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Abstract

Early insults during critical periods of brain development, both pre- and postnatal, can result in 

epigenetic changes that may impact health and behavioral outcomes over the lifespan and into 

future generations. There is ample evidence that these early stages of brain development are 

sensitive to various environmental insults, including malnutrition, childhood trauma and drug 

exposures. The notion that such changes, both physiological and behavioral, can also carry over 

into subsequent generations has long been recognized, especially in the context of experimental 

studies. However, epigenetic mechanisms capable of explaining such phenomena were not 

available until relatively recently, with most of this research published only within the last decade.
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Introduction

This chapter sets out to identify the significant findings of intergenerational studies of the 

impact of various environmental factors on brain and behavior. First, we examine the 

available literature relating to research conducted on the effects on multiple generations of 

malnutrition, early adversity and trauma, and chemical exposures in both human populations 

and rat models. Second, we provide detailed results from the Barbados Nutrition Stud and 

parallel rat studies in our laboratory. Third, we seek to highlight recent studies that have 

begun to look at underlying epigenetic mechanisms of such intergenerational transmission.

Intergenerational Studies of Malnutrition: Human.

Although the long-term effects of childhood malnutrition are now widely recognized [1, 

2]studies documenting transgenerational effects of poor nutrition are less common. As early 

as 1949, Mussey considered: “It must be borne in mind that the diet of a given generation 

may effect several generations hence” [3]. The recent advances in epigenetic research 

associated with adversity during early development have resulted in an increasing number of 

pertinent studies that suggest intergenerational effects of poor nutrition and other 

environmental factors. These include both studies in human populations and pre-clinical 

investigations in animal models.

The earliest studies of the transgenerational effects of poor nutrition were almost exclusively 

based on work with low birth weight infants within Western populations. More recently, this 

work has expanded to include studies in developing regions of the world. Although not 
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always exclusively the result of poor nutrition, low birth weight is most prevalent in 

socioeconomically deprived populations and is thus closely associated with poverty. In the 

late 1950s, Sir Dugald Baird and his colleagues in Aberdeen, Scotland, followed a cohort of 

women who were short in stature and had an increased number of birth complications, likely 

associated with a history of inadequate nutrition during their own childhoods [4], [5], [6]. 

Follow up studies of this cohort revealed that the offspring of these women were more likely 

to have lower IQ scores than children of mothers of average height [7], [8]. One prevailing 

hypothesis was that maternal malnutrition resulted in aberrant pelvic shapes, ultimately 

translating to impaired reproductive competence. Although other possible mechanisms 

leading to transgenerational effects of poor nutrition were not recognized, this early study 

highlighted the important role of adequate maternal nutrition in preserving cognitive 

function from one generation to the next. Other studies, including those of Ounstead et al.

[9], Hackman [10], and Emanuel et al. [11], similarly reported that women who were of low 

birth weight were more likely to have offspring who were of low birth weight, thus affirming 

the risk of poor intergenerational outcomes with respect to infant size [12].

The association between poor nutrition and birth weight has also been documented in 

epidemiologic studies of survivors of the Dutch Famine [13]. This series of studies showed 

that in utero exposure to malnutrition, especially during the 2nd and 3rd trimesters of 

pregnancy, was associated with decreased birth weights of infants even after correcting for 

maternal stature. Studies of transgenerational effects of birth weight have also been reported 

in developing countries, including Brazil, where maternal (but not paternal) birth weight and 

weight gain in early childhood was shown to be positively associated with birth weights in 

the next generation [14]. The persistence of low birth weight across generations was 

originally referred to as the Intergenerational Influences Hypothesis [15].

