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  Pref ace   

 Epigenetics has emerged as an important science with respect to health outcomes 
following several intriguing studies during the past decade. Epigenetics represents 
the study of gene regulatory factors that direct cell fates within the organism and 
that can be inherited via the germ line independent of Mendelian inheritance. It 
represents the next step beyond the Human Genome Project. Now that we can 
sequence genomes, we need to understand how genes are controlled in develop-
ment. This will be a daunting task given the relationship of gene function to mor-
phology and overall functioning; and gene–environment relationships in health, 
aging, and disease. 

 This work relates directly to our earlier Springer  Handbook of Children with 
Special Health Care Needs  (2012), edited by Dr. David Hollar, as well as to two 
unique Springer titles on epigenetics:  Epigenetics of Aging  (2010), edited by Dr. 
Trygve O. Tollefsbol, and  Environmental Epigenomics in Health and Disease  
(2013), edited by Drs. Randy L. Jirtle and Frederick L. Tyson. The chapters in this 
book build upon and synergize these topics along the continuum of life from con-
ception through aging and across generations via germ-line epigenetic inheritance. 
We also bring the topic in historical, biological, and health policy perspectives to 
public health professionals. Epigenetics has received increasing interest in public 
health, as evidenced by the October 2013 special issue of the  American Journal of 
Public Health  and conference sessions at the 141st and 142nd (i.e., 2013 and 2014) 
annual meetings of the American Public Health Association. 

 In this volume, 26 international experts and public health researchers have pre-
pared chapters describing epigenetic mechanisms; the impact of epigenetics on pre-
natal, child, and lifespan development; transgenerational epigenetic inheritance; 
and associations between epigenetic reprogramming and morbidity/mortality. The 
purpose of the book is to provide health researchers, clinicians, policy developers, 
and consumer advocates with a resource to inform their own work and to benefi t 
epigenetic health worldwide. The topics are by no means exhaustive, but they pro-
vide relevant research fi ndings and applications to public health and add to the 
growing epigenetic research literature. The chapters are provided in no particular 
order of importance, but I have arranged them beginning with an overview, 
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 mechanisms, health risks, policy implications, and potential future research, 
although each author addresses specifi c topics related to their expertise. 

 Dr. David Hollar provides historical context, developmental biology research, 
general mechanisms, and applications to maternal and child health in Chap.   1    . In 
Chap.   2    , Drs. Milena Georgieva, Dessislava Staneva, and George Miloshev describe 
specifi c epigenetic molecular mechanisms and provide a fascinating model of epi-
genetic aging across the life span. 

 Dr. Marija Kundakovic follows in Chap.   3     with epigenetic mechanisms and how 
exposure to industrial toxins, specifi cally bisphenol A, impacts epigenetic repro-
gramming that impacts human health. 

 Drs. Emmy Rogakou, Vassilios Papadakis, and George Chrousos analyze the 
role of histones in epigenetic chromatin remodeling in Chap.   4    , and they focus on 
the histone γH2AX as a unique biomarker of epigenetic change. In Chap.   5    , Drs. 
Sripriya Sundararajan and Cynthia Bearer explain how environmental exposures 
impact epigenetic programming during prenatal development, and they provide rec-
ommendations for preterm neonatal care in the neonatal intensive care unit (NICU). 
Dr. Xinyin Jiang provides a thorough description (Chap.   6    ) of research that demon-
strates the impact of maternal and child nutrition on epigenetic reprogramming and 
health outcomes. 

 Moving to child and adult lifespan environmental exposures, Dr. John Kall, 
Amanda Just, and Dr. Michael Aschner compare and contrast (Chap.   7    ) the dental 
research literature and make a compelling case that mercury amalgam might pro-
mote serious health problems and disease via epigenetic mechanisms. In Chap.   8    , 
Drs. Chris Murgatroyd and Steven Bradburn describe how translational animal 
model research has informed our knowledge of epigenetic mechanisms in disease 
processes. Likewise, Dr. Ping Hu discusses how pluripotent stem cells (Chap.   9    ) are 
regulated to be static or to differentiate. 

 Drs. Jay Schneider and Deborah Cory-Slechta (Chap.   10    ) describe lifespan neu-
rodevelopmental effects of prenatal lead, stress, and combined exposures. In Chap. 
  11    , Jennifer S. Lewis provides a review of neurodevelopment and then relates epi-
genetics and physiology to post-traumatic stress disorder (PTSD). 

 Dr. Steven Gilbert addresses the various individual and social levels of ethical 
responsibility given the epigenetic effects from environmental toxins (Chap.   12    ). 
Dr. Caroline Hohensee, Tricia Varela, and Dustin Harris explore research indicating 
possible relationships between epigenetics and child obesity (Chap.   13    ), and Dr. 
Lisa Melvin examines (Chap.   14    ) similar potential relationships for child exposure 
to alcohol, tobacco, and other drugs (ATOD). Dr. Ankita Das explains epigenetic 
memory and plasticity in embryonic development (Chap.   15    ). 

 Dr. David Hollar concludes the book with Chap.   16    , exploring recent theoretical 
work linking genomic molecular instability to cancer, aging, and diseases linked to 
epigenetic reprogramming. This includes discussion of targeted epigenetic repro-
gramming to potentially reverse negative epigenetic regulation at the gene system, 
cell, tissue, and organism levels. It also suggests a mathematical measure of epig-
enomic change using nonlinear dynamics parameters. 
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    Chapter 1   
 Epigenetics and Its Applications to Children’s 
Health                     

       David     W.     Hollar     Jr.     

1.1          Introduction 

 The science of epigenetics represents the study of inheritable changes in the regula-
tion of DNA expression.  Epigenetics   is a normal process that is responsible for all 
human and other multicellular organismal development, from conception to cellu-
lar/tissue differentiation to aging and across generations via the germ-line cells. 
“Abnormal” gene regulatory  signals   are caused by cellular errors, physiological 
stress pathways, mobile genetic elements, environmental chemicals, and physical 
forces. Such signals lead to birth defects, morbidity, and diseases that emerge during 
one’s lifetime or that are imprinted onto the genome to be transmitted via sperm or 
egg to future generations if the gene regulatory changes occur prior to gametogen-
esis (i.e., pre-adolescence for males, in utero for females). Consequently, epigenetics 
is of tremendous relevance to maternal and child health. Understanding epigenetic 
mechanisms has further applications across individual and multiple lifespans. 

 The epigenetic landscape was formulated by Conrad Waddington ( 1957 ). It com-
pares a cell’s development, determination, and differentiation to a ball rolling 
through an environment of hills and valleys. Each critical juncture in the landscape 
diverts the ball onto a different pathway, much as a cell bifurcates and commits to a 
specifi c tissue developmental pathway versus alternative  pathways   (Fig.  1.1 ). The 
further a cell develops and commits to a specifi c organismal role, it becomes more 
limited as it progresses/bifurcates down specifi c, generally irreversible pathways, in 
accordance with basic thermodynamic principles of systems converging to lowest 
equilibrium potentials (Ferrell  2012 ; Goldberg et al.  2007 ; Prigogine  1977 ,  2002 ; 
Thom  1972 ; Waddington  1957 ).
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   We know that cell commitments along the epigenetic landscape depend upon 
relatively “locked” changes in gene regulation and positional information between 
adjacent cells in the developing embryo, even beginning with epigenetic controls 
located in the maternally dominant cytoplasm of the initial zygote. The  maternal 
epigenetic controls   are growth factors and other macromolecules that establish/pro-
gram the differential fates of its two daughter cells when the zygote divides and 
when the daughter cells and their daughter cells subsequently divide, etc., en route 
to generating a functionally diverse fi fty-trillion-cell human body (Campbell et al. 
 1996 ; Dixon et al.  2015 ; Gurdon  1960 ,  1981 ; Harvey and Smith  2009 ; Hadorn 
 1965 ; Wolpert et al.  1998 ). As the early embryo grows, cells begin producing addi-
tional growth and transcriptional factors that establish further epigenetic gene regu-
latory pathways, thus establishing an epigenetic “memory” for each cell. 

 This epigenetic “ memory  ” is remarkably stable and resilient within the dividing/
differentiating cells of our bodies throughout the lifespan, even more so in the 
reproductive germ-line cells. Nevertheless, nuclear reprogramming of gene control 
regions probabilistically can lead to altered tissue phenotypes, plasias, accelerated 
or decelerated tissue growth, tumors and cancers, and other abnormalities (Halley- 
Stott and Gurdon  2013 ). Relaxing of epigenetic controls further contributes to 
aging. 

 In the reproductive germ  line   (i.e., sperm and egg), such reprogramming and 
error commitments to “altered programming memory” can lead to changes in gene 
expression among many generations of descendants in a family line. Whereas such 
epigenetic changes, along with genetic mutations and chromosomal rearrange-
ments, contribute to the extensive genetic variation within and between groups of 
humans, the extremely complicated, subtle, and dynamic pathways of upregulated 
and downregulated gene expression can lead to positive, neutral, and negative health 

  Fig. 1.1    Waddington’s 
( 1957 ) epigenetic 
landscape model       
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outcomes. We are concerned with epigenetic changes that produce negative health 
outcomes and how to counteract these changes.  

1.2       Transgenerational Epigenetic Effects   

 The defi nitive study that demonstrated deleterious, transgenerational epigenetic 
effects was the Pembrey et al. ( 2006 ) examination of the effects of famine/food sup-
ply on 303 people as experienced by their grandparents. This retrospective study 
used the  Avon Longitudinal Study of Parents and Children (ALSPAC)   for northern 
Sweden. Pembrey et al. ( 2006 ) demonstrated that the grandsons of grandfathers 
who had experienced famine during their pre-pubertal development had signifi -
cantly lower mortality risk than the grandsons of grandfathers who had experienced 
good nutrition during the same developmental period (i.e., gametogenesis). A simi-
lar pattern was observed for granddaughters of grandmothers during the same pre- 
pubertal period. However, the stronger converse and earlier developmental effect 
was signifi cantly lower mortality for granddaughters of grandmothers who experi-
enced good nutrition during infancy/early childhood (age 0–3 years) and in utero. 
There were no cross-gender, transgenerational effects (Pembrey et al.  2006 ). 

 It is important to note that the  ALSPAC   sample consisted of individuals born in 
1890, 1905, and 1920. Consequently, these individuals and their grandparents had 
no exposure to pesticides and other manufactured toxins that were later invented 
during the mid-twentieth century. Even industrial air pollution distributions would 
have been limited due to the study location’s proximity to the Arctic Circle. The 
primary, necessary and suffi cient, causative agent for the variation in lower mortal-
ity risk was the same gender grandparent’s exposure to famine during pre-puberty 
or the grandmother’s (on granddaughters) good nutrition during the their own third 
trimester development or infancy. 

 Similarly, Heijmans et al. ( 2008 ) performed a comprehensive epigenetic study of 
individuals who were in utero during the 1944–1945 Dutch Hunger Winter toward 
the end of the Second World War. They found defi nitive proof of hypomethylation 
for the IGF2 gene in these individuals compared to their unexposed siblings 
(Heijmans et al.  2008 ). 

 Therefore, children’s health epigenetically can be affected in unpredictable ways 
by exposure to toxic chemicals, physiological stressors such as diet/nutrition (either 
directly or maternally), and by these and other agents acting upon their ancestors. 
We argue that the pressures and pollutants generated by modern human society may 
be generating undesirable health effects on children. These effects can impact 
immediate lifespan health outcomes and disease as well as the health of future gen-
erations via the germ line. This represents a phenomenon of civilization that perme-
ates the entire biosphere, and we all participate in these events (Carson  1962 ; 
Leopold  1949 ; Wilson  1984 ). Therefore, we seek to understand to some degree the 
many variables involved in epigenetic reprogramming so that society can mitigate 
some of the negative effects.   

1 Epigenetics and Its Applications to Children’s Health
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1.3      Public Health 

 Until recently, little research has examined genetic–environment interfaces with 
respect to  public health   outcomes, and almost none has addressed gene regulatory/
epigenetic effects. The National Center for Health Statistics ( 2012 ) evaluated 
nationally representative data measuring focal areas and objectives for health during 
the Healthy People 2010 decade (2001–2010). There are no genetic or epigenetic 
measures, although numerous Healthy People objectives examine improvements in 
critically important health areas such as exposures to environmental toxins that have 
been linked to epigenetic reprogramming. 

 For example, “pesticide exposures resulting in visits to a health care facility” 
(Objective 8-13) decreased by 69.1 % during the decade, and serum “mercury in 
children aged 1–5 years” (Objective 8-25e) decreased by 71.4 % (National Center 
 2012 , p. 32). However, urine concentrations of the pesticide chloropyrifos (Objective 
8-24c) increased by 0.2 μg/g creatinine during the decade, and serum DDT concen-
trations (Objective 8-25o) increased by 30 ng/g lipid (National Center  2012 , p. 32). 

 Among Maternal and Child Health program objectives (Focal Area 16), the folic 
acid/nutrition-infl uenced neural tube birth defects decreased by 40.0 %, and adult 
female dietary intake of folic acid (Objective 16-16a) increased by 5.1 % (National 
Center  2012 , p. 57). Nevertheless, low birth weight (i.e., less than 2500 g; Objective 
16-10a) and very low birth weight infants (i.e., less than 1500 g; Objective 16-10b) 
increased by 0.6 % and 1.1 %, respectively. Mental retardation (16-14a) and cere-
bral palsy (16-14b) increased by 8.9 % and 14.5 %, respectively. Gestating mothers 
showed no change in alcohol use (16.17a) and binge drinking rates (16.17b) during 
the decade (National Center  2012 , p. 57). 

 The U.S. Environmental Protection  Agency   ( 2013 ) estimated that 7 % of 
American children live in census tracts where hazardous air pollutants exceed the 
1:10,000 person risk benchmark (p. 19). They further note (p. 51) that very few 
epidemiological studies have examined the human health risks from hazardous air 
pollutants. They noted signifi cant reductions in the levels of organophosphate pes-
ticide residues from 1999 to 2007–2009, with 35 % of sampled apples, 5 % of 
sampled carrots, 8 % of sampled grapes, and 9 % of sampled tomatoes having pes-
ticide residues (U.S. Environmental Protection Agency  2013 ). 

 All of these results must be considered with the necessary and suffi cient cause- 
and- effect caveat of individual genetic, epigenetic, environmental exposure, social, 
and physiological variation that exists between toxic contact and ultimate, latent, 
longitudinal health conditions. These facts introduce enormous complexity to be 
considered for the direct and indirect paths between suspected epigenetic agent and 
health outcomes. 

 For biomonitoring, the U.S. Environmental Protection  Agency   ( 2013 ) used CDC 
data from the biannual National Health and Nutrition Examination Survey 
( NHANES  ; approximately 10,000 household respondents for each cohort). Levels 
of phthalates in the urine of women age 16–49 years tended to increase during 
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2001–2008, and the levels were signifi cantly higher for low socioeconomic women 
(p. 177). Childhood cancer increased from 153 to 161 cases per one million children 
during 1992–1994 to 172–175 cases per million during 2007–2009 (p. 22). 

 Levels of autism and  Attention Defi cit Hyperactivity Disorder (ADHD)   in chil-
dren age 5–17 years increased from 0.1 % and 6.3 %, respectively, to 1.0 % and 9.5 
%, respectively, between 1997 and 2010. Most notably, with reference to Pembrey 
et al. ( 2006 ), the percentage of children with obesity increased from 5 to 17 % 
between 1980 and 2008 (U.S. Environmental Protection Agency  2013 , p. 22). These 
results were ominously similar for the Healthy People 2010 Focus Area 19 on 
Nutrition and Overweight (National Center for Health Statistics  2012 ), where all 
but fi ve of the 18 targeted objectives failed to meet fi nal goals for the decade 
(pp. 62–63). Obesity increased 54.5 % in children age 6–11 years and 63.6 % in 
adolescents age 12–19 years (p. 62). There were decreases in grain intake and 
increases in saturated and total fat intake (p. 62). Iron defi ciencies increased in chil-
dren age 3–4 years and in nonpregnant females age 12–49 years (p. 62). If Pembrey 
et al. ( 2006 ) are correct, then much of the American population will experience 
nutrition and activity-related negative health outcomes, and their descendants might 
be at increased risk of premature mortality due to excessive grandparent nutrition 
(Fontana  2008 ).   

1.4     Epigenetic Mechanisms 

 Whereas Pembrey et al. ( 2006 ) did not identify a precise epigenetic mechanism for 
the transgenerational lowered mortality risk from famine, they did demonstrate a 
relationship to genes located on the X and Y chromosomes for the sex-specifi c 
effects. Heijmans et al. ( 2008 ) did identify DNA methylation in perinatally exposed 
famine survivors. A strong body of molecular evidence suggests fi ve major sources 
of epigenetic  reprogramming   at the DNA level:

     1.    Methylation and demethylation of consecutive cytosine-guanine nucleotides 
(i.e., CpG islands) by DNA methyltransferases, thus either repressing or activat-
ing gene expression (Shiraishi et al.  2002 )   

   2.    Histone methylation or acetylation, thus either activating or repressing previ-
ously inactivated or actively transcribed chromatin regions, thereby disrupting 
gene expression patterns, cellular commitments to specifi c tissue developmental 
states, and aberrant production or nonproduction of essential cellular structural 
proteins and enzymes (Dixon et al.  2015 ; Parle-McDermott and Ozaki  2011 ; Van 
der Muelen et al.  2014 )   

   3.    Small interfering RNAs (siRNAs), long noncoding RNAs (ncRNAs), and 
microribonucleic RNAs (miRNAs) that posttranscriptionally silence messenger 
RNA (mRNA) transcripts, thus disrupting protein synthesis and the associated 
cellular activities regulated by these proteins (Mercer et al.  2009 ; Melo and 
Esteller  2011 ,  2014 ; Roberts  2014 ; Zhong et al.  2013 )   
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   4.    Endogenous retroviruses and transposable elements that make up 50 % of mam-
malian genomes (Löwer et al.  1996 ; Taruscio and Mantovani  1998 ; Wilkins  2010 )   

   5.    Transcriptional factors, hormones, and other gene regulatory agents, even 
including glucose, temperature, and light/circadian effects (Angelopoulou et al. 
 2012 ; Bauer et al.  2013 ; Reiter et al.  2014 )     

  These mechanisms play normal roles in human and eukaryotic multicellular ani-
mal development. Certain genes are methylated, whereas other genes are demethyl-
ated and expressed for mRNA transcription,    posttranscriptional processing, and 
subsequent protein translation, depending on specifi c cell and tissue types. 
Epigenetic controls exist at each information processing level (i.e., transcription, 
processing, translation, and posttranslation). 

 Given that the epigenome is malleable to environmental agents (e.g., nutrition, 
temperature, stressful social interactions) that can produce unknown evolutionary 
selection effects, the human manipulation of the environment should be a health 
policy topic to carefully evaluate the impact of human activities on health. Much of 
human technological innovation has dramatically improved the lives, health, and 
well-being of people across the planet, even though certain aspects of these tech-
nologies (chemical, pollution) have undesirable results. Therefore, human activities 
result in both positive and negative epigenetic effects, unfortunately overwhelm-
ingly unmeasured at present. We cannot control the majority of these overwhelming 
interactions because they vary from person to person, tissue to tissue, and cell to 
cell. The best that we can do is to target specifi c epigenetic-related diseases and 
health conditions so that we can optimize health outcomes using a  personalized 
genetic/epigenetic health approach  . Such health programs should include both lifes-
pan and transgenerational (i.e., germ line) epigenetic monitoring. 

 Paul Hermann Muller received the 1948 Nobel Prize in Chemistry for his 1939 
discovery of dichloro-diphenyl-trichloroethane’s ( DDT     ) insecticidal properties. 
DDT kills insects via muscle spasms induced by the freeing of neural sodium ion 
channels (Muller  1946 ; van den Berg  2009 ; Tren  2010 ). Unquestionably, DDT has 
saved hundreds of millions of human lives through the eradication of malaria and 
other insect vector protozoan diseases (van den Berg  2009 ). As of 2009, only three 
countries (India, China, North Korea) still manufactured DDT (van den Berg  2009 ) 
following demonstration of its detrimental impact on wildlife food chains, carcino-
genicity, and slow natural degradation in soils (Carson  1962 ; Kabasenche and 
Skinner 2014 ). Ye et al. ( 2015 ) documented decreased lung functioning among adults 
exposed to DDT, and La Merrill et al. ( 2013 ) found pre-age 50 maternal hyperten-
sion in daughters of women exposed to DDT during the prenatal period. Kabasenche 
and Skinner ( 2014 ) argued several transgenerational epigenetic health effects from 
DDT exposure, including obesity, kidney disease, and reproductive diseases. The 
ethical dilemma of lives saved versus unknown lifespan and transgenerational 
effects must be considered, even in light of the multi-billion-dollar (U.S.) agrochem-
ical industry (many with parallel pharmaceutical/health connections) and chemicals 
in almost every household, personal care, and work-related environments. 

 Among the factors associated with DNA epigenome modifi cations, Parle- 
McDermott and Ozaki ( 2011 ) noted that folate, methionine, and choline reduce 
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birth defect risks by promoting overall gene methylation as well as by affecting 
specifi c gene regulation targets, including  cell cycle and immune factors   such as 
insulin-like growth factor 2 (IGF-2), tumor suppressor p16, and interleukin 10. 
They further identifi ed the pro-methylation effects of the soy phytoestrogen genis-
tein at reducing cardiovascular and cancer risks (Parle-McDermott and Ozaki  2011 ). 
Such studies highlight the gene suppression role of methylation for some, not neces-
sarily other, health outcomes. Blazkova et al. ( 2009 ) argued that CpG methylation 
and transcriptional interference might partially suppress HIV in patients exhibiting 
HIV latency. 

 Christensen et al. ( 2009 ) mapped age-related and exposure-related (e.g., asbes-
tos, smoking, alcohol)  methylati  on patterns for over 200 individuals across non- 
diseased brain, blood, head/neck, cervix, placenta, lung/pleura, small intestine, 
kidney, and bladder tissues. They found tissue-specifi c changes in methylation, with 
an overall decrease with age, increased methylation associated with asbestos, and 
specifi c gene demethylation or methylation in association with tobacco and alcohol 
(Christensen et al.  2009 ). 

 The Roadmap Epigenomics Consortium et al. ( 2010 ) analyzed 111 human epig-
enomes, fi nding that histone DNA methylation across specifi c chromosomal 
domains differs across varied tissues. Five percent of methylation occurred in DNA 
enhancer regulatory regions, where coordinated modules of enhancers are methyl-
ated for specifi c tissue phenotypes. Furthermore, epigenomic variants tended to be 
associated with disease (Roadmap Epigenomics Consortium et al.  2010 ). These 
methylome studies promise to unravel patterns of epigenetic programming, human 
development, and disease. 

 Yu et al. ( 2008 ) demonstrated that genomic regions encoding tumor suppressor 
gene ( TSG     ) antisense RNA can bind and silence regular mRNA transcripts from 
TSG genes, thereby preventing translation of the TSG protein that blocks cancer 
genes. Specifi cally, they found that p15 antisense RNA blocks p15, an inhibitor of 
leukemia in mouse ES cells. The relevance of this fi nding to epigenetic program-
ming lies in the fact that approximately 70 % of the mammalian genome contains 
antisense genes (Yu et al.  2008 ). 

 Finally, Zamudio and Bourc’his ( 2010 ) emphasized that  retrotransposable ele-
ments  , including inactive endogenous retroviruses, comprise approximately 50 % 
of mammalian genomes. They identifi ed 21 known repressors of transposable ele-
ments in mice and humans, including DNA methyltransferase, two histone methyl-
transferases, RNase H, and two RNA editing cytosine deaminases (Zamudio and 
Bourc’his  2010 ). Henke et al. ( 2013 ) showed the involvement of endogenous ret-
roviral genes in the promotion of mouse placentogenesis, while Taruscio and 
Mantovani ( 1998 ) argued that endogenous retroviruses simultaneously can contrib-
ute to autoimmune and reproductive pathologies when they are modulated by tox-
ins and steroids in the body. The clear connection between methylation and 
 transposable element gene repression serves as the basis for Wilkins’ ( 2010 ) model 
of cancer epigenetics as well as age-related developmental changes in health and 
functioning.  

1 Epigenetics and Its Applications to Children’s Health



8

1.5       Human Development and Positional Information   

 Over the course of the fi rst hours and days of human development, a fertilized egg, 
the fi rst cell of a new individual, begins to divide and specialize, with each cell con-
taining several billion DNA nucleotides wrapped around histone proteins on 46 
chromosomes (23 from each parent) and tens of thousands of maternally derived 
mitochondria, each containing a much smaller but very relevant mitochondrial 
genome. The fi rst cell undergoes mitosis and divides into two cells, both of which 
are identical to the original fertilized egg. They are identical in genetic content. 
However, gene-encoded regulatory proteins and other enzymatic activities stimu-
lated by sperm entry during fertilization initiate the fi rst epigenetic event in fertil-
ized amphibian eggs prior to mitosis and cell division: the egg cell membrane and 
underlying actin-rich cortex rotates 30° (π/6 radians) toward the site of sperm entry 
(Wolpert et al.  1998 ). This movement establishes the ventral (sperm entry site) and 
dorsal (180° or π radians) poles of the fertilized egg, the axis along which the fi rst 
cell division occurs to produce two “identical” attached daughter cells. In mammals, 
this dorsal–ventral axis is similarly established by concentration and movement of 
the inner cell mass (Wolpert et al.  1998 , p. 75). 

 Further epigenetic changes in the fi rst two cells lead to mitosis and perpendicular 
cell divisions to produce four attached cells. Additional epigenetic changes produce 
slight, asymmetrical division of cytoplasm as cells commit and differentiate, becom-
ing specifi c tissues of the developing embryo or support structures such as the pla-
centa. Following the 32-cell stage and up to the several hundred-cell stage, the 
embryo exists as a hollow ball of cells that we call the blastula, where surface cell 
regions already are committed to ectodermal (e.g., epidermis), endodermal (e.g., 
precursors of internal organs), mesodermal (e.g., muscle and nephritic/reproductive 
structures), and neural crest (i.e., nerve) tissues. The majority of blastular cells com-
prise the extra-embryonic trophectodermal tissue that forms the ectoplacental cone 
for implantation into the endometrium by 4 days post-conception. The tissue- 
committed inner cell mass of the blastula pushes dorsoventrally inward to form a 
solid gastrula with a gut cavity (Kiefer  2007 ; Wolpert et al.  1998 ). The initial invagi-
nation region becomes the future anus near the original dorsal pole (i.e., Nieuwkoop 
cytoplasmic center) of the fertilized egg, while penetration of the gut cavity cells 
through the gastrula produces the future mouth opening at the ventral pole (Wolpert 
et al.  1998 ). 

 Therefore, positional information (e.g., Nieuwkoop Center) in the cytoplasm 
establishes the initial cleavage plane, dorsal–ventral axis of the body plan, and sub-
sequent gut cavity orientation many cell divisions later. Clearly, there are geneti-
cally coded regulatory proteins that direct differential gene control and expression 
as well as epigenetic labeling (methylation, acetylation) of control regions that 
direct and lock various cells into specifi ed determination/differentiation pathways 
for distinctive tissue fates in the developing organism. With the gastrula stage, there 
is the beginning of distinctive structure and tissue specialization toward the fully 
functional organism. 
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 The existence and critical role of positional information has been demonstrated 
by many blastular cell transplantation or ablation experiments. For example, trans-
plantation of dorsal tissue to a ventral location leads to ventral development of the 
transplanted cells, and vice versa. Similarly, normal development of the blastula 
occurs with cell removal. However, transplantation of a few Nieuwkoop Center 
cells from the dorsal blastula pole to another region of the blastular sphere results in 
a twinned embryo having two dorsal ends and one ventral end (Wolpert et al.  1998 , 
p. 68). 

 Following from the studies of embryoid bodies in teratocarcinomas (Stevens 
 1960 ,  1973 ), Mintz and Illmensee ( 1975 ) used genetically marked mice to demon-
strate that teratocarcinoma cells transplanted into blastulae yield normal mosaic 
mouse offspring, thus verifying both cellular totipotency (i.e., capacity to produce 
any cell of the organism) and the role of positional information to differentiate the 
undifferentiated, transformed, and immortalized cancer cells. This work paralleled 
Laskey and Gurdon’s ( 1970 ) research demonstrating phase shift resetting of adult 
amphibian  Xenopus laevis  kidney, heart, lung, testis, and skin nuclei that had been 
transplanted into enucleated eggs, resulting in reliable blastula and tadpole develop-
ment. Such cloning experiments showing totipotency were fi rst successful follow-
ing Gurdon et al. ( 1958 ) and Gurdon’s ( 1960 ,  1981 ) successful cloning of  Xenopus . 

 Using the transparent, 2 mm-long nematode  Caenorhabditis elegans , Deppe 
et al. ( 1978 ) fi rst mapped the complete developmental fates of all cells in an indi-
vidual organism, egg to adult. No other species has been fate-mapped to this extent 
given that  C. elegans  adults have about 1000 cells, compared to approximately 
5 × 10 13  cells for an adult human. Together, these early developmental studies estab-
lished the totipotency of the genome; predictable cell divisions, determination, and 
differentiation; and the role of what ultimately has become a myriad of molecular 
entities that establish positional information for cell fates and positioning.   

1.6      Epigenetic  Regulation   

 For vertebrate epigenetics, research continues to unravel a staggering array of regu-
latory proteins and other molecules that infl uence gene expression during embry-
onic development. The extensive transforming growth factor beta (TGF-Beta) 
family of proteins are involved in various developmental pathways, including dor-
sal–ventral patterning, mesodermal development, muscle growth, blood vessel 
growth, the production of the vital structural matrix protein elastin, etc. Such regula-
tion is accomplished through variant, shifting patterns during gastrulation or through 
organ development during the fi rst and second trimesters of in utero human devel-
opment (Hollar  2012 ; Kothapalli et al.  2009 ; Wolpert et al.  1998 ). The TGF- Beta 
genes are further regulated by other proteins (e.g., ubiquitin) that are encoded by 
still other genes. 

 Just for body patterning and embryonic tissue development, regulatory proteins 
also include the Xwnt family, vitellogenin (from the TGF-Beta family), brachyury, 
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goosecoid, noggin, chordin, Xnot, Xlim, and HNF-3-Beta (Wolpert et al.  1998 , 
p. 94). Homeobox genes such as the Hox a, b, c, and d variants (from at least 40) 
encode regulatory proteins that are expressed in an anterior-to-posterior dorsal gra-
dient to establish vertebral blocks, ribs, appendage mesoderm development, and full 
body segmentation (Kiefer  2007 ; Pearson et al.  2005 ; Wolpert et al.  1998 , p. 103). 

 Whereas this brief synopsis is limited to early embryogenesis, the primary 
emphasis is on the extensive molecular pathways that are under epigenetic gene 
regulatory controls at all stages of development (Hollar  2012 ), critically so for 
embryonic morphology, development, and functioning onward for every cell and 
tissue throughout the life of the individual. Epigenetic changes continue into post-
natal development, as noted by Waterland et al.’s ( 2009 ) study of 31 methylated and 
111 demethylated liver genes from embryonic development through 21 days fol-
lowing birth. 

 By the time that relatively full adult development, the end of continuous growth 
for most organs/tissues, is achieved during late adolescence, cells/tissues shift to 
replacement, as committed but undifferentiated stem cells in tissues such as dermis, 
bone, bone marrow, and liver replace continuously damaged cells (Eriksen et al. 
 1994 ). However, postmitotic brain, nerve, and muscle tissue cease further growth 
and replacement (Brunk and Terman  2002 ). The result is continued epigenetic 
changes that exponentially are recorded in replacement tissues with increased gene 
regulatory changes in postmitotic tissues. The methylation and acetylation patterns 
between young and older DNA are dramatically different. Therefore, epigenetics 
within an individual over time fi rst establish body form and function, followed by 
postpubertal accumulation of environmentally induced epigenetic changes that are 
associated with aging. 

 Similar to the Deppe et al. ( 1978 ) fate map for  C. elegans , Galvão et al. ( 2010 ) 
modeled the organization of human development to identify a global structure of 
cell types and differentiation steps in a network model. While it was not nearly as 
specifi c as the Deppe et al. ( 1978 ) model, the Galvão et al. ( 2010 ) map serves as a 
guide to future delineation of specifi c developmental pathways and their respective 
epigenetic programs. 

 Twin epigenetic studies have been valuable for understanding environmental 
exposures during adolescence and early adulthood throughout the lifespan. Frago 
et al. ( 2005 ) showed dramatic changes in gene expression over the lifespan: 3-year- 
old twin pairs have almost identical gene expression patterns on chromosomes 1, 3, 
12, and 17, whereas 50-year-old twin pairs showed signifi cant hyper- and hypo- 
methylated regions on the same chromosomes. Furthermore, there were signifi cant 
methylation differences (16.8–38.2 %) within each twin pair at age 50, especially 
for twins who have spent less time together (Frago et al.  2005 ). At the time of this 
book, researchers Andrew Feinberg and Christopher Mason at Johns Hopkins 
University and Cornell University are examining the epigenetic changes in twin 
American astronauts Mark (earth-bound) and Scott Kelly (low earth orbit on the 
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International Space Station) during a 1-year period (March 27, 2015, to March 27, 
2016) (  www.nasa.gov/content/twins-study    ). 

 Besides studying epigenetic changes during development, researchers also are 
focusing on the epigenetic reprogramming for tissue engineering. This phenom-
enon, transdifferentiation, was observed by Rong et al. ( 2003 ) with mouse aortic 
smooth muscle. They observed that excessive arterial cholesterol accumulation 
could transdifferentiate smooth muscle cells into macrophage-type cells. Whereas 
Rong et al. ( 2003 ) did not determine an exact epigenetic mechanism, the macro-
phage conversion has been observed with endogenous retroviral elements in 
other tissues (Henke et al.  2013 ; Taruscio and Mantovani  1998 ; Wilkins  2010 ). 
Takeuchi and Bruneau ( 2009 ) demonstrated that three gene regulatory proteins, 
Gata4, Tbx5, and Baf60c, initiated ectopic cardiac gene expression in mouse 
embryonic mesoderm that transdifferentiated into beating cardiomyocytes. 
Consequently, they identifi ed the minimal necessary and suffi cient conditions for 
epigenetically reprogramming cells for heart repair. Such work on epigenetic 
regulation of tissue repair and regeneration has the potential to treat disease and 
to modulate aging processes over the course of the lifespan. At the same time, the 
transgenerational epigenetic imprints on germ-line cells and their modifi cation 
remain more elusive. 

 Lifespan epigenetic changes can lead to the dedifferentiation of tissues. For 
instance, skin is subjected to solar and environmental radiation, chemicals, heat, 
cold, abrasion, microorganisms, etc. As skin ages, some cells dedifferentiate to 
form growths and tumors, balding, atypical hair growth, etc. Such changes either 
require genetic changes in terms of mutation with ineffi cient DNA repair or gene 
regulatory, epigenetic changes. 

  Complete dedifferentiation   leads to cell transformation/immortalization: cancer. 
Cancer cells are epigenetically characterized by hypomethylation, which leads to 
molecular instability and, ironically, increased methylation of gene regulatory pro-
moter regions preceding each gene, especially genes associated with cancer (e.g., 
breast cancer 1 early onset BRCA1, p21, p53) (Clark  2007 ; Davies et al.  2011 ; 
Hayfl ick  2007a ,  b ; Kelly and Jones  2010 ; Shen et al.  2007 ). As with endocrine dis-
ruptors described below, Gray et al. ( 2010 ) discussed the complexity of genetic, 
epigenetic, and other environmental factors that might contribute to increased breast 
cancer risks. Specifi cally, they constructed a useful, two-level conceptual model 
(Gray et al.  2010 , p. 27) of endocrine-based cancer variables/factors that include 
estrogens and synthetic estrogens, radiation, circadian rhythm disruption, industrial 
and organic solvents, metals, dioxins, bisphenol A (BPA) in plastics, phthalates, 
pesticides, and food additives interacting with prenatal, genetic risk, lifestyle, exer-
cise, nutrition, clean air, and water. Clinical trials of potential demethylating, anti-
cancer pharmaceuticals are in the early stages, but there is a clear need for 
gene-specifi c epigenetic medications given that cancers are characterized by both 
hypo- and hyper-methylation (Cui and Wang  2008 ).   
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1.7       Endocrine Disruption   

 Skinner et al. ( 2011 ) identifi ed major endocrine disruptors that impact ecological 
systems and human health. These chemicals include pesticides such as DDT 
(dichloro-diphenyl-trichloroethane), methoxychlor (1,1,1-trichloro-2,2-bis(4- 
methoxyphenyl)ethane), and parathion ( O , O -diethyl- O -(4-nitrophenyl)phosphoro-
thioate (Guerrero-Bosagna and Skinner  2014 ; Mnif et al.  2011 ; Skinner et al.  2011 ). 
Other chemicals include elements such as arsenic, pure heavy metals such as mer-
cury and lead, phytoestrogens such as genistein, industrial solvents such as aromatic 
benzene derivatives and dioxins, fungal toxins (e.g., afl atoxin), synthetic estrogens 
such as diethylstilbestrol (DES), and plastic additives such as bisphenol A (BPA) 
(Skinner et al.  2011 ). 

