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Abstract

Fetal alcohol exposure may impair growth, development, and function of multiple organ systems, 

and is encompassed by the term Fetal Alcohol Spectrum Disorders (FASD). Research has so far 

focused on the mechanisms, prevention, and diagnosis of FASD, while the risk for adult-onset 

chronic diseases in individuals exposed to alcohol in utero is not well explored. David Barker’s 

hypothesis on Developmental Origins of Health and Disease (DOHaD) suggests that insults to the 

milieu of the developing fetus program it for adult-development of chronic diseases. In the 25 

years since the introduction of this hypothesis, epidemiological and animal model studies have 

made significant advancements in identifying in utero developmental origins of chronic adult-

onset diseases affecting cardiovascular, endocrine, musculoskeletal, and psycho-behavioral 

systems. Teratogen exposure is an established programming agent for adult diseases, and recent 

studies suggest that prenatal alcohol exposure correlates with adult-onset of neuro-behavioral 

deficits, cardiovascular disease, endocrine dysfunction, nutrient homeostasis instability, warranting 

additional investigation of alcohol-induced DOHaD, as well as patient follow-up well into 

adulthood for affected individuals. In utero epigenetic alterations during critical periods of 

methylation is a key potential mechanism for programming and susceptibility of adult-onset 

chronic diseases, with imprinted genes affecting metabolism being critical targets. Additional 

studies in epidemiology, phenotypic characterization in response to timing, dose and duration of 

exposure, as well as elucidation of mechanisms underlying FASD-DOHaD inter-relation are thus 

needed to clinically define chronic disease associated with prenatal alcohol exposure. These 

studies are critical to establish interventional strategies that decrease incidence of these adult-onset 

diseases and promote healthier aging among individuals affected with FASD.
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INTRODUCTION

Alcohol consumption during pregnancy may produce deleterious effects on multiple fetal 

organ systems; the best studied are its effects on the developing brain and the resulting 

behavioral deficits (Riley and McGee, 2005, Riley et al., 2011). These developmental 

anomalies are collectively termed “fetal alcohol spectrum disorders” or FASD (Sokol et al., 

2003). The targets of developmental alcohol exposure include cardiac (Burd et al., 2007, 

Ren et al., 2002), vascular (Ramadoss and Magness, 2012, Parnell et al., 2007, Bake et al., 

2012), endocrine (Zhang et al., 2005, Wilcoxon et al., 2005), neurobehavioral (Warren et al., 

2011, Riley and McGee, 2005, Lewis et al., 2015, Gautam et al., 2015), and uteroplacental 

systems (Ramadoss and Magness, 2012, Sawant et al., 2014, Gareri et al., 2009, Gundogan 

et al., 2008), demonstrating that alcohol can target virtually any fetal organ system. The 

severity and the specific regional deficits following prenatal alcohol exposure is a function 

of the amount of alcohol consumed, the timing of exposure during pregnancy, the duration 

of exposure, and the pattern of alcohol consumption in both humans (Feldman et al., 2012, 

O'Leary et al., 2010, May et al., 2013) as well as animal models of FASD (Maier et al., 

1999, Livy et al., 2003, Sawant et al., 2013, Ramadoss et al., 2007a, Ramadoss et al., 2007b, 

Bonthius and West, 1988, Thomas et al., 1996). Current estimates of FASD are at least 2–

5% among young school children in the United States (May et al., 2009, May et al., 2014).

Around 25 years ago, David Barker proposed that adverse events during development may 

permanently alter fetal development and physiologic function, leading to a higher risk for 

adult-onset diseases, an idea termed “Developmental Origins of Adult Health and Disease 

(DOHaD)” or “Barker’s Hypothesis” (Barker, 2004a, Barker, 2004b, Barker, 2012, Barker, 

2007). It is suggested that patterns of fetal growth program blood pressure, insulin 

responsivity, glucose metabolism, and cardiovascular function later in life (Barker et al., 

1993, Hales et al., 1991). Adverse events affecting fetal development may be initiated or 

influenced by factors altering the in utero environment. Examples include maternal nutrition, 

endocrine disruptors, maternal stress, gestational diabetes, obesity, and substance abuse, etc. 