The Barker or the Developmental Origins of Health and Disease Hypothesis [12], as it is 

now referred to, states that low birth weight inevitably leads to a number of adult medical 

conditions including metabolic syndrome, cardiovascular disease [16], and other health-

related phenotypes, which are all programmed prenatally and modified by a limited nutrient 

supply during within the early stages of development [17]. In their initial studies, Barker et 

al. [18, 19] found that small, normal-term babies had an increased risk of hypertension and 

other cardiovascular diseases later in life, a finding that has been successfully replicated in a 

number of epidemiologic studies [20], [21],[22]. The association between prenatal 

malnutrition, low birth weight and adult-onset diabetes and obesity have also been reported 

among survivors of the Dutch Famine [23]. Although glucose intolerance was not increased 

in the adult survivors of the siege of Leningrad, an increased prevalence of obesity and 

hypertension were identified [24]. In a Finnish cohort of adults born between 1933 and 

1944, poor maternal nutrition and low birth weight were also correlated with an increased 

rate of obesity [25], cardiovascular disease and associated mortality [26, 27]. These medical 

conditions in adulthood may, in turn, compromise pregnancy and the in utero experience of 

the offspring, thereby contributing to the intergenerational transmission of malnutrition-

related deficits. More recently, many of the low birth weight cohorts have been reassessed 

and have been found to have higher rates of mental health disorders and cognitive/behavioral 

impairments in adulthood [28–30]. These adverse mental health outcomes may directly 
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impact the health and well-being of the next generation, as they contribute to impaired 

parenting and compromised educational, occupational and socioeconomic opportunities.

Previous research in humans has documented transgenerational effects of poor maternal 

nutrition on growth and health outcomes. Kaati et al., who examined nutrition-related factors 

among 15,000 Swedish men and women born between 1915 and 1929 [31] reported that the 

limited food supply available to the paternal grandparents increased the risk of mortality 

(and diabetic deaths) of their grandchildren. These data also confirmed the sex-specific, 

male line transmission of nutritional deficiency across generations. The 50 year follow-up of 

the grandchildren of survivors of the Dutch Famine revealed higher rates of neonatal 

adiposity [32] and higher BMIs [33], both a result of maternal exposure to undernutrition. 

These findings corroborated earlier research findings by [34] who already identified that 

there may be long-term biological impacts into the next generation not directly 

corresponding to birth weight.

Complementing the studies on the implications of nutritional deficits, the effects of good 

nutrition during childhood have been shown to positively impact growth in the next 

generation. Protein supplementation of mothers and young children in a nutritionally and 

socioeconomically disadvantaged population in Guatemala, the INCAP study, improved the 

nutritional status of the supplemented women, their children and grandchildren [35], [36]. 

The protein-supplemented (atole) women gave birth to progeny, especially males, who were 

significantly taller than the children of mothers who received the no protein, low-energy 

(fresco) supplements. This study, therefore, clearly identified the potential reversibility of 

certain nutritional deficits over two generations.

Long-Term and Intergenerational Effects of Postnatal Malnutrition: The 

Barbados Nutrition Study

Although the vast majority of studies of the developmental origins of health and disease 

have focused on maternal malnutrition, there is ample evidence that poor nutrition in the 

postnatal period may also lead to long-term, adverse effects on health, behavior and 

cognition. Thus, studies that have followed stunted children or children with early childhood 

malnutrition have reported cognitive and behavioral deficits lasting to 22 years of age [1, 37, 

38]. Similar mechanisms to those involved in perturbations associated with prenatal maternal 

undernutrition may be at play, including effects on programming, gene expression and 

environmentally-mediated epigenetic changes. [39] [40] and others [41] have long 

recognized the importance of the timing of insults during the prenatal and postnatal periods 

with respect to brain development in different species. Typically, adverse environmental 

exposures in the human, including nutritional deficits and other developmental insults, result 

in permanent changes to the brain if they occur during pregnancy through two years of age. 

Changes associated with insults occurring after this critical period of brain development are 

generally considered reversible.

Because of malnutrition’s profound effects on neuronal growth, nutritional insults during 

infancy and early childhood put individuals at risk for lifelong impairment. These deficits 

can result in poor health, lower educational attainment and diminished social status in 
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adulthood. If the affected individuals themselves become parents, the impact of their early 

nutritional insult may even extend into the next generation. Thus, while there are numerous 

direct effects of childhood insult on brain and behavior, there may also be indirect effects of 

a social nature. Socioeconomic status is a powerful predictor of intellectual functioning and 

academic achievement, and the decreased social status of the parents has the potential to 

translate to intellectual compromise in their children, despite adequate nourishment 

throughout their development.