 Whereas the majority of these endocrine system disruptors target estrogen and 
estrogen receptor pathways, thus leading to reproductive system pathologies and 
liver, gastrointestinal, and breast/prostate cancers, natural endocrine disruptors have 
positive effects. The phytochemical fl avonoids and genistein (e.g., from tea and 
soybeans, respectively) both decrease cancer risk, albeit by opposing mechanisms. 
 Flavonoids   have been shown to increase promoter methylation/inactivation for the 
H-ras proto-oncogene, whereas genistein contributes to demethylation of anti- 
oncogene promoters for the BRCA1, GSTP1, EPHB2, and RASSF1A genes in 
prostate cancer cells (Guerrero-Bosagna and Skinner  2014 ). Negative transgenera-
tional effects of jet fuels, dioxins, BPA, and pesticides on reproductive develop-
ment, cancer, and kidney/immune disorders have been documented within a 
comprehensive gene methylation map (Manikkam et al.  2012 ). 

 The pervasive development and use of millions of different chemical compounds 
during industrialization (1850s to the present) have profoundly impacted all life on 
earth (Carson  1962 ; Wilson  1984 ). The long half-lives of many endocrine disruptors 
in soils and water make them long-term threats to food webs, even with soil turn-
over and global hydrogeochemical cycles. We cannot ban all chemicals because 
many chemicals have positive or neutral effects on human health and natural envi-
ronments. Epigenetics has provided us with an understanding that we need to care-
fully evaluate chemicals and their myriad effects on gene control regions in different 
cells. This will be a daunting task given that we are only beginning to understand the 
complex cascades of gene regulatory cascades and their interactions. Given varied 
circumstances and environments, such pathways within cells will demonstrate dif-
ferential upregulation and downregulation of genes. 

 The U.S.  Food and Drug Administration (FDA)   drug approval process already is 
overwhelming for researchers and major pharmaceutical companies, as the cost to 
test just one drug for effectiveness and patient safety can require at least 10 years of 
phased testing with clinical trials patients and costs exceeding $1 thousand million 
(U.S.) dollars. Even with additional oversight by the U.S.  Environmental Protection 
Agency (EPA)  , the staggering array of chemicals already in the environment may 
require a new approach to epigenetic assessments that are both objective and practi-
cal in relation to cumulative, dosage, and synergistic effects. 
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 The presence of endocrine disruptors and other toxins in the environment impacts 
complex food webs within ecosystems at a concentration rate of approximately 10 
times at each trophic level of a food chain. Therefore, all individuals are exposed to 
increasing levels of toxins the higher they are located in the food/energy chain or 
web. As a prime illustration, the honeybee  Apis mellifera  pollinates approximately 
one-half of all agricultural plants. Mullin et al. ( 2010 ) found 98 different pesticides 
in the honey, wax, and pollen of sampled beehives. Whereas the effects of pesticides 
on honeybee health and up the food chain to humans is inconclusive, some research 
has focused on the billion-dollar pesticide industry, particularly the neonicotinoid 
insecticides (Godfray et al.  2014 ; Raine and Gill  2015 ). Again, insecticides have 
preserved crop yields to feed the world’s eight billion people. Robust, controlled 
experiments are needed to identify these epigenetic and environmental effects of 
endocrine disruptors.   

1.8       Behavioral   Epigenetics 

 The possible role of stress in epigenetic reprogramming has emerged from a few 
exploratory studies led by Yehuda and Bierer ( 2009 ) and Radtke et al. ( 2011 ). 
Yehuda and Bierer ( 2009 ) discovered that children born to women exposed to the 
New York City 911 terrorist attacks exhibited signifi cantly decreased evening sali-
vary cortisol levels if the exposure happened during their second or third trimester 
of development. With supporting molecular data, Radtke et al. ( 2011 ) showed a 
signifi cant increase in the methylation of glucocorticoid receptors in tissue swab 
samples taken from children whose mothers were exposed to intimate partner vio-
lence during the pregnancy. These fi ndings are intriguing, and they parallel Pembrey 
et al.’s ( 2006 ) and Heijmans et al.’s ( 2008 ) larger nutritional transgenerational stud-
ies. However, Yehuda and Bierer’s ( 2009 ) and Radtke et al.’s ( 2011 ) studies are 
weak given very small sample sizes, with experimental groups numbering under ten 
individuals in both studies. Still, these studies open the door for further research into 
epigenetic associations with stress-related diseases, a phenomenon documented 
thoroughly in humans and other species for the past half-century (Christian and 
Davis  1964 ; Selye  1950 ). 

 Most recently, the physiological effects of stress have been documented via stud-
ies of allostatic load (Hollar  2013 ; Hollar and Lewis  2015 ; Seeman et al.  2001 , 
 2002 ). Seeman et al. ( 2001 , p. 4770) described allostatic load as the “cumulative 
biological risk (burden)” on the body that is caused by physiological stress. Whereas 
allostatic load has not been explicitly linked to epigenetic effects, Yehuda and Bierer 
( 2009 ), Radtke et al. ( 2011 ), Pembrey et al. ( 2006 ), and Heijmans et al. ( 2008 ) 
implicate allostatic load as a potential major causative agent, supporting Selye’s 
( 1950 ) validated adaptation syndrome for physiological stress. 

 Seeman et al. ( 2001 ,  2002 ) identifi ed a threshold checklist of ten allostatic load 
measures (e.g., systolic blood pressure ≥148 mmHg), plus they identifi ed individu-
als with fewer than three friends to have signifi cantly higher morbidity and  mortality. 
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Hollar ( 2013 ) found signifi cantly increased allostatic load measures among persons 
with varying types of disability, especially for persons with mobility limitations. 
Hollar and Lewis ( 2015 ) extended these fi ndings by using a novel, computed mea-
sure, cardiovascular age, to show signifi cantly older hearts for persons with mobil-
ity limitations. 

 Both Hadrich ( 2011 ) and Gjoneska et al. ( 2015 ) have found strong correlations 
between autoimmune disease and epigenetic regulation of immune genes, even at 
early ages and in conjunction with various environmental exposures (e.g., stress, 
toxins). Mori ( 2004 ) demonstrated the concentration of pesticides (e.g., chlordane, 
DDT) in cells from human umbilical cords, arguing that the prenatal period can be 
highly sensitive to endocrine disruptors. Similarly, Roth and Sweatt ( 2011 ) showed 
epigenetic methylation in the prefrontal cortex and hippocampus of infants who 
were abused. Both Roth and Sweatt ( 2011 ) and Zucchi et al. ( 2012 ) argued that 
there may be sensitive periods during perinatal and infant/child development when 
stress imprinting can promote later disease in affected individuals along with 
increased transgenerational morbidity risks.   

1.9      Implications for Maternal and Child Lifespan  Health   

 Therefore, an already substantial but rapidly growing body of research implicates 
the epigenetics of gene regulation as a central necessary and suffi cient component 
of lifespan and transgenerational morbidity (Gluckman et al.  2009 ; Pembrey et al. 
 2006 ; Petronis  2010 ). It may even play a central role in aging (Pogribny and 
Vanyushin  2010 ). Epigenetics establishes the unique diversifi cation of organismal 
tissues and specializations, replicable from generation to generation, stable in many 
genetic regions but malleable in other regions, and cumulative over the course of 
individual lifespans (Johnson and Tricker  2010 ). 

 Work has commenced on DNA methylation profi ling of the human genome 
across different tissues: the Human Epigenome Project (Eckhardt et al.  2006 ). This 
project will be far more massive than the Human Genome Project. A baseline human 
methylation profi le will be useful for morbidity, development, and aging studies 
across different tissues, along with the unique epigenomic signatures that every 
individual experiences. Understanding epigenomic imprinting and reprogramming, 
both normal and aberrant, eventually will lead to disease treatments and possible 
modulation of longevity (Feinberg and Irizarry  2010 ; Morgan et al.  2005 ; Symonds 
 2010 ). 

 The ultimate implications of epigenetics is that each person is a “guardian of 
their genome” for future generations, as stated by Dr. Marcus Pembrey in the 2007 
WGBH NOVA program, “Ghost in Your Genes” (  http://www.pbs.org/wgbh/nova/
transcripts/3413_genes.html    ). Along similar lines, Kabasenche and Skinner ( 2014 ) 
discussed this epigenetic consequence: the need for transgenerational environ-
mental justice, with three tenets of (1) respect for future generation autonomy; (2) 
nonmalefi cence to future generations; and (3) justice for future victims of current 
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environmental toxins. The new science of epigenetics will force us to think 
transgenerationally in time and space to understand the vast complexities of devel-
opment and inheritance. We have made tremendous advances since Jacob and 
Monod’s ( 1961 ) fi rst gene regulatory model, but even greater advances remain to be 
discovered.       

    Abbreviations 

    BPA    Bisphenol A   
  BRCA1    Breast cancer 1 early onset   
  CpG    Cytosine-guanine   
  DNA    Deoxyribonucleic acid   
  DDT    Dichloro-diphenyl-trichloroethane   
  DES    Diethylstilbestrol   
  EPHB2    Ephrin type B receptor 2   
  GSTP1    Glutathione S-transferase P   
  IGF-2    Insulin-like growth factor 2   
  ncRNAs    Long noncoding RNAs   
  mRNA    Messenger RNA   
  miRNAs    Microribonucleic RNAs   
  RASSF1A    Ras association domain containing protein 1   
  RNA    Ribonucleic acid   
  siRNAs    Small interfering RNAs   
  TGF-Beta    Transforming growth factor beta   
  FDA    U.S. Food and Drug Administration   

       References 

    Angelopoulou, R., Lavranos, G., & Manolakou, P. (2012). Sex determination strategies in 2012: 
Towards a common regulatory model?  Reproductive Biology and Endocrinology, 10 , 13. 
doi:  10.1186/1477-7827-10-13    .  

    Bauer, S. E., Wagner, S. E., Burch, J., Bayakly, R., & Vena, J. E. (2013). A case-referent study: 
Light at night and breast cancer risk in Georgia.  International Journal of Health Geographics, 
12 , 23. doi:  10.1186/1476-072X-12-23    .  

    Blazkova, J., Trejbalova, K., Gondois-Rey, F., Halfon, P., Philibert, P., Guiguen, A., et al. (2009). 
CpG methylation controls reactivation of HIV from latency.  PLOS Pathogens, 5 (8), e1000554. 
doi:  10.1371/journal.ppat.1000554    .  

    Brunk, U. T., & Terman, A. (2002). The mitochondrial-lysosomal axis theory of aging: 
Accumulation of damaged mitochondria as a result of imperfect autophagocytosis.  European 
Journal of Biochemistry, 269 , 1996–2002.  

    Campbell, K. H. S., McWhir, J., Ritchie, W. A., & Wilmut, I. (1996). Sheep cloned by nuclear 
transfer from a cultured cell line.  Nature, 380 , 64–66.  

      Carson, R. (1962).  Silent spring . Boston: Houghton Miffl in.  

1 Epigenetics and Its Applications to Children’s Health

http://dx.doi.org/10.1186/1477-7827-10-13
http://dx.doi.org/10.1186/1476-072X-12-23
http://dx.doi.org/10.1371/journal.ppat.1000554


16

     Christensen, B. C., Houseman, E. A., Marsit, C. J., Zheng, S., Wrensch, M. R., Wiemels, J. L., et al. 
(2009). Aging and environmental exposures alter tissue-specifi c DNA methylation dependent 
upon CpG island context.  PLOS Genetics, 5 (8), e1000602. doi:  10.1371/journal.pgen.1000602    .  

    Christian, J. J., & Davis, D. E. (1964). Endocrines, behavior, and population.  Science, 146 (3651), 
1550–1560.  

    Clark, S. J. (2007). Action at a distance: Epigenetic silencing of large chromosomal regions in 
carcinogenesis.  Human Molecular Genetics, 16 , R88–R95.  

    Cui, W., & Wang, L.-H. (2008). DNA methylation: A two-edged sword as a target for anti-cancer 
drugs.  Bioscience Hypotheses, 1 (6), 334–335.  

    Davies, P. C. W., Demetrius, L., & Tuszynski, J. A. (2011). Cancer as a dynamical phase transition. 
 Theoretical Biology and Medical Modeling, 8 , 30. doi:  10.1186/1742-4682-8-30    .  

      Deppe, U., Schierenberg, E., Cole, T., Krieg, C., Schmitt, D., Yoder, B., et al. (1978). Cell lineages 
of the embryo of the nematode  Caenorhabditis elegans. Proceedings of the National Academy 
of Sciences of the United States of America, 75 , 376–380.  

     Dixon, J. R., Jung, I., Selvaraj, S., Shen, Y., Antosiewicz-Bourget, J. E., Lee, A. Y., et al. (2015). 
Chromatin architecture reorganization during stem cell differentiation.  Nature, 518 , 331–336.  

    Eckhardt, F., Lewin, J., Cortese, R., Rakyan, V. K., Attwood, J., Burger, M., et al. (2006). DNA 
methylation profi ling of human chromosomes 6, 20, and 22.  Nature Genetics, 38 (12), 
1378–1385.  

    Eriksen, E. F., Axelrod, D. W., & Melsen, F. (1994).  Bone histomorphometry . New York: Raven 
Press.  

    Feinberg, A. P., & Irizarry, R. A. (2010). Stochastic epigenetic variation as a driving force of devel-
opment, evolutionary adaptation, and disease.  Proceedings of the National Academy of Sciences 
of the United States of America, 107 (Suppl 1), 1757–1764.  

    Ferrell, J. E. (2012). Bistability, bifurcations, and Waddington’s epigenetic landscape.  Current 
Biology, 22 (11), R458–R466.  

    Fontana, L. (2008). Caloric restriction and cardiometabolic health.  European Journal of 
Cardiovascular Prevention and Rehabilitation, 15 (1), 3–9.  

     Frago, M. F., Ballestar, E., Paz, M. F., Ropero, S., Setien, F., Ballestar, M. L., et al. (2005). 
Epigenetic differences arise during the lifetime of monozygotic twins.  Proceedings of the 
National Academy of Sciences of the United States of America, 102 (30), 10604–10609.  

     Galvão, V., Miranda, J. G. V., Andrade, R. F. S., Andrade, J. S., Gallos, L. K., & Makse, H. A. 
(2010). Modularity maps of the network of human cell differentiation.  Proceedings of the 
National Academy of Sciences of the United States of America, 107 (13), 5750–5755.  

    Gjoneska, E., Pfenning, A. R., Mathys, H., Quon, G., Kundaje, A., Tsai, L.-H., et al. (2015). 
Conserved epigenomic signals in mice and humans reveal immune basis of Alzheimer’s dis-
ease.  Nature, 518 , 365–369.  

    Gluckman, P. D., Hanson, M. A., Buklijas, T., Low, F. M., & Beedle, A. S. (2009). Epigenetic 
mechanisms that underpin metabolic and cardiovascular diseases.  Nature Reviews 
Endocrinology, 5 , 401–408.  

    Godfray, H. C. J., Blacquiere, T., Field, L. M., Hails, R. S., Petrokofsky, G., Potts, S. G., et al. 
(2014). A restatement of the natural science evidence base concerning neonicotinoid insecti-
cides and insect pollinators.  Proceedings of the Royal Society B, 281 , 20140558. doi:  10.1098/
rspb.2014.0558    .  

    Goldberg, A. D., Allis, C. D., & Bernstein, E. (2007). Epigenetics: A landscape takes shape.  Cell, 
128 , 635–638.  

    Gray, J., Nudelman, J., & Engel, C. (2010).  State of the evidence: The connection between breast 
cancer and the environment, from science to action  (6th ed.). San Francisco: Breast Cancer 
Fund. Accessed July 19, 2015, from   www.breastcancerfund.org      

     Guerrero-Bosagna, C. M., & Skinner, M. K. (2014). Environmental epigenetics and phytoestro-
gen/phytochemical exposures.  Journal of Steroid Biochemistry and Molecular Biology, 139 , 
270–276.  

     Gurdon, J. B. (1960). The developmental capacity of nuclei taken from differentiating endoderm 
cells of  Xenopus laevis. Journal of Embryology and Experimental Morphology, 8 , 505–526.  

D.W. Holler Jr.

http://dx.doi.org/10.1371/journal.pgen.1000602
http://dx.doi.org/10.1186/1742-4682-8-30
http://dx.doi.org/10.1098/rspb.2014.0558
http://dx.doi.org/10.1098/rspb.2014.0558
http://www.breastcancerfund.org/


17

     Gurdon, J. B. (1981). Molecular mechanisms in the control of gene expression during develop-
ment.  Biochemical Society Transactions, 9 (1), 13–21.  

    Gurdon, J. B., Elsdale, T. R., & Fischberg, M. (1958). Sexually mature individuals of  Xenopus 
laevis  derived from the transplantation of single somatic nuclei.  Nature, 182 , 64–65.  

    Hadorn, E. (1965). Problems of determination and transdetermination.  Brookhaven Symposium on 
Biology, 18 , 148–161.  

    Hadrich, C. M. (2011). Genetic variation and epigenetic patterns in autoimmunity.  Journal of 
Genetic Syndromes and Gene Therapy, 2 , 1. doi:  10.4172/2157-7412.10000e2    .  

    Halley-Stott, R. P., & Gurdon, J. B. (2013). Epigenetic memory in the context of nuclear repro-
gramming and cancer.  Briefi ngs in Functional Genomics, 12 (3), 164–173.  

    Harvey, S. A., & Smith, J. C. (2009). Visualization and quantifi cation of morphogen gradient for-
mation in the zebrafi sh.  PLOS Biology, 7 (5), e1000101. doi:  10.1371/journal.pbio.1000101    .  

    Hayfl ick, L. (2007a). Biological aging is no longer an unsolved problem.  Annals of the New York 
Academy of Sciences, 1100 , 1–13.  

    Hayfl ick, L. (2007b). Entropy explains aging, genetic determinism explains longevity, and unde-
fi ned terminology explains misunderstanding both.  PLOS Genetics, 3 (12), 2351–2354.  

        Heijmans, B. T., Tobi, E. W., Stein, A. D., Putter, H., Blauw, G. J., Susser, E. S., et al. (2008). 
Persistent epigenetic differences associated with prenatal exposures to famine in humans. 
 Proceedings of the National Academy of Sciences of the United States of America, 105 (44), 
17046–17049.  

     Henke, C., Reubner, M., Faschingbauer, F., Stolt, C. C., Schaefer, N., Lang, N., et al. (2013). 
Regulation of murine placentogenesis by the retroviral genes Syncytin-A, Syncytin-B and 
Peg10.  Differentiation, 85 , 150–160.  

     Hollar, D. (2012). Development from conception through adolescence: Physiological and psycho-
social factors impacting children with special health care needs. In D. Hollar (Ed.),  Handbook 
of children with special health care needs  (pp. 289–306). New York: Springer.  

     Hollar, D. (2013). Cross-sectional patterns of allostatic load among persons with varying disabili-
ties, NHANES: 2001–2010.  Disability and Health Journal, 6 , 177–187.  

     Hollar, D., & Lewis, J. (2015). Heart age differentials and general cardiovascular risk profi les for 
persons with varying disabilities: NHANES 2001–2010.  Disability and Health Journal, 8 , 
51–60.  

    Jacob, F., & Monod, J. (1961). Genetic regulatory mechanisms in the synthesis of proteins.  Journal 
of Molecular Biology, 3 (3), 318–356.  

    Johnson, L. J., & Tricker, P. J. (2010). Epigenomic plasticity within populations: Its evolutionary 
signifi cance and potential.  Heredity, 105 , 113–121.  

      Kabasenche, W. P., & Skinner, M. K. (2014). DDT, epigenetic harm, and transgenerational envi-
ronmental justice.  Environmental Health, 13 , 62. doi:  10.1186/1476-069X-13-62    .  

    Kelly, T., & Jones, P. (2010). DAMD to epigenetic silence.  Proceedings of the National Academy 
of Sciences of the United States of America, 107 (1), 3–4.  

     Kiefer, J. C. (2007). Epigenetics in development.  Developmental Dynamics, 236 , 1144–1156.  
    Kothapalli, C. R., Taylor, P. M., Smolenski, R. T., Yacoub, M. H., & Ramamurthi, A. (2009). 

Transforming growth factor beta 1 and hyaluronan oligomers synergistically enhance elastin 
matrix regeneration by vascular smooth muscle cells.  Tissue Engineering, Part A, 15 (3), 
501–511.  

    La Merrill, M., Cirillo, P. M., Terry, M. B., Krigbaum, N. Y., Flom, J. D., & Cohn, B. A. (2013). 
Prenatal exposure to the pesticide DDT and hypertension diagnosed in women before age 50: 
A longitudinal birth cohort study.  Environmental Health Perspectives, 121 , 594–599.  

    Laskey, R. A., & Gurdon, J. B. (1970). Genetic content of adult somatic cells tested by nuclear 
transplantation from cultured cells.  Nature, 228 , 1332–1334.  

    Leopold, A. (1949).  A sand county almanac . New York: Oxford University Press.  
    Löwer, R., Löwer, J., & Kurth, R. (1996). The viruses in all of us: Characteristics and biological 

signifi cance of human endogenous retrovirus sequences.  Proceedings of the National Academy 
of Sciences of the United States of America, 93 , 5177–5184.  

1 Epigenetics and Its Applications to Children’s Health

http://dx.doi.org/10.4172/2157-7412.10000e2
http://dx.doi.org/10.1371/journal.pbio.1000101
http://dx.doi.org/10.1186/1476-069X-13-62


18

    Manikkam, M., Guerrero-Bosagna, C., Tracey, R., Haque, M. M., & Skinner, M. K. (2012). 
Transgenerational actions of environmental compounds on reproductive disease and identifi ca-
tion of epigenetic biomarkers of ancestral exposures.  PLOS One, 7 (2), e31901. doi:  10.1371/
journal.pone.0031901    .  

    Melo, S. A., & Esteller, M. (2011). A precursor microRNA in a cancer cell nucleus: Get me out of 
here!  Cell Cycle, 10 (6), 922–925.  

    Melo, S. A., & Esteller, M. (2014). Disruption of microRNA nuclear transport in human cancer. 
 Seminars in Cancer Biology, 27 , 46–51.  

    Mercer, T. R., Dinger, M. E., & Mattick, J. S. (2009). Long non-coding RNAs: Insights into func-
tions.  Nature Reviews Genetics, 10 , 155–159.  

    Mintz, B., & Illmensee, K. (1975). Normal genetically mosaic mice produced from malignant tera-
tocarcinoma cells.  Proceedings of the National Academy of Sciences of the United States of 
America, 72 (9), 3585–3589.  

    Mnif, W., Hassine, A. I. H., Bouaziz, A., Bartegi, A., Thomas, O., & Roig, B. (2011). Effect of 
endocrine disruptor pesticides: A review.  International Journal of Environmental Research and 
Public Health, 8 , 2265–2303.  

    Morgan, H. D., Santos, F., Green, K., Dean, W., & Reik, W. (2005). Epigenetic reprogramming in 
mammals.  Human Molecular Genetics, 14 (1), R47–R58.  

    Mori, C. (2004). High-risk group and high-risk life stage: Key issues in adverse effects of environ-
mental agents on human health.  Reproductive Medicine and Biology, 3 , 51–58.  

    Muller, P. H. (1946). Über zusammenhänge zwischen Konstitution und insectizider Wirkung. 
 Helvetica Chimica Acta, 29 , 1560–1580.  

    Mullin, C. A., Frazier, M., Frazier, J. L., Ashcroft, S., Simonds, R., van Engelsdorp, D., et al. 
(2010). High levels of miticides and agrochemicals in North American apiaries: Implications 
for honey bee health.  PLOS One, 5 (3), e9754. doi:  10.1371/journal.pone.0009754    .  

         National Center for Health Statistics. (2012).  Healthy people 2010 fi nal review: Progress charts . 
Hyattsville, MD: U.S. Department of Health and Human Services, Centers for Disease Control 
and Prevention (PHS Publication No. 2012–1039).  

      Parle-McDermott, A., & Ozaki, M. (2011). The impact of nutrition on differential methylated 
regions of the genome.  Advances in Nutrition, 2 , 463–471.  

    Pearson, J. C., Lemons, D., & McGinnis, W. (2005). Modulating Hox gene functions during ani-
mal body patterning.  Nature Reviews Genetics, 6 , 893–904.  

            Pembrey, M. E., Bygren, L. O., Kaati, G., Edvinsson, S., Northstone, K., Sjostrom, M., et al. 
(2006). Sex-specifi c, male-line transgenerational responses in humans.  European Journal of 
Human Genetics, 14 , 159–166.  

    Petronis, A. (2010). Epigenetics as a unifying principle in the aetiology of complex traits and dis-
eases.  Nature, 465 , 721–727.  

    Pogribny, I. P., & Vanyushin, B. F. (2010). Age-related genomic hypomethylation. In T. O. 
Tollefsbol (Ed.),  Epigenetics of aging  (pp. 11–28). New York: Springer.  

    Prigogine, I. (1977).  Time, structure, and fl uctuations . Stockholm: The Nobel Foundation.  
    Prigogine, I. (2002). Dynamical roots of time symmetry breaking.  Philosophical Transactions of 

the Royal Society of London A, 360 , 299–301.  
       Radtke, K. M., Ruf, M., Gunter, H. M., Dohrmann, K., Schauer, M., Meyer, A., et al. (2011). 

Transgenerational impact of intimate partner violence on methylation in the promoter of the 
glucocorticoid receptor.  Translational Psychiatry, 1 , e21. doi:  10.1038/tp.2011.21    .  

    Raine, N. E., & Gill, R. J. (2015). Tasteless pesticides affect bees in the fi eld.  Nature, 521 , 38–40.  
    Reiter, R. J., Tan, D. X., Korkmaz, A., & Rosales-Corral, S. A. (2014). Melatonin and stable circa-

dian rhythms optimize maternal, placental and fetal physiology.  Human Reproduction Update, 
20 (2), 293–307.  

     Roadmap Epigenomics Consortium, Kundaje, A., Meuleman, W., Ernst, J., Bilenky, M., Yen, A., 
et al. (2010). Integrative analysis of 111 reference human epigenomes.  Nature, 518 , 317–330.  

    Roberts, T. C. (2014). The microRNA biology of the mammalian nucleus.  Molecular Therapy – 
Nucleic Acids, 3 (8), e188. doi:  10.1038/mtna.2014.40    .  

D.W. Holler Jr.

http://dx.doi.org/10.1371/journal.pone.0031901
http://dx.doi.org/10.1371/journal.pone.0031901
http://dx.doi.org/10.1371/journal.pone.0009754
http://dx.doi.org/10.1038/tp.2011.21
http://dx.doi.org/10.1038/mtna.2014.40


19

     Rong, J. X., Shapiro, M., Trogan, E., & Fisher, E. A. (2003). Transdifferentiation of mouse aortic 
smooth muscle cells to a macrophage-like state after cholesterol loading.  Proceedings of the 
National Academy of Sciences of the United States of America, 100 (23), 13531–13536.  

     Roth, T. L., & Sweatt, J. D. (2011). Annual research review: Epigenetic mechanisms and environ-
mental shaping of the brain during sensitive periods of development.  Journal of Child 
Psychology and Psychiatry, 52 (4), 398–408.  

      Seeman, T. E., McEwen, B. S., Rowe, J. W., & Singer, B. H. (2001). Allostatic load as a marker of 
cumulative biological risk: MacArthur studies of successful aging.  Proceedings of the National 
Academy of Sciences of the United States of America, 98 (8), 4770–4775.  

     Seeman, T. E., Singer, B. H., Ryff, C. D., Love, G. D., & Levy-Storms, L. (2002). Social relation-
ships, gender, and allostatic load across two age cohorts.  Psychosomatic Medicine, 64 , 
395–406.  

     Selye, H. (1950). Stress and the general adaptation syndrome.  The British Medical Journal, 
1 (4667), 1382–1392.  

    Shen, L., Catalano, P. J., Benson, A. B., O’Dwyer, P., Hamilton, S. R., & Issa, J. P. J. (2007). 
Association between DNA methylation and shortened survival in patients with advanced 
colorectal cancer treated with 5-fl uorouracil-based chemotherapy.  Clinical Cancer Research, 
13 (20), 6093–6098.  

    Shiraishi, M., Oates, A. J., & Sekiya, T. (2002). An overview of the analysis of DNA methylation 
in mammalian genomes.  Biological Chemistry, 383 (6), 893–906.  

      Skinner, M. K., Manikkam, M., & Guerrero-Bosagna, C. (2011). Epigenetic transgenerational 
actions of endocrine disruptors.  Reproductive Toxicology, 31 (3), 337–343.  

    Stevens, L. C. (1960). Embryonic potency of embryoid bodies derived from a transplantable tes-
ticular teratoma of the mouse.  Developmental Biology, 2 , 285–297.  

    Stevens, L. C. (1973). A developmental genetic approach to the study of teratocarcinogenesis. 
 BioScience, 23 (3), 169–172.  

    Symonds, M. E. (2010). Epigenomics – grand challenge: Much more than the developmental ori-
gins of adult health and disease.  Frontiers in Genetics, 1 , 1. doi:  10.3389/fgene.2010.00001    .  

    Takeuchi, J. K., & Bruneau, B. G. (2009). Directed transdifferentiation of mouse mesoderm to 
heart tissue by defi ned factors.  Nature, 459 , 708–712.  

      Taruscio, D., & Mantovani, A. (1998). Human endogenous retroviral sequences: Possible roles in 
reproductive physiopathology.  Biology of Reproduction, 59 , 713–724.  

    Thom, R. (1972).  Structural stability and morphogenesis . New York: W. A. Benjamin.  
    Tren, R. (2010). DDT and malaria prevention.  Environmental Health Perspectives, 118 (1), 

A14–A15.  
       U.S. Environmental Protection Agency. (2013).  America’s children and the environment  (3rd ed.). 

Washington, DC: Author (Publication No. EPA 240-R-13-001).  
      van den Berg, H. (2009). Global status of DDT and its alternatives for use in vector control to 

prevent disease.  Environmental Health Perspectives, 117 , 1656–1663.  
    Van der Muelen, J., Speleman, F., & Van Vlierberghe, P. (2014). The H3K27me3 demethylase 

UTX in normal development and disease.  Epigenetics, 9 (5), 658–668.  
      Waddington, C. H. (1957).  The strategy of the genes: A discussion of some aspects of theoretical 

biology . London: Allen & Unwin.  
    Waterland, R. A., Kellermayer, R., Rached, M.-T., Taterian, N., Gomes, M. V., Zhang, J., et al. 

(2009). Epigenomic profi ling indicates a role for DNA methylation in early postnatal liver 
development.  Human Molecular Genetics, 18 (16), 3026–3028.  

      Wilkins, A. S. (2010). The enemy within: An epigenetic role of retrotransposons in cancer initia-
tion.  Bioessays, 32 , 856–865.  

     Wilson, E. O. (1984).  Biophilia: The human bond with other species . Cambridge, MA: Harvard 
University Press.  

            Wolpert, L., Beddington, R., Brockes, J., Jessell, T., Laurence, P., & Meyerowitz, E. (1998). 
 Principles of development . New York: Oxford University Press.  

1 Epigenetics and Its Applications to Children’s Health

http://dx.doi.org/10.3389/fgene.2010.00001


20

    Ye, M., Beach, J., Martin, J. W., & Senthilselvan, A. (2015). Association between lung function in 
adults and plasma DDT and DDE levels: Results from the Canadian Health Measures Survey. 
 Environmental Health Perspectives, 123 (5), 422–427.  

       Yehuda, R., & Bierer, L. (2009). The relevance of epigenetics to PTSD: Implications for the 
DSM-IV.  Journal of Trauma and Stress, 22 (5), 427–434.  

     Yu, W., Gins, D., Onyango, P., Muldoon-Jacobs, K., Karp, J., Feinberg, A. P., et al. (2008). 
Epigenetic silencing of tumour suppressor gene p15 by its antisense RNA.  Nature, 451 , 
202–206.  

     Zamudio, N., & Bourc’his, D. (2010). Transposable elements in the mammalian germline: A com-
fortable niche or a deadly trap?  Heredity, 105 , 92–104.  

    Zhong, S.-H., Liu, J.-Z., Jin, H., Lin, L., Li, Q., Chen, Y., et al. (2013). Warm temperatures induce 
transgenerational epigenetic release of RNA silencing by inhibiting siRNA biogenesis in 
Arabidopsis.  Proceedings of the National Academy of Sciences of the United States of America, 
110 (22), 9171–9176.  

    Zucchi, F. C. R., Yao, Y., & Metz, G. A. (2012). The secret language of destiny: Stress imprinting 
and transgenerational origins of disease.  Frontiers in Genetics, 3 , 96.  doi:  10.3389/
fgene.2012.00096    .    

D.W. Holler Jr.

http://dx.doi.org/10.3389/fgene.2012.00096
http://dx.doi.org/10.3389/fgene.2012.00096


21© Springer International Publishing Switzerland 2016 
D. Hollar (ed.), Epigenetics, the Environment, and Children’s Health 
Across Lifespans, DOI 10.1007/978-3-319-25325-1_2

    Chapter 2   
 Epigenetic Signifi cance of Chromatin 
Organization During Cellular Aging 
and Organismal Lifespan                     

       Milena     Georgieva      ,     Dessislava     Staneva     , and     George     Miloshev        

2.1         Entering the Puzzling World of Aging 

 Aging has long been considered as a major socioeconomic problem. It leads to 
 consecutive worsening of the overall organismal health, which in turn results in 
steady increase of public expenses in medical and social fi elds (Upadhya et al.  2015 ; 
Rolf  2015 ). The mere fact that the overall life expectancy is steadily increasing and 
that almost all human populations are characterized by a growing number of elderly 
people turns this problem into a huge burden (Guerrero et al.  2015 ; McKenzie et al. 
 2015 ). Hence, it is of utmost importance for all governments to assure healthy aging 
of its elderly people which sounds as an impossible task without full comprehension 
of the general mechanisms of aging. The last has been a challenge for scientists in the 
fi eld of gerontology for many years, even for decades. And this is not surprising at 
all. Aging is a complex biological process which leads to loss of functional reserve 
of multiple organ systems and to increased susceptibility to  stress   and age- associated 
maladies like  cancer  , neurodegenerative diseases, diabetes, etc. It is also associated 
with increased incidence of genetic mutations and prevalence of chronic diseases 
which fi nally  lead   to functional dependence and an inadequate life (Campisi  2000 ; 
Miquel  2014 ). Determined by a combination of genetic and environmental factors, 
the process of getting old is highly individualized and yet poorly understood. 
Extensive studies are under way with the main emphasis being set on elucidation of 
the intimate molecular mechanisms of the aging process. 

 Recently, some researchers in the fi eld of aging (López-Otín et al.  2013 ) have 
been able to shortlist the nine most common hallmarks of the aging process and 
denoted them as major. These nine major hallmarks include  genomic instability  , 
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telomere attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient 
sensing, mitochondrial dysfunction, cellular  senescence  , stem cell exhaustion, and 
altered intercellular communication. Deep understanding of these common aging 
features could be a major step toward  development   and application of specifi c phar-
maceutical approaches, the aim of which would be to ameliorate, slow, and success-
fully manipulate the process of getting old. Of course, scientists in the fi eld are far 
from getting involved in the search for the elixir for eternal life, but do endeavor to 
spend lots of efforts in order to get a clearer picture of the most intimate mecha-
nisms of aging. The task could be very hard because these well classifi ed hallmarks 
of aging seem interdependent making studies in the fi eld even more complicated. 
For example, DNA damage could  lead   to genomic  instability   but could be a conse-
quence of it. Many factors, some extrinsic like UV irradiation, chemicals, and geno-
toxins, and others, intrinsic like ROS (reactive oxygen species) production, account 
for DNA damage and are one of the main culprits for the aging of the cells and the 
organism (Garinis et al.  2008 ). The picture gets even more complicated since the 
metabolic  stress   that all cells undergo could be the primary cause for increased ROS 
production. Apparently following this line we enter in the vicious circle of trying to 
understand who is who and what is the cause and what the consequence of aging. 
No doubt, therefore, that the complexity of aging is considered as “one of the major 
stumbling blocks of all biological investigations of aging” (Martin  2005 ). 

 Bearing in mind that all organisms have DNA and that the proper functioning of 
the genetic material is crucial for the cellular and organismal homeostasis, it is easy 
to predict that the genome itself could be the foundation on which aging acts. No 
doubt that if we scrutinize the way by which the genome ages and moreover, its 
dynamics during aging, we shall be able to understand the general mechanisms of 
this complicated process.  