(Gabory et al., 2013, Adair and Dahly, 2005, Barker, 2006, Moore and Riley, 2015). Prior to 

the proposal of Barker’s hypothesis, recognition of an environmental trigger followed by a 

latent period and then disease manifestation was widely accepted as, but limited to, the 

etiology for various cancers. Since the proposal of Barker’s hypothesis, evidence across 

disciplines supports recognition of the causative role these environmental triggers during 

development play in the etiology of adult chronic disease (Gluckman et al., 2008). 

Investigation of fetal integrative physiology, along with its impact on adult-onset diseases, 

has since gained increasing momentum in a time when genetic programming and life style 

contribution were considered the primary determining factors of causation (Hanson, 2015).

The current review article summarizes (1) major work performed so far in the DOHaD field, 

(2) specific studies on DOHaD and alcohol, (3) epigenetic pathways underlying DOHaD in 

relation to in utero alcohol exposure, and (4) future directions for the FASD-DOHaD field.
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ADVANCEMENTS IN THE DOHaD FIELD

Studies performed to date utilizing animal models and human epidemiologic methods 

suggest adverse influences on the intrauterine environment during time sensitive periods of 

organ development result in intrauterine growth restriction (IUGR), altered structure, 

physiology and metabolism of developing organs, low birth weight, variations in patterns of 

hormone release and response, and altered postnatal growth rate; all of which may influence 

fetal programming for chronic diseases. Furthermore, these insults affect the developing 

fetus in such a way that disrupts gene expression and epigenetic mechanisms, resulting in 

very early programming of chronic adult diseases

Human reports on DOHaD

We will first review reports containing human study observations correlating prenatal insults 

and later onset of diseases in adult life. We have classified these findings based on the adult-

organ system whose function is impaired. Cardiovascular, metabolic, and respiratory: 

Epidemiological studies have shown low birth weight and poor nutrition throughout 

pregnancy strongly associate with increased risk of adult onset of cardiovascular disease, 

obesity, and type 2 diabetes (Barker, 2012). These individuals are also at higher risk for adult 

onset of chronic diseases like hypertension, stroke, and hyperlipidemia (Barker, 1995). 

Reduced fetal birth weight and infant growth rate correlate with increased adult incidence of 

death from ischemic heart disease, as at age 1, infants weighing ≤ 18 pounds are three times 

more likely than infants weighing ≥ 27 pounds to die from ischemic heart disease in 

adulthood (Barker et al., 1989). In a study of 286 South Indian men and women, adult mean 

forced expiratory volume (FEV1) and forced vital capacity (FVC) fell with decreasing birth 

weight, and small head circumference was associated with decreased FEV1/FVC ratio in 

males, suggesting adult lung function is programmed in utero (Stein et al., 1997). Prenatal 

exposure to the Dutch Famine, a 5-month period of extreme food shortage during the winter 

of 1944–45, resulted in offspring, who as adults, exhibited a predisposition to chronic adult 

diseases, with increased incidence and early onset of coronary artery disease (Painter et al., 

2006). Those exposed to the famine in early gestation had an increased atherogenic lipid 

profile, higher plasma fibrinogen and reduced plasma factor VII, increased incidence of 

adult obesity, and increased incidence of coronary heart disease; mid gestation exposure to 

famine also had a higher incidence of obstructive airway disease, and both mid and late 

gestation famine exposure produced decreased glucose tolerance in adults (Roseboom et al., 

2001). Brain and behaviour: Evidence suggests that prenatal exposure to maternal smoking, 

alcohol, and drug use can compromise brain development in utero and may increase the risk 

for compromised mental health, and other psychopathologies later in life (Schlotz and 

Phillips, 2009). Skeletal system: Birth weight, length, and placental weight are also 

positively associated with bone mass. Birth weight is a predetermining factor in adult bone 

mineral content, basal activity of growth hormone/insulin-like growth factor (IGF)-1, and 

hypothalamic-pituitary-adrenal axes; maternal smoking and nutrition have been shown to 

directly affect skeletal mineralization, suggesting that adult onset of osteoporosis may have 

fetal programmed origins (Cooper et al., 2002). Antenatal steroids: Since the first controlled 

clinical trial in 1972, antenatal steroid administration has proven effective in promoting lung 

maturation in infants at risk for pre-term birth, and it is estimated to have reduced preterm 
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infant mortality by 53% and morbidity by 37% (Liggins and Howie, 1972, Mwansa-