We consequently opted to examine the direct and indirect effects of childhood malnutrition 

in the context of the Barbados Nutrition Study, a 47-year longitudinal and now 

intergenerational study based on an epidemiologic sample of children who had experienced 

an episode of moderate to severe protein-energy malnutrition in the first year of life. The 

development of these children was compared, using a case control design, with that of 

healthy children recruited from the same neighborhoods and classrooms. Following their 

hospitalizations, study participants were enrolled in a nutritional intervention program that 

monitored their growth and development and assured adequate nutrition and good health 

from infancy to 12 years of age. Thus, for individuals initially identified as malnourished, 

our intervention guaranteed that their malnutrition episodes were limited to the first year of 

life; healthy controls had no growth failure or malnutrition throughout their lives. All 

participants were followed, at regular intervals, from early childhood to middle adulthood as 

part of their enrollment in the Barbados Nutrition Study.

Although the previously malnourished children achieved complete catch-up in their physical 

growth by adolescence [42], we found that their cognitive and behavioral development 

remained adversely affected. A key finding from the Barbados Nutrition Study was the four-

fold increase in attention deficits (from 15% to 60% of participants) throughout childhood, 

adolescence, and adulthood as compared to healthy controls [43–45]. In childhood and 

adolescence, the previously malnourished cohort also demonstrated lower IQ scores [46], 

poor academic performance [44] and increased mood and behavioral problems [47, 48] 

relative to the control group. Differences in academic performance between groups were 

largely assessed through analysis of grade reports and scores on the national eleven-plus 

examination, a test required for entrance into secondary schools on the island. [44]

When assessed at 40 years of age, the previously malnourished participants demonstrated 

continuing deficits in attention [49] and cognition [50]. In comparison with unaffected peers, 

the adults with histories of infant malnutrition had higher rates of attention deficits and 

lower IQ, approximately one standard deviation in magnitude, even after adjusting for the 

effects of childhood socioeconomic circumstances. In addition, approximately 25% of 

previously malnourished participants had IQs in the range of intellectual disability, and this 

prevalence rate was nine times higher than in the control group. Behavioral and 

neuropsychological tests conducted at this time also showed increased prevalence of 

maladaptive personality traits [49] and cognitive rigidity, slow processing and impaired 

cognitive control [51]. The long-lasting differences identified between the two study groups 

underscored outright the lack of brain plasticity and the irreversible nature of the nutritional 

insult despite comprehensive intervention.
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In addition to the increased behavioral and cognitive impairments in the affected Barbados 

Nutrition Study cohort, there were also identifiable differences in social outcome between 

malnourished and control participants. Of note were the poorer socioeconomic outcomes 

observable among the previously malnourished individuals [52]. This was demonstrated 

through the substantially widening gap in weekly household income between the index and 

control groups over their life spans, likely mediated by differences in behavioral and 

cognitive functioning. We also speculated that the reduced socioeconomic circumstances of 

these individuals could very likely impact the cognitive development of their children, 

thereby perpetuating the effects of the original insult into the next generation.

In the most recent phase of the Barbados work, we have opted to assess functioning in the 

offspring of the previously malnourished individuals and of the healthy comparison group. 

Initial results indicated significant transgenerational effects on attention and cognitive 

performance. Importantly, differences on measures of attention, IQ and executive control 

were similar to those seen in the original cohort, even though this generation had never 

personally experienced any episodes of malnutrition. Parallel epigenetic studies of the G1 

and G2 participants confirmed altered gene expression (Schahram Akbarian et al, 

unpublished data). In these preliminary epigenetic analyses, we found significant 

correlations between DNA methylation levels with metabolic indexes and various metrics 

for adverse cognitive and behavioral outcomes. These results are currently being validated.