2.2      Chromatin   as a Modulator of Cellular Fate 

2.2.1     The Consecutive Steps of  Chromatin   Compaction 
in the Eukaryotic Nucleus 

 Each of the 60 trillion cells that make up the human body (with some minor excep-
tions like the human erythrocytes) contains 2 m of genomic DNA in its nucleus. This 
is quite a huge amount of genetic material that has to be packed and organized in the 
confi ned space of the cell nucleus (Fig.  2.1 ). The organization of DNA and, impor-
tantly, its proper functioning recently turned into one of the most interesting puzzles 
in biology. Two important issues have to be solved by the cells. The fi rst is about the 
way the genomic DNA is packaged to fi t the limited space in the cell nucleus which 
is only 10 μm in diameter, and the second question is about the way DNA works in 
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this very compacted state. As a matter of fact almost all articles regarding  chromatin  , 
 epigenetics  , and DNA start with one and the same sentence, and it goes like that: 
“DNA is not naked in the cells but is organized together with  histone   proteins in 
chromatin.” Indeed chromatin is the platform where DNA meets histones—the last 
are considered to be at the  heart   of DNA compaction, its regulation, and dynamics 
(Hayes et al.  1990 ; Littau et al.  1965 ; Wolffe  1998 ). Together with it they build the 
nucleosomes. Each nucleosome consists of two molecules of each of the four core 
histones (H2A, H2B, H3, and H4), around which 147 bp of DNA are wrapped 
together. The nucleosome represents the basic repeat unit of chromatin (Richmond 
et al.  1984 ; Luger et al.  1997 ). It is widely accepted that this is the fi rst level of chro-
matin compaction. By a physical point of view, the nucleosome represents an obsta-
cle to all processes that require access to the molecule of DNA.

   Therefore,  chromatin   has to be modifi ed, reorganized, and de-compacted in 
order DNA to be transcribed, replicated, and repaired. This process of chromatin 
reorganization is done by specialized enzyme complexes, called chromatin 
 modifying and  chromatin remodeling   complexes, which can chemically modify his-
tones and can slide nucleosomes along the molecule of DNA. Nucleosomes are not 
only basic units of chromatin compaction but also exert important regulatory func-
tions and manipulate the activity of the genome. They form nucleosome arrays, 

  Fig. 2.1    A drawing of  chromatin   compaction in the eukaryotic nucleus. DNA in the eukaryotic 
nucleus is organized together with  histone   proteins in chromatin. Nucleosomes are the main build-
ing blocks of chromatin which further compact together with linker histones in higher-order chro-
matin structures thus preserving the genome against  stress   but also maintaining its functionality       
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which in relation to the electron microscopic images have poetically been called the 
“beads-on- a-string” structure (Thoma and Koller  1977 ; Rattner et al.  1982 ). The 
diameter of this structure is approximately 11 nm and represents the second level of 
chromatin compaction. Regarding the size of the eukaryotic genome, it is obvious 
that this level of compaction is quite insuffi cient for stuffi ng DNA in the nucleus. It 
has been further shown that chromatin additionally compacts and forms 30 nm in 
diameter fi bers (Robinson and Rhodes  2006 ). Such folding of the nucleosome 
arrays into a compact fi lament with a diameter of about 30 nm in a salt-dependent 
manner was reported in numerous in vitro studies (Finch and Klug  1976 ; Thoma 
et al.  1979 ; Widom and Klug  1985 ; Huynh et al.  2005 ; Robinson et al.  2006 ). 
Evidence for the presence of the 30 nm chromatin fi ber in nuclei has also been pro-
vided from X-ray diffraction and electron microscopy analyses (Langmore and 
Schutt  1980 ; Andersson et al.  1982 ; Marsden and Laemmli  1979 ). 30 nm “fi ber-
like” structures were detected when chromatin fragments were released from human 
cell nuclei and were also visualized by atomic force microscopy of reconstituted 
chromatin and of chromatin fragments from yeast nuclei (Georgieva et al.  2012 , 
 2015 ; Prieto et al.  2012 ; Gilbert et al.  2004 ). 

 However, in contrast to the nucleosome structure, which is relatively well under-
stood, the detailed organization of these 30-nm diameter rod-like structures is con-
sidered as quite controversial. Recently, their existence  in vivo   has been questioned 
thus opening ardent discussions of how exactly  chromatin   is structured above the 
11-nm chromatin fi laments (Fussner et al.  2012 ; Maeshima et al.  2014 ). The dispute 
probably has been induced by the different methodologies exploited for studying of 
this particular level of chromatin organization. It is true that some of the most mean-
ingful results on this structure were obtained by in vitro experiments (Robinson 
et al.  2008 ; Robinson and Rhodes  2006 ; Routh et al.  2008 ). Though, for more than 
four decades, lots of data were obtained by both in vivo and in vitro experiments 
favoring the existence of the 30 nm chromatin fi bers. Interestingly, the obtained 
results have proposed the existence of at least two different rod-like fi bers in the 
nuclei of eukaryotes: the fi rst with a diameter of 30 nm (the so-called “one-start 
model”) and the second with a diameter of 24–26 nm (the “two-start model”), both, 
as noted by Grigoryev and coworkers ( 2009 ) able to appear consecutively in a single 
fi ber. Importantly, in a critical review by Ghirlando and Felsenfeld ( 2013 ), it was 
stated that the 30 nm fi ber is not an indicator of the transcriptional status of chroma-
tin but rather represents a structurally more compacted state of organization.  

2.2.2     The Elusive Higher-Order  Chromatin   Structures 

  Chromatin   organization above the 10 and 30 nm in diameter structures is believed 
to employ important regulatory roles on the genetic information. Treatment of iso-
lated nuclei or chromosomes with high salt solutions that remove histones resulted 
in the formation of a “halo” of supercoiled DNA loops surrounding a denser core 
(Cook and Brazell  1975 ; Earnshaw and Laemmli  1983 ). It has been proven that 

M. Georgieva et al.



25

these  chromatin   loops were anchored to an insoluble proteinaceous nuclear matrix 
(or karyoskeleton) by DNA sequences termed as matrix attachment regions (MARs) 
and scaffold attachment regions (SARs), respectively. 

 Another aspect of the higher-order structure of  chromatin   is manifested by its 
spatial, 3D organization and motion. In the cell nucleus, each chromosome occupies 
a limited volume, chromosome territory, and seems relatively static being physi-
cally anchored in this distinct and limited nuclear space (Figs.  2.1  and  2.2 ). However, 
the fi ndings from live microscopy and other experiments that enable tracking of 
chromatin dynamics  in vivo   have revealed large-scale chromatin motions and have 
proved the functional signifi cance of these motions for the cells and the organism 
(Gasser  2002 ; Chuang et al.  2006 ). Three principle types of chromatin motion were 
recognized and were accepted as general. Interestingly, the three appeared quite dif-
ferent in time scale, range, and frequency of the movements as well as in energy 
dependence (Soutoglou and Misteli  2007 ). Moreover, it has been shown that these 

  Fig. 2.2    A schematic representation of higher-order  chromatin   loop organization in three cellular 
conditions: a normal young cell, an aging cell, and a pathologically changed cell from a patient 
with Hutchinson–Gilford Progeria syndrome (HGPS). Normally, interphase chromosomes are 
making numerous contacts with the nuclear lamina. Due to changes in chromatin organization and 
perturbations in lamina organization during the processes of cellular aging and in premature aging 
syndromes, many of these contacts between the chromosomes and the lamina are lost (shown with 
 arrows  in the fi gure). This leads to formation of longer chromatin loops, reorganization of chromo-
some territories, and loss of heterochromatin in the nucleus. In cells from the premature aging 
syndrome, HGPS, the nuclear lamina is severely dilapidated and therefore most of the chromo-
some contacts with it are disrupted. The diminished contacts between the lamina and the chromo-
somes in aged cells and in HGPS cells probably alter gene expression in a similar fashion and 
therefore aging and progeria syndromes represent similar clinical outcomes       
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chromatin spatial rearrangements infl uence cellular fate and aging of the organisms 
(Chandra et al.  2015 ).

   Global  chromatin   reorganization and changes in nuclear architecture with func-
tional aftereffects in the regulation of gene expression are associated with  differen-
tiation  ,  development   and aging (Solovei et al.  2009 ; Oberdoerffer and Sinclair 
 2007 ). According to the conventional view of the three-dimensional (3D) genome 
organization within the nucleus, heterochromatin preferentially localizes at the 
nuclear periphery, whereas euchromatin preferentially resides in the nuclear inte-
rior. A remarkable exception of this conventional nuclear architecture is the inverted 
chromatin organization in photoreceptor cells of the nocturnal mammalian eye. 
Using FISH, some authors were able to characterize in detail the higher-order chro-
matin dynamics during terminal differentiation of rod cells of mouse retinas (Solovei 
et al.  2009 ). Interestingly, at  birth   rod nuclei have a conventional architecture, but 
postnatal differentiation of rod cells is accompanied with global spatial movement 
of higher-order chromatin structures and with the establishment of the so-called 
“inverted” nuclear organization. 

 Finally, in terminally differentiated mouse rods heterochromatin concentrated in 
the nuclear center, whereas euchromatin as well as nascent transcripts and splicing 
machinery lined the nuclear border (Solovei et al.  2009 ). The functional effect of this 
inverted pattern of nuclear architecture is to provide additional sensitivity of noctur-
nal mammal eye in the poor light environments. These results unambiguously prove 
that  chromatin   dynamics exert functional signifi cance during organismal  lifespan  .   

2.3      Chromatin  : Static and Dynamic at the Same Time 

 Cells are persistently exposed to intrinsic as well as extrinsic environmental signals 
that could destine cellular fate toward proliferation,  differentiation  , quiescence, 
 senescence  , or malignancy. All these processes are accompanied and governed by 
dynamic reorganization of  chromatin   (Shin et al.  2011 ; Apostolou and Hochedlinger 
 2013 ; Pegoraro and Misteli  2009 ; Adams  2007 ; Misteli  2010 ; Burton and Torres- 
Padilla  2014 ). We have tried to demonstrate some of the best known chromatin 
large-scale reorganization during normal  development  , aging, and premature aging 
syndromes in Fig.  2.2 . In order to regulate all biological processes related to the 
molecule of DNA, chromatin has to hold a fl exible, versatile structure that can 
respond to internal and external signals during cellular  lifespan  . 

 To answer these challenges,  chromatin   exhibits a highly dynamic equilibrium 
between an open conformation (e.g., 11-nm beads-on-a-string) up to much more 
compacted, regarded even as a closed chromatin state (the so-called higher-order 
structures). This dynamics assures both accurate expression of the genetic informa-
tion as well as promises genomic stability. For example, in the time course of the 
cell cycle, from mitosis through interphase up to the next mitosis, chromatin under-
goes global structural reorganization—from fully condensed mitotic chromosomes 
through less condensed, more diffused interphase chromatin conformation and then 
again to compacted chromosome entities. In order to meet the requirements of 
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DNA-related processes, chromatin is not expected to be steadily and uniformly 
compacted across the genome  in vivo  , but to be dynamically modulated by local 
differences in chromatin components including numerous architectural and regula-
tory proteins as well as complex combinations (cross-talks) among diverse set of 
epigenetic modifi cations. No doubt that the regulation of chromatin dynamics 
comes through a variety of mechanisms including DNA  methylation   (Karymov 
et al.  2001 ; Ma et al.  2005 ), posttranslational modifi cations (PTMs) of histones (Ito 
 2007 ; Gelato and Fischle  2008 ),  histone   variants (Happel and Doenecke  2009 ; 
Clausell et al.  2009 ), recruitment of  chromatin remodeling   complexes (Corona et al. 
 2007 ; Clapier and Cairns  2009 ), and noncoding RNAs (Li  2014 ; Dhanasekaran 
et al.  2013 ). All these epigenetic regulators act in concert to exert the complex 
mechanisms that modulate chromatin conformation which in turn regulates gene 
expression in  development  ,  differentiation  , aging, and disease. For example, these 
epigenetic marks as well as the level of chromatin condensation are distinct between 
normally proliferating, cancerous, and senescent cells (Oh et al.  2013 ; Rodriguez- 
Paredes and Esteller  2011 ). 

 Due to the  development   of new techniques,  chromatin   dynamics has been under 
extensive studies recently. It is reasonable to believe that the versatile elaboration of 
experimental techniques such as FISH (fl uorescent in situ hybridization), 3C (chro-
mosome conformation capture), and its high-throughput modifi cations (4C, 5C, 
Hi-C, ChIA-PET, etc.) (Dekker et al.  2002 ; Sanyal et al.  2011 ), together with  AFM   
(atomic force microscopy), ChCA (chromatin comet assay) (Georgieva et al.  2008 , 
 2012 ), and the very recently developed high resolution live microscopy, and the 
gathering of valuable information about higher-order chromatin structure and its 
dynamics will exponentially increase in the future.  

2.4      Chromatin   Structure and Dynamics as Major Players 
in Aging 

  Chromatin   has been accepted as a major player in aging as it regulates the  plasticity   
of the genome and governs its susceptibility to intrinsic and extrinsic DNA damag-
ing signals. It also modulates the contacts of DNA with all factors that participate in 
replication,  transcription  , and repair. The proper contacts among DNA and all these 
factors guarantee their accurate functioning, contribute to the preservation of the 
genome against genotoxic  stress  , and prevent the accumulation of mutations which 
could be detrimental for the cells (Downs and Cote  2005 ; Cho et al.  2004 ; Seeber 
et al.  2014 ; Rodrigues et al.  2014 ). 

 As we have already discussed, the nature of  chromatin   is very contradictory. At one 
hand, it is regarded as a static unit that guards the genome and protects the genetic 
material against DNA damage. On the other hand, chromatin appears quite dynamic. 
It “breaths in” and “out” with the surrounding  environment   and thus allows the cells 
to adapt by changing the expression of certain genes. In some cases, this dynamic 
property appears to counter the aging process and to extend organismal  lifespan   
(Longo and Kennedy  2006 ; Gotta et al.  1997 ; Kennedy et al.  1997 ). However, the 
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stochastic component of chromatin structure might also contribute to the breakdown 
of nuclear, cellular, and tissue functions and consequently to  lead   to aging and age-
associated diseases (Lazarus et al.  2013 ; Sedivy et al.  2008 ). Generally, aging involves 
major changes in chromatin structure and organization (Zane et al.  2014 ; Pegoraro 
and Misteli  2009 ; Muñoz-Najar and Sedivy  2011 ). It has long been believed that dur-
ing aging, nuclei show loss of heterochromatin (Ishimi et al.  1987 ). Global changes in 
chromatin organization have been found to be associated with aging including the 
formation of  senescence  -associated heterochromatin foci (SAHF) in euchromatic 
DNA and a gradual loss of perinuclear heterochromatin (Oberdoerffer and Sinclair 
 2007 ). Deterioration of chromatin organization triggers in turn transcriptional altera-
tions, accumulation of DNA damage, and increased  genomic instability   (Pegoraro and 
Misteli  2009 ; Feser and Tyler  2011 ; O’Sullivan and Karlseder  2012 ). 

 Though recent studies demonstrate that the situation is much more complicated as 
heterochromatin can be either reduced or increased during  senescence   (Sedivy et al. 
 2008 ; Pegoraro and Misteli  2009 ). It has been speculated that these SAHF silence prolif-
eration-promoting genes and thus  lead   to senescence-associated phenotypes (Corpet and 
Stucki  2014 ). Remarkably, although SAHF appear to result from the condensation of 
almost entire chromosomes, DNA sequences that are typically contained in constitutive 
heterochromatin, such as pericentromeres and telomeres, actually appear to be excluded 
from the bulk of the condensed chromosomes (Zhang et al.  2009a ; Narita et al.  2003 ). 
This was further proven by other authors who have shown that the shortened telomeres 
in mice lacking telomerase have reduced heterochromatin compared to telomeres from 
normal cells (Benetti et al.  2007a ). The molecular mechanism of SAHF formation 
remains poorly understood although  histone   chaperones Asf1a and HIRA have been 
reported to play a role in their formation (Zhang et al.  2005 ). Other authors have even 
suggested that SAHF are a novel type of  chromatin   condensation involving alterations in 
the way by which DNA interacts with its binding proteins (Funayama et al.  2006 ). 

 They have suggested that the induction of a specifi c  senescence   phenotype is 
accompanied by loss of linker  histone   H1 from  chromatin   and accumulation of 
HMGA2 at its place. This boldly highlights the signifi cance of chromatin structural 
proteins such as H1 and HMGA2 for the ongoing process of chromatin structure 
remodeling during aging. 

 It can be inferred by this that the eu- and heterochromatic states of  chromatin   are 
quite dynamic during organismal  lifespan  , and it is quite easy to envision that this 
dynamics is basically directed by  epigenetic   mechanisms.  

2.5     Epigenetic Changes in  Chromatin   During Aging 

2.5.1     DNA  Methylation  : The Aging Clock of the Organism 

  Epigenetics   plays crucial role during  development  . It shapes the way the genome 
works in response to all kinds of changes in the surrounding  environment   (Wolffe 
and Matzke  1999 ; Wolffe  1998 ). Recent twin studies and studies with long-lived 
families have shown that only 20–30 % of the variations in the aging among 
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different individuals are determined by genetic factors. Interestingly, these are relevant 
mainly for survival at advanced age. The other 70–80 % of variations have been 
shown to be associated with stochastic events, i.e., certainly to some nongenetic 
factors (Herskind et al.  1996 ). Essential for development,  epigenetics   inevitably 
becomes misregulated and misdirected during disease and aging, and importantly, 
these changes are more or less conserved among all species (Sedivy et al.  2008 ; 
Wood and Helfand  2013 ; Zane et al.  2014 ). 

 A major part of the epigenetic research has been focused on the study of modifi ca-
tions of DNA and  histone   proteins, as these are the mechanisms that generally infl u-
ence  chromatin   structure and organization. DNA  methylation  , which is the fi rst 
epigenetic phenomenon that has been linked to aging and disease, is also the best- 
studied DNA modifi cation (Riggs  1975 ; Iyer et al.  2011 ; Fraga et al.  2005a ). 

 Recently, some interesting dynamics of DNA  methylation   during aging have 
been explored (Zane et al.  2014 ; Muñoz-Najar and Sedivy  2011 ; Lazarus et al. 
 2013 ). It has been demonstrated that there is a consistent reduction in global DNA 
methylation during aging (Singhal et al.  1987 ; Wilson et al.  1987 ) while at certain 
places, namely the CpG islands of gene promoters, DNA methylation is increased 
with age (Kim et al.  2005 ). In general, global DNA  demethylation   in aging occurs 
mainly at repetitive DNA elements and in genomic regions with facultative hetero-
chromatin which leads to overall deheterochromatinization of the genome (Sedivy 
et al.  2008 ). In contrast,  hypermethylation   of CGIs (CpG islands) is found mainly at 
promoters of stem cells’ genes and also at promoters of tumor suppressor genes 
(Issa et al.  2001 ; Waki et al.  2003 ). Both epigenetic phenomena explain two of the 
hallmarks of aging (López-Otín et al.  2013 ): the observed exhaustion of stem cells 
during aging and the higher incidence of  cancer   with the advancement of age. The 
fi rst is due to increased methylation at the promoters of stem cells genes, especially 
those responsible for their pluripotency, while the second results from the aberrant 
hypermethylation of promoters of tumor suppressor genes. Interestingly, it has been 
observed that there is an increase in 5-methylcytosines within the ribosomal DNA 
(rDNA) clusters in livers of old rats, which could explain the decrease in ribosomal 
RNA (rRNA) levels that also occurs during aging (Oakes et al.  2003 ). And though 
DNA methylation patterns at fi rst sight seem quite contradictory, there is logic for 
exploiting it as an aging marker. 

 Not surprisingly, the level of DNA  methylation   has been proposed as a biological 
clock for aging. For example, some authors (Mitteldorf  2015 ; Hannum et al.  2013 ) 
offer the level of DNA methylation in stem cell niches in an aging organism as a 
marker, even as a biological clock for assessing the age of the organism. In a fasci-
nating work by Horvath (Horvath  2013 ), a multi-tissue predictor of age that allows 
estimation of DNA methylation age of most human tissues has been made freely 
available to the public and is gaining lots of popularity (Marioni et al.  2015 ; Horvath 
et al.  2015 ). 

 Advanced age is always associated with increased risk for  cancer  . On the other 
hand, epigenetic alterations are hallmarks of both aging and cancer. Therefore, it is 
normal to assume that aging-associated DNA  methylation   changes actively contribute 
to cancer susceptibility and growth (Fraga et al.  2007 ). No doubt that both processes 
(aging and cancer) share almost the same DNA methylation marks. Table  2.1  
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    Table 2.1    Changes in DNA  methylation   pattern and in DNMT levels in aging, HGPS, 
and  cancer     

 Function 
 Aging/
 senescence    HGPS   Cancer   

 DNA 
 methylation   
 DNA  hypo
methylation   

 Activation  Increase: in 
repeat-rich 
regions 
 (Fraga et al.
 2007 ; Zane et al. 
 2014 ; Ehrlich  2009 ; 
Wilson et al.  1987 ; 
Fuke et al.  2004 ) 

 Increase: in 
hypermethylated 
CpG islands 
 (Heyn et al.  2013 ) 

 Increase: in 
repeat-rich 
regions 
 (Zane et al. 
 2014 ; Fraga 
et al.  2007 ; 
Ehrlich  2009 ) 

 DNA  hyper
methylation   

 Silencing  Increase: at 
promoters CGIs 
 (Zane et al.  2014 ; 
Fraga et al.  2007 ; 
Ahuja et al.  1998 ; 
Issa et al.  1994 ) 

 Increase: 
at unmethylated 
CpG sites (Heyn 
et al.
  2013 ) 

 Increase: 
at promoters 
CGIs 
 (Zane et al. 
 2014 ; Fraga 
et al.  2007 ; 
Ehrlich  2009 ) 

 DNMT 
 DNMT1  Maintenance 

of DNA 
 methylation   

 Decrease 
 (Casillas et al.
 2003 ; Lopatina 
et al.  2002 ) 

 ND  Increase 
 (Hermann et al. 
 2004 ; Robertson 
et al.  1999 ) 

 DNMT3a  De novo DNA 
 methylation   

 Decrease 
 (Casillas et al.
 2003 ; Lopatina 
et al.  2002 ) 

 ND  Increase 
 (Hermann et al. 
 2004 ; Robertson 
et al.  1999 ) 

 DNMT3b  De novo DNA 
 methylation   

 Increase 
 (Casillas et al.
 2003 ; Lopatina 
et al.  2002 ) 

 ND  Increase 
 (Hermann et al. 
 2004 ; Robertson 
et al.  1999 ) 

   ND  No data available  

summarizes the plethora of data concerning the role of DNA methylation in aging, 
cancer, and premature aging syndromes. What catches the attention immediately is 
the fact that most DNA patterns are shared among different cases. For example, global 
DNA  hypomethylation   of repeat-rich regions is observed in  numerous cancers 
(Ehrlich  2009 ). DNA hypomethylation of repeat elements has been proposed to con-
tribute to cellular transformation by promoting chromosomal rearrangements and 
elevating mutational rate. Apart from hypomethylation of repeat elements, loss of 
methylation from genic regions also causes aberrant gene expression and promotes 
tumorigenesis (Zane et al.  2014 ). In addition, promoters of genes that are targets of 
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 hypermethylation   during aging overlap with DNA hypermethylated genes in many 
cancers (McGarvey et al.  2008 ). For example, aberrant hypermethylation at promoters 
of  CDKN2A ,  LOX ,  RUNX3 , and  TIG1 , which act as tumor suppressor genes, has been 
detected during aging (Yanagawa et al.  2007 ; So et al.  2006a ,  b ) and was further 
accepted as a strong evidence that there is age- dependent onset of different types of 
cancer.

2.5.2        The Epigenetic Make-Up of  Histone   Proteins Serves 
as a Strong Regulator of Genome Activity 

 The epigenetic characteristics of young and old cells are not limited only to 
DNA  methylation  . Histones (core histones H2A, H2B, H3 H4, and the linker 
histones, H1) can undergo diverse and reversible posttranslational modifi cations 
that occur predominantly on their unstructured “tail” domains. Currently, more 
than ten different types of  histone   modifi cations are known to affect  chromatin   
structure and function. The most prominent histone modifi cations include acety-
lation, methylation, ubiquitylation, ADP-ribosylation, phosphorylation, 
sumoylation, and the list is ever growing (Bannister and Kouzarides  2011 ; 
Zhang et al.  2009a ). 

 These covalent marks can be written and erased by site-specifi c enzymes such as 
 histone   acetyltransferases (HATs) and deacetylases (HDACs), histone methyltrans-
ferases (HMTs) and demethylases (KDM) (Cuthbert et al.  2004 ; Shi et al.  2004 ; 
Wang et al.  2004 ), ubiquitin ligases and deubiquitinases, and many others specifi c 
for a particular modifi cation. The known histone modifi cations and some of their 
functional consequences are very well discussed in (Bannister and Kouzarides 
 2011 ). The best known of these PTM’s are shortlisted in Table  2.2 , where their role 
in aging,  cancer  , and the premature aging syndromes are very well discussed. 
Posttranslational modifi cations not only alter the interaction of histone proteins 
with DNA but also infl uence inter-nucleosomal interactions and thus affect the 
overall  chromatin   structure. Moreover, these modifi cations could also recruit 
 specifi c chromatin-associated proteins, like HP1 (heterochromatin protein 1), which 
recognizes and binds to H3K9me or the polycomb-group proteins (PcG), which 
recognize and bind to H3K27me or other complexes necessary for remodeling and 
maintenance of the global chromatin higher-order organization. These are also 
important for the establishment of distinct, probably specifi c, chromatin structures 
in defi ned genomic regions. Thus, local series of less compact, a more active open 
chromatin regions and a more condensed, closed chromatin patches were observed 
along the chromatin fi ber (Dekker  2008 ; Filion et al.  2010 ; Gilbert et al.  2004 ). 
There are many studies showing the signifi cance of PTM’s of histones for the aging 
process. Moreover, many of them have been accepted as markers of aging, cancer, 
and HGPS.
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2.5.2.1        Saccharomyces cerevisiae : The Golden Model for  Chromatin   
and Aging Research 

 Early work on  epigenetics  ,  chromatin  , and aging has been extensively done on 
 Saccharomyces cerevisiae . In yeast, aging can be studied using two main approaches: 
replicative  lifespan   (RLS) and chronological lifespan (CLS). RLS is defi ned as the 
number of buds produced before cell death. In practice, the replicative lifespan is 
measured by counting the number of divisions achieved by a cell whose buds are 
removed one by one by microdissection. 

 Yeast replicative aging is comparable to aging phenomena observed in asym-
metrically dividing cells of higher eukaryotes such as stem cells (Henderson and 
Hughes  2014 ; Lindstrom et al.  2011 ; Lindstrom and Gottschling  2009 ). Alternatively, 
the yeast chronological aging is akin to the aging of nondividing cells such as neu-
rons (Longo and Fabrizio  2012 ; Longo and Kennedy  2006 ). CLS is defi ned as the 
time a cell survives in a nondividing state, with survival being measured as cell wall 
integrity or as ability to form a colony. Aging is then characterized based on the 
cells distribution in regard to their chronological lifespans, obtained by measuring 
survival with time in a stationary phase culture. Both models of yeast aging are 
accepted as golden models helping to understand aging in higher eukaryotes. 

 In these cells, inactivation of the  histone    deacetylase  , Sir2, has led to shortened 
replicative  lifespan   (Kennedy et al.  1997 ). Conversely, activation of Sir2 extended 
lifespan. This phenomenon could be well apprehended if the logic behind the 
molecular mechanisms is explained in detail. The anti-aging effect of Sir2 in yeast 
was, at least in part, due to the translocation of a Sir2-containing protein complex 
from telomeres to ribosomal DNA (rDNA) repeats. These repeats are prone to 
recombination and form extrachromosomal rDNA circles (ERCs), which by com-
plicated mechanisms shorten yeast lifespan. At the rDNA repeats, Sir2-mediated 
histone deacetylation, and consequent heterochromatinization by the Sir2-associated 
proteins (Sir3 and Sir4), prevents recombination and formation of ERCs, thereby 
extending lifespan (Kaeberlein et al.  2007 ; Kennedy et al.  1997 ). Notably, orthologs 
of Sir2 have been shown to possess strong anti-aging functions in many other spe-
cies, including nematodes, fl ies, and human (Herskovits and Guarente  2014 ; 
Guarente  2013 ). In particular, transgenic overexpression of mammalian  SIRT1  (the 
closest homolog to invertebrate Sir2) improves aspects of health during aging but 
does not increase  longevity   in mice (Herranz and Serrano  2010 ). The mechanisms 
of the benefi cial effects of SIRT1 are complex and interconnected, including 
improved genomic stability that prevents the genome against fast aging. 

 Another epigenetic mark that turned out to be fi rmly connected to aging is the 
acetylation of  histones. Histone   acetylation and deacetylation seem quite important 
epigenetic modifi cations throughout the whole organismal  lifespan  . For example, 
increased global levels of H4K16ac were detected in old cells. Higher levels of 
H4K16ac have been demonstrated also at specifi c regions of the genome of old 
cells, for example, at the X core and X elements within the telomeric regions (Dang 
et al.  2009 ). A correlation between the increased levels of H4K16ac with age and a 
decreased silencing of reporter genes inserted at these telomere proximal DNA ele-
ments was also reported in this chapter (Dang et al.  2009 ). It has been discussed that 
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the increased levels of H4K16ac in old cells  lead   to a more open  chromatin   structure. 
The N-terminal tail of H4 is a crucial player in the formation of a fully compacted 
30 nm chromatin fi ber (Dorigo et al.  2003 ; Robinson et al.  2008 ). Therefore, it is not 
surprising that increased H4K16ac is accepted determinative for the more open state 
of chromatin and for the genome  instability   observed in aged cells. Interestingly, 
this specifi c epigenetic modifi cation has been linked to the linker  histone   H1, one of 
the factors responsible for genome stability (Downs and Cote  2005 ; Downs et al. 
 2003 ; Georgieva et al.  2012 ). It was shown recently that loss of the tumour suppres-
sor protein phosphatase PTEN leads to dissociation of histone H1 from chromatin, 
elevation of histone H4 acetylation at lysine 16, and decompaction of chromatin 
(Chen et al.  2014b ).  

2.5.2.2     Linker Histones: Multiple Roles in Aging and  Development   

 Linker histones are important structural proteins of  chromatin  . They bind to DNA at 
its nucleosome entry/exit sites and are involved in the formation and maintenance of 
higher-order chromatin structure. Studies on H1 mobility in different cell types 
exposed to various treatments have suggested that modulation of H1-chromatin 
interactions are one of the earliest events leading to changes in the structure of the 
chromatin fi ber (Catez et al.  2006 ). Represented by 11 subtypes in higher eukaryotes 
which are cell and tissue-specifi c, it is not surprising that linker histones have long 
been a challenge for scientists. Importantly, it is proven that these histones are essen-
tial for  development  . The reduction of H1 content with 50 % led to severe embryonic 
defects and fi nally to death in mice (Fan et al.  2005 ). Moreover, recently it has been 
shown that the levels of H1, especially of H1c (one of the subtypes of H1 family), are 
crucial for the process of terminal  differentiation   of retina rod cells which requires 
global reorganization of chromatin and concentration of heterochromatin in the 
nuclear center (Popova et al.  2013 ). As already has been discussed in the previous 
sections, the linker  histone   H1 is linked to aging. Its loss during  senescence   is associ-
ated with the formation of SAHF (Funayama et al.  2006 ). As was mentioned, studies 
on linker histones in higher eukaryotes are impeded by the fact that higher eukary-
otes have many subtypes of H1 and some of them are replaceable, i.e., they can be 
exchanged by other subtypes of linker histones. We have summarized the best known 
changes in linker and core histones together with other structural chromatin proteins 
in Table  2.3  during aging,  cancer  , and HGPS. What is easily seen and very well 
expressed is the link among these changes in the three discussed states of the organ-
ism: the process of getting old, the process of malignization, and the detrimental 
premature aging features of HGPS. Knowing these changes is a prerequisite for all 
steps toward successful managing of them. For this, we need model organisms that 
could offer the most relevant platform for these studies.

   Because of its single-copy gene coding for H1, which furthermore is nonessen-
tial, the yeast  S. cerevisiae  is a wonderful model for studies of linker histones.  S. 
cerevisiae  cells offer vivid opportunities for studying the role of linker histones in 
higher-order  chromatin   organization  in vivo   and, moreover, the role of this structure 
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in aging. Recently, we have demonstrated that the yeast linker  histone  , Hho1p, is 
involved in the regulation of the aging processes. Mutant yeast cells lacking the 
gene for the linker histone are viable but inherit highly disordered higher-order 
chromatin structures which result in perturbed chronological  lifespan   (Uzunova 
et al.  2013 ).   

2.5.3     The Elusive Higher-Order  Chromatin   Structures 
Dynamics during Aging 

 During the past decade, scientists have started to see some of the principles of  chro-
matin   folding dynamics and their implication in different cellular processes. The 
fi rst discovery was that individual chromosomes occupy discrete domains in the 
interphase nucleus—named chromosome territories (Tark-Dame et al.  2011 ; Cremer 
and Cremer  2006 ). This fi nding raised a lot of discussions in the fi eld of chromatin 
biology and induced further investigations which led to the observation that the 
mammalian interphase chromosomes are made up of a large number of structural 
loops, each of which is on average ~1 Mb, that correspond to DNA replication units 
(Ryba et al.  2010 ). Generally, chromatin loops are accepted as an important aspect 
of chromatin organization. They represent the so-called higher-order chromatin 
structures and demonstrate high dynamics during aging and  development  . They 
bring together distant regulatory elements that control gene expression, such as pro-
moters and enhancers (Kadauke and Blobel  2009 ), and thus control cellular destiny. 
For instance, enhancers, insulators, and locus control regions can lie at distances 
from several kb up to one Mb or more away from the genes they regulate and may 
be located in  cis  (upstream or downstream) or in  trans  (on a different chromosome) 
(Woodcock  2006 ). 

 Thus,  chromatin   looping is crucial for transcriptional regulation: activation and 
repression, coordination of initiation and termination, and boundary function. Loop 
formation is most likely to be a prerequisite for rather than a consequence of tran-
scriptional activation as it occurs prior to gene activation (Palstra  2009 ). Furthermore, 
chromatin segments containing active genes loop out from their chromosome terri-
tories to reach out a  transcription   factory for their coordinated expression (Fraser 
 2006 ). Figure  2.2  brilliantly illustrates the dynamics in chromatin loop organization 
during normal  development  , aging, and some premature aging syndromes. The 
notion that chromatin loops are important for the overall genome organization is 
also supported by recent studies in yeast showing that the linker  histone   is important 
for the maintenance of bulk chromatin loop organization (Georgieva et al.  2012 ). 

 The overall organization of  chromatin   in loops has been assessed by the method 
of  Chromatin   Comet Assay (ChCA) which allows estimation of chromatin loop 
organization at the level of a single cell (Georgieva et al.  2008 ,  2012 ). It has been 
shown that the general loop size of wild type nuclei is in the range of 0.3 Mb, while 
when the gene for the linker  histone   has been deleted, the global chromatin decom-
paction appeared and the increase in the size of chromatin loops reached 0.4 Mb. 
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This proves that the yeast linker histone, Hho1p, is involved in the global chromatin 
compaction, loop formation, and probably in the organization of loop attachment 
sites. Interestingly, this compaction proved to be also important for the normal 
aging of these cells as further experiments in following the chronological  lifespan   
of the mutants have demonstrated that the absence of the linker histone leads to 
features resembling premature aging phenotypes (Uzunova et al.  2013 ), thus 
strengthening the idea that chromatin higher-order organization is a prerequisite for 
cellular normality. 

 In conclusion,  chromatin   loops can exert different but very important functions 
in the nucleus. At one hand, they could bring distantly located sequence elements 
into spatial proximity, thus allowing communication between these sites and proper 
 transcription   or repair. It could also induce the opposite, spatial segregation of cer-
tain genomic regions from each other ensuring their independent functions. On the 
other hand, bulk chromatin loop organization has an impact on cellular morphology, 
which links certain chromatin structural units with proper execution of the main 
cellular processes. The observed participation of chromatin loop organization in the 
aging control is an intriguing phenomenon which needs additional investigations in 
order to reveal the exact molecular mechanisms involved in it. The last statement 
highlights the necessity of further studies on the dynamics of folded chromatin con-
formations beyond the mere detection of long-range interactions.   

2.6     Premature Aging Syndromes and Age-Associated 
Diseases in the Context of  Chromatin   

 As we have already discussed in the previous sections, many recent works suggest 
that aging is driven by epigenetic changes and that epigenetic perturbations can  lead   
to different progeroid syndromes. We believe that collectively these works propose 
that understanding and manipulating the  epigenome   are a good perspective for 
improving age-related pathologies and for extending healthy  lifespan  . 