Kambafwile et al., 2010). It is generally regarded that benefits outweigh the risks, and a 

single course of antenatal steroid administration is standard care in pre-term patients in 

North America and Western Europe (Consensus Statement NIH, 2000). This has allowed for 

a unique cohort of individuals to be studied following a specifically dosed and timed 

antenatal treatment. One study following a cohort of 210 preterm survivors concluded 

antenatal corticosteroid therapy is associated with higher systolic and diastolic blood 

pressures in adolescence (Doyle et al., 2000). Interestingly, administration of multiple doses 

of exogenous glucocorticoids during pregnancy in animal model studies correlates with low 

birthweight and hypertension later in life (Edwards et al., 1993, Wood and Keller-Wood, 

2016). Additional animal studies indicate that excess glucocorticoid exposure early in life 

may alter central nervous system development and have long term physiologic 

consequences, and these may not become apparent until later in life (Matthews, 2000).

Animal studies

Animal model experiments have effectively replicated examples of fetal programming of 

adult diseases. These models are advantageous as they allow exquisite control of both study 

conditions while excluding multiple effect-modifying exposures that may alter outcomes. 

The latter frequently confounds alcohol related human studies, i.e. polysubstance abuse or 

malnutrition combined with drinking while pregnant may have additive negative effects that 

are almost impossible to exclusively differentiate. The findings from animal model DOHaD 

studies currently provide vital clues on developmental alcohol effects on adult-onset disease 

states and we hope that this review will encourage future DOHaD human studies in the 

alcohol field. We herein will classify select major findings based on the in utero 
environmental insult. Altering blood flow in utero-placental compartment: A CD-1 mouse 

model demonstrated gestational crowding of pups into one uterine horn decreased placenta 

blood flow up to 4-fold and IUGR occurred; pups produced in both the bottom and top 5th 

percentiles of birth weight developed obesity as adults. (Coe et al., 2008). Prenatal caffeine 
exposure:. Prenatal caffeine (120 mg/kg) administration in rats on gestational days 11–20 

resulted in low birth weight and increased susceptibility to non-alcoholic fatty liver disease 

as adults when introduced to a high fat diet (Wang et al., 2014). Prenatal benzodiazepine 
exposure: Prenatal exposure to benzodiazepine ligands over gestational days 14–20 resulted 

in increased levels of thiobarbituric acid-reactive material, decreased intracellular pH, and 

significant change in phosphocreatine utilization in the brain when compared with controls; 

these changes were undetectable until early adulthood. This long term effect of late 

gestational exposure to benzodiazepines suggests selective binding of receptor ligands 

during development can program for altered adult cerebral metabolism (Miranda et al., 

1989, Miranda et al., 1990a, Miranda et al., 1990b). Low-protein diet: After an isocaloric 

low-protein diet fed during gestational days 3–5, 28 week old offspring had elevated 

angiotensin converting enzyme activity in the serum in females and in the lung in males, and 

these offspring had elevated systolic blood pressure as adults (Watkins et al., 2010). High fat 
diet: A maternal high saturated fat diet in mice produced adult offspring with insulin 

resistance, hyperglycemia, obesity, and hypertension, despite being fed a standard caloric 

diet postnatally (Liang et al., 2009). These offspring had decreased average bone mineral 

density in the femoral epiphysis at 6 months of age and dysregulation of distal femoral 
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trabecular architecture at 12 months of age, indicating a prenatal origin for osteoporosis 

(Liang et al., 2009). Interestingly, recent evidence indicates that parental diet can affect 

cholesterol and lipid metabolism in offspring, and suggest preconception factors also 

influence the incidence of adult pathologies (Carone et al., 2010).