Intergenerational Studies of Malnutrition: Animal Studies

Animal studies have provided the clearest evidence of intergenerational effects of 

malnutrition on brain and behavioral outcomes. Although these findings cannot be directly 

extrapolated to the human [53],[41], they provide a clear indication that long-term research 

on malnutrition in human populations is necessary. Early animal studies by Cowley and 

Greisel [54] over three generations, and by Chow [55] over two generations, demonstrated 

that the nutritional status of the rat mother had effects on the growth and development of 

subsequent generations of rats. Later, by Bresler and Zamenhof [56, 57] lengthened the time 

frame of their study and also expanded the research criteria to include behavioral 

parameters. In studies that extended to ten generations of both maternal and paternal 

malnutrition, these investigators demonstrated increasing growth and behavioral deficits over 

each subsequent generation. In a parallel series of studies, Stewart et al [58, 59] similarly 

reported a pattern of increasing growth deficits involving both body length and weight in rats 

with up to twelve generations of moderate protein malnutrition (8% protein diet versus 25% 

for controls). Subsequently, they also documented that, after exposure to 10–12 generations 

on the low protein diet, three generations of rehabilitation on an adequate protein diet were 

required for the rats to achieve the same growth rate as control rats, but performance on a 

Lashley jump stand did not improve [60]. When we were given the original Stewart colony 

in 1973, in the meantime transferring the rats from England to Cambridge, MA, the research 

focus was broadened to include comprehensive studies of behavioral and cognitive outcomes 

following intergenerational malnutrition[61–72].

In the ensuing series of reports, malnutrition exposure was extended to twenty generations, 

which was then followed by a period of nutritional rehabilitation that sought to reverse the 
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effects of the nutritional deficits within one to four generations [66], [64], [70]. The rats 

were divided into two groups and were provided with either a low protein diet (7.5% casein) 

or an adequate level of protein (25% casein), with supplementation of methionine added to 

both diets. A third group was derived through cross-fostering a select number of rats from 

the low protein, intergenerationally malnourished group to healthy control mothers; these 

rats were then provided with adequate nutrition after weaning (25% casein) and studied over 

the next few generations. We found that deficits in mother-pup interaction [68, 69, 71] 

persisted up to four generations after instituting dietary rehabilitation. In studies of the pups 

during their early development we identified significant deficits persisting to four 

generations of nutritional rehabilitation on a test of home-orienting behavior, which allows 

pups to find the maternal nest when displaced from it. [64, 67]. Further, we confirmed that, 

in adulthood, rats with histories of intergenerational malnutrition were significantly more 

impaired on learning tests than animals with a single generation of malnutrition[65, 70]. 

Following dietary rehabilitation for up to two generations, we documented recovery on the 

Lashley jump stand test among the females, but observed no such recovery in the males [70].

Studies of growth and development in this colony showed that rats given a low-protein diet 

for multiple generations were stunted in size, but physical growth relative to controls was 

quickly recovered after the administration of an adequate protein diet. In fact, after one 

generation on the adequate (25%) protein diet, we found that physical growth exceeded 

growth rates observed in the control rats [69]. Further, in the first-generation rehabilitated 

animals, we found that they exhibited increased reproductive incompetence in adulthood as 

compared to controls [73]. Thus, while physical size recovered quickly after dietary 

rehabilitation, reproductive competence and certain behavioral and cognitive functions were 

impaired, even after several generations. Similar to the Barker Hypothesis [12], our data 

suggested the presence of biological adaptations to the intergenerational history of 

malnutrition, changes which persisted long after an adequate diet was provided. Because 

these experimental studies were carried out many years ago, however, mechanisms 

underlying the transgenerational effects we observed, including possible epigenetic 

mechanisms, were not studied and remain unknown.