2.6.1      Chromatin   Structure, Aging, and the Premature Aging 
Phenotype of HGPS 

 Accumulation of comprehensive experimental data endorses the concept of the 
causal role of the disturbed  chromatin   structure and function in the process of aging 
(Pegoraro and Misteli  2009 ; Misteli  2010 ; Feser and Tyler  2011 ; O’Sullivan and 
Karlseder  2012 ). 

 A unique opportunity to better understand the link between  chromatin   structure 
and aging offers the premature aging syndrome, called Hutchison–Gilford progeria 
syndrome (HGPS). HGPS is a rare, sporadic genetic disease, which occurs in 
approximately 1 in 4 million live births (Pollex and Hegele  2004 ; Gordon et al. 
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 2014 ). The average life expectancy of HGPS patients is 12–15 years. During this 
reduced lifespan they progressively accumulate features that resemble those of an 
aged individual like severe growth retardation, lipodystrophy, skeletal dysplasia, 
joint contractures, alopecia, skin and nail defects, progressive cardiovascular dis-
ease,  heart   attacks, and strokes (Merideth et al.  2008 ). 

 HGPS is caused by an autosomal dominant mutation in the LMNA gene coding 
for two proteins, lamin A/C (expressed by alternative splicing), major structural 
components of the nuclear lamina. Nuclear lamina has crucial role in a plethora of 
cellular events, in particular it maintains nuclear shape and provides sites for periph-
eral heterochromatin binding (Goldman et al.  2002 ). Being key structural proteins 
of the nucleus, lamins play important roles in  epigenetics  ,  chromatin   organization, 
DNA replication, regulation of gene expression, and DNA repair, cell proliferation, 
and  differentiation   as well as in viral infections (Dechat et al.  2008 ; Goldman et al. 
 2002 ). At present, over 100 mutations in LMNA gene has been reported causing 
more than 15 distinct diseases designated as laminopathies (Hegele  2005 ). 

 The point mutation C1824T in exon 11 of the LMNA gene leads to the activation 
of a cryptic splice donor site and to production of an internally truncated form of 
lamin A, which lacks 50 amino acid residues near the C-terminus. This dominant 
negative isoform of lamin A is referred to as progerin (De Sandre-Giovannoli et al. 
 2003 ; Eriksson et al.  2003 ). In HGPS cells, expression of progerin interferes with 
lamin A that in turn abrogates nuclear lamina functionality and brings numerous 
phenotypes, including epigenetic alterations, disorganization of  chromatin  , abnor-
mal nuclear morphology (Scaffi di and Misteli  2006 ; Gordon et al.  2014 ; Kudlow 
et al.  2007 ; Dechat et al.  2008 ; Schreiber and Kennedy  2013 ). Some of these epi-
genetic alterations are shortlisted in Tables  2.1 ,  2.2 , and  2.3 , where one can fi nd 
interesting data about DNA methylation, PTMs of histones, and the level of expres-
sion of  histone   proteins in aging,  cancer  , and HGPS. 

 Interestingly, most of these epigenetic characteristics are shared among these 
organismal states and propose good models for studying of age-associated altera-
tions in  chromatin   and  epigenetics  . In addition, increased levels of unrepaired DNA 
damage, genome  instability   and telomere shortening, altered gene expression, and 
defective stem cell homeostasis were detected during HGPS  development   (Scaffi di 
and Misteli  2006 ; Kudlow et al.  2007 ; Dechat et al.  2008 ; Schreiber and Kennedy 
 2013 ). Cells from aged individuals and HGPS patients display intriguing similari-
ties with respect to changes in the  epigenome   and chromatin organization though in 
progeroid cells these chromatin changes seem to be more pronounced (Sedivy et al. 
 2008 ; Dechat et al.  2008 ). These include loss of heterochromatin structure, altera-
tions in the patterns of heterochromatin-associated  histone   PTMs (elevated histone 
acetylation; decrease of H3K9me3 and H3K27me3; and upregulation of 
H4K20me3), histone variants (increase of phospho-H2AX and HGPS-specifi c loss 
of the centromeric protein CENP-A), and the level of key architectural chromatin 
proteins (e.g., reduction of heterochromatin protein HP1, chromatin chaperons 
RBBP4/7, the histone mehtyltransferase EZH2), as well as deregulation of  chroma-
tin remodeling   complexes (NuRD, the nucleosome remodeling and histone  deacety-
lase   complex) (Goldman et al.  2004 ; Scaffi di and Misteli  2006 ; Shumaker et al. 
 2006 ; Pegoraro and Misteli  2009 ; Pegoraro et al.  2009 ). 

M. Georgieva et al.



45

 Generally, in the eukaryotic cell nucleus, heterochromatin is highly organized 
and may be visualized by electron microscopy as nucleoplasmic heterochromatic 
foci or peripheral heterochromatin, associated with regions of the lamina (Dechat 
et al.  2008 ). Both heterochromatin structures are absent in skin fi broblasts from 
HGPS patients, pointing out the general loss of heterochromatin in HGPS nuclei 
(Goldman et al.  2004 ; Columbaro et al.  2005 ; Dechat et al.  2008 ). To highlight the 
molecular mechanisms involved in the disruption of heterochromatin structures, 
several research groups examined the level of epigenetic marks— histone   PTMs 
associated with either facultative (H3K27me3) or constitutive heterochromatin 
(H3K9me3 and H4K20me3) (Goldman et al.  2004 ; Scaffi di and Misteli  2006 ; 
Shumaker et al.  2006 ; Pegoraro and Misteli  2009 ). 

 In addition to changes in  histone   PTMs, alterations in the amount of some his-
tone variants and key  chromatin   proteins have been detected in HGPS cells 
(Tables  2.2  and  2.3 ). These include increase in γ-H2AX (Scaffi di and Misteli  2006 ) 
and loss of the centromeric protein CENP-A (Pegoraro et al.  2009 ) in HGPS. In 
contrast, no decrease in CENP-A was detected in physiologically aged cells. Several 
other nuclear proteins were down-regulated in HGPS including all isoforms of the 
heterochromatin protein HP1,  methyltransferase   EZH2, histone  deacetylase   
HDAC1, LAP2 group of lamin A-associated proteins, histone chaperons RBBP4 
and RBBP7 (Pegoraro et al.  2009 ; Scaffi di and Misteli  2006 ; Shumaker et al.  2006 ). 
The reduction of key heterochromatin proteins correlates with the loss of peripheral 
heterochromatin and abrogation of the normal nuclear architecture. 

 In human somatic female cells, the inactivated X chromosome can be identifi ed 
as a heterochromatin domain usually associated with the nuclear lamina. Silencing 
of inactivated X is provided by H3K27me3 and Xist RNA (Kohlmaier et al.  2004 ). 
EZH2 ( enhancer   of zeste homolog)  methyltransferase   is a subunit of the Polycomb 
Repressive Complex 2 (PRC2) that has an essential role in the epigenetic mainte-
nance of repressive  chromatin   states through trimethylation of H3K27 (Margueron 
et al.  2009 ). In contrast, in fi broblast cells from a female HGPS patient, the 
H3K27me3 mark is lost on the inactive X chromosome with a concomitant down-
regulation of EZH2 which leads to some decondensation of this chromosome 
(Shumaker et al.  2006 ). Importantly, the alterations in chromatin regulation precede 
the nuclear shape changes (Shumaker et al.  2006 ) pointing out the pivotal role of 
chromatin in pathological premature aging. 

 Furthermore, genome-wide analysis of H3K27me3 distribution revealed patches 
of decreased H3K27me3 in HGPS nuclei. In particular, gene-poor regions of HGPS 
fi broblasts experience a reduction of H3K27me3 compared with the control 
(McCord et al.  2013 ). As in previous reports, loss of H3K27me3 in HGPS was asso-
ciated with downregulation of EZH2 since the mRNA level of EZH2 was signifi -
cantly reduced in four HGPS fi broblast cell lines compared to normal control 
samples (McCord et al.  2013 ; Shumaker et al.  2006 ; Margueron et al.  2009 ). 
Genome-wide analyses revealed a correlation between alterations in patterns of 
H3K27me3 deposition, genome organization, and DNA-lamin A/C interactions in 
HGPS skin fi broblasts (McCord et al.  2013 ). Based on this, authors proposed a 
model in which accumulation of progerin in the nuclear lamina leads to reduction in 
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the repressive  histone   mark H3K27me3 in heterochromatin (most possibly through 
the downregulation of EZH2) and disrupts interactions between heterochromatin 
and nuclear lamina. These changes may then result in transcriptional misregulation 
and global loss of spatial  chromatin   compartmentalization (McCord et al.  2013 ). In 
addition, downregulation of the constitutive heterochromatin mark H3K9me3 and 
loss of pericentric heterochromatin were detected in HGPS cells (Scaffi di and 
Misteli  2006 ; Shumaker et al.  2006 ; Pegoraro and Misteli  2009 ). The loss of hetero-
chromatinization of pericentric regions induces  transcription   of pericentromeric 
satellite III repeats (Shumaker et al.  2006 ). 

 In contrast to the reduction in H3K9 and H3K27 trimethylation state, an increase 
of H4K20me3 was detected in progeroid cells (Shumaker et al.  2006 ), and this may 
relate to the telomere shortening observed in these cells. Several lines of evidence 
argue that the disruption of heterochromatin structure in progeria syndrome can be 
attributed to deregulation of the Nucleosome Remodeling and Deacetylation 
(NuRD) complex (Pegoraro et al.  2009 ). NuRD is a ubiquitous  ATP  -ase-dependent 
 chromatin    remodeling   complex that has been shown to associate with pericentro-
meric heterochromatin and to maintain transcriptional repression at specifi c pro-
moters (Bowen et al.  2004 ; Helbling Chadwick et al.  2009 ). NuRD is a 
multicomponent complex, containing the  histone   deacetylases HDAC1 and HDAC2, 
histone-binding proteins RBBP4 and RBBP7, metastasis-associated protein MTA3, 
the ATPases CHD3 and CHD4 (chromodomain-helicase-DNA-binding protein) as 
subunits (Zhang et al.  1999 ). Besides NuRD, histone chaperone proteins RBBP4 
and RBBP7 are shared components of Polycomb PRC2 complex involved in the 
establishment of heterochromatin (Kuzmichev et al.  2002 ), and RBBP4 is also a 
subunit of the CAF-1 complex, which assembles chromatin upon DNA replication 
and DNA damage repair (Verreault et al.  1996 ). 

 RBBP4/7 interact with the amino acid residues 562–664 fragment of lamin A  in 
vivo   and neither protein binds to progerin, which lacks residues 607–657 of mature 
lamin A (Pegoraro et al.  2009 ) demonstrating that RBBP4/7 mediate physical teth-
ering of NuRD to nuclear lamina. Therefore, the accumulation of progerin in HGPS 
cells abolishes this interaction that consequently affects the proper  chromatin   
 remodeling   which in turn triggers deregulation of cellular functions. Further, pro-
tein levels of several NuRD components including MTA3, RBBP4, and RBBP7 as 
well as the HDAC1 amount and activity are reduced in HGPS cells and normal cells 
expressing exogenous progerin (Pegoraro et al.  2009 ). The observation that shRNA- 
mediated silencing of HDAC1, MTA3, CHD3, or CHD4 in normal cells was suffi -
cient to recapitulate age-dependent chromatin defects, e.g., loss of H3K9me3 and 
HP1γ heterochromatin foci, heterochromatin deregulation, and increased DNA 
damage, indicates the importance of NuRD in aging-associated chromatin defects 
(Pegoraro et al.  2009 ). Moreover, the loss of RBBP4, RBBP7, and HDAC1 subunits 
of NuRD is not limited to premature aging, but reduced levels of these proteins are 
also a feature of normally aged cells (Pegoraro et al.  2009 ). 

 These fi ndings show that the NuRD complex is deregulated in premature as well 
as normally aged cells and outline the molecular bases of aging-associated  chroma-
tin   disorganization. Telomere attrition is one out of the numerous hallmarks of aging 
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in mammals (Cao et al.  2011 ; López-Otín et al.  2013 ). Accelerated telomere shortening 
has also been observed in fi broblasts from HGPS individuals (Huang et al.  2008 ; 
Decker et al.  2009 ). Notably, ectopic expression of progerin in normal fi broblasts 
recapitulates the faster telomere shortening (Decker et al.  2009 ). Normally, telo-
meres and subtelomeric regions are enriched in the H3K9me3 and H4K20me3, epi-
genetic marks that are characteristic of constitutive heterochromatin (Blasco  2007 ), 
and the decrease in H4K20me3 has been associated with telomere elongation 
(Benetti et al.  2007b ). Changes in these  histone   modifi cations, namely decrease in 
H3K9me3 and the increase in H4K20me3 (Shumaker et al.  2006 ) could account for 
the enhanced telomere attrition in HGPS cells. 

 The increased level of persistent DNA damage is another typical feature of phys-
iological and premature aging as already discussed. Cells from HGPS patients and 
from old individuals displayed focal accumulation of phosphorylated  histone   H2AX 
(γ-H2AX). The presence of foci containing γ-H2AX is indicative for unrepaired 
DNA damage which in turn compromises genomic stability (Liu et al.  2005 ). 
However, HGPS individuals do not show higher predisposition to neoplasia that is 
in contrast to the aged individuals and those affected by other premature syndromes 
in which the risk of  cancer    development   is signifi cantly high (Hennekam  2006 ; 
Fraga et al.  2007 ). 

 In addition, similar to cells from HGPS patients and aged individuals, the per-
centage of cells containing multiple prominent phospho-H2AX foci increases in 
cells depleted of RBBP4 and RBBP7 (Pegoraro et al.  2009 ) that implicates  chroma-
tin    remodeling   complexes in the induction of chromatin defects associated with 
premature aging. Therefore, it is worth noting that the occurrence of the observed 
structural chromatin defects came about prior to DNA damage (Pegoraro et al. 
 2009 ). Revealing which of the age-related changes to chromatin causing aging will 
benefi t  development   of therapeutic strategies for HGPS and other age-related and 
accelerated aging diseases.  

2.6.2     Age-Associated Diseases: A Challenge for the Biology 
of Aging 

 Alzheimer’s disease ( AD  ) is a neurodegenerative disorder, which results from not 
only genetic but also from environmental factors. Epigenetic mechanisms, such as 
DNA  methylation  ,  chromatin    remodeling   and miRNAs, which may induce altera-
tions in gene expression, are thought to be involved in Alzheimer’s disease. The 
most characteristic feature of AD is cognitive impairment that together with neuro-
pathological changes, extracellular amyloid plaques, intracellular neurofi brillary 
tangles and loss of synapses and neurons are similar in the early-onset and late- 
onset forms of the disease. Both forms the early- and late-onset of AD have genetic 
components. Mutations in three genes identifi ed in the early-onset familial form, 
i.e., amyloid precursor protein (APP), presenilin-1, and presenilin-2, established the 
central role of amyloid in the disease. However, it should be noted that mutations in 
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these genes are present in only 13 % of patients with the early-onset form of the 
disease. The technological advances, such as large-scale genome-wide association 
studies, have led to identifi cation of more than ten risk genes for the late-onset form 
of AD (Bettens et al.  2013 ). 

 Early onset familial  AD   accounts for less than 1 % of all AD cases (Lambert and 
Amouyel  2007 ). Early-onset Alzheimer’s appears to be linked to a genetic defect on 
chromosome 14, to which late-onset Alzheimer’s is not linked (Campion et al. 
 1999 ). The genes implicated in these forms of the disease are the gene encoding for 
APP, located on chromosome 21q21, the gene encoding for presenilin 1 (PSEN1), 
located on chromosome 14q24.3, and that encoding for presenilin 2 (PSEN2), on 
chromosome 1q31–q42 (Ertekin-Taner  2007 ). APP mutations account for less than 
0.1 % of AD patients. Mutations in APP are located near the cleavage sites of the 
protein resulting in increased production of the Amyloid beta peptide (Aβ). The 
average age of disease onset for this mutation is between 40s and 50s. The majority 
of AD cases have complex etiology due to both environmental and genetic factors, 
which alone do not seem suffi cient for causing the disease. Several works are dem-
onstrating direct epigenetic modulation of the disease. 

 The  methylation   status of 12 specifi c genes that have been implicated in  AD   
pathology has been reported to exhibit signifi cant “epigenetic drift.” It was observed 
in some of the CpG sites within the DNA- methyltransferase   1 (DNMT1) promoter 
(Mastroeni et al.  2011 ). Several studies are demonstrating a correlation between 
dietary factors, the  epigenome  , and AD pathology. Nutritional defi cit could  lead   to 
hyperhomocysteinemia due to alteration in the homocysteine/ S -  adenosylmethionine 
(Hcy/SAM) (Obeid and Herrmann  2006 ). Several reports have demonstrated altera-
tions in  histone   proteins in AD. Phosphorylation of histone H3, a key step in the 
activation of the mitotic machinery, is increased to a hyperphosphorylated state in 
AD hippocampal neurons. A nonnuclear form of histone H1 appears to be upregu-
lated in astrocytes and neurons in brain regions that are rich in AD pathology. H1 
preferentially binds Aβ-42, as well as Aβ-like structures of numerous proteins 
(Duce et al.  2006 ). In addition, the H1 molecule has been shown to be a major target 
for poly-ADP ribosylation in areas of AD brain. 

 Aging is universally considered to be one of the most striking risk factors for 
 AD  . Why aging should be a risk factor for AD (and other age-related disorders), 
however, is not well understood, particularly at a mechanistic level. Progressive 
age-related decline in total methylcytosine has been reported in various organisms. 
It has been speculated that progressive, age-related, genome-wide  hypomethylation   
may be due to parallel DNMT1 defi cits. Age-dependent increase in  S -adenosyl-
homocysteine (SAH) relative to SAM might also play a role (Mastroeni et al.  2011 ). 
Age-dependent hypomethylation of a number of specifi c genes related to AD has 
been reported. For example,  methylation   of cytosines in the APP promoter, particu-
larly GC-rich elements from approximately −270 to −182 bp, is signifi cantly lower 
in autopsy cases of 70 years old individuals compared to cases with much younger 
individuals (Mastroeni et al.  2011 ). These age-related modifi cations on DNA meth-
ylation alter APP expression and consequently can affect the progressive Aβ deposi-
tion with aging in the brain (Tohgi et al.  1999 ). 
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 Parkinson’s disease (PD) is another neurodegenerative disorder associated with 
aging, affecting the central nervous system and by so effecting the motor functions 
of the individual producing the so-called Parkinsonian gait characterized by small 
shuffl ing steps, dyskinesia presented in the form of hyperkinesia or hypokinesia, 
and in extreme cases akinesia (Morris et al.  1998 ). The pathophysiology of the dis-
ease is presented as progressive loss of dopaminergic neurons in the  substantia 
nigra  (SN)  pars compacta  and the frequent histological fi ndings of Lewy bodies 
composed from the aggregation of alpha-synuclein proteins (Weintraub et al.  2008 ). 

 The majority of PD onsets are sporadic which accounts for about 90–95 % of the 
cases, but the causative factors of the disease are far from concluded. There are 
many models that link genetics, environmental pollution, as well possible contribu-
tions of  epigenetics   to PD. In 5–10 % of the cases of the disease are genetically 
provoked meaning that the onset of the disease has a genetic factor. Several genes 
and chromosomal loci, linked to the  development   of familial forms of Parkinson 
disease, named PARK1-16, are associated with autosomal dominant, recessive, and 
X-linked forms of the disease (Hardy et al.  2009 ). SNCA gene encodes for alpha-
synuclein, a protein abundant in brain tissue and when mutated or elevated has the 
propensity to form the building blocks for the formation of Lewy bodies in PD. Three 
point mutations and multiplications in the SNCA gene are known to be linked to 
autosomal dominant PD (Klein and Schlossmacher  2007 ). 

 Another gene that is considered to be a factor for both sporadic and familial forms 
of the disease is LRRK2. The LRRK2 gene encodes for the large-280 kDa leucine-
rich repeat kinase multifunctional protein also called dardarin. The most observed 
mutations in both sporadic and dominant variants of PD are the increase of catalytic 
activity of dardarin which causes neuronal  toxicity   and dopaminergic neuron degen-
eration (Abdullah et al.  2014 ). Some authors postulate that change in gene  transcrip-
tion   exerts a modulating effect on the central nervous system (CNS) and 
pathophysiology of neurodegenerative diseases. Epigenetic linkage in neurodegen-
erative diseases is yet inconclusive and more data are needed; however, there is evi-
dence showing the role of DNA  methylation   in PD and the role of  chromatin   
 remodeling   in the persisting effects of dopamine on brain function. Strong evidence 
indicates that DNA methylation in PD is based on the deregulation of homocysteine 
(Hcy). Generally, the levels of homocysteine (Hcy) are variable among individuals. 

 This is the result of genetic or environmental factors that infl uence the levels of 
dietary folate thus having a major impact on homocysteine (Hcy) levels (Giles et al. 
 1995 ). In the metabolism of  methylation   reactions, folate is converted into  l -meth-
ylfolate ( l -MTHF) by the enzyme dihydrofolate (DHF) reductase in order to be 
absorbed by the intestine. The next step is the association of  l -MTHF with Hcy and 
 methionine   synthetase producing methionine.  Methionine   is converted to 
  S -adenosylmethionine (SAM)   and through the joint action of methyltransferases the 
product  S -adenosylhomocysteine (SAH) is formed from which subsequently Hcy is 
generated. The generated Hcy reenters the methylation cycle and serves for generat-
ing  methyl   groups required for methylation reactions on DNA CpG islands or onto 
the lysine and arginine residues of  histone   proteins. Increased concentrations of 
plasma total Hcy have been reported in patients with PD; this effects the SAM/SAH 
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ratio by increasing SAH and decreasing SAM, leading to an overall decrease in 
methylation potential (Blandini et al.  2001 ). Better cognitive functions were associ-
ated with increased SAM/SAH ratio in patients with PD. This suggests a possible 
role of methylation in neurodegenerative disorders like PD (Obeid et al.  2009 ). 
There are several studies that submit evidence proving the central role of histone 
modifi cation in neurotoxicity and thus the role of  epigenetics   in it.   

2.7      Chromatin   Regulation of Viral Infection 

2.7.1     Differences in Susceptibility Between Species 

 Whether a pathogen can cause disease in a host is dependent not only on the viru-
lence of the pathogen but also on the genetic background, the health status, and the 
age of the host. The differences in susceptibility may be related to a number of fac-
tors among which the age can have an overall effect on disease resistance, with the 
very young and the very old being more susceptible to infection by a wide variety 
of pathogens.  Stress   in the form of extreme exertion, shock, a change in  environ-
ment  , climate change, nervousness, or muscle fatigue can have a negative impact on 
health. Each of these conditions is thought to increase the release of  cortisol   from 
the adrenal cortex, causing a suppression of the infl ammatory response, thereby 
facilitating infection. Many viruses introduce DNA into the host-cell nucleus, where 
they must either embrace or confront  chromatin   factors as a support or obstacle to 
completion of its life cycle. Compared to the eukaryotic cell, viruses have compact 
and rapidly evolving genomes. 

  Chromatin   dynamics and epigenetic modifi cations play major roles in viral and 
host chromosome biology (Tempera and Lieberman  2014 ). In some cases, viruses 
may use novel or viral-specifi c epigenetic modifying activities, which may refl ect 
variant pathways that distinguish their behavior from the bulk of the cellular chro-
mosome. The role of  chromatin   in virus biology depends largely on the lifestyle of 
the virus, but for all viruses that transverse the nucleus, interactions with chromatin 
are unavoidable. A number of recent discoveries in virology underscore the impor-
tance of chromatin dynamics in the regulation of essential viral processes, including 
entry, gene expression, and replication (Lieberman  2006 ). 

 Cellular  chromatin   forms a dynamic structure that maintains the stability and 
accessibility of the host DNA genome. Viruses that enter and persist in the nucleus 
must, therefore, contend with the forces that drive chromatin formation and regulate 
chromatin structure (Lieberman  2006 ; Robertson  2005 ). The complex and dynamic 
properties of nuclear chromatin present a formidable challenge to viral gene expres-
sion and genome propagation. Recently, a wealth of information has been uncovered 
regarding the structure, function, and regulation of chromatin during complex cellular 
processes such as  differentiation  , recombination, aging, and carcinogenesis. Recent 
studies have also revealed that chromatin has a major role in the life cycle of many 
viruses, and that viruses have coevolved with numerous strategies for modulating 
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chromatin-related processes (Lieberman  2006 ). The genomes of many DNA viruses 
persist for considerable lengths of time in the host-cell nucleus. The small DNA tumor 
viruses such as simian virus 40 (SV40) and polyoma virus are assembled into nucleo-
somal minichromosomes during the DNA replication process. Because these viruses 
use cellular replication enzymes, it is thought that the viral minichromosomes are 
assembled through a mechanism that is indistinguishable from nucleosome assembly 
on replicating cellular chromosomes (Lieberman  2006 ). 

 Most viruses package their nucleic acid genomes at very high molecular density 
with specialized viral packaging proteins to form a capsid particle. Adenovirus 
genomes are packaged as linear double stranded DNA with viral core proteins that 
form a  chromatin  -like structure. The viral DNA is covalently linked with the viral 
encoded terminal binding protein (TP) and core proteins VII, V, and X (Haruki et al. 
 2006 ). Core protein VII has sequence similarity to  histone   H3 and the basic sperm- 
specifi c protein.  Transcription   of the newly infecting genome utilizes a template that 
decondenses during entry into the nucleus. The cellular activator, referred to as the 
Template Activating Factor (TAF), is required for the replication competence of the 
viral DNA (Haruki et al.  2006 ). 

 Herpes Simplex Virus (HSV), like adenovirus, enters cells as a linear double 
stranded DNA molecule. Several virion-associated proteins are essential for pro-
ductive infection. The HSV VP22 protein binds to TAF1B, similar to that of Ad VII 
protein (van Leeuwen et al.  2003 ). VP16 is another HSV-encoded virion protein that 
plays a very active role in  transcription   activation of the viral immediate early genes. 
VP16 recruits  histone   modifying and nucleosome remodeling enzymes which indi-
cate that nucleosomes are assembling onto the viral genome during viral entry into 
the nucleus. The precise details of nucleosome assembly during the early stages of 
herpes virus entry have not been completely elucidated (Lieberman  2008 ). 

 Retrovirus and lentivirus genomes also enter the nucleus as double stranded DNA, 
but this process appears to differ signifi cantly from that of the constitutively double 
stranded nuclear DNA viruses, like adeno- and herpes viruses. One major difference 
is that the double stranded DNA genome is synthesized by virion-associated reverse 
transcriptase in the cytoplasm. The newly synthesized cytoplasmic DNA forms a pre-
integration complex (PIC) that consists of viral and cellular proteins (Suzuki and 
Craigie  2007 ). Entry into the nucleus is cell cycle dependent and utilizes the cellular 
nuclear import machinery, often through a nuclear localization signal on one or more 
of the PIC components. Once in the nucleus, PIC components like Lens Epithelium-
Derived Growth Factor, (LEDGF) have been implicating in anchoring to  chromatin  . 
HIV, for example, was found to integrate at chromatin sites enriched in euchromatic 
 histone   modifi cations, including H3 K4  methylation   and histone H3 and H4 acetyla-
tion (Wang et al.  2007 ). LEDGF appears to be a decisive and essential factor in medi-
ating the chromatin attachment of the PIC and viral integration (Llano et al.  2006 ). 

 The role of  chromatin   in the organization of latent viruses may help to provide 
insight into genome stability in general. Viruses, although smaller than cellular chro-
mosomes, confront many of the same challenges as the cellular chromosome. How 
viruses manage these tasks in the absence of canonical centromeres and telomeres, 
and sometimes lacking dedicated origins of DNA replication, will be important to 
defi ne in the near future (Lieberman  2008 ). 
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 Viruses may trigger in the infected target cells a pathway of programmed cell 
death (apoptosis), which is characterized by distinct  morphological   changes such as 
the formation of condensed fragments of nuclear  chromatin  . Apoptosis is an energy- 
dependent process that can be triggered from the activation of calcium-dependent 
endonucleases whose function is to cleave genomic DNA. The phenomenon of 
apoptosis seems to play an important role in the control of virus infection since 
several viruses have developed ways to counteract the apoptosis. Herpes virus, 
Epstein–Barr virus, adenoviruses, and African swine fever virus have all been 
reported to code a protein that functions as an inhibitor of apoptosis (Ackermann 
et al.  2000 ).  

2.7.2     Age-Dependent Organism Susceptibility to Viral 
Infections 

 Deterioration of the immune system function is common in advanced aging. Older 
people experience enhanced susceptibility to infections. This susceptibility is due to 
many factors but also due to decline in the immune response. The immune system 
is the adaptive defense system in vertebrates, which evolved to protect them from 
invading pathogenic microorganisms, viruses, and  cancer  . It has the ability to gener-
ate a variety of immuno-competent cells and molecules that specifi cally recognize 
and eliminate pathogens. 

 Older organisms may succumb to viral infection due to exaggerated immune 
response as it is proven that in old mouse models there is an elevated immune 
response as aged mice produce higher serum levels of infl ammatory mediator IL-17 
than their younger counterparts upon herpes virus infection. Major contributor for 
the elevated IL-17 are the NKT cells in the aged mice. Aging induces increase in 
RORyT  transcription   factor within NKT cell promoter of IL-17. During herpes virus 
infection, these aged cells produce exaggerated levels of IL-17 leading to worse out-
comes in aged host. This challenges the more accepted notion that reduced  immunity   
with aging is the dominant reason for the aged hosts to be more susceptible to viral 
infections. In unison is the notion that aged, but not young, mice succumb to sys-
temic herpes viral infection due to exaggerated infl ammation (Goldstein  2010 ). 

 Advanced age also increases the susceptibility of the organism to infl uenza infec-
tion. The mechanism underlying the impaired immune response to infection is not 
well understood. There are data showing that the advanced age affects dendritic 
cells’ (DC) functions. It has also been shown that the monocyte-derived DC cells 
from the aged organism are impaired in their capacity to secrete IFN-1 and INF-3, 
both playing a role in organismal defense against viral respiratory infections. Some 
authors advocate that the reduction of IFN-1 and IFN-3 is a result of age-associated 
modifi cations in the  chromatin   structure, namely the increase in H3K4me3 and 
H3K9me3 at the promoters of IFN-1 and IFN-3 (Prakash et al.  2013 ). This was 
accompanied by decreased association of these promoters with activator  histone   
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marks like H3K4me3 in aged DCs after activation with infl uenza, thus highlighting 
the signifi cance of chromatin organization for the age-dependent susceptibility of 
organisms to viral infections.   

2.8     Conclusion 

 Knowing the intricate mechanisms of aging, age-associated diseases, premature 
aging syndromes, and the dependence of organismal susceptibility to viruses on 
aging is a challenge for scientists. It could open new horizons in the fi eld of phar-
macogenomics and moreover in the fi eld of yet not-developed pharmacoepigenom-
ics. The last is going to be on the top of the iceberg called “personalized medicine” 
as it offers brilliant opportunities for scientists to know, control, and heal all age- 
associated epigenetic changes in the organisms.     
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    Chapter 3   
 In Utero Bisphenol A Exposure and Epigenetic 
Programming of Neurobehavioral Outcomes                     

       Marija     Kundakovic     

3.1          Bisphenol A Exposure 

3.1.1     Introduction 

 Bisphenol A (BPA) is a ubiquitous environmental toxicant present in many consumer 
products. BPA is well known as an estrogenic endocrine disruptor and early stud-
ies of BPA were focused on its toxic effects related to reproductive function and dis-
ruption of sexual dimorphism. Although  sex specifi city   is still a common theme in 
BPA-associated effects, BPA has also been linked to changes in nonreproductive neu-
robehavioral outcomes as well as to cognitive dysfunction. This chapter will focus on 
in utero BPA exposure and its lasting effects on the brain function and behavior in the 
prenatally exposed offspring and subsequent generations. And, in particular, I will 
review evidence implying that BPA may exert its enduring effects through epigenetic 
mechanisms and will discuss possible implications of these fi ndings.  

3.1.2     BPA: Exposure in Humans 

 BPA is one of the world’s highest-production volume chemicals, mainly used in the 
production of polycarbonate  plastics   and epoxy  resins   (Vandenberg et al.  2010 ). 
Polycarbonate plastics are widely used for food and drink packaging containers 
whereas resins are utilized as protective coatings on metal products including bottle 
tops and food cans. BPA is also found in dental materials (Chapin et al.  2008 ), 
plastic-containing medical devices (Huygh et al.  2015 ), as well as in cash register 
receipts (Biedermann et al.  2010 ). The widespread use of BPA-containing products 
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results in nearly ubiquitous human exposure worldwide (Vandenberg et al.  2010 ). 
As an example, recent studies have shown that more than 90 % of the US population 
has detectable levels of BPA in urine samples (Calafat et al.  2005 ,  2008 ). Human 
exposure mainly occurs through  diet   as polymers containing BPA can be hydrolyzed, 
leading to BPA leaching into food and drink containers (Welshons et al.  2006 ). 

 When compared, the concentration of urine BPA is higher in children and ado-
lescents than in adults, and, on average, females have higher  urinary BPA concen-
trations   than males (Calafat et al.  2008 ). Most importantly for the current discussion, 
BPA has been detected in the urine and serum of pregnant women as well as in 
placental tissue, amniotic fl uid, umbilical cord blood, and the urine from newborn 
infants (Schonfelder et al.  2002 ; Vandenberg et al.  2010 ). At mid-gestation, levels 
of BPA were reported to be several fold higher in amniotic fl uid than in maternal 
serum (Ikezuki et al.  2002 ). These data suggest that BPA is able to cross the pla-
centa and may accumulate in the embryo/fetal compartment after repeated maternal 
exposure, most likely due to the inability of the fetus to effi ciently metabolize BPA 
(Taylor et al.  2008 ). 

 In many animals, BPA can disrupt normal development and induce adverse 
effects in multiple tissues, and this has raised concerns that ubiquitous BPA expo-
sure is negatively affecting the health of entire ecosystems and human populations. 
Canada was the fi rst to offi cially declare BPA a “toxic substance” ( Canada Gazette , 
October 13, 2010, Vol. 144, No. 21). In 2010, the U.S. Food and Drug Administration 
(FDA) released a statement that there is “some concern about the potential effects 
of BPA on the brain, behavior, and prostate gland in fetuses, infants, and young 
children” (  www.fda.gov    ; January, 2010). Later on, the FDA offi cially banned the 
use of BPA-based polycarbonate  resins   in baby bottles and sippy cups (July, 2012) 
as well as BPA-based epoxy  resins   as coatings in packaging for infant formula (July, 
2013). However, the agency still maintains that BPA currently used in food contain-
ers and packaging is safe (  www.fda.gov    ). In response to early public concerns, the 
 European Food Safety Authority (EFSA)      considerably reduced the “tolerable daily 
intake” (TDI)    levels for BPA, which are the levels considered safe for humans. 
However, most recently, the  EFSA   announced that “BPA poses no health risk to 
consumers of any age group (including unborn children, infants and adolescents) at 
current exposure levels” (  www.efsa.europa.eu    ; January, 2015). While the potential 
toxicity of BPA in humans remains controversial, it is important to summarize avail-
able scientifi c evidence that invites further examination and reevaluations of the 
BPA regulatory policies.  

3.1.3     Modeling BPA Exposure in Animals: Low-Dose Studies 
and Non-monotonous Effects 

 Numerous animal studies have shown that BPA acts as a toxicant for develop-
ing tissues.  Prenatal exposure   of rodent fetuses to BPA results in various adverse 
effects, including altered development of the male and female reproductive tract 
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and the mammary gland, increased prostate gland volume, disruption of sexual 
differentiation of the brain, accelerated growth and puberty, higher incidence of 
breast and prostate cancer, increased body weight, altered reproductive function and 
sexual behavior, immune dysregulation, and defi cits in many nonreproductive 
behaviors and cognitive function (Chapin et al.  2008 ; Clayton et al.  2010 ; 
Kundakovic and Champagne  2011 ; Richter et al.  2007 ). 

 These fi ndings from animal studies suggest that BPA may act as a toxicant for 
developing human tissues as well and have stimulated debate regarding the impact 
of human exposure to this compound. However, it has been questioned whether 
animal studies really model exposure to BPA in humans, and three major  issues   
have dominated the discussions: the dose and the nature of exposure and the differ-
ences in the metabolism between rodents and humans. As for the dose, the early 
studies of BPA toxicity employed very  high doses   of this compound, and some of 
those studies served for the calculation of BPA reference dose in the USA, which is 
50 μg/kg/day. The U.S.  Environmental Protection Agency (EPA)   established the 
reference dose for BPA based on the lowest-observed-adverse-effects level ( LOAEL  )    
derived from high-dose toxicological studies (50 mg/kg/day) and by applying a 
1000-fold safety factor (vom Saal and Welshons  2006 ). However, it is important to 
note that numerous more recent animal studies have shown signifi cant BPA-induced 
effects at the doses that are signifi cantly below the  human reference dose   (50 μg/kg/
day), which is still considered safe for humans. Other issues that have been raised 
are regarding differences in metabolism between humans and rodents as well as in 
the nature of exposure (Vandenberg et al.  2009 ). In this regard, recent  pharmacoki-
netic scaling experiments   have estimated that exposures up to 400 μg/kg/day in 
animals produce blood concentrations of the unconjugated, bioactive form of BPA 
in the range of human blood concentrations (Vandenberg et al.  2012 ,  2007 ) and 
therefore may be considered environmentally relevant. 