Intervention strategies

Combined data from epidemiologic, experimental, and clinical studies indicate early life 

events in utero may influence and initiate pathogenesis of chronic adult diseases such as 

hypertension, heart disease, stroke, type 2 diabetes mellitus, obesity, metabolic syndrome, 

and osteoporosis. By determining the factors that program long term health, interventional 

strategies combined with screening for epigenetic markers may be used to prevent onset of 

these chronic diseases and to customize targeted treatment regimens for susceptible 

individuals. Recent studies indicate deviant phenotypes induced by insults during early 

development in utero exhibit potential for reversibility and recovery (Gluckman et al., 2008). 

One example of successful intervention utilizing a mouse model is the finding that perinatal 

exercise resulted in improved glucose clearance in both male and female adult offspring in 

response to oral glucose challenges (Carter et al., 2012). Supplementing a maternal high fat 

diet with the antioxidant quercetin improved offspring birth size and resulted in a protective 

effect on adult rat diseases, decreasing incidence adult osteoporotic changes and metabolic 

dysfunction, indicating an oxidative stress mediated role in pathogenesis (Liang et al., 2009). 

Additionally, glycine supplementation when fed concurrently with a low-protein diet 

throughout pregnancy mitigated vascular dysfunction, decreased systolic blood pressure, and 

improved mesenteric artery nitric oxide release in adult offspring (Jackson et al., 2002, 

Brawley et al., 2004).

PRENATAL ALCOHOL-INDUCED ADULT ONSET DISEASES

Surprisingly, although 1 in 10 pregnant women and 1 in 2 non-pregnant women consume 

alcohol, and 1 in 33 pregnant women report binge drinking in the past 30 days (Tan et al., 

2015), limited work has been performed on alcohol-induced adult-onset disease 

vulnerability. What has been established is that health problems of adults with FASD is 

largely different from diagnostic criteria applied to infants and children. At birth, defining 

characteristics of individuals with FASD include low birth weight and/or growth deficiency, 

dysmorphic facial structures, and neurologic impairment (Jones and Smith, 1973, Hoyme et 

al., 2005). Conversely, aging in FASD individuals is associated with attenuation of facial 

dysmorphology (Streissguth et al., 1991), increased rates of obesity (Fuglestad et al., 2014), 

endocrine dysfunction (Hellemans et al., 2008), as well as learning and memory 

impairments (Olson et al., 1998) and increased incidence of mental illnesses (Streissguth, 

1996). These aging-related problems are complex, requiring high-level of care, and 

consequential expense.

The following is a composite of examples of DOHaD studies previously established in the 

alcohol field. We have not described studies herein that measure FASD phenotypes 

following prenatal alcohol exposure, exclusively in the fetal and in the neonatal period, as 

these studies do not fit under the DOHaD definition. Behavioral: Questionnaires were used 
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to collect data on the number of days mothers had consumed the equivalent of 4 units of 

alcohol in the past month during pregnancy at 18 and 32 weeks gestation, and reported that 

prenatal alcohol significantly associated with border-line personality disorder in children 

between 11 and 12 years of age; specifically, with those exposed to 4 or more units of 

alcohol at 32 weeks gestation after controlling for birth weight and sex, alcohol was 

positively associated with border-line personality disorder (Winsper et al., 2015). Previous 

studies in mice showed one bout of alcohol (5.8 g/kg) on gestational day 9 during the first 

trimester-equivalent resulted in long-term retention deficits in adulthood at ages 12 and 24 

months, although such deficits were barely detectable at 3 months of age (Dumas and Rabe, 

1994). In another study, rats administered ad libitum liquid alcohol diet (36% alcohol-

derived calories) throughout pregnancy, followed by 10 days of chronic mild stress 

procedure on offspring at 60–78 days of age, had different effects in males and females. 

Alcohol-exposed males showed impaired hedonic responsivity, locomotor hyperactivity, and 

alterations in affiliative and non-affiliative behaviors compared to control males. Alcohol-

exposed females showed greater levels of behavioral despair in the forced swim test and 

altered behavior in the final 5 minutes of the social interaction test (Hellemans et al., 2010). 