Finally, it is interesting to note that findings exhibited in a series of animal studies of 

intergenerational malnutrition on insulin production are parallel to our own findings on the 

long-term effects of malnutrition in both rats and humans. Reusens et al. and Pinheiro et al. 

looked at long-term and transgenerational effects of maternal malnutrition in the rat through 

analysis of the endocrine pancreas and associated transmission of altered glucose 

metabolism [74, 75]. Aets and Van Assche found that prenatal malnutrition was linked with 

diabetogenic effects in the adult offspring, which resultantly impacted their pregnancies and 

the next generation [76]. Another study examining the inheritance of an insulin-resistant 

phenotype also demonstrated the transgenerational presence of abnormal glucose 

metabolism, similarly supporting the conclusion of nutritionally induced heritable 

mechanisms [77]. Thus, pre- and postnatal malnutrition in the rat have been implicated in an 

increased risk of transgenerational diabetes.

Relatedly, in both US and Belgian studies, experimental diabetes, produced by injecting 

streptozotocin (a beta cell killer) in utero, has been associated with increased prevalence of 
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diabetes over several generations [78], [79]. These studies indicate that the offspring of 

treated females ultimately developed diabetes, in turn producing offspring with a greater 

likelihood of developing diabetes than the offspring of non-diabetic mothers. The offspring 

of the second-generation pregnancies also had abnormal glucose tolerance tests.

The relevance of the findings of these animal studies may also lie in their direct relationship 

to results previously procured in human populations, such as that of the Pima Indians, whose 

diabetes appears to be generationally transmitted [80], and other high-risk populations with 

prior exposure to malnutrition. These populations, including that of the Dutch Famine Study 

[81], the Chinese Famine [82] and the Barbados Nutrition Study and have at this point 

already demonstrated an increased rate of diabetes within a transgenerational context.

In summary, despite the paucity of published human and animal studies relating to 

intergenerational malnutrition, the consistency of the existing evidence strongly supports the 

intergenerational effects of malnutrition on brain and behavior. Likely mechanisms 

underlying these effects, which require further investigation, can include environmentally-

induced epigenetic changes that often result in a compromised intrauterine environment and 

altered programming and gene expression. In addition, a history of malnutrition is also 

associated with aberrant patterns of child-rearing and fewer educational and professional 

opportunities, factors that may both impact future generations.

Intergenerational Studies of Early Adversity and Trauma: Human and 

Animal Studies

Environmental factors including early life adversity and trauma exposure may also play an 

important role in contributing to the risk of psychological disorders in adulthood and 

transgenerationally As is the case in studies of malnutrition, the impact of early childhood 

trauma is similarly thought to be mediated in large part by epigenetic mechanisms that can 

alter gene expression and perpetuate life-long effects into subsequent generations [83, 84]

To this end, a recent study by Yehuda et al. identified an increased risk of PTSD and mood 

disorders, including anxiety disorders and, to a less extent, substance abuse disorders, in the 

offspring of Holocaust survivors [85, 86]. These investigators found that maternal PTSD was 

specifically associated with increased reports of PTSD in the adult offspring. Moreover, 

relative to controls, these adult offspring reported having higher levels of childhood trauma 

through self-administered surveys, especially trauma categorized as emotional abuse and 

neglect. The extent of perceived childhood abuse was significantly correlated with the 

severity of PTSD reported by these subjects. In addition, the degree of childhood emotional 

abuse was found to be precisely associated with 24-hour urinary cortisol levels. This study 

suggested that the experience of childhood trauma may represent an important link in the 

transmission of PTSD from parent to child.

Although Yehuda et al. (2008) looked predominantly at environmental factors that may play 

a role in the transgenerational transmission of PTSD, other studies have confirmed the 

importance of maternal care relevant to such transmission. A recently conducted study 

involving a population of children whose parents were exposed to the Rwandan genocide 
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serves as one such example [87]. This study suggested that child rearing practices were most 

closely aligned with the resultant onset of a child’s PTSD and that the increased familial risk 

could not be explained by genetics alone, or by other factors such as parenting constitutional 

factors, namely temperament. Thus, although constitutional factors may play an important 

role, the authors of this report highlighted the importance of the rearing environment for 

young children and their mental health. Interestingly, another recent study demonstrates 

explicitly that perceived maternal care in childhood can modify fetal growth of the next-

generation offspring, of which brain development is major part. Neuwald et al.[88] reported 

that fetal growth interacts with perceived maternal care by the mother as a child and affects 

attentional skills of the offspring at 18 months of age. The findings of both of these studies 

further support the role of environment as a modifier of trauma transmission. Epigenetic 

changes may provide an explanation as to how such transmission occurs.