 Another important BPA characteristic, which is shared with other endocrine 
disruptors, is that BPA effects often follow non-monotonous dose–response  curves  . 
This means that, for certain outcomes, lower doses (which may be more environ-
mentally relevant) can induce more profound effects than higher BPA doses (which 
are regularly used in toxicological studies for risk assessment). This has been shown 
by a number of in vitro and in vivo animal studies and supported by evidence from 
epidemiological studies (Vandenberg et al.  2012 ). For instance, Fig.  3.1  shows 
experimental data from the mouse offspring that was prenatally exposed to three 
different doses of BPA (2, 20, and 200 μg/kg/day) (Kundakovic et al.  2013a ). These 
data indicate that environmentally relevant doses of BPA may induce very different 
effects on gene expression and behavior dependent on the level of exposure and 
support the view that appropriate risk assessment of BPA neurotoxicity should 
involve multiple low-dose exposures (Vandenberg et al.  2012 ).

   In the following section, I will fi rst summarize low-dose animal studies that indi-
cate effects of BPA on brain development and behavior in the offspring of BPA- 
treated mothers. I will then review available human evidence on association between 
prenatal maternal BPA exposure and behavioral outcomes in children. Although com-
parisons of animal and human fi ndings are not straightforward, available evidence 
points out that animal studies are informative for human health risk assessments.   

3 In Utero Bisphenol A Exposure and Epigenetic Programming of Neurobehavioral…



70

3.2     BPA: Prenatal Programming of Neurobehavioral 
Outcomes 

3.2.1     Evidence from Animal Models 

 So far, numerous low-dose rodent studies have provided evidence that maternal 
BPA exposure  disrupts offspring neurodevelopment   resulting in lasting structural 
and behavioral changes (for a more detailed review regarding the dose, route, and 
timing of BPA exposure in rodent studies, please see Kundakovic and Champagne 
 2011 ).  The following  domains   have been reported to be changed in the offspring 
following in utero BPA exposure: neuronal differentiation, morphology, and con-
nectivity; sexual differentiation of the brain; social, sexual, and maternal behavior; 
anxiety-like behavior; and learning and memory, among others.  

 Studies in mice by Nakamura et al. ( 2006 ) showed that a low-dose maternal BPA 
exposure affects neocortical development in offspring by accelerating neuronal 
differentiation and migration at mid-gestation. Those changes likely contribute to 
changes observed in later life in the adult brain, which include abnormal neuronal 
positioning and aberrant connectivity between the cortex and thalamus (Nakamura 
et al.  2007 ). Prenatal  BPA   exposure was also shown to impact neuronal morphology 
in the developing hippocampal CA1 region, resulting in reduction of spine density, 
which persists well into adulthood (Kimura et al.  2015 ). It is likely that observed struc-
tural changes translate into changes in behavior and learning/memory in later life. 

  Fig. 3.1    Non-monotonous effects of in utero BPA exposure: The effects of maternal exposure to 
vehicle and 2, 20, and 200 μg/kg/day BPA on ( a ) estrogen receptor alpha ( Esr1 ) gene expression 
in the juvenile hypothalamus and ( b ) adult aggressive behavior in the Balb/c mouse offspring. 
Figure 3.1 ( a ) and ( b ) are reproduced from Kundakovic et al. ( 2013a ), Sex-specifi c epigenetic 
disruption and behavioral changes following low-dose in utero bisphenol A exposure,  PNAS , 
110(24), 9956–9961, Fig. 2d, p. 9957 and Fig. 5f, p. 9959, respectively; used with permission from 
 Proceedings of the National Academy of Sciences, USA        
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  One of the most notable fi ndings in the studies of BPA effects on brain develop-
ment concerns the  loss or reversal of sexual    dimorphism   . It is well known that sex-
ual differentiation of the brain results in sex differences at the level of both brain 
structure and behavior, and BPA has been shown to decrease or completely abolish 
many of these differences. For instance, prenatal BPA exposure has been shown to 
diminish sex differences in the structure of several brain regions, including locus 
coeruleus (Kubo et al.  2003 ), anteroventral periventricular preoptic area (APVP) 
(Rubin et al.  2006 ), and the bed nucleus of the stria terminalis (Funabashi et al. 
 2004 ). It is remarkable that the study of BPA effects on APVP (Rubin et al.  2006 ) 
included the doses in the nanogram (ng) range (25 and 250 ng/kg/day) applied using 
osmotic pump, which better mimics human episodic exposure, and still showed a 
remarkable loss of sexual dimorphism in offspring, not only at the level of brain 
structure but those changes were also accompanied with behavioral alterations 
(Rubin et al.  2006 ). Other studies have shown that BPA does not affect all sexually 
dimorphic brain regions, suggesting that its effects are cell type- and brain region-
specifi c (Funabashi et al.  2004 ). In addition, BPA can induce sex-specifi c effects in 
certain brain regions that are not sexually dimorphic (Tando et al.  2007 ).  

  BPA also affects  social    behavior   , with some aspects of social behavior being 
affected by BPA in a sex-specifi c way, whereas other domains are affected similarly 
in both sexes (Kundakovic et al.  2013b ; Wolstenholme et al.  2011 ,  2012 ). For 
instance, maternal BPA exposure during pregnancy or lactation resulted in impaired 
sexual performance in males and increased sexual motivation in female offspring 
(Farabollini et al.  2002 ). BPA was also shown to abolish sex differences in play 
behavior. Early-life BPA treatment induced defeminization in social interactions 
(decreased play with males) and masculinization of female play behavior (increased 
play with females) in juvenile female offspring (Dessi-Fulgheri et al.  2002 ; Porrini 
et al.  2005 ). We have shown a decrease in male play behavior (chasing) with increas-
ing exposure to prenatal BPA (Kundakovic et al.  2013a ). Interestingly, Kawai et al. 
(Kawai et al.  2003 ) showed that prenatal BPA exposure increases aggression in 
adult male mice. However, we have demonstrated that BPA effect on aggression is 
dose-dependent and follows a U-shaped curve with lower concentrations decreasing 
aggression and higher concentrations increasing aggressive behavior in both sexes 
(Kundakovic et al.  2013a ). BPA also induced loss or reversal in sexual dimorphism 
regarding sniffi ng behavior in both juvenile and adult mice (Kundakovic et al. 
 2013a ). It is also interesting to note that in utero BPA exposure impaired later-life 
maternal behavior in female offspring (Palanza et al.  2002 ).  

  Developmental BPA exposure has been shown to increase  anxiety-related    behav-
ior    in both rats and mice. We and others have shown that BPA abolishes sex differ-
ences in open-fi eld behavior in mice, increasing the anxiety-like behavior in female 
offspring (Kundakovic et al.  2013a ). Using another test (elevated plus maze) and 
strain of mice (C57BL/6J), Gioiosa et al. showed a male-specifi c increase in anxiety- 
like behavior (Gioiosa et al.  2007 ). In rats, female offspring developmentally 
exposed to BPA was also shown to spend signifi cantly less time exploring novel 
environment, which also suggests anxiogenic effect (Adriani et al.  2003 ).  

 Finally, several studies have shown that prenatal BPA exposure affects  learning and  
  memory    in rodent models .  In rats, BPA treatments during gestation and lactation 
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resulted in impaired learning of passive and active avoidance tasks as well as 
impaired recognition and spatial memory at adult age (Goncalves et al.  2010 ; 
Negishi et al.  2004 ). In mice, the combination of prenatal and postnatal BPA expo-
sures led to signifi cant defi cits in working and recognition memory (Tian et al. 
 2010 ), passive avoidance memory (Miyagawa et al.  2007 ; Xu et al.  2010 ), and spa-
tial memory (Jasarevic et al.  2013 ; Xu et al.  2010 ) during the juvenile period (Xu 
et al.  2010 ) or in adulthood (Jasarevic et al.  2013 ; Miyagawa et al.  2007 ; Tian et al. 
 2010 ; Xu et al.  2010 ). The memory impairments were associated with reduced 
expression of  N -methyl- d -aspartic acid (NMDA) receptors in the cortex and the 
hippocampus (Tian et al.  2010 ; Xu et al.  2010 ) as well as reduced levels of estrogen 
receptor beta (ERβ) in the hippocampus (Xu et al.  2010 ), suggesting a neurobiologi-
cal substrate of BPA-induced memory and learning defi cits.  

3.2.2     Human Studies 

 As compared to animal studies, human evidence on BPA neurotoxicity is much 
more limited. However, there are now six studies coming from four separate US 
birth cohorts suggesting that high maternal BPA exposure during pregnancy may 
contribute to behavioral problems in  children   (see Table  3.1  for the summary of 
fi ndings).

   Braun et al. examined the samples from the Health Outcomes and Measures of 
the Environment Study, a prospective birth cohort from the greater Cincinnati, Ohio, 
area with the majority of participants being Caucasians and coming from medium- 
income households (Braun et al.  2009 ,  2011 ). In the fi rst report,  higher maternal 
urinary BPA concentrations   (around 16 weeks of gestation) were associated with 
increased externalizing behaviors (hyperactivity, aggression) in 2-year-old children, 
particularly among females (Braun et al.  2009 ). In their follow-up study, Braun 
et al. showed that the  sex-specifi c effect   of BPA exposure may persist further into 
childhood (Braun et al.  2011 ). In particular,  gestational BPA exposure   was associ-
ated with higher scores for measures of anxiety, depression, and hyperactivity as 
well as with poorer emotional regulation at age 3, especially among girls. 
Interestingly, the latter study did not fi nd association between childhood BPA expo-
sure and behavior, emphasizing the importance of gestational exposure for BPA 
effect on neurobehavioral outcomes, at least in early childhood (Braun et al.  2011 ). 

 In the Columbia Center for Children’s Environmental Health (CCCEH) cohort, 
Perera et al. also found sex-specifi c effects of maternal BPA exposure on child 
behavior, although boys were more affected than girls in their study (Perera et al. 
 2012 ). This study included African-American and Dominican women and their 
children, and BPA levels were measured in single spot urine samples collected from 
the mothers during the third trimester of pregnancy (34 weeks on average). In their 
fi rst study, the authors reported child behavior between 3 and 5 years of age (Perera 
et al.  2012 ). Among boys, higher prenatal BPA exposure was associated with dis-
turbed emotional  regulation   and increased aggressive  behavior  . On the contrary, in 
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girls higher maternal BPA levels were associated with lower scores for anxiety/
depression and reduced aggressive behavior. Similar to the study of Braun et al., 
childhood BPA exposure did not predict those behavioral outcomes. In their follow-
 up study, the authors examined children at 7–9 years of age (Roen et al.  2015 ). A 
high prenatal BPA concentration was associated with increased internalizing and 
externalizing behaviors in boys and with the decreased internalizing behaviors in 
girls. However, at this age, high postnatal BPA concentration was shown to be asso-
ciated with increased internalizing and externalizing  behaviors   in girls. 

 Harley et al. examined another birth cohort: Center for the Health Assessment of 
Mothers and Children of Salinas (CHAMACOS) in California, with participants 
being primarily of Hispanic origin (Harley et al.  2013 ). In this study,  prenatal 
urinary BPA concentrations   were associated with increased internalizing problems, 

   Table 3.1    Studies of neurodevelopmental effects of in utero BPA exposure in humans   

 Cohort  Examined samples 
 Child 
age  Behavioral outcome  References 

 Health Outcomes 
and Measures of 
the Environment 
Study; Cincinnati, 
Ohio ( N  = 249) 

 Maternal (three 
spot) urine 
samples: 16 and 26 
weeks of gestation 
and at birth 

 2 
years 

 Increased externalizing 
behaviors and global 
behavioral scores, 
particularly in girls 

 Braun et al. 
( 2009 ) 

 Health Outcomes 
and Measures of 
the Environment 
Study; Cincinnati, 
Ohio ( N  = 244) 

 Maternal (three 
spot) urine 
samples: 16 and 26 
weeks of gestation 
and at birth 

 3 
years 

 Higher scores for measures 
of anxiety, depression, and 
hyperactivity; poorer 
emotional regulation, 
particularly in girls 

 Braun et al. 
( 2011 ) 

 Columbia Center 
for Children’s 
Environmental 
Health Cohort 
(CCCEH) ( N  = 198) 

 Maternal (one 
spot) urine 
samples: 34 weeks 
of pregnancy 

 3–5 
years 

 Disturbed emotional 
regulation and increased 
aggressive behavior in boys; 
lower scores for anxiety/
depression and reduced 
aggressive behavior in girls 

 Perera et al. 
( 2012 ) 

 Center for the 
Health Assessment 
and of Mothers and 
Children of Salinas 
(CHAMACOS), 
California ( N  = 292) 

 Maternal (two 
spot) urine 
samples: 14 and 27 
weeks of 
pregnancy 

 7 and 
9 
years 

 Increased internalizing 
scores in boys at age 7 

 Harley et al. 
( 2013 )) 

 Study for Future 
Families II (SFFII) 
( N  = 153) 

 Maternal (one 
spot) urine 
samples: 27 weeks 
of pregnancy 

 6–10 
years 

 Increased internalizing and 
externalizing behaviors, 
depressed behavior, somatic 
problems, and oppositional/
defi ant traits in boys 

 Evans et al. 
( 2014 ) 

 Columbia Center 
for Children’s 
Environmental 
Health Cohort 
(CCCEH) ( N  = 250) 

 Maternal (one 
spot) urine 
samples: 34 weeks 
of pregnancy 

 7–9 
years 

 Increased internalizing and 
externalizing composite 
scores in boys; decreased 
internalizing scores in girls 

 Roen et al. 
( 2015 ) 
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including anxiety and depression, in boys at age 7; there were no associated behavioral 
problems in girls. Interestingly, they also showed associations between childhood 
BPA levels and behavioral changes in both boys and girls at age 7, implying that in 
later childhood the BPA concentration may have signifi cant effect on child 
behavior. 

 Finally, Evans et al. examined the mothers and their children from the  Study for 
Future Families II (SFFII)   (Evans et al.  2014 ). BPA concentration was measured in 
spot urine samples collected from women at mean 27 weeks of pregnancy in rela-
tion to child behavior assessed at age 6–10 years. This study showed that increased 
prenatal BPA was associated with increased internalizing and externalizing behav-
iors, depressed behavior, somatic problems, and oppositional/defi ant traits in boys. 

 Of note is also that two studies reported no association between prenatal BPA 
exposure and social impairment in children aged 5–9 years (Braun et al.  2014 ; 
Miodovnik et al.  2011 ). 

 In summary, there are six studies in humans from four independent US birth 
cohorts showing that high prenatal BPA exposure may contribute to sex-specifi c 
behavioral problems in children. It is clear, though, that the studies are not entirely 
consistent as affected sex and behavioral domains vary between different studies. 
There are several possible explanations that can account for the discrepancies 
between the studies, including the differences in timing when the urine samples 
were collected, instruments that are used for behavioral assessment, child age, as 
well as differences in ethnicity/genetics and socioeconomic status (low-income 
minority population vs. white average-income population), among others. As 
always in  epidemiological studies  , there are other possible confounders, such as 
other exposures, that were not measured and, hence, could not have been accounted 
for but could have contributed to differences in fi ndings. One of the limitations of 
BPA studies in humans is also the reliability of BPA measurements in urine. BPA 
has a short half-life, and exposures are likely episodic in nature so BPA concentra-
tions can vary signifi cantly throughout the day. Therefore, the single spot urine 
samples may not accurately describe a subject’s chronic exposure, and it was sug-
gested that the future studies should consider collecting multiple or integrated urine 
concentration measurements to improve exposure classifi cation (Braun et al.  2011 ). 

 Regardless of some limitations, increasing evidence from animal and human 
studies on BPA neurotoxicity suggests that high maternal BPA exposure may put a 
developing child at risk for later-life behavioral problems.  

3.2.3     Sex-Specifi c Effects: A Common Theme 

 In both animal and human studies,  sex specifi city   is one of the most common themes 
regarding BPA-associated effects. It is interesting to note that in some cases BPA 
has been shown to induce reduction, loss, or reversal of sexually dimorphic pheno-
types. Yet, BPA can induce sex differences in other phenotypes that are not sexually 
dimorphic (Kundakovic et al.  2015 ). This is not that surprising considering that this 
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compound acts through sex hormone receptors and is well known as an endocrine 
disruptor. However, the mechanism of this effect is not really clear. In the following 
section, I will review BPA mechanisms of action and will provide a rationale and 
experimental evidence suggesting that epigenetic mechanisms may underlie lasting 
effects of BPA on brain and behavior and explain, at least in part, its sex-specifi c 
effects.   

3.3     BPA: Epigenetic Mechanisms of Action 

 The mechanisms that underlie lasting effects of gestational BPA exposure on neu-
robehavioral outcomes, although not exactly clear, are now emerging. BPA is a 
selective estrogen receptor (ER) modulator that binds both classic estrogen recep-
tors, ERα and ERβ, although with an affi nity that is 10,000–100,000 lower than that 
of endogenous estradiol (Andersen et al.  1999 ; Kuiper et al.  1998 ). BPA also inter-
acts with other estrogen receptors and androgen receptors and may interfere with 
thyroid hormone signaling (Sohoni and Sumpter  1998 ; Takayanagi et al.  2006 ; Xu 
et al.  2005 ). BPA effects are typically attributed to its estrogenic or anti-estrogenic 
action; however, it is not clear how the low potency at  ERs   could account for the 
effects of low-dose BPA exposures. Recent studies have shown that epigenetic 
mechanisms contribute to lasting BPA effects, and these effects may or may not be 
mediated by ERs (Kundakovic and Champagne  2011 ). 

3.3.1      Epigenetic Mechanisms and Prenatal Programming 
of Behavioral  Outcomes   

 Prenatal exposure to many environmental toxins has been associated with later 
behavioral and psychiatric disorders (Kundakovic  2013 ). Epigenetic mechanisms 
represent the plausible molecular substrate through which environmental exposures 
can change the patterns of gene expression associated with normal neurodevelop-
ment, leading to lasting consequences for later behavior and cognitive function. 
Epigenetic modifi cations, DNA methylation and histone modifi cations, control 
chromatin state in the vicinity of gene regulatory regions and thereby directly regu-
late gene expression. DNA methylation occurs at position 5 of cytosine residues and 
predominantly in the context of CpG dinucleotides; it is catalyzed by a family of 
enzymes called DNA methyltransferases (DNMTs) and is typically involved in 
gene silencing (Klose and Bird  2006 ). Histone modifi cations, such as acetylation 
and methylation, can shift local chromatin confi guration toward a more open or 
more closed state, leading to either increased or suppressed gene expression, respec-
tively. It is also known that DNA methylation and histone marks often work in 
concert to regulate gene expression (Fuks  2005 ). 
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 During development, epigenetic mechanisms are essential for the establishment 
of cell type-specifi c gene expression patterns and cellular differentiation, including 
differentiation of brain cells (Golebiewska et al.  2009 ; Liu and Casaccia  2010 ; Miller 
and Gauthier  2007 ). Thus, organisms are likely vulnerable to epigenetic disruption 
across the entire developmental period. Various environmental exposures, including 
diet, toxins, and stress, can affect DNA methylation and gene expression program-
ming during in utero development (Jirtle and Skinner  2007 ). Once established, DNA 
methylation patterns can be passed from one cell generation to another and persist 
into adulthood, thus providing the mechanism through which the early life environ-
ment can exert lasting effects on gene expression and phenotype (Weaver et al. 
 2004 ). Animal studies have shown that maternal exposure to drugs (Kaminen- Ahola 
et al.  2010 ; Novikova et al.  2008 ), stress (Mueller and Bale  2008 ), and endocrine 
disruptors (Skinner et al.  2008 ) can alter epigenetic gene programming in the brain 
and contribute to neurodevelopmental and behavioral defi cits in the offspring.  

 In the following two sections, I will present available evidence from both animal 
and human studies suggesting that prenatal BPA exposure induces lasting changes 
in the brain and behavior, at least in part, via epigenetic disruption.  

3.3.2     BPA and Disruption of Epigenetic Mechanisms 
in the Brain: Evidence from Animal Studies 

  The fi rst evidence that BPA can induce epigenetic changes was provided using the 
 Agouti viable yellow ( A   vy  ) mice  , which is an established model to study the effects 
of developmental environmental exposures on the epigenome (Cooney et al.  2002 ; 
Dolinoy et al.  2006 ). This model provides a direct link between environmentally 
induced changes in DNA methylation and easily observed changes in phenotype. 
A vy  mice (the  A   vy   /a  genotype) are genetically identical, but they contain a meta- 
stable, DNA methylation sensitive,  A   vy   allele in the  Agouti  gene locus that deter-
mines coat color. The expression of the  Agouti  gene varies depending on the DNA 
methylation levels within a retrotransposon intracisternal A particle (IAP) inserted 
upstream of the  Agouti  gene. The establishment of epigenetic marks at  A   vy   occurs 
during early embryogenesis and is a probabilistic event, resulting in a wide coat 
color distribution of  A   vy   mice ranging from pure yellow (hypomethylated  A   vy   IAP) to 
pseudoagouti brown (hypermethylated  A   vy   IAP). Maternal exposure to BPA during 
pregnancy was shown to shift the coat color distribution of offspring toward yellow 
by decreasing methylation at specifi c CpG sites in  A   vy   allele (Dolinoy et al.  2007 ). 
Methylation levels observed in tail DNA samples were highly correlated with meth-
ylation levels in the brain, kidney, and liver from the same animals, implying that 
BPA-induced changes in  A   vy   methylation were established before germ layer dif-
ferentiation in the embryonic stem cells and persisted into adulthood. Importantly, 
these BPA effects can be counteracted by maternal exposure to the diet rich in 
methyl group donors, including folic acid, further implying that DNA methylation- 
dependent mechanisms underlie BPA-induced effects.  
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 In addition to this study, several other studies have linked gestational (Anderson 
et al.  2012 ; Bromer et al.  2010 ; Dolinoy et al.  2007 ) or neonatal (Doshi et al.  2011 ; 
Ho et al.  2006 ; Tang et al.  2012 ) BPA exposure to long-lasting changes in DNA 
methylation and altered gene expression in non-neuronal tissues. There is now 
emerging evidence that BPA also has important effects on the regulation of DNA 
 methylation   in the brain. An early genome-wide study by Yaoi et al. ( 2008 ) showed 
that low-dose maternal BPA exposure induced either hypo- or hyper-methylation of 
the multiple gene loci in the fetal mouse forebrain. Though informative, this study 
involved methodology that has limited sensitivity, did not reveal specifi c BPA target 
genes, and did not examine the persistence of DNA methylation changes into later 
life. Another study showed that grand-offspring of the dams exposed to BPA during 
pregnancy had impaired hippocampal neurogenesis and cognition, associated with 
altered DNA methylation of a gene implicated in neurogenesis (Jang et al.  2012 ). 
However, the epigenetic effects were very subtle and associated only with a very 
high dose of BPA; the effects in the fi rst generation offspring were not reported. 

  Recently, we reported two rodent studies providing strong experimental evidence 
that low-dose prenatal BPA exposure induces lasting epigenetic  disruption   in the 
brain that may contribute to changes in behavior and learning (Kundakovic et al. 
 2013a ,  2015 ). Our starting hypothesis is presented in Fig.  3.2 . We anticipated that 
maternal BPA exposure would interfere with gene expression programming in the 

  Fig. 3.2    Epigenetic hypothesis for long-term effects of in utero BPA exposure on neurobehavioral 
outcomes. Maternal BPA exposure disrupts epigenetic gene expression programming in the off-
spring’s developing brain, which at least in part is controlled by DNA methylation (typically asso-
ciated with transcriptional repression). This induces lasting DNA methylation and gene expression 
changes (e.g., in the  Esr1  and  Bdnf  genes) in the brain of offspring that may contribute to enduring 
BPA effects on behavior and learning. BPA-induced epigenetic disruption is likely mediated via 
the altered regulation of genes encoding proteins involved in DNA methylation (e.g.,  Dnmt ) and 
DNA demethylation (e.g.,  Gadd45 ). The observed BPA effects are largely sex-specifi c and may, at 
least in part, account for BPA-induced disruption of sexually dimorphic phenotypes or, in general, 
may contribute to sex-specifi c changes in behavior and learning       
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offspring’s developing brain, which at least in part is controlled by DNA methylation. 
If BPA disrupts epigenetic regulation during development, this could induce lasting 
DNA methylation and gene expression changes in the brain that may contribute 
to enduring BPA effects on brain structure and behavior. We also assumed that 
those BPA-induced effects may be sex-specifi c to account for sex-specifi c changes 
in behavior. 

   In the fi rst study, we examined the effect of  maternal BPA exposure   on brain 
gene expression and the epigenome in juvenile offspring in the context of social and 
anxiety-like behavior (Kundakovic et al.  2013a ). Three brain regions known to be 
important for those behaviors were analyzed: the prefrontal cortex, hypothalamus, 
and hippocampus. Importantly, we also included three doses of BPA (all three of 
which have been shown to produce environmentally relevant BPA concentrations in 
mice) and examined BPA effects in both sexes. There are several important fi ndings 
of this study. First, we showed that BPA induces concordant changes in the expres-
sion of genes encoding estrogen receptors (ERs) and DNA methyltransferases 
(DNMTs) in the cortex and the hypothalamus. ERs are essential for sexual differen-
tiation of the brain and behavior, and they have been shown to play important roles 
in social and anxiety-like behaviors (McCarthy and Arnold  2011 ; Patisaul et al. 
 2006 ; Tetel and Pfaff  2010 ). On the other hand, changes in the expression of DNA 
methylation regulators show that BPA induces lasting disruption in epigenetic 
 regulatory mechanisms and that this could trigger changes in the expression of mul-
tiple genes, including ERs. And, indeed, we found that changes in ER alpha mRNA 
levels were associated with changes in DNA methylation in the corresponding 
( Esr1 ) gene promoter. This clearly shows that prenatal BPA treatment can induce 
lasting changes in the brain epigenome, and that these changes, at least in part, may 
underlie gene expression and behavioral changes. This was further confi rmed with 
behavioral studies; we showed that BPA-induced changes in social and anxiety-like 
behavior mimic the molecular changes that we observed (Kundakovic et al.  2013a ). 
Importantly, the majority of BPA-induced changes were sex-specifi c and dose- 
dependent (following non-monotonous or linear dose–response curves). In many 
cases, BPA induced loss or reversal of sexually dimorphic phenotypes, particularly 
at lower doses, and this implied that epigenetic mechanisms may underlie the dis-
ruption of sexual  dimorphism   seen in many BPA studies, at least with regard to 
neurobehavioral outcomes. 

 In the second study, we examined the long-term effects of prenatal BPA exposure 
on the phenotypes relevant to learning and  memory   (Kundakovic et al.  2015 ). One 
of the genes of a particular interest was brain-derived neurotrophic factor ( Bdnf ). 
 Bdnf  is very important for neurodevelopment and synaptic plasticity, and several 
early-life exposures have been shown to affect  Bdnf  gene expression and epigenetic 
regulation (Boersma et al.  2014 ; Lubin et al.  2008 ; Onishchenko et al.  2008 ; Roth 
et al.  2009 ). Importantly,   BDNF    is shown to be downregulated in many psychiatric 
disorders that are associated with early life adversity, such as depression, schizo-
phrenia, and autism, among others (Boulle et al.  2012 ). Therefore, the interference 
with the regulation and expression of this gene provides one of the plausible mecha-
nisms through which early life adverse environments can disrupt neurodevelopment 
leading to lasting consequences for brain plasticity, learning, and behavior. 
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And, indeed, we were able to show that maternal BPA exposure results in a lasting 
downregulation of  Bdnf  gene expression in the offspring’s hippocampus evident in 
both juvenile and adult animals, but only in males (Kundakovic et al.  2015 ). 
Changes in  Bdnf  mRNA expression were associated with DNA methylation changes 
in the transcriptionally relevant region of the  Bdnf  gene, which harbors a methylation- 
sensitive binding site for the transcription factor CREB (Martinowich et al.  2003 ). 
We further showed that those changes were associated with changes in the expres-
sion of the DNA methylation machinery at both time points as well as with memory 
defi cits in young adult male mice (Kundakovic et al.  2015 ). These fi ndings strongly 
imply that prenatal BPA can induce lasting disruption in learning and memory 
through the mechanisms that, at least in part, include epigenetic disruption of the 
genes involved in synaptic plasticity, such as  Bdnf . 

 In summary, our studies of maternal BPA exposure in mice provide strong evi-
dence that maternal exposure leads to lasting effects on behavior and learning in the 
offspring that are, at least in part, mediated by epigenetic mechanisms (Fig.  3.2 ). 
Importantly, those changes are  sex-specifi c and dose-dependent   and can either lead 
to disruption of sexually dimorphic behaviors or induce sex difference in behaviors 
that do not signifi cantly differ between sexes. The low-dose effects of BPA strongly 
imply that epigenetic effects of this compound may occur at environmentally rele-
vant levels of exposure. 

  Future Directions     Our studies focused on  candidate genes   that are known to be 
involved in social and anxiety-like behavior (estrogen receptors) as well as in learn-
ing and memory ( Bdnf  and NMDA receptor 2B). However, as BPA affects the 
expression of genes that encode proteins involved in epigenetic regulation, it is very 
likely that prenatal BPA exposure affects many genes that are epigenetically regu-
lated in the brain and this may well contribute to behavioral phenotypes that we and 
others have observed. Therefore, it would be extremely important to perform 
genome-wide epigenetic studies in the brain tissue derived from animals prenatally 
exposed to BPA to fi nd additional BPA target genes. In addition, we do not under-
stand the upstream mechanisms through which BPA affects the epigenome. There is 
a possibility that BPA may, in part, act through steroid hormone receptors but other 
receptors may also be involved, and this still needs to be established. Better under-
standing of the mechanisms that induce epigenetic disruption may lead to novel 
preventive approaches and early interventions regarding the adverse effects induced 
by BPA and other endocrine disrupting chemicals.   

3.3.3      BPA Epigenetic Effects in  Humans  : Current Evidence 
and Implications for Possible Biomarkers 

 It has been proposed that epigenetic mechanisms may contribute to lasting effects 
of environmental exposures on human health outcomes (Jirtle and Skinner  2007 ). 
Therefore, there has been a great interest to establish the link between various toxi-
cological exposures, epigenetic variation, and health outcomes, although this has 
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been quite challenging. First, it is very diffi cult to establish a direct link between a 
single environmental exposure and epigenetic variation in humans considering that 
human populations are genetically variable and exposed to mixtures of environmen-
tal agents. Second, the epigenome is by defi nition tissue- and cell type-specifi c and 
this is particularly important when studying the effects of environmental exposures 
in relation to neurobehavioral outcomes since the brain as a target tissue is not 
accessible in living individuals. However, in utero exposures can leave lasting marks 
on the epigenome of various tissues (Jirtle and Skinner  2007 ), and, therefore, there 
is a possibility that epigenetic signatures of peripheral tissues may, at least in part, 
be predictive of these signatures in the brain. 

 There are several lines of evidence implying that epigenetic profi ling of periph-
eral tissue may be useful for studies of behavioral and psychiatric outcomes. First, a 
study by Davies et al. showed that, in spite of signifi cant between-tissue variation in 
DNA methylation, some interindividual differences in DNA methylation are corre-
lated across the brain and blood of healthy subjects (Davies et al.  2012 ). Second, 
DNA methylation changes have been found both in psychiatric postmortem brain 
samples (Keller et al.  2010 ; Mill et al.  2008 ) and in the peripheral blood of the living 
psychiatric patients (D’Addario et al.  2012 ; Fuchikami et al.  2011 ; Ikegame et al. 
 2013 ). However, a challenge to this fi eld of study has been to provide evidence that 
epigenetic markers in peripheral tissues can indeed predict functionally relevant 
epigenetic changes in the brain and consequent behavioral and psychiatric 
outcomes. 

 To address the question whether BPA affects the epigenome in humans and 
whether epigenetic biomarkers in the blood can predict functionally relevant epi-
genetic changes in the brain and behavioral outcomes, we combined an animal and 
human study (Kundakovic et al.  2015 ). We again used  BDNF  gene as an excellent 
candidate for an epigenetic biomarker for behavioral vulnerability. DNA methyla-
tion of this gene has been shown to be altered both in the blood (D’Addario et al. 
 2012 ; Fuchikami et al.  2011 ; Ikegame et al.  2013 ) and brain (Keller et al.  2010 ) in 
several psychiatric disorders, including depression, schizophrenia, and bipolar dis-
order, among others. In addition, this gene is epigenetically regulated during devel-
opment, and this regulation is sensitive to environmental agents that induce 
behavioral and learning defi cits (Boulle et al.  2012 ). In our animal study, we showed 
that prenatal BPA exposure induces sex-specifi c  Bdnf  DNA methylation changes in 
the blood, which can predict DNA methylation and gene expression changes in the 
brain as well as cognitive defi cits in male mice (Kundakovic et al.  2015 ). To explore 
the translational value of our results, we examined  BDNF  DNA methylation in cord 
blood samples from the human cohort of Columbia Center for Children’s 
Environmental Health (CCCEH) (Perera et al.  2012 ). Importantly, as Perera et al. 
found more behavioral problems in boys than in girls, the behavioral profi le of 
this cohort was consistent with the BPA-induced male-specifi c learning defi cits in 
our animal study (Kundakovic et al.  2015 ). To test our hypothesis, we selected 
cord blood samples of participants that correspond to approximately the lowest 
quintile (BPA<1 μg/L) and highest quintile (BPA>4 μg/L) of prenatal BPA expo-
sure. The human  BDNF  IV region that we examined has 96 % homology with the 
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sequence of the mouse  Bdnf  IV region with the conserved CREB binding region. 
Importantly, prenatal exposure to high BPA levels was associated with altered DNA 
methylation of 2 CpG sites in the human cord blood, in a sex-specifi c way resem-
bling the animal data (Kundakovic et al.  2015 ). One of those sites lies exactly within 
the CREB binding site, and our data suggest that methylation of this site may repre-
sent a biomarker in humans predictive of  BDNF  gene expression in the brain and 
consequent alterations in brain function and behavior. 

 Based on our fi ndings, we have suggested a model in which the  BDNF  DNA 
methylation status could be used to predict behavioral vulnerability induced by 
early environmental exposures (Fig.  3.3 ). Importantly, we also showed that other 
early life adversities, such as maternal depression during pregnancy, could also 
affect the offspring’s  BDNF  DNA methylation levels in other peripheral tissues, 
such as buccal cells (Braithwaite et al.  2015 ) Together, these studies imply that 
peripheral epigenetic signatures could be used to predict behavioral and psychiatric 
vulnerability in response to early life adversity (Kundakovic et al.  2015 ).

    Future Directions     As noted above for the animal study, it is very unlikely that 
 BDNF  gene is the only gene epigenetically altered in response to BPA treatment. 
Therefore, we are awaiting genome-wide DNA methylation study in human cord 
blood (or other peripheral tissues) that may reveal novel gene targets and potential 
biomarkers of BPA exposure that may be relevant for predicting behavioral vulner-
ability. In addition, to improve our ability to fi nd the epigenetic markers that are 
truly associated with BPA exposure, human studies need to improve in the same 
way that was discussed for studies concerning behavioral outcomes, including but 
not limited to improved BPA exposure classifi cation, controlling for the effects of 
other exposures and genetic effects, etc. However, combining a human study with 
an animal study, which can much better control for genetic factors and other expo-
sures, and fi nding comparable results is always reassuring that the effects found in 
humans can, indeed, be biologically relevant.     

  Fig. 3.3    Candidate epigenetic biomarkers for the prediction of behavioral and psychiatric vulner-
ability. Early life exposures, such as in utero BPA exposure, can leave lasting DNA methylation 
signatures in peripheral tissues (e.g.,  BDNF  DNA methylation changes in the blood) that may 
refl ect functionally relevant changes in brain DNA methylation and gene expression and could be 
used to predict behavioral and psychiatric outcomes. This fi gure is adapted from Kundakovic 
et al. ( 2015 ), DNA methylation of BDNF as a biomarker of early-life adversity, PNAS, 112(22), 
6807–6813, Fig. 5, p. 6811; used with permission from  Proceedings of the National Academy of 
Sciences, USA        
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3.4     Multigenerational Effects of BPA and Other Endocrine 
Disruptors 

3.4.1       Experimental Evidence   

 There is now increasing concern that gestational exposure to endocrine disruptors 
may not only affect the fi rst generation of developing offspring (F1) but could 
possibly extend to several subsequent generations. For instance, perinatal exposure 
to an estrogenic compound diethylstilbestrol (DES) in mice results in genital tract 
abnormalities and cancers in the fi rst (F1) and second (F2) generation offspring 
(Newbold et al.  1998 ,  2000 ; Veurink et al.  2005 ). It is important to keep in mind, 
though, that when mothers are exposed to a toxicant during pregnancy, the mother 
(F0 generation), the developing embryo (F1 generation), and the developing germ 
line of the F2 generation experience direct exposure to the compound (Jirtle and 
Skinner  2007 ). However, the adverse effects of endocrine disruptors have also been 
shown to extend beyond the F2 generation, inducing changes in offspring that have 
not had direct exposure to the chemical. Gestational exposure to the antiandrogenic 
fungicide, vinclozolin, during the period of gonadal sex determination, resulted in 
decreased spermatogenic capacity and male subfertility that were observed in F1 
offspring and in three subsequent generations (F2–F4) (Anway et al.  2005 ). In addi-
tion, animals from all examined generations (F1–F4) developed pathological states 
and tissue abnormalities, such as tumors, prostate and kidney disease, and immune 
cell defects (Anway et al.  2006 ). 