Growth: Sprague-Dawley rats were fed a liquid diet with or without 6% v/v alcohol 

throughout gestation, and growth patterns were studied in the offspring up to 1 year; slower 

growth was detected in males from alcohol-fed dams between 7 and 12 months of age, 

whereas no differences were found in females (Probyn et al., 2012). Cardiac: Using a low 

level of 6% v/v alcohol during pregnancy, it was discovered that gene expression of a 

number of cardiac growth factors in the rat fetus (harvested on gestation day 20) and 

cardiomyocyte number in weanling offspring (postnatal day 30) were not altered by alcohol, 

whereas at 8 months age, there were significant increases in left ventricle anterior and 

posterior wall thickness during diastole in alcohol-exposed offspring (Nguyen et al., 2014). 

Thyroid: Prenatal alcohol effects on adult thyroid function have been studied in a rat model 

after 5% (w/v) alcohol was fed during pregnancy. At 90–100 postnatal days, basal thyroid 

stimulating hormone (TSH) was significantly increased in males compared to the females 

except in the fetal alcohol exposed animals (Wilcoxon and Redei, 2004). This prenatal 

alcohol exposure resulted in adult hypothyroidism; total T3 thyroid hormone was decreased 

in both males and females, whereas T4 was not altered, and T4 replacement during 

pregnancy could not normalize adult thyroid deficiency (Wilcoxon and Redei, 2004). 

Recently, the same group demonstrated that glucose tolerance and insulin aberrations could 

be observed in second generation (F2) offspring following prenatal alcohol exposure (~5% 

w/v) between gestational days 8–20 (Harper et al., 2014); sex-specific hypoglycemic and 

hyperinsulinemic glucose-tolerance test response patterns were observed in F2 offspring, 

and administration of thyroid hormone (T4) to the alcohol-consuming grandmother 

prevented deficits in glucose tolerance test responses in F2 progeny alone, suggesting T4 

prevented, reversed, or interfered with the effects of alcohol on F1 germ cells (Harper et al., 

2014). This study exemplifies an important feature of alcohol exposure during pregnancy, 

that is in addition to impacting the mother and fetus, the fetal germline is vulnerable. 

Neurobiological: Rats were administered alcohol (6 mg/kg) and were assessed for auditory 

brain stem response at 22 days, 7 months, and 17 months after birth; in accordance with the 

Barker hypothesis, the authors reported developmental delay that dissipated at 7 months, and 

enhanced deficits at 17 months, thus recommending long-term follow up of prenatally 
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alcohol-exposed kids (Church et al., 2012). Nutrient homeostasis: Alcohol-exposed rats 

were studied up to 14 months after birth, and male rats specifically demonstrated 

significantly higher fasting serum triglyceride levels. These disturbances were replicated in 

females by treating them with testosterone, and the hypertriglyceridemia could be inhibited 

in males by castration (Pennington et al., 2002). These effects show the significance of 

studying alcohol-induced testosterone programming of adult-onset diseases. Glucose 

homeostasis was investigated in another study where rats received a liquid diet containing 

6% (v/v) alcohol (15% alcohol-derived calories) throughout gestation, and offspring were 

studied up to 8 months of age (Probyn et al., 2013); longitudinal assessments of fasting basal 

glucose and insulin over these 8 months did not show any differences, whereas four month 

old male rats displayed elevated first phase insulin secretion in a glucose challenge, showing 

vulnerability to adult-onset insulin resistance due to prenatal alcohol exposure (Probyn et al., 

2013). In another study, 2 g/kg alcohol was administered twice daily via intra-gastric gavage 

to rats throughout gestation. Glucose and insulin levels with fasting blood glucose 

concentrations were higher by >7.0 mmol/l in alcohol-treated offspring, resulting in insulin 

resistance despite hyperinsulinemia in 3 month old rats (Yao and Gregoire Nyomba, 2007). 