Relatedly, an epigenetics-centered follow-up of Yehuda et al.’s 2008 PTSD cohort found the 

previously identified transgenerational outcomes associated with trauma to be linked to 

changes in the glucocorticoid receptor [89]. Adult offspring of Holocaust survivor mothers 

with PTSD had higher levels of GR-1 methylation than controls. However, offspring with 

two parents with a history of PTSD demonstrated lower levels of GR-1 methylation, a 

finding which was also associated with greater post-steroid cortisol suppression. A study by 

McGowan et al. similarly implicated abuse in the early environment in the establishment of 

altered methylation patterns in the brain, especially that of the glucocorticoid receptor [90]. 

Methylation in the neuron-specific glucocorticoid receptor promoter in the brains of suicide 

victims who experienced childhood abuse was significantly higher than those measured in 

suicide victims who were not abused, or in controls. Increased methylation was correlated 

with decreased glucocorticoid receptor expression in these brains [90].

The demonstrated relationship in humans between mental health disorders and childhood 

maltreatment have led researchers to investigate the potential role of changes in DNA 

methylation using animal models. In the rat, variations in the amount of maternal care 

provided during the litter period has been shown to impact the pattern of DNA methylation 

in the pup’s brain at adult ages. Based on naturally occurring individual differences in 

maternal care provided by female rats, [91–93] explored epigenetic mechanisms that may 

underlie such variations. Female rats were selected based on their nurturing ability and 

placed in two experimental groups, high archback nursing and licking/grooming (ABN-LG), 

and low ABN-LG. Studies of pups reared by high ABN-LG mothers showed that these pups, 

when adult, had higher glucocorticoid receptor (GR) expression in the hippocampus and 

stronger glucocorticoid feedback sensitivity than pups reared by low ABN-LG mothers [94]. 

The pups with high ABN-LG rearing showed lower levels of DNA methylation in the 

promoter region of the glucocorticoid receptor and an associated increase in binding of the 

nerve growth factor-inducible protein-A transcription factor to the promoter region of GR 

[94]. In a follow-up study, Weaver et al. reported that all effects of high ABN-LG rearing 

could be reversed in the adult offspring by intracerebroventricular infusion of L-methionine, 

which acts as a methyl group donor [95]. The results obtained from the later study suggest 

that certain epigenetic changes established during the early postnatal period of development 

of the rat can be reversed in adulthood, thus emphasizing the plasticity of the adult rat brain 

with regard to the epigenome.
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In another study of early life maltreatment, rat pups received daily abusive maternal care 

from non-biological mothers in the first week of life (postnatal days 1 to 7), which included 

stepping, dropping, dragging, and active avoidance [96]. The maltreated pups in this study 

were reported as having reduced BDNF expression and increased BDNF methylation in the 

prefrontal cortex as adults. The maternal abuse during early development led to poor 

mothering in the exposed female offspring when they reared their own young; cross-

fostering to healthy mothers did not fully reverse these changes in methylation levels [96]. 

Altered BDNF methylation in the brain of the offspring from the maltreated mothers may 

have resulted (1) from transmission of methylation via the gametes or (2) changes in 

methylation elicited by the transmission of poor maternal care across generations.

These findings are noteworthy because, in humans, increased methylation of the BDNF gene 

in the frontal cortex is associated with major psychoses, including schizophrenia and bipolar 

disorder [97]. Thus, maltreatment during early development may not only predispose 

individuals to adverse mental health outcomes but may also predispose their offspring to 

similar conditions via transmission of abnormal methylation patterns across generations.