 There is now emerging evidence that BPA can also induce transgenerational 
effects. A recent study by Ziv-Gal et al. has shown that BPA can alter female repro-
ductive function for up to three generations (Ziv-Gal et al.  2015 ). They administered 
three different low doses of BPA to pregnant mice from gestational day 11 until 
birth and then monitored female offspring in three subsequent generations for dif-
ferent developmental and reproductive outcomes. In addition to the F1 generation, 
the F2 generation mice showed a signifi cantly reduced gestational index, and mice 
of the F3 generation showed a lower fertility index, compared to controls. 
Interestingly, some of the adverse effects appeared in the F3 generation only. The F3 
generation females showed delays in sexual development that were not seen in the 
F1 or F2 females that had the direct exposure to BPA. It is important to note that 
some of the most profound reproductive effects in the F3 generation (e.g., compro-
mised fertility index and delayed vaginal opening) were seen in the mice that 
belonged to the lowest-dose BPA (50 ng/kg/day) lineage. 

 Important for the current discussion, another study has shown that transgenera-
tional effects of BPA can extend beyond reproductive outcomes and can include 
effects on behavior. Wolstenholme et al. fed pregnant mice control or BPA- 
containing diets that produced plasma BPA concentrations similar to concentrations 
in humans and subsequently examined the juvenile F1 and F3 generations on social 
recognition and activity tasks (Wolstenholme et al.  2013 ). In both generations, BPA 
exposed mice showed increased levels of social investigation compared to controls. 
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However, there were effects that were observed only in the F3 generation but not in 
the F1 generation. For example, only the F3 generation BPA mice showed defi cits 
in social recognition task, and they were more active than controls in the open fi eld 
test. These results suggest that environmental levels of BPA exposure during gesta-
tion may have lasting, transgenerational effects on behavioral phenotypes such as 
social recognition and activity that might not even be obvious in the fi rst generation 
offspring.   

3.4.2      Possible Mechanisms for Multigenerational Effects 

 The  mechanisms fo  r multigenerational effects of endocrine disruptors can vary 
depending on the affected generation that is being considered. As previously dis-
cussed, the F2 generation still experiences direct exposure to the toxicant, and it 
seems plausible that the endocrine disruptors may exert their effects by directly 
affecting the F2 epigenome. For instance, in studies of DES reproductive and carci-
nogenic effects, these effects were linked to aberrant DNA methylation in develop-
mental and cancer-related genes, implying that epigenetic alterations might underlie 
multigenerational adverse effects of DES (Newbold et al.  1998 ,  2000 ; Veurink et al. 
 2005 ). This is a very plausible mechanism as the F2 epigenome may be particularly 
sensitive to epigenetic dysregulation during the dynamic reprogramming of paren-
tal gene imprints occurring at the time of gametogenesis, which coincides with the 
exposure. Moreover, BPA has indeed been shown to change DNA methylation of 
gene imprints in the fetal germ cells (Zhang et al.  2012 ). 

 However, the term transgenerational inheritance usually refers to the effects 
observed in the F3 and subsequent generations that did not have the direct exposure 
to the chemical. Transgenerational inheritance of phenotypes has long been thought 
to solely occur via genetic transmission through the germ line. It was believed that 
all epigenetic marks acquired by the previous generation are erased in primordial 
germ cells and early embryo during epigenetic reprogramming, and that a new 
organism develops exclusively based on inherited genetic information (Reik  2007 ). 
However, endocrine disruptors have not been shown to induce genetic mutations in 
the germ cells that could explain observed transgenerational effects, and emerging 
evidence suggests that epigenetic mechanisms may be involved in those effects. 
Accordingly, there is now evidence that DNA methylation at certain loci can escape 
reprogramming during development, providing the basis for the hypothesis that 
transgenerational inheritance may occur through epigenetic mechanisms in rodents 
and possibly even in humans (Lange and Schneider  2010 ; Reik  2007 ). 

 The transmission of transgenerational effects of vinclozolin on male fertility was 
proposed to occur epigenetically through the male germ line, as vinclozolin expo-
sure was associated with aberrant DNA methylation patterns in the sperm of F1–F3 
generations (Anway et al.  2005 ; Guerrero-Bosagna et al.  2010 ). A more recent 
study showed that the mixture of plastic-derived endocrine disruptors, including 
BPA, induces DNA methylation changes in the sperm epigenome implying that 
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BPA may also exert transgenerational effects through DNA methylation-dependent 
mechanisms (Manikkam et al.  2013 ). However, another interesting study partly 
counteracts this hypothesis by showing that endocrine disruptor-induced DNA 
methylation changes in exposed fetal germ cells are regularly corrected by repro-
gramming events in the next generation (Iqbal et al.  2015 ). It is clear that this fi eld 
warrants further studies and, beyond DNA methylation, other epigenetic mecha-
nisms may be shown to be involved in transgenerational epigenetic inheritance, 
including histone modifi cations or noncoding RNAs (Gapp et al.  2014 ; Vassoler 
et al.  2013 ). 

 Lastly, multigenerational effects of endocrine disruptors may also be explained 
by behavioral mode of transmission, which again could involve epigenetic mecha-
nisms. This phenomenon is also known as experience-dependent epigenetic inheri-
tance (Danchin et al.  2011 ). For instance, animal studies have shown that the quality 
of maternal care can be transmitted from mothers to daughters and granddaughters; 
the mechanisms involve epigenetic changes in steroid receptor genes that produce 
long-term changes in gene expression and behavior (Champagne  2008 ). In this case, 
epigenetic marks are induced by experience (the level of maternal care) and have to 
be recreated de novo in each generation. Importantly, the quality of maternal care 
can also infl uence other phenotypes in the offspring, such as stress responses, 
anxiety- like behavior, and learning; these effects have also been associated with 
epigenetic changes in the offspring (Szyf et al.  2005 ). In this regard, we and others 
have shown that BPA induces changes in maternal behavior in mothers (F0 genera-
tion) that were directly exposed to BPA during pregnancy (Kundakovic et al.  2013a ; 
Palanza et al.  2002 ) as well as in the F1 generation females exposed to BPA prena-
tally (Palanza et al.  2002 ). This suggests that epigenetically mediated behavioral 
transmission of maternal care may provide one of the mechanisms for the multigen-
erational transmission of BPA-induced neurobehavioral effects. While our under-
standing of this mechanism is limited to studies in rodents, it seems plausible that 
similar mechanisms may underlie experience-dependent transmission in humans.   

3.4.3      Is There Evidence for Multigenerational Effects 
of Endocrine Disruptors in  Humans  ? 

 There is now some evidence in humans that endocrine disruptors can induce multi-
generational effects. For instance, DES is a synthetic estrogen that was prescribed 
from the late 1940s to early 1970s for the prevention of miscarriages in pregnant 
women. The use of DES had tragic consequences as prenatal DES treatment has 
been linked to an increased risk of reproductive anomalies and tumors, not only in 
individuals exposed to DES in utero but also in the subsequent generation of off-
spring (Veurink et al.  2005 ). The tragic DES story strongly implies that animal 
studies can be very informative and predictive of human health outcomes in response 
to toxicological exposures. And, although there is currently no human data showing 
association between toxicological exposures and adverse health effects that extend 
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beyond the G2 generation, this seems intuitive considering the evidence from 
animal studies. 

 In summary, an increasing number of studies imply that exposures to BPA and 
other endocrine disruptors may have cumulative adverse effects on future genera-
tions, and that these effects could be mediated through epigenetic mechanisms. 

  Future Directions:     In studies on the adverse effects of BPA, it would be appropri-
ate and informative to incorporate a multigenerational study design that would 
enable further exploration of the extent and possible mechanisms through which 
exposure to this compound could affect multiple generations.     

3.5     Conclusions 

 There is substantial evidence that low-dose prenatal BPA exposure can disrupt neu-
rodevelopment, sexual dimorphism, behavior, and learning in animals, and the con-
sequences may extend to future generations. While the studies in humans are much 
more limited and more diffi cult to interpret, increasing evidence suggests that high 
maternal BPA exposure may contribute to lasting behavioral problems in children. 
BPA has been shown to disrupt the brain epigenome in rodents and it is likely that, 
at least in part, epigenetic mechanisms underlie lasting BPA effects on neurobehav-
ioral outcomes. Early studies in humans show that prenatal BPA exposure may 
leave DNA methylation signatures in peripheral blood that could possibly be used 
to predict behavioral vulnerability. More detailed studies in both animals and 
humans are needed to understand BPA effects on the epigenome and its conse-
quences for the brain function and behavior of multiple generations. Epigenetic 
fi ndings could be used to shape the public policies on BPA use and to open new 
opportunities for early detection and interventions for environmentally contributed 
behavioral disorders.      
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  ER    Estrogen Receptor   
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  SFFII    Study for Future Families II   
  TDI    Tolerable daily intake   

       References 

    Adriani, W., Seta, D. D., Dessi-Fulgheri, F., Farabollini, F., & Laviola, G. (2003). Altered profi les 
of spontaneous novelty seeking, impulsive behavior, and response to D-amphetamine in rats 
perinatally exposed to bisphenol A.  Environmental Health Perspectives, 111 , 395–401.  

    Andersen, H. R., Andersson, A. M., Arnold, S. F., Autrup, H., Barfoed, M., Beresford, N. A., 
Bjerregaard, P., Christiansen, L. B., Gissel, B., Hummel, R., et al. (1999). Comparison of short- 
term estrogenicity tests for identifi cation of hormone-disrupting chemicals.  Environmental 
Health Perspectives, 107 (Suppl 1), 89–108.  

    Anderson, O. S., Nahar, M. S., Faulk, C., Jones, T. R., Liao, C., Kannan, K., Weinhouse, C., Rozek, 
L. S., & Dolinoy, D. C. (2012). Epigenetic responses following maternal dietary exposure to 
physiologically relevant levels of bisphenol A.  Environmental and Molecular Mutagenesis, 53 , 
334–42.  

     Anway, M. D., Cupp, A. S., Uzumcu, M., & Skinner, M. K. (2005). Epigenetic transgenerational 
actions of endocrine disruptors and male fertility.  Science, 308 , 1466–1469.  

    Anway, M. D., Leathers, C., & Skinner, M. K. (2006). Endocrine disruptor vinclozolin induced 
epigenetic transgenerational adult-onset disease.  Endocrinology, 147 , 5515–5523.  

    Biedermann, S., Tschudin, P., & Grob, K. (2010). Transfer of bisphenol A from thermal printer 
paper to the skin.  Analytical and Bioanalytical Chemistry, 398 , 571–576.  

    Boersma, G. J., Lee, R. S., Cordner, Z. A., Ewald, E. R., Purcell, R. H., Moghadam, A. A., & 
Tamashiro, K. L. (2014). Prenatal stress decreases Bdnf expression and increases methylation 
of Bdnf exon IV in rats.  Epigenetics, 9 , 437–447.  

     Boulle, F., van den Hove, D. L., Jakob, S. B., Rutten, B. P., Hamon, M., van Os, J., Lesch, K. P., 
Lanfumey, L., Steinbusch, H. W., & Kenis, G. (2012). Epigenetic regulation of the BDNF gene: 
Implications for psychiatric disorders.  Molecular Psychiatry, 17 , 584–596.  

    Braithwaite, E. C., Kundakovic, M., Ramchandani, P. G., Murphy, S. E., & Champagne, F. A. 
(2015). Maternal prenatal depressive symptoms predict infant NR3C1 1F and BDNF IV DNA 
methylation.  Epigenetics, 10 , 408–417.  

        Braun, J. M., Kalkbrenner, A. E., Calafat, A. M., Yolton, K., Ye, X., Dietrich, K. N., & Lanphear, 
B. P. (2011). Impact of early-life bisphenol A exposure on behavior and executive function in 
children.  Pediatrics, 128 , 873–882.  

    Braun, J. M., Kalkbrenner, A. E., Just, A. C., Yolton, K., Calafat, A. M., Sjodin, A., Hauser, R., 
Webster, G. M., Chen, A., & Lanphear, B. P. (2014). Gestational exposure to endocrine- 
disrupting chemicals and reciprocal social, repetitive, and stereotypic behaviors in 4- and 
5-year-old children: The HOME study.  Environmental Health Perspectives, 122 , 513–520.  

      Braun, J. M., Yolton, K., Dietrich, K. N., Hornung, R., Ye, X., Calafat, A. M., & Lanphear, B. P. 
(2009). Prenatal bisphenol A exposure and early childhood behavior.  Environmental Health 
Perspectives, 117 , 1945–1952.  

    Bromer, J. G., Zhou, Y., Taylor, M. B., Doherty, L., & Taylor, H. S. (2010). Bisphenol-A exposure 
in utero leads to epigenetic alterations in the developmental programming of uterine estrogen 
response.  FASEB Journal, 24 , 2273–2280.  

M. Kundakovic



87

    Calafat, A. M., Kuklenyik, Z., Reidy, J. A., Caudill, S. P., Ekong, J., & Needham, L. L. (2005). 
Urinary concentrations of bisphenol A and 4-nonylphenol in a human reference population. 
 Environmental Health Perspectives, 113 , 391–395.  

     Calafat, A. M., Ye, X., Wong, L. Y., Reidy, J. A., & Needham, L. L. (2008). Exposure of the U.S. 
population to bisphenol A and 4-tertiary-octylphenol: 2003–2004.  Environmental Health 
Perspectives, 116 , 39–44.  

    Champagne, F. A. (2008). Epigenetic mechanisms and the transgenerational effects of maternal 
care.  Frontiers in Neuroendocrinology, 29 , 386–397.  

     Chapin, R. E., Adams, J., Boekelheide, K., Gray, L. E., Jr., Hayward, S. W., Lees, P. S., McIntyre, 
B. S., Portier, K. M., Schnorr, T. M., Selevan, S. G., et al. (2008). NTP-CERHR expert panel 
report on the reproductive and developmental toxicity of bisphenol A. Birth defects research. 
 Developmental and Reproductive Toxicology, 83 (Pt. B), 157–395.  

    Clayton, E. M., Todd, M., Dowd, J. B., & Aiello, A. E. (2010). The impact of bisphenol A and 
triclosan on immune parameters in the US population, NHANES 2003–2006.  Environmental 
health perspectives, 119 , 390–6.  

    Cooney, C. A., Dave, A. A., & Wolff, G. L. (2002). Maternal methyl supplements in mice affect 
epigenetic variation and DNA methylation of offspring.  Journal of Nutrition, 132 , 2393S–2400S.  

     D’Addario, C., Dell’Osso, B., Palazzo, M. C., Benatti, B., Lietti, L., Cattaneo, E., Galimberti, D., 
Fenoglio, C., Cortini, F., & Scarpini, E. (2012). Selective DNA methylation of BDNF promoter 
in bipolar disorder: Differences among patients with BDI and BDII.  Neuropsychopharmacology, 
37 , 1647–1655.  

    Danchin, E., Charmantier, A., Champagne, F. A., Mesoudi, A., Pujol, B., & Blanchet, S. (2011). 
Beyond DNA: Integrating inclusive inheritance into an extended theory of evolution.  Nature 
Reviews Genetics, 12 , 475–486.  

    Davies, M. N., Volta, M., Pidsley, R., Lunnon, K., Dixit, A., Lovestone, S., Coarfa, C., Harris, 
R. A., Milosavljevic, A., Troakes, C., et al. (2012). Functional annotation of the human brain 
methylome identifi es tissue-specifi c epigenetic variation across brain and blood.  Genome 
Biology, 13 , R43.  

    Dessi-Fulgheri, F., Porrini, S., & Farabollini, F. (2002). Effects of perinatal exposure to bisphenol 
A on play behavior of female and male juvenile rats.  Environmental Health Perspectives, 
110 (Suppl 3), 403–407.  

     Dolinoy, D. C., Huang, D., & Jirtle, R. L. (2007). Maternal nutrient supplementation counteracts 
bisphenol A-induced DNA hypomethylation in early development.  Proceedings of the National 
Academy of Sciences of the United States of America, 104 , 13056–13061.  

    Dolinoy, D. C., Weidman, J. R., Waterland, R. A., & Jirtle, R. L. (2006). Maternal genistein alters 
coat color and protects Avy mouse offspring from obesity by modifying the fetal epigenome. 
 Environmental Health Perspectives, 114 , 567–572.  

    Doshi, T., Mehta, S. S., Dighe, V., Balasinor, N., & Vanage, G. (2011). Hypermethylation of estro-
gen receptor promoter region in adult testis of rats exposed neonatally to bisphenol A. 
 Toxicology, 289 , 74–82.  

     Evans, S. F., Kobrosly, R. W., Barrett, E. S., Thurston, S. W., Calafat, A. M., Weiss, B., Stahlhut, 
R., Yolton, K., & Swan, S. H. (2014). Prenatal bisphenol A exposure and maternally reported 
behavior in boys and girls.  Neurotoxicology, 45 , 91–99.  

    Farabollini, F., Porrini, S., Della Seta, D., Bianchi, F., & Dessi-Fulgheri, F. (2002). Effects of peri-
natal exposure to bisphenol A on sociosexual behavior of female and male rats.  Environmental 
Health Perspectives, 110 (Suppl 3), 409–414.  

     Fuchikami, M., Morinobu, S., Segawa, M., Okamoto, Y., Yamawaki, S., Ozaki, N., Inoue, T., 
Kusumi, I., Koyama, T., & Tsuchiyama, K. (2011). DNA methylation profi les of the brain- 
derived neurotrophic factor (BDNF) gene as a potent diagnostic biomarker in major depres-
sion.  PLoS One, 6 , e23881.  

    Fuks, F. (2005). DNA methylation and histone modifi cations: Teaming up to silence genes.  Current 
Opinion in Genetics and Development, 15 , 490–495.  

     Funabashi, T., Kawaguchi, M., Furuta, M., Fukushima, A., & Kimura, F. (2004). Exposure to 
bisphenol A during gestation and lactation causes loss of sex difference in corticotropin- 

3 In Utero Bisphenol A Exposure and Epigenetic Programming of Neurobehavioral…



88

releasing hormone-immunoreactive neurons in the bed nucleus of the stria terminalis of rats. 
 Psychoneuroendocrinology, 29 , 475–485.  

    Gapp, K., Jawaid, A., Sarkies, P., Bohacek, J., Pelczar, P., Prados, J., Farinelli, L., Miska, E., & 
Mansuy, I. M. (2014). Implication of sperm RNAs in transgenerational inheritance of the 
effects of early trauma in mice.  Nature Neuroscience, 17 , 667–669.  

    Gioiosa, L., Fissore, E., Ghirardelli, G., Parmigiani, S., & Palanza, P. (2007). Developmental expo-
sure to low-dose estrogenic endocrine disruptors alters sex differences in exploration and emo-
tional responses in mice.  Hormones and Behavior, 52 , 307–316.  

    Golebiewska, A., Atkinson, S. P., Lako, M., & Armstrong, L. (2009). Epigenetic landscaping dur-
ing hESC differentiation to neural cells.  Stem Cells, 27 , 1298–1308.  

    Goncalves, C. R., Cunha, R. W., Barros, D. M., & Martinez, P. E. (2010). Effects of prenatal and 
postnatal exposure to a low dose of bisphenol A on behavior and memory in rats.  Environmental 
Toxicology and Pharmacology, 30 , 195–201.  

    Guerrero-Bosagna, C., Settles, M., Lucker, B., & Skinner, M. K. (2010). Epigenetic transgenera-
tional actions of vinclozolin on promoter regions of the sperm epigenome.  PLoS One, 5 , 
e13100.  

     Harley, K. G., Gunier, R. B., Kogut, K., Johnson, C., Bradman, A., Calafat, A. M., & Eskenazi, B. 
(2013). Prenatal and early childhood bisphenol A concentrations and behavior in school-aged 
children.  Environmental Research, 126 , 43–50.  

    Ho, S. M., Tang, W. Y., Belmonte de Frausto, J., & Prins, G. S. (2006). Developmental exposure to 
estradiol and bisphenol A increases susceptibility to prostate carcinogenesis and epigenetically 
regulates phosphodiesterase type 4 variant 4.  Cancer Research, 66 , 5624–5632.  

    Huygh, J., Clotman, K., Malarvannan, G., Covaci, A., Schepens, T., Verbrugghe, W., Dirinck, E., 
Van Gaal, L., & Jorens, P. G. (2015). Considerable exposure to the endocrine disrupting chemi-
cals phthalates and bisphenol-A in intensive care unit (ICU) patients.  Environment International, 
81 , 64–72.  

     Ikegame, T., Bundo, M., Sunaga, F., Asai, T., Nishimura, F., Yoshikawa, A., Kawamura, Y., Hibino, 
H., Tochigi, M., Kakiuchi, C., et al. (2013). DNA methylation analysis of BDNF gene promot-
ers in peripheral blood cells of schizophrenia patients.  Neuroscience Research, 77 , 208–214.  

    Ikezuki, Y., Tsutsumi, O., Takai, Y., Kamei, Y., & Taketani, Y. (2002). Determination of bisphenol 
A concentrations in human biological fl uids reveals signifi cant early prenatal exposure.  Human 
Reproduction, 17 , 2839–2841.  

    Iqbal, K., Tran, D. A., Li, A. X., Warden, C., Bai, A. Y., Singh, P., Wu, X., Pfeifer, G. P., & Szabo, 
P. E. (2015). Deleterious effects of endocrine disruptors are corrected in the mammalian germ-
line by epigenome reprogramming.  Genome Biology, 16 , 59.  

    Jang, Y. J., Park, H. R., Kim, T. H., Yang, W. J., Lee, J. J., Choi, S. Y., Oh, S. B., Lee, E., Park, 
J. H., Kim, H. P., et al. (2012). High dose bisphenol A impairs hippocampal neurogenesis in 
female mice across generations.  Toxicology, 296 , 73–82.  

     Jasarevic, E., Williams, S. A., Vandas, G. M., Ellersieck, M. R., Liao, C., Kannan, K., Roberts, 
R. M., Geary, D. C., & Rosenfeld, C. S. (2013). Sex and dose-dependent effects of develop-
mental exposure to bisphenol A on anxiety and spatial learning in deer mice (Peromyscus 
maniculatus bairdii) offspring.  Hormones and Behavior, 63 , 180–189.  

       Jirtle, R. L., & Skinner, M. K. (2007). Environmental epigenomics and disease susceptibility. 
 Nature Reviews Genetics, 8 , 253–262.  

    Kaminen-Ahola, N., Ahola, A., Maga, M., Mallitt, K. A., Fahey, P., Cox, T. C., Whitelaw, E., & 
Chong, S. (2010). Maternal ethanol consumption alters the epigenotype and the phenotype of 
offspring in a mouse model.  PLoS Genetics, 6 , e1000811.  

    Kawai, K., Nozaki, T., Nishikata, H., Aou, S., Takii, M., & Kubo, C. (2003). Aggressive behavior 
and serum testosterone concentration during the maturation process of male mice: The effects 
of fetal exposure to bisphenol A.  Environmental Health Perspectives, 111 , 175–178.  

     Keller, S., Sarchiapone, M., Zarrilli, F., Videtic, A., Ferraro, A., Carli, V., Sacchetti, S., Lembo, F., 
Angiolillo, A., Jovanovic, N., et al. (2010). Increased BDNF promoter methylation in the 
Wernicke area of suicide subjects.  Archives of General Psychiatry, 67 , 258–267.  

M. Kundakovic



89

   Kimura, E., Matsuyoshi, C., Miyazaki, W., Benner, S., Hosokawa, M., Yokoyama, K., et al. (2015). 
Prenatal exposure to bisphenol A impacts neuronal morphology in the hippocampal CA 1  region 
in developing and aged mice. Archives of Toxicology. doi:  10.1007/s00204-015-1485-x    , [Epub 
ahead of print].  

    Klose, R. J., & Bird, A. P. (2006). Genomic DNA methylation: The mark and its mediators.  Trends 
in Biochemical Sciences, 31 , 89–97.  

    Kubo, K., Arai, O., Omura, M., Watanabe, R., Ogata, R., & Aou, S. (2003). Low dose effects of 
bisphenol A on sexual differentiation of the brain and behavior in rats.  Neuroscience Research, 
45 , 345–356.  

    Kuiper, G. G., Lemmen, J. G., Carlsson, B., Corton, J. C., Safe, S. H., van der Saag, P. T., van der 
Burg, B., & Gustafsson, J. A. (1998). Interaction of estrogenic chemicals and phytoestrogens 
with estrogen receptor beta.  Endocrinology, 139 , 4252–4263.  

    Kundakovic, M. (2013). Prenatal programming of psychopathology: The role of epigenetic mecha-
nisms.  Journal of Medical Biochemistry, 32 , 313–324.  

      Kundakovic, M., & Champagne, F. A. (2011). Epigenetic perspective on the developmental effects 
of bisphenol A.  Brain, Behavior, and Immunity, 25 , 1084–1093.  

             Kundakovic, M., Gudsnuk, K., Franks, B., Madrid, J., Miller, R. L., Perera, F. P., & Champagne, 
F. A. (2013a). Sex-specifi c epigenetic disruption and behavioral changes following low-dose in 
utero bisphenol A exposure.  Proceedings of the National Academy of Sciences of the United 
States of America, 110 , 9956–9961.  

              Kundakovic, M., Gudsnuk, K., Herbstman, J. B., Tang, D., Perera, F. P., & Champagne, F. A. 
(2015). DNA methylation of BDNF as a biomarker of early-life adversity.  Proceedings of the 
National Academy of Sciences of the United States of America, 112 , 6807–6813.  

    Kundakovic, M., Lim, S., Gudsnuk, K., & Champagne, F. A. (2013b). Sex-specifi c and strain- 
dependent effects of early life adversity on behavioral and epigenetic outcomes.  Frontiers in 
Psychiatry, 4 , 78.  

    Lange, U. C., & Schneider, R. (2010). What an epigenome remembers.  Bioessays, 32 , 659–668.  
    Liu, J., & Casaccia, P. (2010). Epigenetic regulation of oligodendrocyte identity.  Trends in 

Neurosciences, 33 , 193–201.  
    Lubin, F. D., Roth, T. L., & Sweatt, J. D. (2008). Epigenetic regulation of BDNF gene transcription 

in the consolidation of fear memory.  The Journal of Neuroscience, 28 , 10576–10586.  
    Manikkam, M., Tracey, R., Guerrero-Bosagna, C., & Skinner, M. K. (2013). Plastics derived endo-

crine disruptors (BPA, DEHP and DBP) induce epigenetic transgenerational inheritance of 
obesity, reproductive disease and sperm epimutations.  PLoS One, 8 , e55387.  

    Martinowich, K., Hattori, D., Wu, H., Fouse, S., He, F., Hu, Y., Fan, G., & Sun, Y. E. (2003). DNA 
methylation-related chromatin remodeling in activity-dependent BDNF gene regulation. 
 Science, 302 , 890–893.  

    McCarthy, M. M., & Arnold, A. P. (2011). Reframing sexual differentiation of the brain.  Nature 
Neuroscience, 14 , 677–683.  

    Mill, J., Tang, T., Kaminsky, Z., Khare, T., Yazdanpanah, S., Bouchard, L., Jia, P., Assadzadeh, A., 
Flanagan, J., Schumacher, A., et al. (2008). Epigenomic profi ling reveals DNA-methylation 
changes associated with major psychosis.  American Journal of Human Genetics, 82 , 
696–711.  

    Miller, F. D., & Gauthier, A. S. (2007). Timing is everything: Making neurons versus glia in the 
developing cortex.  Neuron, 54 , 357–369.  

    Miodovnik, A., Engel, S. M., Zhu, C., Ye, X., Soorya, L. V., Silva, M. J., Calafat, A. M., & Wolff, 
M. S. (2011). Endocrine disruptors and childhood social impairment.  Neurotoxicology, 32 , 
261–267.  

     Miyagawa, K., Narita, M., Narita, M., Akama, H., & Suzuki, T. (2007). Memory impairment asso-
ciated with a dysfunction of the hippocampal cholinergic system induced by prenatal and neo-
natal exposures to bisphenol-A.  Neuroscience Letters, 418 , 236–241.  

    Mueller, B. R., & Bale, T. L. (2008). Sex-specifi c programming of offspring emotionality after 
stress early in pregnancy.  The Journal of Neuroscience, 28 , 9055–9065.  

3 In Utero Bisphenol A Exposure and Epigenetic Programming of Neurobehavioral…

http://dx.doi.org/10.1007/s00204-015-1485-x


90

    Nakamura, K., Itoh, K., Sugimoto, T., & Fushiki, S. (2007). Prenatal exposure to bisphenol A 
affects adult murine neocortical structure.  Neuroscience Letters, 420 , 100–105.  

    Nakamura, K., Itoh, K., Yaoi, T., Fujiwara, Y., Sugimoto, T., & Fushiki, S. (2006). Murine neocor-
tical histogenesis is perturbed by prenatal exposure to low doses of Bisphenol A.  Journal of 
Neuroscience Research, 84 , 1197–1205.  

    Negishi, T., Kawasaki, K., Suzaki, S., Maeda, H., Ishii, Y., Kyuwa, S., Kuroda, Y., & Yoshikawa, 
Y. (2004). Behavioral alterations in response to fear-provoking stimuli and tranylcypromine 
induced by perinatal exposure to bisphenol A and nonylphenol in male rats.  Environmental 
Health Perspectives, 112 , 1159–1164.  

     Newbold, R. R., Hanson, R. B., Jefferson, W. N., Bullock, B. C., Haseman, J., & McLachlan, J. A. 
(1998). Increased tumors but uncompromised fertility in the female descendants of mice 
exposed developmentally to diethylstilbestrol.  Carcinogenesis, 19 , 1655–1663.  

     Newbold, R. R., Hanson, R. B., Jefferson, W. N., Bullock, B. C., Haseman, J., & McLachlan, J. A. 
(2000). Proliferative lesions and reproductive tract tumors in male descendants of mice exposed 
developmentally to diethylstilbestrol.  Carcinogenesis, 21 , 1355–1363.  

    Novikova, S. I., He, F., Bai, J., Cutrufello, N. J., Lidow, M. S., & Undieh, A. S. (2008). Maternal 
cocaine administration in mice alters DNA methylation and gene expression in hippocampal 
neurons of neonatal and prepubertal offspring.  PLoS One, 3 , e1919.  

    Onishchenko, N., Karpova, N., Sabri, F., Castren, E., & Ceccatelli, S. (2008). Long-lasting 
depression- like behavior and epigenetic changes of BDNF gene expression induced by perina-
tal exposure to methylmercury.  Journal of Neurochemistry, 106 , 1378–1387.  

      Palanza, P. L., Howdeshell, K. L., Parmigiani, S., & vom Saal, F. S. (2002). Exposure to a low dose 
of bisphenol A during fetal life or in adulthood alters maternal behavior in mice.  Environmental 
Health Perspectives, 110 (Suppl 3), 415–422.  

    Patisaul, H. B., Fortino, A. E., & Polston, E. K. (2006). Neonatal genistein or bisphenol-A expo-
sure alters sexual differentiation of the AVPV.  Neurotoxicology and Teratology, 28 , 111–118.  

       Perera, F., Vishnevetsky, J., Herbstman, J. B., Calafat, A. M., Xiong, W., Rauh, V., & Wang, S. 
(2012). Prenatal bisphenol A exposure and child behavior in an inner city cohort.  Environmental 
Health Perspectives, 120 , 1190–1194.  

    Porrini, S., Belloni, V., Della Seta, D., Farabollini, F., Giannelli, G., & Dessi-Fulgheri, F. (2005). 
Early exposure to a low dose of bisphenol A affects socio-sexual behavior of juvenile female 
rats.  Brain Research Bulletin, 65 , 261–266.  

     Reik, W. (2007). Stability and fl exibility of epigenetic gene regulation in mammalian development. 
 Nature, 447 , 425–432.  

    Richter, C. A., Birnbaum, L. S., Farabollini, F., Newbold, R. R., Rubin, B. S., Talsness, C. E., 
Vandenbergh, J. G., Walser-Kuntz, D. R., & vom Saal, F. S. (2007). In vivo effects of bisphenol 
A in laboratory rodent studies.  Reproductive Toxicology, 24 , 199–224.  

    Roen, E.L., Wang, Y., Calafat, A.M., Wang, S., Margolis, A., Herbstman, J., et al. (2015). Bisphenol 
A exposure and behavioral problems among inner city children at 7–9 years of age. 
 Environmental Research, 142 , 739–45  

    Roth, T. L., Lubin, F. D., Funk, A. J., & Sweatt, J. D. (2009). Lasting epigenetic infl uence of early- 
life adversity on the BDNF gene.  Biological Psychiatry, 65 , 760–769.  

      Rubin, B. S., Lenkowski, J. R., Schaeberle, C. M., Vandenberg, L. N., Ronsheim, P. M., & Soto, 
A. M. (2006). Evidence of altered brain sexual differentiation in mice exposed perinatally to 
low, environmentally relevant levels of bisphenol A.  Endocrinology, 147 , 3681–3691.  

    Schonfelder, G., Wittfoht, W., Hopp, H., Talsness, C. E., Paul, M., & Chahoud, I. (2002). Parent 
bisphenol A accumulation in the human maternal-fetal-placental unit.  Environmental Health 
Perspectives, 110 , A703–707.  

    Skinner, M. K., Anway, M. D., Savenkova, M. I., Gore, A. C., & Crews, D. (2008). Transgenerational 
epigenetic programming of the brain transcriptome and anxiety behavior.  PLoS One, 3 , e3745.  

    Sohoni, P., & Sumpter, J. P. (1998). Several environmental oestrogens are also anti-androgens. 
 Journal of Endocrinology, 158 , 327–339.  

M. Kundakovic



91

    Szyf, M., Weaver, I. C., Champagne, F. A., Diorio, J., & Meaney, M. J. (2005). Maternal program-
ming of steroid receptor expression and phenotype through DNA methylation in the rat. 
 Frontiers in Neuroendocrinology, 26 , 139–162.  

    Takayanagi, S., Tokunaga, T., Liu, X., Okada, H., Matsushima, A., & Shimohigashi, Y. (2006). 
Endocrine disruptor bisphenol A strongly binds to human estrogen-related receptor gamma 
(ERRgamma) with high constitutive activity.  Toxicology Letters, 167 , 95–105.  

    Tando, S., Itoh, K., Yaoi, T., Ikeda, J., Fujiwara, Y., & Fushiki, S. (2007). Effects of pre-and neo-
natal exposure to bisphenol A on murine brain development.  Brain and Development, 29 , 
352–356.  

    Tang, W. Y., Morey, L. M., Cheung, Y. Y., Birch, L., Prins, G. S., & Ho, S. M. (2012). Neonatal 
exposure to estradiol/bisphenol A alters promoter methylation and expression of Nsbp1 and 
Hpcal1 genes and transcriptional programs of Dnmt3a/b and Mbd2/4 in the rat prostate gland 
throughout life.  Endocrinology, 153 , 42–55.  

    Taylor, J. A., Welshons, W. V., & Vom Saal, F. S. (2008). No effect of route of exposure (oral; 
subcutaneous injection) on plasma bisphenol A throughout 24h after administration in neonatal 
female mice.  Reproductive Toxicology, 25 , 169–176.  

    Tetel, M. J., & Pfaff, D. W. (2010). Contributions of estrogen receptor-alpha and estrogen receptor-
 ss to the regulation of behavior.  Biochimica et Biophysica Acta, 1800 , 1084–1089.  

      Tian, Y. H., Baek, J. H., Lee, S. Y., & Jang, C. G. (2010). Prenatal and postnatal exposure to 
bisphenol a induces anxiolytic behaviors and cognitive defi cits in mice.  Synapse, 64 , 
432–439.  

      Vandenberg, L. N., Chahoud, I., Heindel, J. J., Padmanabhan, V., Paumgartten, F. J., & Schoenfelder, 
G. (2010). Urinary, circulating, and tissue biomonitoring studies indicate widespread exposure 
to bisphenol A.  Environmental Health Perspectives, 118 , 1055–1070.  