Pregnant guinea pigs were administered 4g/kg alcohol for five days a week throughout 

gestation followed by magnetic resonance imaging between postnatal days 100–140. Results 

demonstrated increased visceral and subcutaneous adiposity, and between postnatal day 

150–200, increased pancreatic adipocyte area and decreased β-cell insulin-like 

immunopositive area, concluding that prenatal alcohol exposure induced adult-onset 

metabolic syndrome (Figure 1) (Dobson et al., 2012). Recently, the same group utilized a 

similar paradigm, demonstrating prenatal alcohol exposure resulted in sex-specific alteration 

in adult offspring mRNA expression of several insulin and insulin-like growth factor-related 

genes in the liver and prefrontal cortex, and concluded prenatal alcohol exposure induced 

metabolic dysregulation in adult offspring (Dobson et al., 2014). Liver: In rats, it was 

demonstrated that prenatal alcohol exposure (4 g/kg gavage) from gestational day 11until 

birth followed by high fat diet post-weaning in female offspring resulted in down-regulation 

of hepatic IGF-1 expression and lipid output, whereas lipid synthesis was significantly 

increased (Shen et al., 2014); the authors concluded that prenatal alcohol-exposed female 

offspring exhibited increased susceptibility to a high fat diet-induced non-alcoholic fatty 

liver disease in adulthood (Shen et al., 2014). Adrenal axis: Pregnant Wistar rats were 

administered 4g/kg alcohol intragastrically from gestational day 11 until birth, and male 

offspring were fed a high-fat diet from postnatal week 4 at weaning until postnatal week 20 

(Figure 2) (Xia et al., 2014). At postnatal week 17, offspring were subjected to an 

unpredictable chronic stress procedure for 21 days (Xia et al., 2014). Male alcohol-exposed 

offspring exhibited lower birth weight, later catch-up growth, lower basal activity of 

hypothalamic-pituitary-adrenal (HPA) axis, and enhanced sensitivity to stress. This resulted 

in increased serum glucose, insulin, insulin resistance index, and cholesterol, concluding 

prenatal alcohol exposure followed by high fat postnatal diet results in increased 

susceptibility to metabolic syndrome in adulthood (Xia et al., 2014). Paternal alcohol 
exposure: Current studies are limited in considering the effect of paternal alcohol exposure 

on offspring. Just as alcohol crosses the placenta, it also crosses the blood-testis barrier, and 

its potential effects on male germ cells should not be discredited. Neither animal nor human 

studies have directly connected paternal alcohol consumption with lower birthweight 
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(Windham et al., 1995, Abel and Lee, 1988), the most replicated predictor for future risk of 

chronic adult diseases within multiple organ systems (Barker, 1998). However, more recent 

studies have linked paternal alcohol consumption with growth, developmental and 

behavioral abnormalities. A compelling study by Abel’s group in 2002 determined paternal 

alcohol consumption reduced cytosine methyltransferase mRNA in sperm, which may 

reflect alteration in genomic imprinting by reducing DNA methylation and potentially 

silencing paternal alleles (Bielawski et al., 2002). This finding may discern a mechanistic 

role in gene expression associated with both paternal alcohol consumption and adult chronic 

disease.

EPIGENETIC MECHANISMS UNDERLYING DOHaD

From the studies discussed above, we have come to suspect that in utero exposures to 

alcohol have the capacity to alter the developmental program and impart a predisposition for 

the adult-onset of chronic disease. As these in utero encounters manifest their effects well 

beyond the window of exposure, deciphering the molecular mechanisms is incredibly 

challenging. Similar to many other agents, alcohol is suspected to have the capacity to alter 

the dynamic regulation of chromatin structure during critical developmental transitions, and 

therefore transmit a lasting signature of exposure on into later states (Feil and Fraga, 2011, 

Ungerer et al., 2013). However, the fundamental mechanisms by which alcohol-induced 

alterations in chromatin structure lead to increased vulnerability to adult-onset disease states 

following in utero insults remains largely unexplored.

Epigenetics is a term that refers to a series of biochemical processes through which heritable 

changes in gene transcription are achieved throughout the lifecycle of an organism, without a 

change in DNA sequence (Jaenisch and Bird, 2003). Within this context, the term heritable 

can be used to denote the transmission of transcriptional states through cell division on into 

later stages of development/post-natal life (cellular inheritance), or the marking of genes in 

the germ-line with the potential to impact gene expression in the offspring (D'Urso and 

Brickner, 2014). Collectively, epigenetic changes in chromatin structure have been 

associated with a memory of environmentally induced transcriptional change, alterations in 

animal phenotype, and an increased susceptibility (or lack of adaptability) to challenges later 

in life. For example, studies examining the interferon gamma-induced transcriptional 

response have shown that cells previously exposed to a stimulant remodel their chromatin in 

anticipation of the need for a more robust response, and that this priming can persist or be 

inherited for at least four mitotic generations (Gialitakis et al., 2010). Similarly, prenatal and 

postnatal stress has been shown to alter DNA methylation within the regulatory regions of 

key genes modulating behavior, and therefore pass a transcriptional memory of early life 

(with a clear impact on long-term health) on into later stages (Stankiewicz et al., 2013). 