Other Intergenerational Studies: Chemical Exposures

Recent evidence of intergenerational effects of pre-conception drug abuse has been 

summarized in a review by Vassoler et al. [98]. Parental abuse of drugs, even without direct 

fetal exposure, may impact the physiology and behavior of the offspring and later 

generations. Given the difficulty in separating out human abuse from other environmental 

and biological factors associated with addiction, including malnutrition, most available 

studies to date have made use of animal models, and epigenetic mechanisms are thought to 

underlie these effects [99].

Alcohol, the most common drug of abuse worldwide, has been reported as producing 

changes in basal activity levels in both humans [100] and in rodents[101]. Additionally, 

documented behavioral effects include impaired learning, memory and attention in both 

human studies [102] and rodent models [103, 104], and also increased anxiety and 

depression-like phenotypes in rodents [105, 106].

In the human, there is limited evidence of intergenerational transmission relating to both 

maternal and paternally-linked alcohol abuse [107]. A recent three generation study reported 

an increased risk of alcohol abuse in the G3 offspring [108]. Jamerson et al. identified that 

paternal alcohol exposure of rats that ended prior to fertilization resulted in neurobehavioral 

changes in the progeny [109]. Animal studies have also confirmed transgenerational effects 

of other drugs of abuse in non-exposed offspring, including those of parental [110] opioid 

[111] and cocaine [112] use.

Because most of the reported human and animal studies of drug abuse have only been 

conducted across two generations, further generations need to be studied to confirm 

epigenetic mechanisms impacted by such insults. Analyses of studies that have preliminarily 

looked beyond two generations seem to suggest that the behavioral and cognitive phenotypes 

persist. The specific mechanisms underlying the generational transmission of alcohol and 

Galler and Rabinowitz Page 9

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2018 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



drug abuse remain unknown, however, and may be associated with underlying epigenetic 

phenomena, a likely possibility given the evidence of patrilineal inheritance patterns 

accompanying most of these exposures.

Intergenerational Transmission: Epigenetic Mechanisms

Recent advances in science and technology have underscored the plausibility of attaining 

precise biological mechanisms to explain the transgenerational transmission of the effects of 

various early environmental insults, and there is already evidence that points to the ability of 

environmental factors, especially those of nutrition and trauma, to alter chromatin state. For 

example, a current report directly links nutritional intake and epigenetic transmission to the 

next generation in a group of 18–45 year old Gambian women [113]. In this study, analysis 

of 12 plasma biomarkers confirmed that seasonal variations modified the intake of specific 

methyl-donor groups, especially those associated with Vitamin B6 and folate. The level of 

these biomarkers predicted increased or decreased methylation at metastable epialleles in 

DNA extracted postnatally from lymphocytes and hair follicles of their infants. The findings 

from this study demonstrated that maternal nutritional status in the periconception period 

resulted in persistent and systemic epigenetic changes in human metastable epialleles that 

are passed on to the next generation. The functional consequences of these changes, 

however, remain unknown. As such, transgenerational epigenetic inheritance is the best 

candidate mechanism to explain such transgenerational effects, especially those associated 

with male-line transmission, which have now been reported in a number of studies relating 

to both malnutrition [31] and drug abuse [114].

The potential role of epigenetic mechanisms has also been noted in a number of papers 

documenting evidence of changes in DNA methylation many years after exposure to 

malnutrition, including the 60-year follow-up study of the prenatally malnourished offspring 

of women exposed to the Dutch Famine [115]. When compared with same-sex siblings who 

had no exposure to prenatal malnutrition, the exposed study participants demonstrated a 

reduction in DNA methylation of the imprinted IGF2 gene, a gene with an important role in 

determining growth and development. This association was specific for periconceptional 

exposure, reinforcing the conclusion that early stages of development are critical for 

establishing and maintaining epigenetic marks. In another study by the same group, lower 

methylation levels of the INSIGF gene and higher levels of methylation in IL-10, LEP, 
ABCA1, GNASAS and MEG3 genes were also reported in adulthood [116]. These genes are 

known to play a role in inflammatory and metabolic processes, as well as cardiovascular 

disease.

