent CDC call for action to improve preconception care and knowledge related 

to birth outcomes, little is known about the long term implications of preconception 

exposures and disease processes that present later in the life of offspring. A review by 

Vassoler and colleagues identifies preconception exposures to drugs associated with 

addictions may alter adult health of the offspring in several ways, including but not limited 

to: reducing fertility, altering mental health outcomes and susceptibility to drug abuse 

among66. Two major studies designed to enhance knowledge development in this area are: 

Developmental ORIgins of healthy and unhealthy AgeiNg: Human early-life exposome 

(HELIX)67 and the role of maternal obesity (DORIAN)68. Both studies are currently 

underway in Europe, to investigate the influence of pre- and postnatal exposures on the 

health of offspring and will provide invaluable data for guiding future fetal programming 

research.

Pregnancy Exposome related to Birth Outcomes

Research investigating relationships between exposures during pregnancy and birth 

outcomes have increased in recent years. Several meta analyses of chemical exposures 

during pregnancy include but are not limited to: pollution69, secondhand smoke70, 

efavirenz71, polychlorinated biphenyls and dichlorodiphenyldichloroethylene72, domestic 

violence73, antidepressant use74,75, shift work76, statins77, and maternal obesity78. Many of 

the exposures listed were correlated with preterm birth, altered size and weight of the 

offspring. The role that biologic mechanisms, possibly due to epigenetic modifications via 

DNA methylation, that help to explain the associations between the aforementioned 

exposures and altered birth outcomes, have yet to be determined.

Pregnancy Exposome related to Health Outcomes of Offspring in Adulthood

Environmental exposures during fetal development can also contribute to the future risk of 

disease in offspring. In particular, the in utero environment impacts fetal programming of 
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neuroendocrine and metabolic pathways as well as immune function9. Differences in 

predisposition to disease have been noted in offspring based on the health status of the 

mother during pregnancy. For example, retrospective studies from the Dutch famine of 

1944-45 have shown a significantly higher prevalence of coronary heart disease among 

individuals who were born at a low birth weight from women exposed to severe nutrient 

deprivation during pregnancy9. More recent evidence of this relationship was reported in a 

study that found an association between maternal farm exposure and the response of 

immune cells to antigens in offspring, which may potentially mediate the risk of immune-

based diseases such as asthma79. Research regarding the effects of chemical exposures 

during human pregnancy on the development of the offspring is limited. Yet, animal studies 

provide evidence of developmental defects caused by over 1200 commonly used chemicals, 

40 of which are considered teratogenic in humans80. Consequently, evidence for short and 

long-term effects of medications developed within the past 50 years and prescribed to 

pregnant women, is drawn from animal models81 or retrospective studies82. Furthermore, the 

significant differences in the human placenta from those of animal models limits the ability 

to accurately predict how the chemical will affect human offspring83. Of the medications 

that have been investigated, most initial drug safety studies were carried out in the absence 

of assessing for various molecular modifications, like DNA methylation, which may alter 

health outcomes.

Summary

It is well established that the environment influences health outcomes. With an increasing 

incidence of chronic adverse child health outcomes (e.g., obesity), there has been more 

interest in identifying environmental exposures that contribute to the mechanisms of disease 

via fetal programming. Accumulating evidence suggests that endogenous and exogenous 

environmental factors at conception and during pregnancy may influence the body’s 

response to future exposures. In this paper, we have argued that the exposome paradigm, 

including measures of biomarkers and chemicals in biological samples, provides an ideal 

approach toward advancing this area of research. There are many avenues for exploring the 

influence of the exposome on human health because environmental exposures may affect 

multiple systems, or be tissue specific, with additional variation based on developmental 

stage of the individual at the time of the exposure. The incorporation of endogenous 

environmental exposures including psychosocial measures (e.g., psychological stress, 

anxiety, depression) along with exogenous environmental exposures, such as chemicals in 

the air from pollution, could help to identify specific combinations that lead to adverse 

health outcomes. The additional consideration of preconception exposures, exposures during 

the fetal period, and early life when investigating potential etiological pathways of adult 

onset disease may be important due to the effect of timing during sensitive developmental 

periods. In order to address these challenges, the use of common datasets, biobanked 

samples, and analytical tools capable of handling large datasets hold promise to advance this 

field of research. Historically, nurses have studied how environmental conditions impact the 

wellbeing of their patients. Incorporating biological measures in the exposome-wide 