Therefore alterations in chromatin structure represent a viable mechanism by which early 

exposures can alter the transcriptional program and potentially sensitize, or in some way 

limit the developmental capacity of physiological systems, resulting in pathology later in 

life. Interestingly, each exposure episode for the fetus can actually be considered a 

trigenerational exposure, as the mother has the potential to be impacted, as well as the fetus 

and the gametes developing within the fetal germline. While compelling evidence has begun 

to emerge suggesting alcohol can modulate chromatin structure, the extent to which these 
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changes influence development and disease remains very poorly explored (Ungerer et al., 

2013).

Studies in embryonic stem cells and other in vitro developmental models have revealed a 

multitude of large-scale changes in chromatin architecture induced by the processes of 

differentiation. In animal models, correlation of acute alcohol exposures with major periods 

of organ growth indicate that different tissues are largely susceptible to alcohol-induced 

teratogenesis during very specific developmental windows (Becker et al., 1996). It is 

therefore tempting to speculate that the processes of chromatin remodeling inherent to 

differentiation make specific cell populations vulnerable to the teratogenic actions of 

alcohol, and that in select instances, the impact of alcohol-induced changes in chromatin 

structure do not manifest until much later in life. In support of this notion, using the Agouti 

viable yellow (Avy) mouse model, Kaminen-Ahola and colleagues demonstrated maternal 

alcohol exposure between gestational days 0.5–8.5 induced changes in DNA methylation, 

which led to altered coat color in the adolescent offspring (Kaminen-Ahola et al., 2010). 

While several studies have suggested that alcohol exposure can induce acute changes in 

chromatin structure, these observations were among the first to suggest that at least some 

loci can inherit alcohol-induced epigenetic changes through into postnatal life. Since this 

initial work, other studies have identified heritable alterations in chromatin structure arising 

from early gestational exposures, suggesting epigenetic mechanisms are relevant to the 

development of FASDs (Chen et al., 2013, Veazey et al., 2015, Zhang et al., 2015, Marjonen 

et al., 2015). As an example, studies examining blood samples derived from FAS children 

have demonstrated altered DNA methylation within the regulatory regions of select 

imprinted genes, suggesting that alcohol-induced alterations in chromatin structure may 

persist through development and into early adulthood (Laufer et al., 2015, Masemola et al., 

2015). Interestingly, recent work suggests some of these epigenetic lesions may transmit 

through the male germline into the next generation (Govorko et al., 2012).

Collectively, these individual observations support the hypothesis that several adult 

pathologies may be linked to epigenetic lesions inherited from a prenatal exposure. 

Emerging evidence is now beginning to suggest the impact of these encounters may last into 

postnatal life, and alter key homeostatic processes. For instance, the imprinted gene Insulin-

like Growth Factor 2 (IGF-2), is maternally silenced / paternally expressed through complex 

epigenetic means, and plays a major role in both directing fetal growth and regulating adult 

metabolic pathways (Waterland and Michels, 2007). Downing and colleagues recently 

reported that when mice were fed 5.8g/kg alcohol on gestational day 9, alterations in the 

methylation of the IGF-2 regulatory regions were observed on gestational day 18, and these 

changes in DNA methylation correlated with a concomitant 1.5 fold decrease in the 

transcript levels (Downing et al., 2011). Given the prominent role IGF-2 plays in 

programming basic metabolism and growth, these alterations could have a lasting impact 

upon energy balance and cardiovascular health (Burton and Fowden, 2012, Loke et al., 

2013). Although many tantalizing correlations exist, further long-term studies are required to 

follow alcohol-induced epigenetic lesions through into adult life before we can definitively 

link inherited changes in chromatin structure to adult disease. It is also important to 

remember that for the vast majority histone modifications, no known mechanism of 

inheritance exist, and researchers need to be careful not to confuse transient alterations in 
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chromatin biology with inherited lesions, as they are not necessarily one and the same 

(Ptashne, 2007).