In animal studies of maternal malnutrition, there is already confirmed evidence that 

methylation changes may occur in the context of reduced maternal dietary intake at levels 

that do not necessarily impact birth weight. For example, a 30% reduction in maternal intake 

altered gene expression and methylation levels in monkey kidneys in the absence of any 

demonstrable reduction in birth weight [117, 118]. Functional consequences of such “hidden 

forms” of malnutrition in the rat have previously been reported as capable of producing 

brain and behavioral deficits without impacting size at birth or postnatal growth rates [119]. 
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Hence, use of birth and postnatal size as a proxy for perinatal health status is inadequate and 

should be supplemented by more comprehensive nutritional measurements.

Although numerous human and animal studies have identified changes in gene expression, 

the mechanisms underlying transgenerational transmission are not yet well understood. The 

intergenerational reappearance of acquired epigenetic marks, which was once deemed 

impossible, has now been documented in both plants and animals [114]. It was previously 

thought that the process of epigenome erasure and resetting during fertilization excluded any 

possibility of intergenerational transmission of acquired epigenetic marks. This conclusion 

evolved from early studies showing that global DNA-methylation levels were much lower 

after fertilization when compared with methylation levels present in mature gametes and 

after implantation. While it is true that most of the acquired marks are, in fact, likely erased 

early after conception, the emphasis of current research is now on how and why certain 

acquired marks survive classical intergenerational reprogramming.

In fact, it has been suggested that demethylation of the genome following fertilization may 

in fact be nonexistent. This conclusion is attributed largely to the work of Li et al., who 

observed instead that such demethylation in mice appears to be the result of antigenic 

masking. Through the employment of a variety of different testing methods, these 

researchers demonstrated that methylation was maintained after fertilization and throughout 

early embryo development [120]. Franklin and Mansuy similarly demonstrated epigenetic 

modifications of the genome in a mouse model, successfully tracing such changes through 

several generations [121].

Relevantly, alterations in DNA-methylation of several genes have now been observed in 

sperm of both F2 and F3 males of early stressed mice [122]. Radford et al. recently 

published a high profile transgenerational study in a mouse model of malnutrition that was 

the first to report explicit alterations of the germline DNA methylome [123]. In this model, 

malnutrition was induced through restriction of the maternal diet in the last week of 

pregnancy [124]. While decreased methylation in the Radford study was not maintained in 

adult males in the next generation, locus-specific gene expression was nevertheless 

perturbed. Hence, these studies strongly suggest that acquired modifications in behavior and 

brain function due to malnutrition and other environmental stressors are transmitted to later 

generations through the germline.

Finally, because environmental influences can alter the epigenetic profile not only of the 

child-bearing female but also of her developing fetus, it has been proposed that changes in 

the second generation are not truly transgenerational. Graff and Mansuy [125] have therefore 

suggested that even in animal models, only effects documented in the third generation 

should truly be considered as intergenerational effects[125] [126]. Further epidemiologic 

and basic research is consequently needed to document intergenerational changes in pre-

clinical and human populations, in order to identify specific patterns of epigenetic change 

and their explicit relationship to brain and behavioral functions. Future studies of this nature 

are also necessary to foster the development of realistic approaches to reversing 

environmental effects on programming.
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Conclusion

Early insults during critical periods of brain development, both pre- and postnatal, can result 

in epigenetic changes that may impact health and behavioral outcomes over the lifespan and 

into future generations. There is ample evidence that these early stages of brain development 

are sensitive to various environmental insults, including malnutrition, childhood trauma and 

drug exposures. The notion that such changes, both physiological and behavioral, can also 

carry over into subsequent generations has long been recognized, especially in the context of 

experimental studies. However, epigenetic mechanisms capable of explaining such 

phenomena were not available until relatively recently, with most of this research published 

only within the last decade.

Although researchers have clearly demonstrated chromatin modifications in animal studies 

involving early environmental stressors and their long-term effects on behavior and brain 

function, there are relatively few intergenerational studies involving human populations. As 

such, future long-term research is needed in order to more precisely document the impact of 

chromatin remolding on changes in the brain and the intergenerational transmission of these 

effects.
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