approach noted by Rappaport and colleauges15 has the potential to identify combinations of 

exposures that lead to chronic disease states and/or exacerbate and alleviate symptoms.
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Assessment and critical analysis of the exposome in utero and early life may uncover 

mechanistic insight into complex disease states. Both exogenous exposures and endogenous 

factors of the mother contribute to microbiome-epigenomic interactions that occur during 

pregnancy, which in turn, influence fetal programming – the physiological parameters that 

determine the offspring’s response to the environment. Most complex diseases of our time 

develop from a combination of mechanisms that may be orchestrated by fetal programming, 

some of which are potentially reversible. Many alternations, such as DNA methylation and 

telomere length, have become measureable by scientists in recent decades with potential to 

function as surrogate measures of how the body copes with exposures throughout life. 

Measurement of these modifications along with chemical levels in the blood (e.g. 

endogenous hormones and exogenous toxicants) may improve our understanding of chronic 

disease etiology and symptoms. Reductionist approaches to conducting research, while 

useful in identifying mechanisms associated with disease states, has resulted in our inability 

to accurately assess multiple interactions contributing to health outcomes because many 

individuals have multiple concurrent comorbid conditions and exposures. Evaluation of the 

exposome, via questionnaires and exploratory peripheral blood samples, during pregnancy is 

complex mainly because of the vast number exposures encountered across the lifecourse. 

Characterizing the exposome of research populations will require further development of 

measurement instruments. Within the holistic lens of nursing science, the exposome 

paradigm offers a systematic method for identifying the mixture of exposures over the 

lifespan that contribute to disease. This review and the proposed models explicate critical 

endogenous and exogenous factors that should be considered when conducting 

investigations on the exposome and highlights plausible systems-based interactions that can 

ultimately influence trans-generational health and vulnerability to disease.
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Figure 1. Relationship between Maternal Exposome and Health Outcomes of Offspring
The maternal exposome contains both exogenous and endogenous exposures that can be 

shared with the fetus during development. Exposures are specific time points have to 

potential to program predisposition for specific birth and adult health outcomes.

Wright et al. Page 16

ANS Adv Nurs Sci. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Exposome Penetrance
Exogenous factors in the maternal environment are also the exposome of the offspring while 

in utero. The exposure may impact fetal development by passing directly to the fetus or by 

altering maternal endogenous factors (i.e. hormones) that may alter the in utero environment. 

Exposures during development may alter predisposition to disease in the offspring.
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Figure 3. Variables related to programming mechanisms
Endogenous and exogenous exposures during a woman’s life course contribute to the 

intrauterine environment and may influence vulnerability to disease at the level of the 

gamete as well as during the development of the fetus through alterations in microbiome 

composition, HPA axis responsiveness, DNA methylation, and telomere length. The 

offspring may exhibit altered health outcomes based on alterations to gametes prior to 

conception, exposures in utero, and throughout development. While the fetus is developing 

and forming gametes for the next generation, the gametes may be affected by the exposures 

and predispose the next generation to disease.
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Table 1

Environmental Exposures that Alter DNA Methylation

Environmental factor Effect Reference

Alcohol ↓ DNA methylation in colonic mucosa 22

Bisphenol-A (BPA) ↓ DNA methylation in Hoxa10 gene, altered
estrogen response

23

Diethylstilbestrol (DES) ↑ DNA methylation in Hoxa10 gene, reproductive
anomalies

21

Exercise Dose dependent ↓ DNA methylation in skeletal
muscle

24

Fear Changes in multiple genes altering memory
formation

25

Hydralazine Delayed response inhibition of DNA methylation 26

Maternal Care ↓ DNA methylation in hippocampus with ↑
maternal care

27

Maternal Diet ↓ protein and energy results in ↑ DNA
methylation in offspring

19, 20

Microbiome Altered initial colonization ↑ methylation in colon
& lung

28

Procainamide Inhibits DNA methylation 26

Smoking ↑ DNA methylation in malignant lung & healthy
tissue

29

Traffic pollution ↓ DNA methylation in repetitive DNA elements 30
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Table 2

Exposures demonstrating inter-generational effects on DNA methylation

Environmental factor Effect Reference

DES Reproductive tract anomalies, cancer 23

Dioxin Multiple diseases, fertility & pregnancy issues 53

Famine Cardiovascular disease, altered glucose tolerance 56

Nutrition Heart structure, HPA responsiveness, obesity 18,58

Vinclozolin Decreased male fertility, sperm number & viability 56
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