For the past 60 years, human genetic research has focused exclusively on the nucleic acid 

sequence of DNA as being the sole heritable molecule responsible for transmitting 

information controlling phenotype from parent to offspring. We are now beginning to 

understand that select loci within the sperm and the egg also possess some epigenetic 

information transmitted through to the offspring. For example, studies examining 

chronically exposed humans and rats have demonstrated that alcohol alters DNA 

methylation levels in sperm, and that these epigenetic errors are associated with reductions 

in offspring weight (Abel, 1991, Gabrielli and Mednick, 1983, Bielawski and Abel, 1997, 

Jamerson et al., 2004, Ouko et al., 2009). Moreover, studies by Govorko and colleagues in 

rodents have begun to suggest that some epigenetic lesions may be heritable 

transgenerationally (Govorko et al., 2012). If these observations hold true for humans, this 

could have a profound impact upon our understanding of the origins and inheritance of 

substance abuse disorders, as well as the origins of chronic disease. However, evidence to 

support this assertion is still very limited and more work exploring this aspect of FASD 

needs to be conducted.

DIRECTIONS FOR FASD-DOHaD FIELD

This is the first systematic review of prenatal alcohol exposure and DOHaD (Figure 3). It is 

clear that the studies are limited in the field and there are a dauntingly large number of 

unknowns. The following studies are most needed to fill the gap and advance the science in 

the DOHaD field.

Epidemiological studies: There is an absolutely essential need for human 

epidemiological studies that systematically assess the impact of alcohol 

exposure on adult-onset diseases. These studies are critical to establish the 

clinical significance of this area of scientific exploration. These studies come 

with limitations, as they can at best provide associations. Moreover, causal 

relationships between prenatal alcohol exposure and outcomes are difficult to 

establish, as women who drink while pregnant may also be subject to 

suboptimal nutrition and prenatal care, and may employ poly substance abuse, 

etc. (May et al., 2014, Viljoen et al., 2002). As these effects overlap and 

potentially interact, careful studies utilizing both animal models for FASD 

which control for confounding variables as well as relevant longitudinal 

comparison studies of human populations subject to similar risk factors yet 

abstain from alcohol are imperative to identify chronic disease risk factors 

associated with prenatal alcohol exposure.

Characterization of phenotypes: It is necessary to conduct animal studies under 

controlled conditions to identify the effects of dose of alcohol during gestation, 

duration of alcohol exposure, and timing of insult on development of adult-

onset diseases. It is possible that higher doses of alcohol would lead to birth 

defects as well as adult-onset diseases, whereas lower doses of alcohol may 

result in subtle alterations that may not show any visible phenotypes at birth, 
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but would nevertheless result in increased vulnerability to adult-onset disease 

states (Nguyen et al., 2014). Moreover, early gestation alcohol exposure is 

likely to produce adverse effects on diverse organs systems, whereas late 

gestation alcohol exposure is likely to result in tissue- and cell type-specific 

effects (Waterland and Michels, 2007) and the consequent adult disease 

outcomes are likely to be different.

Delineating mechanisms and interventions: The direct cause and effect is hard 

to establish between a substance of abuse and a specific adult-onset disease 

state. Better characterization of epigenetic mechanisms of inheritance and their 

impact upon pathology are needed before we can hypothesize potential 

mechanisms that may contribute to specific adult-onset functional deficits. 

Delineating connection between prenatal alcohol exposure and adult disease 

may help strengthen and broaden prevention strategies for drinking during 

pregnancy that rely solely on preventing FASD as their primary message. 

Limited work has been performed, even in non-alcohol literature, on 

interventions or prevention strategies for DOHaD, and it is essential to 

delineate ameliorative strategies following prenatal alcohol exposure. It is also 

important to address whether or not current research strategies for FASD will 

help further understanding of the mechanisms responsible for alcohol-induced 

DOHaD.
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Figure 1. 
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Figure 2. 
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Figure 3. 
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