      Vandenberg, L. N., Colborn, T., Hayes, T. B., Heindel, J. J., Jacobs, D. R., Jr., Lee, D. H., Shioda, 
T., Soto, A. M., vom Saal, F. S., Welshons, W. V., et al. (2012). Hormones and endocrine- 
disrupting chemicals: Low-dose effects and nonmonotonic dose responses.  Endocrine Reviews, 
33 , 378–455.  

    Vandenberg, L. N., Hauser, R., Marcus, M., Olea, N., & Welshons, W. V. (2007). Human exposure 
to bisphenol A (BPA).  Reproductive Toxicology, 24 , 139–177.  

    Vandenberg, L. N., Maffi ni, M. V., Sonnenschein, C., Rubin, B. S., & Soto, A. M. (2009). 
Bisphenol-A and the great divide: A review of controversies in the fi eld of endocrine disrup-
tion.  Endocrine Reviews, 30 , 75–95.  

    Vassoler, F. M., White, S. L., Schmidt, H. D., Sadri-Vakili, G., & Pierce, R. C. (2013). Epigenetic 
inheritance of a cocaine-resistance phenotype.  Nature Neuroscience, 16 , 42–47.  

      Veurink, M., Koster, M., & Berg, L. T. (2005). The history of DES, lessons to be learned.  Pharmacy 
World & Science, 27 , 139–143.  

    vom Saal, F. S., & Welshons, W. V. (2006). Large effects from small exposures. II. The importance 
of positive controls in low-dose research on bisphenol A.  Environmental Research, 100 , 50–76.  

    Weaver, I. C., Cervoni, N., Champagne, F. A., D’Alessio, A. C., Sharma, S., Seckl, J. R., Dymov, 
S., Szyf, M., & Meaney, M. J. (2004). Epigenetic programming by maternal behavior.  Nature 
Neuroscience, 7 , 847–854.  

    Welshons, W. V., Nagel, S. C., & vom Saal, F. S. (2006). Large effects from small exposures. 
III. Endocrine mechanisms mediating effects of bisphenol A at levels of human exposure. 
 Endocrinology, 147 , S56–69.  

    Wolstenholme, J. T., Edwards, M., Shetty, S. R., Gatewood, J. D., Taylor, J. A., Rissman, E. F., & 
Connelly, J. J. (2012). Gestational exposure to bisphenol a produces transgenerational changes 
in behaviors and gene expression.  Endocrinology, 153 , 3828–3838.  

    Wolstenholme, J. T., Goldsby, J. A., & Rissman, E. F. (2013). Transgenerational effects of prenatal 
bisphenol A on social recognition.  Hormones and Behavior, 64 , 833–839.  

    Wolstenholme, J. T., Taylor, J. A., Shetty, S. R., Edwards, M., Connelly, J. J., & Rissman, E. F. 
(2011). Gestational exposure to low dose bisphenol A alters social behavior in juvenile mice. 
 PLoS One, 6 , e25448.  

3 In Utero Bisphenol A Exposure and Epigenetic Programming of Neurobehavioral…



92

    Xu, L. C., Sun, H., Chen, J. F., Bian, Q., Qian, J., Song, L., & Wang, X. R. (2005). Evaluation of 
androgen receptor transcriptional activities of bisphenol A, octylphenol and nonylphenol 
in vitro.  Toxicology, 216 , 197–203.  

         Xu, X. H., Zhang, J., Wang, Y. M., Ye, Y. P., & Luo, Q. Q. (2010). Perinatal exposure to bisphenol-
 A impairs learning-memory by concomitant down-regulation of N-methyl-D-aspartate recep-
tors of hippocampus in male offspring mice.  Hormones and Behavior, 58 , 326–333.  

    Yaoi, T., Itoh, K., Nakamura, K., Ogi, H., Fujiwara, Y., & Fushiki, S. (2008). Genome-wide analy-
sis of epigenomic alterations in fetal mouse forebrain after exposure to low doses of bisphenol 
A.  Biochemical and Biophysical Research Communications, 376 , 563–567.  

    Zhang, X. F., Zhang, L. J., Feng, Y. N., Chen, B., Feng, Y. M., Liang, G. J., Li, L., & Shen, W. 
(2012). Bisphenol A exposure modifi es DNA methylation of imprint genes in mouse fetal germ 
cells.  Molecular Biology Reports, 39 , 8621–8628.  

    Ziv-Gal, A., Wang, W., Zhou, C., & Flaws, J. A. (2015). The effects of in utero bisphenol A expo-
sure on reproductive capacity in several generations of mice.  Toxicology and Applied 
Pharmacology, 284 , 354–362.    

M. Kundakovic



93© Springer International Publishing Switzerland 2016 
D. Hollar (ed.), Epigenetics, the Environment, and Children’s Health 
Across Lifespans, DOI 10.1007/978-3-319-25325-1_4

    Chapter 4   
 The Epigenetic Biomarker γH2AX: 
From Bench to Clinical Trials                     

       Emmy     P.     Rogakou      ,     Vassilios     Papadakis     , and     George     P.     Chrousos    

4.1          The γH2AX Paradigm 

 Epigenetics has emerged as a critical player in human physiology, evolution, and 
disease in the postgenomic era. The term “epigenetics” has a Greek origin (Greek_
επί: over, on top, Greek_ γενετική: genetics) and depicts the cellular, phenotypic, 
and physiological traits that are not caused by changes in the DNA sequence. Even 
though the genome defi nes the complete set of genetic information contained in the 
DNA of each individual, the epigenetic mechanisms give plasticity to cells, in order 
to differentiate during development, and to adapt differently in response to environ-
mental stimuli. Although the same set of genes exists in every cell, different cells in 
the human body activate different subsets of genes. Misregulation of epigenetic 
mechanisms can lead to the initiation of a disease.  ENCODE     , the epigenetic project 
that aimed to study the epigenomic signatures of human cells grown in culture, has 
linked epigenomic data to the corresponding genetic information (Dunham et al. 
 2012 ; Romanoski et al.  2015 ; 82) and has produced reference epigenomes for cell 
types and tissues (Consortium et al.  2015 ; Dixon et al.  2015 ; Koren et al.  2015 ). 

  Epigenetic  factors   exert their function by means of three mechanisms: (1) DNA 
methylation, (2) noncoding RNAs, and (3) histone posttranslational modifi cations. 
In this chapter, we are going to focus on a histone posttranslational modifi cation, the 
γ-phosphorylation of the histone H2AX.  

  Histone proteins   form an octamer, a bead-like structure where DNA is wrapped 
around, to assemble the nucleosome. Nucleosomes are the fundamental building 
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blocks of eukaryotic chromatin. Histone “tails” are the ends of the histone 
molecules that protrude out from the nucleosomes, providing an exposed surface 
for potential interactions with other proteins (Luger et al.  1997 ). The number of 
posttranslational modifi cations that have been identifi ed on histone tails is increas-
ing as new technologies are employed in this fi eld and include acetylation, phos-
phorylation, methylation, ubiquitination, ADP-ribosylation, and many others. It 
has been proposed that distinct histone modifi cations on one or more tails act 
sequentially or in combination to form a “histone  code  .” According to the “histone 
code” hypothesis, histone modifi cations are recognized by specialized proteins 
that initiate a cascade of downstream events. The outcome of these events has an 
impact on different cell functions: transcription, mitotic and meiotic chromatin 
condensation, euchromatinization, heterochromatinization, and others. The “his-
tone code” is likely to impact all chromatin-template processes with far-reaching 
consequences on cell fate decisions toward normal or pathological development 
(Jenuwein and Allis  2001 ; Strahl and Allis  2000 ; Van Attikum and Gasser  2005 ; 
Williamson et al.  2012 ). 

 The γ-phosphorylation of the histone H2AX has been established as the fi rst 
paradigm of the “histone code”  hypothesis   that is implicated in the DNA damage 
response. To date, a large volume of studies have highlighted γH2AX to be the most 
sensitive and specifi c epigenetic biomarker for double-strand break detection in 
clinical trials and therapeutics.  

4.2     The Biology of the γH2AX: Megabase-Long 
Chromatin Domains 

4.2.1     γ-Phosphorylation of Histone H2AX 

   H2AX   is a mammalian variant that belongs to the H2A histone family. In contrast 
with the other members of the family, H2AX has a unique phosphorylation site on 
its carboxy-terminal tail, a serine at position 139. This site becomes rapidly phos-
phorylated when double-strand breaks (DSB) are generated into DNA. It has been 
well documented that this phosphorylation is specifi c to DSB and is induced even 
when a single DBS is present in the nucleus. This specifi c phosphorylation is 
denoted as “γ-phosphorylation,” and the term“γH2AX” indicates the phosphoryla-
tion at serine 139 of the histone H2AX (Rogakou et al.  1998 ). 

 The H2AX serine 139 is embedded in a specifi c SQ motif. This motif is recog-
nized by kinases that are members of the phosphatidylinositol-3 family (PI3), 
namely, ATM (ataxia telangiectasia mutated), ATR (ATM and Rad3 related), and 
DNA-PK (DNA-dependent protein kinase) (McKinnon  2004 ; Paull et al.  2000 ; 
Rogakou et al.  1999 ). In human cells, ATM is the major kinase to control 
γ-phosphorylation (Daniel et al.  2012 ). Nevertheless, due to lack of ATM activity 
the other kinases take over, indicating overlapping roles between ATM and ATR 
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(Cimprich and Cortez  2008 ; Falck et al.  2005 ). However, these kinases perform in 
different cellular pathways . It has been demonstrated that ATR is the main kinase to 
γ-phosphorylate H2AX during replication arrest and under hypoxic conditions. The 
role of DNA- PK   in γ-phosphorylation of H2AX is not well understood yet (Chronis 
& Rogakou,  2007 ; Downs and Jackson  2004 ).  

4.2.2      γ-Phosphorylation of Histone H2AX Extents Megabase- 
Long Domains in Chromatin: The  “γ-Phosphorylated 
Chromatin Platform” Model   

 γ-phosphorylation of H2AX is evident within minutes after the generation of DSBs. 
Most interestingly, γ -phosphorylation is not restricted to the vicinity of sites of the 
DSB, but extends along both sites of the damage and reaches megabase-long 
domains in chromatin (Rogakou et al.  1999 ) (Fig.  4.1 ). The signifi cance of this fact 
is of great importance; it depicts a biological amplifi cation mechanism where one 

  Fig. 4.1    Schematic depiction of the γH2AX induction. ( a ) In intact chromatin, there is no 
γ-phosphorylation on histone H2AX. Upon generation of a double-stranded break in chromatin 
( b ), histone H2AX becomes γ-phosphorylated (depicted by a  star ), and this phosphorylation 
extends for the lengths of the megabase long domains in chromatin ( c ). Note that histone H2AX is 
incorporated into nucleosomes, and γ-phosphorylation occurs in situ. For the purpose of this illus-
tration, H2AX is shown to be incorporated into every two nucleosomes. In fact, the percentage of 
H2AX in respect to the total H2A is different between cell types, spanning from 2.5 to 30 %       
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double-strand break induces the γ-phosphorylation of thousands of H2AX mole-
cules along megabase-long domains of chromatin that are adjusted to the sites of 
double-strand breaks.

   The physiological benefi t of such an epigenetic amplifi cation mechanism is vital 
to cells. It has been demonstrated that there is a time-dependent sequential recruit-
ment of repair and signal transduction factors on γ-phosphorylated chromatin (Paull 
et al.  2000 ). Factors such as the MRN complex (Mre11-Rad50-Nbs1), 53BP1, 
BRCA1, MDC1, TopBP1, hRad9, and others are recruited to the γ-phosphorylated 
chromatin (Paull et al.  2000 ; Daniel et al.  2012 ; Fatouros & Rogakou, 2007; Lukas 
et al.  2004 ; Kobayashi et al.  2004 ; Fernandez-Capetillo et al.  2004 ; Stucki and 
Jackson  2004 ; Bekker-Jensen et al.  2005 ). These factors participate in double-strand 
repair pathways. It has been proposed that the megabase-long γ-phosphorylated 
chromatin serves as a “chromatin platform,” where these factors are recruited to 
interact with each other (Fernandez-Capetillo et al.  2004 ). 

 Subsequently, signal transduction factors depart from the “γ-phosphorylated 
chromatin platform” to the cytoplasm to mediate cell-cycle arrest and/or apoptosis. 
As a result, the signal from one double-strand break (one dimension) is amplifi ed on 
the γ-phosphorylated chromatin (two dimensions) via positive feedback loops, to 
become adequate to fi ll the cytoplasm (three dimensions). Remarkably, γH2AX is 
induced in all phases of the cell cycle and is present in all DSB repair pathways 
known so far. Among them, the role of γH2AX in homologous recombination (HR) 
and nonhomologous end-joining (NHEJ) is extensively studied. 

 The above-described “γ-phosphorylated chromatin platform” model has not only 
biological signifi cance but also technological implications. As one double-strand 
break is surrounded by thousands of γ-phosphorylated H2AX nucleosomes, specifi c 
antibodies make possible the observation by immunocytochemistry of only one 
DSB per nucleus, rendering this technology the most sensitive assay for the detec-
tion of DSBs. By confocal microscopy, γH2AX foci appear as large, roughly spheri-
cal conformations and adopt a band-like conformation in deer mitotic cells (Rogakou 
et al.  1999 ), resembling perhaps the known bands in human mitotic chromosomes 
as seen in routine karyotype tests.    

4.3     γH2AX Is Induced by Different Types of  Double-Strand 
Breaks   

4.3.1       Typical Kinetics of γH2AX Induction by Ionizing 
Radiation 

 Cells subjected to ionizing radiation ( IR     ) exhibit γH2AX formation in minutes. 
Kinetics followed by immunocytochemistry coupled with confocal or epifl uores-
cent microscopy exhibit the following characteristic: (1) γ-H2AX foci appear rap-
idly within 1 min, (2) foci increase in number and size, where half-maximal amounts 
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are attained in less than 10 min, (3) foci number and size plateau are reached in 
15–60 min, (4) decrease in foci number and size follows at 180 min, and (5) foci 
fi nally disappear within 48 h in most of the cases (Rogakou et al.  1998 ,  1999 ; 
Sedelnikova et al.  2002 ). 

 This kinetics correlates with the generation and repair of DSBs in the DNA of the 
cells. Moreover, γH2AX foci correlate one-by-one with the sites of DSB as it has 
been demonstrated in many quantitative studies and in cells that undergo V(D)J 
recombination (Chen et al.  2000 ; Yin et al.  2009 ). The formation of γH2AX foci is 
universal, as all normal and cancer cells in eukaryotes respond to the formation of 
γH2AX at lethal and sublethal amounts of ionizing radiation. 

 Ionizing radiation is known to produce multiple damaged sites that contain base 
and sugar alterations as well as single-strand breaks, in addition to double-strand 
breaks. Nevertheless, a series of experiments have attributed the γH2AX formation 
specifi cally to the double-strand breaks and have excluded other types of DNA dam-
age. Neither treatment with H 2 O 2 , which produces hydroxyl radicals and DNA 
single- strand breaks at a low spatial distribution, nor low-dose irradiation with ultra-
violet light induces directly γH2AX formation (Dixon et al.  2015 ). 

 In contrast, double-strand breaks generated by every different mechanism tested 
so far have shown to induce γH2AX formation (Fig.  4.2 ). The current dogma is that 
the generation of double-strand breaks in living eukaryotic cells always induces 
γH2AX formation. Nevertheless, other types of lesions may also induce γH2AX 
formation indirectly, as these lesions are converted to double-strand breaks during 
later steps in DNA repair (Table  4.1 , Fig.  4.2 ) (see later in this chapter).  

  Fig. 4.2    DNA double-strand breaks generated by different environmental, cellular, or develop-
mental events induce γH2AX       
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4.3.2           Direct Generation   of Double-Strand Breaks 

 The original observation of γH2AX formation was induced in experiments where 
ionizing irradiation was used to generate DSBs in cells, and since then, it has been 
studied extensively (Rogakou et al.  1998 ,  1999 ; Celeste et al.  2002 ,  2003 ; Redon 
et al.  2012 ). Direct generation of DSBs other than ionizing radiation has also been 
shown to induce γH2AX formation: 125I incorporation into DNA (Sedelnikova 
et al.  2002 ), alpha-particles administration with radio-immunotherapy to solid 
tumors (Song et al.  2013 ), treatment with radiomimetic agents such as bleomycin 
that introduce DSBs by non-radiolytic mechanisms, etc. γH2AX is also induced by 
reactive oxygen species that are generated during metabolism. It has been shown 
that constitutive H2AX phosphorylation is apparent in cells that undergo endoge-
nous oxidative stress (Tanaka et al.  2006 ). It has been demonstrated that cumulative 
oxidative DNA damage is a key factor in aging and cellular senescence (Celeste 
et al.  2002 ; Sedelnikova et al.  2004 ). In addition, oxidative DNA damage is apparent 
in infl ammation and is considered to predispose cells to neoplastic transformations 
(Murata et al.  2012 ). 

 Apart from irradiation and agents able to break DNA, DSBs are generated 
during a variety of specialized cellular processes, mediated by endonucleases or 
topoisomerases. 

 During V(D)J light chain recombination, RAG endonuclease generates double- 
strand- breaks between the immunoglobulin and the T cell receptor locus (Chen 

   Table 4.1    Summary of well-known environmental challenges or cellular processes that induce 
γH2AX and their mechanism of action to generate DNA double-strand breaks   

 γH2AX 
induction 

 Environmental challenge or 
cellular process  Mechanism of action 

 Direct  Radiation  ROS, α particles, etc.  Radio-
chemistry 
 chemistry 

 Radionucleotides  ROS 
 Oxidative stress  ROS 
 Radiomimetic drugs  Non-radiolytic mechanisms 

 Direct  Topoisomerase II inhibition  Topo II-cleavage complexes  Enzyme-
mediated 
mechanisms  V(D)J recombination  RAG endonuclease 

 Class switch recombination  AID triggered mechanism 
 Meiotic recombination  Spo11 topoisomerase 
 Apoptosis  CAD or DFF endonuclease 
 Stem cell developmental process  Unknown 
 Telomere attrition  DSB recognition apparatus 
 Retroviral integration  Retroviral integrase 

 Indirect  Topoisomerase I inhibition  Topo I-cleavage complexes/
replication fork collision 

 DNA-replication stress  Several endonucleases 
 Intermediates in processing of 
DNA lesions 

 Endonucleases, topoisomerases, 
DNA processing enzymes 

 Aberrant RNA transcription  Non-specifi ed yet 
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et al.  2000 ; Yin et al.  2009 ; Celeste et al.  2003 ). In developing thymocytes, γH2AX 
forms nuclear foci that co-localize with the T cell receptor γ-locus, as it has been 
shown by immunofl uorescence in situ hybridization. These results also demonstrate 
that γH2AX-immunocytochemistry is such a powerful tool that is able to detect the 
presence of only one double-strand break in the human nucleus (Chen et al.  2000 ). 

 Antibody class switching occurs in mature B cells in response to antigen stimula-
tion and co-stimulatory signals. It is mediated by a unique type of intrachromo-
somal deletional recombination within special G-rich tandem repeated DNA 
sequences. The process of  class switch recombination (CSR)   is initiated by the 
activation-induced cytidine deaminase (AID), which converts cytosines to uracils 
by deamination (removal of the amino group of cytosine). Subsequent repair of the 
deoxy-uracil (dU) residues leads fi nally to DSBs in order to initiate the process of 
DNA recombination. γH2AX foci co-localize with the recombinational region in 
wild type but not in AID −/−  mice, indicating that γH2AX forms at sites of CSR and 
is dependent on the AID activity (Celeste et al.  2003 ; Panier and Boulton  2014 ). 

 In meiotic recombination, γH2AX formation follows the Spo11 activation. 
Spo11 is a topoisomerase-related protein that introduces DSBs into meiotic chro-
mosomes to initiate meiotic recombination (Celeste et al.  2003 ; Fernandez-Capetillo 
et al.  2003 ; Mahadevaiah et al.  2001 ). During apoptosis, caspases orchestrate a 
cascade of cell reactions that result in the typical apoptotic morphology, including 
DNA fragmentation. During this process, apoptotic endonucleases are activated to 
produce the typical “apoptotic DNA ladder.” It has been demonstrated that γH2AX 
is induced in apoptosis, following the activation of the caspase-activated DNase, 
called CAD or DFF (Rogakou et al.  2000 ; Lu et al.  2006 ; Solier and Pommier  2009 ). 
The biological signifi cance of the γ-phosphorylation during the execution phase of 
apoptosis is not fully understood yet. 

 Early events during retroviral replication after the entry of the viral capsid 
include synthesis of a DNA copy of the viral RNA genome to form a pre-integration 
complex. This complex enters the nucleus and integrates with the host 
DNA. Retroviral integration is mechanistically similar to the V(D)J recombination; 
it is catalyzed by RAG proteins and promotes transient formation of γH2AX at 
retroviral integration sites (Daniel et al.  2004 ). 

 Telomeres are structures located at the termini of linear chromosomes of most 
eukaryotic organisms. Their major role is to facilitate DNA replication and the pro-
tection of chromosome ends from DNA repair enzymes by means of a protein com-
plex known as shelterin. In human fi broblasts that exhibit telomerase-depended 
senescence, telomeric γH2AX foci are increased in number and extent more than 
270 kilobases inward the end of the chromosome (Takai et al.  2003 ; d’Adda di 
Fagagna et al.  2003 ). γH2AX foci, other than telomerase related, also increase in 
number during aging. They co-localize with 53BP1, MDC1, NBS1, and the 
 phosphorylated form of SMC1, associating DNA repair mechanisms with cellular 
senescence (Sedelnikova et al.  2004 ). 

 The involvement of γH2AX in cell differentiation has recently been implicated. 
According to a proposed model on differentiation, oxidative stress and DNA 
damage in undifferentiated cells induce cell-cycle arrest. As a consequence, the 
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duration of the cell cycle is prolonged. During this arrest, transcription factors may 
accumulate, leading cells to exit the cell-cycle and proceed to differentiation 
(Santos et al.  2014 ).   

4.3.3       Indirect Generation   of Double-Strand Breaks 

 In addition to DNA double-strand breaks generated directly, there are also DNA 
double-strand breaks that are generated indirectly. This category includes DNA 
lesions other than DSBs, which are converted into double-strand breaks during sub-
sequent biological steps. DNA lesions (such as single-strand breaks, base excision 
repair lesions, aberrant topological DNA formations that obstruct DNA-replication 
or RNA transcription, etc.) when interfere with DNA or RNA synthesis, cell cycle 
progression, or other cellular functions may transform to double-stand breaks. 

 Many pharmaceuticals exhibit the ability to generate indirect double-strand 
breaks. Enzyme inhibitors, such as PARP, topoisomerases, and other DNA process-
ing enzyme inhibitors, freeze DNA lesions and produce DNA intermediates that 
may convert to double-strand breaks downstream the cell cycle. A typical example 
is the topoisomerase I inhibitor that originally introduces single-strand breaks. 
These lesions are converted to double-strand breaks during the S phase of the cell 
cycle as DNA-replication forks collide with the damage site (Furuta et al.  2003 ). 

 DNA intercalators and nucleotide analogs are used as powerful drugs. DNA 
intercalators create obstacles to DNA and RNA polymerases, and their repair may 
result to the generation of double-strand breaks. Nucleotide analogs lead to prema-
ture DNA-strand termination that may transform to double-strand breaks. 

 We are going to refer to these mechanisms later in this chapter, as we are going 
to examine the mechanisms of action of therapeutics that have been administered 
during clinical trials where γH2AX has served as a biomarker.    

4.4     γH2AX as an Epigenetic Biomarker to Detect 
Double- Strand Breaks in Clinical Trials 

4.4.1       Immunocytochemical Detection   of γH2AX Is a Powerful 
Tool to Locate DNA Double-Strand Breaks in the Cell 
Nucleus 

 Since its discovery in 1998 (Rogakou et al.  1998 ), γH2AX has proven to be an ideal 
marker to detect double-strand breaks. Since then, γH2AX has been studied thor-
oughly and has been used as a tool in multiple biomedical fi elds. The number of 
scientifi c publications shows an exponential phase of growth (Fig.  4.3 ). Today, the 
volume produced by these studies support with confi dence that γH2AX is an 
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excellent marker to detect double-strand breaks, generated from a variety of differ-
ent environmental challenges or cellular processes. Immunocytochemical detection 
became the primary method of detection, as it is several orders of magnitude more 
sensitive than other methods and has the potential for quantifi cation (Rogakou et al. 
 1999 ; Sedelnikova et al.  2002 ).

   Assays based on specifi c antibodies against the characteristic γH2AX epitope 
(e.g., confocal and epifl uorescent microscopy, fl ow cytometry, and immunoprecipi-
tation) have been incomparably successful for the detection of double-strand breaks 
(Redon et al.  2010a ,  b ,  2012 ; Ivashkevich et al.  2012 ). These assays share four 
important technical features: (1) specifi city, (2) sensitivity, (3) quantifi cation, and 
(4) repeatability and reproducibility.

    1.    Specifi city: The γH2AX has been proven to detect specifi cally double-strand 
breaks in contrast to other DNA damages (Rogakou et al.  1998 ).   

   2.    Sensitivity: Immunoassays utilizing specifi c antibodies for γH2AX show the high-
est score in sensitivity (Chen et al.  2000 ). The biological model of γ-phosphorylation 
provides the explanation for this remarkable sensitivity; visualization of only one 
double-strand break in the whole nucleus is feasible, as γ-phosphorylation spans 
megabase-long domains in chromatin juxtaposed to the break.   

   3.    Quantifi cation: The presence of γH2AX detected by antibody-based techniques 
can be quantifi ed by various methods: confocal and epifl uorescence microscopy 
(measured manually or automatically), fl ow cytometry, western blot quantifi ca-
tion, etc. (Redon et al.  2010a ,  b ).   

  Fig. 4.3    Cell cycle and DNA damage check points. The progression from one phase of the cell 
cycle to the next is regulated by different control systems, called check points. The major check 
point systems that sense DNA damage and allow time for repair are located at G1 before entry into 
S phase, at S phase before the entry into G2 phase, and at the G2 before the entry into mitosis. The 
G0 phase is a stage where cells do not progress toward the next phase of the cell cycle (typically 
the S phase), although they exhibit full functionality. This stage is also referred as quiescence, and 
it is characteristic for both differentiated and senescent cells       
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   4.    Repeatability and reproducibility: To date, the repeatability and reproducibility 
of the method have been demonstrated by numerous diverse research laborato-
ries all over the world, as demonstrated by the number of scientifi c publications 
(Fig.  4.4 ).

       The above grounds highlight γH2AX to be a reliable assay to use in clinical tri-
als. To date, the research on γH2AX has matured to the point to infl ict its utilization 
in clinical trials as an informative biomarker. Clinical trials on cancer have used 
γH2AX to monitor and evaluate cancer therapeutics. A representative list of 43 
clinical trials on cancer treatment is displayed in Table  4.2 . 

4.4.2        Cancer Therapeutics and Their Mechanism of Action 
in Relation to γH2AX Assays 

  Traditional cancer therapy has progressed through the development of drugs that 
either  introduce DNA lesions or obstruct regular molecular mechanisms that result 
to  apoptosis  . Anticancer  drugs   may induce directly DNA damage or interfere with 

  Fig. 4.4    Cumulative diagram of scientifi c papers that refer to γH2AX. PubMed-NCBI database was 
searched for γH2AX per calendar year. The cumulative number of these research publications and 
review articles indicates the available bibliographic information for the γH2AX per calendar year       
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cellular functions as DNA repair, DNA replication, transcription, cell division, 
apoptosis, and other. During the inhibition of these processes, DNA intermediates 
that expose double-strand breaks may be created and detected by γH2AX assays. If 
apoptosis is induced, γH2AX assays can also be in use, although further develop-
ment of apoptosis specifi c assays is needed. 

 Table  4.3  shows the list of drugs/agents that have been employed in the 43 clinical 
trials on cancer treatment (displayed in Table  4.2 ). These drugs/agents may have been 
administrated as monotherapy or as part of combinational chemotherapy regimens.

   The mechanisms of action of these drugs/agents fall into seven  categories  : The 
fi rst three categories are (1) DNA damage, (2) DNA-repair inhibition, and (3) DNA- 
replication stress. There are three additional categories that do not generate double- 
strand breaks by their mechanism of action: (4) virus-replication inhibition, (5) 

     Table 4.2    List of selected clinical trials where γH2AX has been utilized as biomarker   

 Clinical trial registry 
number  Condition  Age groups 

 Clinical 
phase 

 NCT02207010  Glioblastoma  Adult|Senior  Phase 0 
 NCT01275183  Head and neck cancer  Adult|Senior  Phase 0 
 NCT01390571  Brain and central nervous system 

tumors 
 Adult|Senior  Phase 1 

 NCT01076530  Brain tumor; spinal cord tumors  Child  Phase 1 
 NCT01445418  Breast; ovarian cancer  Adult|Senior  Phase 1 
 NCT00892736  Breast; ovarian; pancreatic; peritoneal; 

prostate carcinoma 
 Adult|Senior  Phase 1 

 NCT01281150  Solid neoplasm; breast; male breast 
carcinoma 

 Adult|Senior  Phase 1 

 NCT01132573  Acute leukemia  Adult|Senior  Phase 1 
 NCT00810966  Leukemia; lymphoma; unspecifi ed solid 

tumor 
 Adult|Senior  Phase 1 

 NCT00576654  Lymphoma; breast carcinoma; 
malignant neoplasm 

 Adult|Senior  Phase 1 

 NCT01658319  Lymphoma; leukemia  Adult|Senior  Phase 1 
 NCT01139970  Myeloid leukemia; acute lymphoblastic 

leukemia 
 Adult|Senior  Phase 1 

 NCT01748825  Neoplasm; lymphoma  Adult|Senior  Phase 1 
 NCT00740805  Neoplasm; lymphoma; leukemia  Adult|Senior  Phase 1 
 NCT01455532  Neoplasm  Adult|Senior  Phase 1 
 NCT00678132  Neoplasm  Adult|Senior  Phase 1 
 NCT00450502  Neoplasm  Adult|Senior  Phase 1 
 NCT01202370  Solid neoplasm  Adult|Senior  Phase 1 
 NCT01017640  Solid neoplasm  Adult|Senior  Phase 1 
 NCT01213381  Advance solid tumors  Adult|Senior  Phase 1 
 NCT00422682  Tumors  Adult|Senior  Phase 1 
 NCT00298675  Tumors  Adult|Senior  Phase 1 
 NCT00800865  Tumors  Adult|Senior  Phase 1 

(continued)
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Table 4.2 (continued)

 Clinical trial registry 
number  Condition  Age groups 

 Clinical 
phase 

 NCT00687765  Glioblastoma  Adult|Senior  Phase 1/2 
 NCT01989546  Advanced ovarian; peritoneal; breast 

cancer; solid tumors 
 Adult|Senior  Phase 1/2 

 NCT01305499  Acute myeloid leukemia  Adult|Senior  Phase 2 
 NCT01173497  Breast cancer; brain metastases  Adult|Senior  Phase 2 
 NCT01403610  High grade clioma  Adult|Senior  Phase 2 
 NCT02038816  Myelodysplastic syndromes  Adult|Senior  Phase 2 
 NCT01033123  Ovarian cancer  Adult|Senior  Phase 2 
 NCT01033292  Ovarian cancer  Adult|Senior  Phase 2 
 NCT00813956  Triple negative breast cancer  Adult|Senior  Phase 2 
 NCT01204125  Triple negative breast cancer  Adult|Senior  Phase 2 
 NCT00540358  Triple negative metastatic breast cancer  Adult|Senior  Phase 2 
 NCT00687687  Uterine carcinosarcoma  Adult|Senior  Phase 2 
 NCT00938652  Breast cancer  Adult|Senior  Phase 3 
 NCT01082549  Squamous cell lung cancer  Adult|Senior  Phase 3 
 NCT02235051  Breast cancer  Adult|Senior  NP 
 NCT01130259  Breast cancer  Adult|Senior  NP 
 NCT00369109  Breast; colorectal; pancreatic cancer  Adult|Senior  NP 
 NCT00493376  Cervix cancer  Adult|Senior  NP 
 NCT01899391  Prostate cancer radiotherapy  Adult|Senior  NP 
 NCT00523471  Prostate cancer radiotherapy  Adult|Senior  NP 
 NCT01518673  Pediatric patients undergoing CT 

examination 
 Child  NP 

  Source:   http://clinicaltrials.gov/      

checkpoint abrogation, and (6) transcriptional reprogramming. Nevertheless, these 
drugs prolong the DNA damage response as monitored by γH2AX, if co- 
administrated with DNA damage agents. Finally, the last category includes (7) 
aneugens that induce aneuploidy and polyploidy, but do not induce γH2AX by 
themselves. 

4.4.2.1      DNA Damage   

 DNA damage can be generated directly to cancer cells either by radiotherapy or by 
drugs. Irradiation and the formation of γH2AX have been extensively studied in 
animal models (Redon et al.  2010a ,  b ; Moroni et al.  2013 ).  Tirapazamine   is an 
experimental anticancer drug that is activated to a toxic radical within tumor cells in 
hypoxia state. In this situation, the formation of double-strand breaks has been mon-
itored by γH2AX (Meng et al.  2012 ; Evans et al.  2008 ).  
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    Table 4.3    List of therapeutics used in clinical trials that their biological activity has been 
monitored by the γH2AX biomarker   

 Therapeutic  Biological target 
 Mechanism of 
action  γH2AX induction 

 Irradiation  Generation of ROS  DNA damage 
(DSB) 

 +  Redon et al. ( 2010a ), 
Moroni et al. ( 2013 ) 

 Tirapazamine  Generation of ROS 
in hypoxia 

 DNA damage 
(DSB) 

 +  Meng et al. ( 2012 ), 
Evans et al. ( 2008 ) 

 Methoxyamine  DNA apurinic/
apyrimidinic binder 

 DNA repair 
inhibition (BER) 

 +  Yan et al. ( 2006 ,  2007 ) 

 Olaparib  PARP inhibitor  DNA repair 
inhibition (SSB) 

 +  Redon et al. ( 2010a ,  b ), 
Van Vuurden et al. ( 2011 ), 
Fong et al. ( 2009 ) 

 Veliparib  PARP inhibitor  DNA repair 
inhibition (SSB) 

 +  Chuang et al. ( 2012 ) 

 BMN 673  PARP inhibitor  DNA repair 
inhibition (SSB) 

 +  Shen et al. ( 2013 ) 

 Iniparib  PARP1 inhibitor a   DNA repair 
inhibition (SSB) 

 +  Sinha ( 2014 ), 
Patel et al. ( 2012 ) 

 5-Azacytidine  DNA-
methyltransferase 
inhibitor 

 DNA-replication 
stress 

 +  Orta et al. ( 2013 ), 
Palii et al. ( 2008 ) 

 Evofosfamide  DNA alkylating 
agent in hypoxia 

 DNA-replication 
stress 

 +  Meng et al. ( 2012 ), 
Sun et al. ( 2012 ) 

 Mitomycin C  DNA alkylating 
agent 

 DNA-replication 
stress 

 +  Roh et al. ( 2008 ), 
Niedernhofer et al. ( 2004 ) 

 Cyclophosphamide  DNA alkylating 
agent 

 DNA-replication 
stress 

 +  Niedernhofer et al. ( 2004 ), 
Cheng et al. ( 2008 ) 

 Carboplatin, 
cisplatin 

 DNA alkylating 
agent 

 DNA-replication 
stress 

 +  Olive and Banáth ( 2009 ), 
Cruet- Hennequart et al. 
( 2014 ) 

 Temozolomide  DNA alkylating 
agent 

 DNA-replication 
stress 

 +  Mirzoeva et al. ( 2006 ), 
Trivedi et al. ( 2005 ) 

 Doxorubicin  DNA intercalation  DNA-replication 
stress 

 +  Kurz et al. ( 2004 ), 
Pang et al. ( 2013 ) 

 Gemcitabine  DNA polymerase 
inhibitor 

 DNA-replication 
stress 

 +  Parsels Leslie et al. ( 2009 ), 
Ewald et al. ( 2007 ) 

 Fludarabine  DNA polymerase 
inhibitor 

 DNA-replication 
stress 

 +  Ewald et al. ( 2008 ), 
Seedhouse et al. ( 2009 ) 

 Clofarabine  DNA polymerase 
inhibitor 

 DNA-replication 
stress 

 +  Seedhouse et al. ( 2009 ) 

 Batracylin  DNA topo I and II 
inhibitor 

 DNA-replication 
stress 

 +  Rao et al. ( 2007 ) 

 Irinotecan  DNA topo I 
inhibitor 

 DNA-replication 
stress 

 +  Ashour et al. ( 2015 ), 
Petitprez et al. ( 2013 ) 

 Camptothecin  DNA topo I 
inhibitor 

 DNA-replication 
stress 

 +  Furuta et al. ( 2003 ), 
Ashour et al. ( 2015 ) 

(continued)
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Table 4.3 (continued)

 Therapeutic  Biological target 
 Mechanism of 
action  γH2AX induction 

 Raltegravir  Integrase inhibitor  Virus replication 
inhibition 

 −  Cooper et al. ( 2013 ) 

 Entinostat  Histone deacetylase 
inhibitor 

 Transcriptional 
reprogramming 

 −  Fandy et al. ( 2009 ) 

 MK-1775  Wee1 kinase 
inhibitor 

 Checkpoint 
abrogation 

 −  Bridges et al. ( 2011 ) 

 Paclitaxel  Microtubule 
stabilization 

 Mitosis inhibition  −  Matsuzaki et al. ( 2010 ) 

   a This mechanism of action is no longer supported by scientifi c evidence  

4.4.2.2      DNA Repair Inhibition 

  DNA repair inhibition   is a strategy for the development of many cancer drugs. 
Depending on the specifi c pathway the drugs target, there are many subcategories. 
 Methoxyamine   is a drug that binds covalently to apurinic/apyrimidinic DNA dam-
age sites and inhibits base excision repair. In turn, this may result in an increase in 
DNA-strand breaks and apoptosis (Yan et al.  2006 ,  2007 ). 

 PARP inhibitors are a novel group of chemotherapeutics that inhibit  poly-ADP 
ribose polymerases (PARP)  , an enzyme family whose main role is to detect and 
signal DNA single-strand breaks to the enzymatic machinery involved in the 
repair. Olaparib (Van Vuurden et al.  2011 ; Fong et al.  2009 ), veliparib (Chuang 
et al.  2012 ), and BMN 673 (Van Vuurden et al.  2011 ; Shen et al.  2013 ) enhance 
the accumulation of DNA-strand breaks, generating eventually double-strand 
breaks. Iniparib was originally believed to act as an irreversible inhibitor of 
PARP1, but its effects against PARP were later disproven (Sinha  2014 ; Patel et al. 
 2012 ). 

 Topoisomerase I inhibitors freeze the enzyme that is bound covalently to DNA, 
generating the so-called “ topo I-cleavage complexes  ,” establishing single-strand 
breaks. In S phase, the single-strand breaks are converted to double-strand breaks, 
as the replication fork that runs DNA collide with the topo I-cleavage complex. 
Consequently, γH2AX foci co-localize with the topo I-cleavage complexes exclu-
sively in the S phase of the cell cycle. Irinotecan (Ashour et al.  2015 ; Petitprez et al. 
 2013 ) and camptothecin (Furuta et al.  2003 ; Ashour et al.  2015 ) are drugs with 
DNA topoisomerase I inhibitor activity. 

 Topoisomerase II inhibitors form covalent bonds between the topoisomerase II 
molecules and the DNA, the so-called  topo II-cleavage complexes  . Cleavage com-
plexes generated by topoisomerase II inhibitors affect both DNA strands and intro-
duce directly double-strand breaks in DNA. γH2AX foci also co-localize with topo 
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II-cleavage complexes, but contrary to the “topo I-cleavage complexes,” they do 
appear in all phases of the cell cycle.  Batracylin   is a dual inhibitor of DNA topoi-
somerases I and II and is currently used in clinical trials. Its effi cacy is evaluated by 
γH2AX measurements (Rao et al.  2007 ).   

4.4.2.3      DNA-Replication Stress 

  DNA-replication stress   is encountered when DNA-replication forks become stalled 
by bulky formations and DNA lesions, generated by intracellular fl aws or environ-
mental insults. 

 Several DNA agents form DNA crosslinks, interfering with DNA replication. 
Mitomycin C, cyclophosphamide, and carboplatin/cisplatin (platinum complex 
based drugs) act as DNA alkylating agents. As stalled forks eventually collapse, 
DNA double-strand breaks are generated and can be measured by γH2AX quantifi -
cation assays (Roh et al.  2008 ; Niedernhofer et al.  2004 ; Cheng et al.  2008 ; Olive 
and Banáth  2009 ; Cruet-Hennequart et al.  2014 ).  Temozolomide   is an alkylating 
agent that is converted chemically at physiologic pH to the short-lived active com-
pound MTIC, resulting in obstruction of DNA replication. These lesions have been 
reported to be repaired by the base excision repair system and eventually induce 
γH2AX foci (Mirzoeva et al.  2006 ; Trivedi et al.  2005 ). Evofosfamide (TH-302) is 
administered as a prodrug that is activated only in hypoxic regions of tumor, and it 
becomes a potent DNA alkylating agent. Its activity has also been measured by 
γH2AX (Meng et al.  2012 ; Sun et al.  2012 ). 

 Agents that intercalate DNA result in the inhibition of macromolecular biosyn-
thesis.  Doxorubicin   intercalates DNA and inhibits the progression of the enzyme 
topoisomerase II. Doxorubicin stabilizes the topoisomerase II complex after it has 
broken the DNA chain. It has also been postulated that Doxorubicin increases free 
radical production as well. γH2AX quantifi cation assays has been used to monitor 
these effects (Ewald et al.  2007 ). 

 Drugs that can be metabolized in the cell environment into deoxynucleotide ana-
logues have been used as anticancer drugs.  Gemcitabine   is converted intracellularly 
to active metabolites that inhibit the production of deoxynucleotides. It also replaces 
cytidine during DNA replication. Both mechanisms of action result in premature 
DNA-strand termination and apoptosis. These effects have been monitored by 
γH2AX measurements (Ewald et al.  2008 ; Parsels Leslie et al.  2009 ; Seedhouse 
et al.  2009 ).  Fludarabine   metabolites inhibit DNA polymerases as well as ribonucle-
otide reductase, thereby interrupting DNA synthesis and inhibiting tumor cell 
growth. The generation of double-strand breaks has been monitored by γH2AX. 
 Clofarabine   belongs to a second-generation nucleoside analog that inhibits the 
enzymatic activities of ribonucleotide reductase and DNA polymerases. This nucle-
oside analog also disrupts mitochondrial function and membrane integrity, resulting 
in the release of pre-apoptotic factors, which activate apoptosis. 
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  5-Azacitidine   is incorporated into DNA, where it inhibits DNA methyltransferase 
reversibly, thereby blocking DNA methylation. Hypomethylation may activate 
tumor suppressor genes silenced by hypermethylation, also resulting in an antitu-
mor effect. It has also been reported that 5-azacitidine induces γH2AX foci due to 
replication forks collisions (Orta et al.  2013 ; Palii et al.  2008 ).   

4.4.2.4       DNA-Damage Checkpoint Abrogation   

 Another strategy to cancer therapeutics is the development of inhibitors to abrogate 
the DNA damage checkpoints. MK-1775 is a selective Wee1 kinase inhibitor that 
results in G2 DNA-damage checkpoint abrogation. MK-1775 has no effect on 
γH2AX itself. Nevertheless, if DNA damage has been generated to cells by different 
means, administration of MK-1775 can lead to mitotic catastrophe and apoptosis. 
Monitoring the unrepaired double-strand breaks with γH2AX has also been reported 
for MK-1775 (Bridges et al.  2011 ).   

4.4.2.5      Virus Replication Inhibition   

 Integrase inhibitors are molecules that are designed to block the action of integrase, 
a viral enzyme that inserts the viral genome into the DNA of the host cell. Raltegravir 
has been reported to diminish proviral DNA integration, as monitored by γH2AX 
assays (Cooper et al.  2013 ).  

4.4.2.6       Transcriptional Reprogramming   

  Histone deacetylase (HDACs)   inhibitors are a class of compounds that interfere 
with the function of histone deacetylases. As DNA expression is regulated posi-
tively by acetylation, HDACs inhibitors sustain transcription. Entinostat is a HDAC 
inhibitor, with specifi city to HDAC1 and HDAC3 inhibition, which potentiates the 
DNA damage response generated by other agents. γH2AX is induced in peripheral 
blood mononuclear cells after treatment with entinostat combined with 5-azaciti-
dine (Fandy et al.  2009 ).   

4.4.2.7      Mitosis Inhibition   

 Aneugens impair the mitotic spindle assembly and are widely used as anticancer 
drugs, inducing aneuploidy and polyploidy. In contrast to other cancer therapeutics, 
γH2AX is not induced in paclitaxel or other aneugen-treated cells (Matsuzaki et al. 
 2010 ). Most probably, this is due to the fact that the DNA structure remains intact, 
although the mitotic process is disrupted.    
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4.5     Future Perspectives 

 In the present chapter, we have analyzed the biology of the γ-phosphorylation of 
histone H2AX and its recent applications in clinical trials. γH2AX analysis is 
already dynamically applied to cancer treatment evaluation and is expected to 
expand further in this fi eld Shah et al. ( 2013 ). As H2AX assays can monitor the 
fi delity of two major pathways in DSB repair, the  homologous repair (HR)  , and the 
 nonhomologous end joining (NHEJ)   (Scully and Xie  2013 ); a wide range of cancer 
therapeutics, other than that included in the list of Table  4.3 , could also be moni-
tored by γH2AX assays in clinical trials. 

 Another major progress in the use of γH2AX as a clinical marker will come from 
the application of these methods to children. Table  4.2  also illustrates that the vast 
majority of the studies, where γH2AX is used as a  biomarker  , involve adults and 
seniors, where studies on children are underrepresented. This refl ects the fact that 
new studies that evaluate novel treatments and methods are initially approved for 
adult populations and then expand to children, due to regulatory mandates. The fact 
that a child is a minor and the parents or legal guardians decide for the children’s 
participation in experimental studies has limited the number of studies involving 
pediatric cohorts. Nevertheless, specifi cally designed clinical studies for this age 
group are a necessity. 

 Although pediatric patients usually exhibit better tolerance in cancer treatment 
and their survival rate has steadily improved, long-term morbidity and mortality that 
is associated with currently successful treatments must be addressed (Robison and 
Hudson  2014 ; Norris and Adamson  2012 ). Toward this direction, γH2AX will 
become an indispensable biomarker for the evaluation of chemotherapy and radio-
therapy for identifying pediatric patients with double-strand break repair defi cien-
cies, who may overreact to DNA-damaging cancer therapy (Rübe et al.  2015 ). This 
issue has also been addressed in the epidemiology study to quantify risks for pedi-
atric computerized tomography and to optimize doses (EPI-CT). The EPI-CT study 
has utilized γH2AX as a  biomarker   for DNA damage to indicate radiation risk 
(Thierry-Chef et al.  2013 ). Results are expected to be announced later this year. 

 Although major research has focused on malignant disease, we are going to wit-
ness an increasing body of evidence on γH2AX coming from nonmalignant disease 
entities. Basic research on γH2AX has demonstrated many different sources of 
double-strand breaks that induce γ-phosphorylation other than those involved in 
cancer. Till now, only a few clinical trials have explored the utility of this epigenetic 
marker to evaluate the burden of nonmalignant diseases. The clinical trial  “IRIS” 
investigates   the accelerated immunosenescence in chronic kidney disease patients 
(NCT02116270). For this reason, T cell senescent populations are evaluated by 
γH2AX immunostaining. In another clinical study, the effect of stress on women 
undergoing  in vitro fertilization (IVF)      is examined (NCT00685282). 

 The general hypothesis of this research is that stress decreases fertility; counter-
acting stress with cognitive behavioral therapy will increase fertility in women 
undergoing IVF. To monitor stress, DNA integrity will be evaluated by γH2AX. 
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The  “DORIAN” study   is investigating the role of maternal obesity in healthy and 
unhealthy aging. Subjects will undergo characterization by biohumoral, imaging, 
and infl ammatory biomarkers. γH2AX in relation to telomere damage will also be 
evaluated in aging (Iozzo et al.  2014 ). 

 The utilization of γH2AX as a  biomarker   in nonmalignant disease entities will 
further accelerate toward different physiologies. There is a particularly exciting 
prospect that the γH2AX analysis may be adapted to serve the evaluation of the 
effi cacy of developmental therapeutics. The outcome of basic research has demon-
strated many different sources of double-strand breaks that have not been exploited 
yet (Fig.  4.2 ). For this reason, translational research on the γH2AX epigenetic 
 biomarker is expected to develop further, in order to serve the monitoring for diverse 
physiologies and pathologies and the evaluation of their therapies.      

    Abbreviations 

    AID    Activation-induced cytidine deaminase   
  ATM    Ataxia telangiectasia mutated   
  CAD    Caspase-activated DNase   
  CSR    Class switch recombination   
  DSB    Double-stranded break   
  dU    Deoxy-uracil   
  HDAC    Histone deacetylase   
  NHEJ    Nonhomologous End-Joining   
  PARP    ADP ribose polymerases   
  Topo I    Topoisomerase I   
  Topo II    Topoisomerase II   
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    Chapter 5   
 Role of Environmental Epigenetics 
in Perinatal and Neonatal Development       

       Sripriya     Sundararajan       and     Cynthia     F.     Bearer        

5.1       General Overview 

 Conrad Waddington (1905–1975) coined the term “epigenetics” and defi ned it as 
the “the branch of biology which studies the causal interaction between genes and 
their products, which bring the phenotype into being” (Goldberg et al.  2007 ; 
Rando and Verstrepen  2007 ; Devaskar and Raychaudhuri  2007 ; Waddington, 
 1942 ). Epigenetics may also be defi ned as the study of heritable changes in gene 
activities and phenotype that are not caused by alterations in the DNA nucleotide 
sequence (Kouzarides  2007 ; Berger et al.  2009 ; Bird  2007 ). Epigenetic alterations 
induce changes in eukaryotic cellular phenotype by altering gene expression with-
out modifying the DNA sequence. Epigenetics include long-lived and reversible 
modifi cations to nucleotides or chromosomes that do not change the sequence but 
can alter gene expression and phenotype (LaSalle et al.  2013 ). The mechanisms of 
gene regulation or epigenetic modifi cations include DNA methylation, histone 
modifi cation, and many others that include noncoding ribonucleic acids (RNAs) 
such as microRNAs (miRNAs) (Maccani and Marsit  2009 ; Miller and Grant  2013 ; 
Devaskar and Raychaudhuri  2007 ). 

 The early focus of the fi eld of fetal programming was on associations between 
prenatal exposures and metabolic diseases and related disorders such as coronary 
heart disease, obesity, and diabetes (Maccani et al.  2013 ). There is signifi cant evi-
dence that the risk of chronic adult diseases and disorders results from exposure to 
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environmental factors early in development (Bateson et al.  2004 ; McMillen and 
Robinson  2005 ). Epigenetic modifi cations are established early in development, are 
susceptible to changes during gestation, and remain vulnerable targets to environ-
mental disruption and subsequently may lead to disease manifestations (Rakyan 
et al.  2002 ; Waterland and Jirtle  2003 ). Epigenetic changes can occur at the paren-
tal, prenatal, and postnatal stages of life (Pickard et al.  2001 ; Reik et al.  2001 ; 
McMillen and Robinson  2005 ; Robins et al.  2011 ; Pembrey et al.  2014 ). For exam-
ple, early developmental (in utero) exposure to a high dose of bisphenol A, a high- 
production- volume chemical used in the manufacture of polycarbonate plastic, 
shifted coat color distribution of agouti ( A   vy  ) mouse offspring toward yellow by 
decreasing cytosine-phosphorylated-guanine (CpG) dinucleotide methylation at the 
 A   vy   and CDK5 activator-binding protein ( Cabp   1AP  ) metastable epialleles (Dolinoy 
et al.  2007 ). Moreover, restoration of normal methylation patterns and coat color 
distribution occurred with maternal supplementation of genistein or methyl donors 
such as folate, choline, betaine, and vitamin B 12  (Dolinoy et al.  2006 ,  2007 ). 
Furthermore, animal studies have demonstrated epigenetic changes in rat pups 
resulting from differences in maternal care in the postnatal extrauterine environ-
ment as elaborated at a later section in this chapter (Meaney and Szyf  2005 ). 

 Epigenetic variations established in response to in utero environmental expo-
sures could be considered as “perinatal programming.” These seminal studies 
highlight the importance of environmental exposures that could potentially affect 
perinatal programming and subsequent development of adult-onset diseases. 
Figure  5.1  summarizes the concept of perinatal programming and the contributions 
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  Fig. 5.1    Concept of perinatal programming: Schematic representation of the prenatal, natal, and 
postnatal environmental factors that could potentially impact the epigenetic machinery of the 
developing fetus and young infant with subsequent consequences for neurodevelopment and later 
onset of childhood and adult diseases. There are potential applications that can favorably alter 
maternal and child health care, and some include cessation of smoking, abstinence from alcohol, 
the use of maternal dietary supplements during pregnancy, reduction of infl ammation in the peri-
natal period by minimizing infections, and provision of single family room NICU and thus giving 
an opportunity for more family time with the premature infant in the immediate postnatal life       
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from the various stimuli during intrauterine and extrauterine life. Overall, this 
chapter principally highlights the impact of environmental exposures on the devel-
oping fetus and neonate through regulation of gene transcription by epigenetic 
mechanisms.

   Section  5.3  focuses on eminent environmental factors including maternal alcohol 
and tobacco exposure that could potentially alter the epigenetics of the developing 
fetus. Section  5.4  elucidates the role of epigenetics in infl ammation, allergic immune 
disease, and organ fi brosis, including wound healing. Section  5.5  elaborates the 
infl uence of the NICU environment via possible epigenetic mechanisms on the 
developing neonate in the postnatal state.  

5.2     Mechanisms of Epigenetic Regulation 

 For more comprehensive review, the different mechanisms of epigenetic regulation 
are described in depth in Chaps.   2    –  4    . The three major epigenetic mechanisms are 
briefl y enumerated here.

    1.     DNA methylation : DNA methylation refers to addition of methyl groups at the 
fi fth ring position (a carbon atom) of cytosine, most frequently at CpG sites with 
the help of enzymes such as DNA methyltransferase (DNMT). Around 3 % of 
cytosines are methylated in the human genome almost exclusively in the context 
of the dinucleotide, CpG (Miller and Grant  2013 ). In general, such methylation 
of gene promoters suppresses gene expression. Promoter methylation is associ-
ated with gene silencing via transcriptional repression without alteration of the 
underlying DNA sequence. Highly methylated areas therefore tend to be less 
transcriptionally active (Jaenisch and Bird  2003 ; Bird  2002 ). DNA methylation 
also regulates chromatin condensation via (1) the occlusion of DNA-binding 
proteins that act as or recruit transcriptional activators or (2) the recruitment of 
Methyl-CpG- binding domain protein 2 (MBD) which recruits transcriptional 
corepressor complexes (Miller and Grant  2013 ). MBD proteins are involved in 
the repression of transcription from methylated gene promoters.   

   2.     Histone modifi cation : Histone (proteins around which DNA is wrapped) modi-
fi cation occurs largely, but not exclusively, in the N-terminal tail region and 
includes acetylation and methylation by chromatin-modifying enzymes 
 (Kouzarides  2007 ). The effects of individual histone modifi cations on transcrip-
tion are not straightforward and provide a complex means of regulating tran-
scription. Generalities such as methylation of histone H3 lysine 9 (K9) 
contributing to gene inactivation, and methylation of histone H3 lysine 4 (K4) 
increasing gene expressions, are complicated by the compound effect of multi-
ple modifi cations.   

   3.     miRNAs : Non-protein-coding RNAs such as miRNAs are small (~22) nucleo-
tides that act by interfering with translation of protein from messenger RNA 
(mRNA) during the process of posttranscriptional gene regulation and therefore 
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reduce gene function. Excess of 60 % of protein-coding genes are thought to be 
regulated by miRNA, highlighting their functional importance in physiologic 
and pathologic disease states (Puumala and Hoyme  2015 ). miRNAs have been 
shown to regulate a number of key cellular processes including cell proliferation, 
differentiation, carcinogenesis, and cellular death (Maccani and Marsit  2009 ; 
Miska  2005 ). Thus different epigenetic mechanisms could potentially alter gene 
expression.    

5.3        Epigenetics and the Prenatal Environment 

 The environment plays a very important role in the proper functioning of the cell. 
Environmental epigenetics studies how cells respond to the environment by chang-
ing DNA methylation and chromatin structure or expressing small RNAs. This 
response modulates the gene expression and the ultimate phenotype (Lane  2014 ). 
The infl uence of the prenatal environment on neurobehavioral outcomes such as 
schizophrenia, depression, inhibitory control, and attention defi cit/hyperactivity 
disorder has been investigated (Van den Bergh  2011 ). Addictive substances, diet, 
prescriptive drugs, environmental pollutants, emotional stress, maternal smoking, 
and alcohol all alter epigenetics as one mechanism of their impact (Lo and Zhou 
 2014 ). Specifi c sets of epigenetic modifi cations can result in specifi c molecular 
changes, which can then be involved in epigenetic processes such as gene silencing 
and X-chromosome inactivation or imprinting. The gene sequence remains 
unchanged throughout life; however, environmental factors such as stress (McGowan 
et al.  2009 ), diet (Weaver et al.  2005 ), or maternal care (Weaver et al.  2004 ) act 
through certain chemical reactions, referred to as epigenetic signal cascade, to infl u-
ence the chromatin state. 

 Briefl y, the epigenetic cascade starts with an environmental signal that recruits 
an epigenetic initiator such as cAMP response element-binding protein (CREB) or 
RE1-silencing transcription factor (REST) to directly act on the chromatin to invoke 
modifi cation through different pathways (such as DNA methylation and histone 
modifi cation) and establish pattern of epigenetic markers (Berger et al.  2009 ; 
Stankiewicz et al.  2013 ). These reactions can unravel the chromatin and cause 
stretches of DNA containing a gene to be exposed for longer or shorter periods of 
time, essentially turning the gene on or off and allowing for changes in protein 
 production (Stankiewicz et al.  2013 ). This change in protein production, in turn, can 
affect physiological and behavioral traits and can be passed from one cell to the next 
as the cells multiply within an organism and can even be passed from parents to 
children (Rothstein et al.  2009 ). Epigenetic mechanisms such as DNA methylation 
and histone modifi cations are strongly suspected both in long-term and in rapid, 
dynamic gene expression regulation during stress (Tsankova et al.  2007 ). The role 
of epigenetics is thought to underlie synaptic plasticity, memory, and cognitive pro-
cesses as well as in shaping stress-vulnerable phenotypes and behavioral adapta-
tions to chronic stress (Siegmund and Wotjak  2007 ). 
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  Alcohol     Maternal alcohol use during pregnancy can result in fetal alcohol spec-
trum disorder (FASD). FASD is a continuum of various permanent birth defects that 
are caused by maternal consumption of alcohol during pregnancy. FASD includes 
fetal alcohol syndrome (FAS), partial FAS, alcohol-related neurodevelopmental dis-
orders, alcohol-related birth defects, and fetal alcohol effects. FAS, the most severe 
form of FASD, is a diagnosis made on a constellation of fi ndings including growth 
retardation, facial dysmorphology, and central nervous system dysfunction where 
heavy maternal alcohol exposure is confi rmed. The mammalian one-carbon metab-
olism provides the methyl groups for all biologic methylation reactions that in turn 
are dependent on methyl donors such as methionine and choline and cofactors, folic 
acid, vitamin B12, and pyridoxal phosphate (Devaskar and Raychaudhuri  2007 ). 
Alcohol use in pregnancy could induce epigenetic alterations through interference 
in the methionine and folic acid metabolic pathway (Puumala and Hoyme  2015 ). It 
is well known that alcohol interferes with folate metabolism, but alcohol has been 
shown to alter methylation patterns in animal models exposed to alcohol in utero. 
Multiple epigenetic mechanisms have been postulated. One is excessive alcohol 
exposure induces DNA methylation changes in sperm, embryos, or developing fetal 
brain (Garro et al.  1991 ; Otero et al.  2012 ; Ouko et al.  2009 ). In a murine model, 
alcohol exposure during the early neurulation period induced aberrant changes in 
DNA methylation patterns with associated alterations in gene expression. These 
alterations were thought to contribute to the observed abnormal fetal development 
(Liu et al.  2009 ). Altered and aberrant methylation patterns including hypo- and 
hypermethylation were observed after alcohol exposure coincident with the retarda-
tion of migration, neuronal formation, and growth processes of neural stem cells 
(Zhou et al.  2011a ). Prenatal alcohol exposure interferes with the intrinsic DNA 
methylation program and gene expression of the offspring (Ouko et al.  2009 ; Zhou 
et al.  2011b ,  c ). 

 Promising animal studies have shown that choline supplementation could poten-
tially ameliorate some of the harmful effects of alcohol in FASD. Choline, an 
essential nutrient for synthesis of acetylcholine, membrane phospholipids, methio-
nine, and DNA, RNA, and histone methylation, is critical for fetal neural develop-
ment. Choline supplementation through alteration in DNA methylation during the 
critical period of organogenesis in utero strongly infl uences neural precursor cell 
proliferation and apoptosis (Zeisel  2007 ,  2011 ). Prenatal choline supplementation to 
alcohol- exposed pregnant dams has improved behavioral measures in their offspring, 
although the mechanism underlying this effect is unknown (Thomas et al.  2009 ). 
Prenatal choline supplementation to dams exposed or unexposed to alcohol resulted 
in both hypomethylation and hypermethylation, making the mechanism of increas-
ing availability of choline unlikely (Otero et al.  2012 ). Human studies to evaluate 
the functional effi cacy of choline supplementation in children with FASD are cur-
rently being done (Wozniak et al.  2013 ).  

  Smoking     As per the Centers for Disease Control and Prevention (CDC) surveil-
lance study, 12.3 % of women smoke during pregnancy (Tong et al.  2013 ). Maternal 
smoking has signifi cant adverse effects to the developing fetus and hence to the 
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long-term health of children and the adults they become. Continued postnatal expo-
sure compounds these detrimental effects (Hackshaw et al.  2011 ). Previous work 
from multiple studies has suggested that maternal cigarette smoking during preg-
nancy is associated with increased risk for spontaneous abortion (Castles et al. 
 1999 ; Shah and Bracken  2000 ), respiratory disease (Cook et al.  1999 ; Cook and 
Strachan  1999 ), immune system problems such as asthma and allergies (Prescott 
and Clifton  2009a ), and cancer in later life (Doherty et al.  2009 ). Smoking exposure 
during the crucial period of fetal programming could infl uence epigenetics. Adverse 
in utero environment could foster untoward effects in the offspring through epigen-
etic mechanisms, including DNA methylation and miRNA expression. 

 Knopik et al. elucidate the epigenetics of maternal cigarette smoking during 
pregnancy and effects on child development (Knopik et al.  2012 ). CYP1A1 is an 
enzyme that catalyzes the metabolic conversion of polycyclic aromatic hydrocar-
bons into harmful hydrophilic DNA adducts that eventually are metabolized through 
phase II metabolism into nontoxic compounds. Maternal tobacco use was associ-
ated with increased CYP1A1 gene expression in association with hypomethylation 
of the CYP1A1 promoter CpG sites immediately proximal to the 5′-xenobiotic 
response element transcription factor-binding element (Suter et al.  2010b ). This 
could signify that maternal smoke exposure through downregulation of methylation 
of key promoter regions could contribute to specifi c phenotypes that could adversely 
affect neonatal development (Suter et al.  2010a ). Further, Suter et al. expanded their 
placental promoter DNA methylation analysis to that of gene expression on a 
genome-wide scale associated with maternal tobacco exposure. They identifi ed a 
signifi cant Pearson correlation (≥0.7 or ≤−0.7) between aberrant placental tran-
scriptional regulation and differential CpG methylation from maternal tobacco use, 
an 18-fold increase among smokers compared to nonsmokers with a dominant 
effect among oxidative stress pathways (Suter et al.  2011 ). 

 DNA methylation patterns are essential both for the growth and maintenance of 
normal tissue-specifi c expression profi les in different cell types during develop-
ment. In addition, some of these patterns are set in the in utero period of fetal and 
placental development (Hajkova et al.  2002 ; Jaenisch  1997 ; Rougier et al.  1998 ). 
Methylation patterns altered by in utero tobacco smoke exposure have been linked 
with adverse placental morphology and birth outcomes (Serman et al.  2007 ; Sinclair 
et al.  2007 ). Wilhelm-Benartzi et al. identifi ed an association between infant growth 
and in utero tobacco smoke exposure and altered methylation patterns in repetitive 
elements (stretches of DNA that show a large number of repeated bases) and gene- 
associated DNA from human term placenta tissue samples. Methylation levels of 
Alu element AluYb8, a repetitive element in the placenta, were signifi cantly 
increased by maternal tobacco use during pregnancy (Wilhelm-Benartzi et al.  2012 ). 
Thus altered methylation patterns identifi ed in placenta samples from tobacco 
smoke exposure group suggest the role of epigenetic alterations from in utero envi-
ronment and a possible link between environmental conditions during fetal develop-
ment and diseases in later life. 

 Studies have linked exposure to maternal smoking with alterations of DNA 
methylation (Suter et al.  2013 ; Markunas et al.  2014 ), specifi cally in the aryl 
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hydrocarbon receptor repressor (AHRR) gene in neonatal blood (Novakovic et al. 
 2014 ; Joubert et al.  2012 ). AHRR is involved in detoxifi cation of chemicals found 
in tobacco smoke, and hypomethylation of the gene promoter has been associated 
with both higher AHRR gene expression in cord blood mononuclear cells and 
maternal smoking (Novakovic et al.  2014 ). Maternal smoking was associated with 
intermediate to high methylation changes limited to CpG islands within cord 
blood mononuclear cells and buccal epithelium. The smoking-associated DNA 
methylation changes in cord blood persisted for up to 18 months of age, thus high-
lighting the postnatal stability of these epigenetic changes in response to maternal 
smoking in pregnancy (Novakovic et al.  2014 ). Recently, ten additional genes 
with altered methylation patterns were identifi ed, establishing new associations of 
maternal smoking to changes in gene expression in newborn blood (Markunas 
et al.  2014 ). 

 The placenta is the essential regulator of the in utero fetal environment and has 
been described as the third brain linking the mother and the infant (Yen  1994 ). 
Recent research suggests similarities between neuronal and placental DNA meth-
ylation profi les in regions of genes associated with neuronal development (Schroeder 
and LaSalle  2013 ; Schroeder et al.  2013 ). While epigenetics refers to the study of 
single genes or sets of genes, epigenomics refers to the global analyses of epigenetic 
changes across the entire genome. Recent research has looked at the placental epig-
enome and its dysregulation from the prenatal intrauterine environment of tobacco 
exposure with infant neurobehavioral outcome (Maccani and Marsit  2009 ; Maccani 
et al.  2010 ,  2013 ). Expression of placental miRNA 16 was negatively associated 
with attention score, while miR-146a and miR-182 were positively associated with 
quality movement scores as assessed by the NICU Network Neurobehavioral 
Scales. This work suggests that epigenetic dysregulation in the placenta can pro-
foundly infl uence infant neurobehavior. 

 Future studies should be aimed at identifying more of such patterns of epigenetic 
markers within the chromosomes associated with environmental exposures and 
determine their stability and biological and clinical relevance and whether the iden-
tifi ed epigenetic markers could be targets for intervention to alter the phenotype and 
improve the natural history of the disease.   

5.4      Epigenetic Phenomena and Infl ammation 

 The infl ammatory response that follows any stressful event such as injury, infec-
tion, or tissue stress is very complex and involves a highly organized and sophisti-
cated regulatory network to carry out functions at signal-specifi c and gene-specifi c 
levels (Medzhitov and Horng  2009 ). Recent studies have highlighted the impor-
tance of chromatin modifi cations in the control of infl ammatory gene expression 
(Bernstein et al.  2007 ). The infl ammatory network involves the transcription fac-
tors, transcription regulators, and chromatin modifi ers for each specifi c gene 
(Medzhitov  2008 ). Transcription factors of the NF-κB, FOXP3, IRF, and STAT 
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families along with epigenetic phenomena, including DNA methylation and 
 covalent histone modifi cations, have been shown to be critical in the regulation of 
infl ammatory genes (Medzhitov and Horng  2009 ; Bayarsaihan  2011 ). 

 Fetal immune development involving regulation of Th1/Th2 cells may be under 
epigenetic infl uence to alter gene transcription and the resulting phenotype and 
thereby disease predisposition. One of the most striking examples of epigenetic 
infl uence in gene expression and function without alteration in gene sequence is one 
that involves CD4 +  T immune cells in the developing immune system of neonates 
(Sanders  2006 ). CD4 +  T cells are a family of cells that consists of a naive T-cell 
precursor and its two effector T-cell subsets, Th1 and Th2 cells. Following antigen 
exposure, Th1 and Th2 cells secrete IFNγ and IL4, respectively (Mosmann and Sad 
 1996 ). Multiple epigenetic modifi cations of cytokine gene expression have been 
studied to explain the observed functional differences in these T-cell subsets. 
Methylation of the gene promoter is the main epigenetic mechanism controlling 
Th1 expression and the maturation of the Th1 subset of T cells (Prescott and Clifton 
 2009b ). IFNγ gene expression increased after exposure of activated T cells to DNA 
methylation inhibitors (Young et al.  1994 ) and when T cells from DNA methyl-
transferase knockout mice were used (Makar and Wilson  2004 ). Decreased DNA 
methylation was found in the IFNγ promoter region of Th1 cells (Melvin et al. 
 1995 ), suggesting that hypomethylation correlated with increased gene expression 
of IFNγ. Hypermethylation (gene silencing) of the IFNγ promoter has been associ-
ated with reduced IFNγ expression in immature neonatal CD4 +  T precursor cells 
(White et al.  2002 ). 

 IL-4 silencing also occurred as naive T cells developed into Th1 cells in associa-
tion with DNA methylation/histone deacetylation of the GATA-3 and IL-4 genes 
(Grogan et al.  2001 ; Mullen et al.  2001 ). Similarly, the fetal development of Th2 
cells is associated with increased IL-4 gene expression and IFNγ silencing through 
epigenetic mechanisms (Fields et al.  2002 ,  2004 ; Grogan et al.  2001 ; Hewitt et al. 
 2004 ). Therefore, the role of epigenetic mechanism in the commitment of a naive T 
cell to either Th1 or Th2 cell lineage and the subsequent cytokine expression is 
striking. 

 Detailed investigation of the regulatory function of human CD25(+)CD4(+) T 
cells (T reg  cells) at various stages of maturity from thymocytes, cord blood (CB), and 
adult peripheral blood (APB) has confi rmed functional immaturity in neonatal 
 compared to adult T reg  cells (Fujimaki et al.  2008 ; Schaub et al.  2008 ). FOXP3, a 
master transcription factor for CD4(+) regulatory T cells (Treg), has been shown to 
be under the infl uence of epigenetic mechanism including DNA methylation and 
histone modifi cation (Lal et al.  2009 ). Demethylation of a specifi c CpG site in 
FOXP3 using the DNA methyltransferase (DNMT) inhibitor 5-aza-2′-deoxycytidine 
(Aza) induced acetylation of histone 3. The acetylation of histone 3 resulted in 
strong and stable induction of FOXP3 gene expression. Epigenetic regulation of 
FOXP3 can be controlled predictably with DNMT inhibitors to generate functional, 
stable, and specifi c T reg  cells (Lal et al.  2009 ). Additional studies have also shown 
that DNA demethylation, an epigenetic phenomenon, controls FOXP3 promoter 
gene expression and thereby increases FOXP3 and regulates stable T reg  cell lineage 
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and differentiation during immune system development (Polansky et al.  2008 ; 
Janson et al.  2008 ). 

 Experimental studies provide substantial in vitro data indicating that DNA meth-
ylation of genes critical to T-helper cell differentiation may induce polarization 
toward or away from an allergic phenotype (Miller and Ho  2008 ). Changes in the 
DNA methylation status during development can affect the gene transcription and 
subsequent phenotype of the child by increasing the risk of allergic airway diseases 
such as asthma (Prescott and Clifton  2009b ). There is strong evidence to suggest 
that maternal supplementation with dietary folate in mice is associated with 
increased methylation of Runt-related transcription factor 3 (Runx3). Runx3, a reg-
ulatory gene known to negatively regulate allergic airway disease, was found to be 
excessively methylated after in utero supplementation with methyl donors. This 
excessive methylation was associated with decreased transcriptional activity of 
Runx3 and increased disease severity of allergic airway disease in mice 
(Hollingsworth et al.  2008 ). This highlights the importance of epigenetic mecha-
nisms that can modify the heritable risk of allergic diseases such as asthma. 

 Altered DNA methylation, an epigenetic event, has been linked with acute bacte-
rial infections and toxin exposure (Kondo et al.  2000 ). The gold standard for the 
diagnosis of bacterial sepsis in premature neonates is the establishment of the 
growth of the microorganism in a blood culture. Recent research explored the poten-
tial use of the DNA methylation pattern of CpG sites in the promoter region of 
calcitonin- related polypeptide-α (CALCA) gene as an epigenetic marker for bacte-
rial sepsis in preterm newborns. CALCA is a gene that codes for procalcitonin 
(PCT). PCT is an acute-phase protein whose level in serum increases with an acute 
bacterial infection. This retrospective investigation demonstrated altered DNA 
methylation patterns at eight CpG sites in the promoter region of the CALCA in 
neonates with bacterial sepsis (Tendl et al.  2013 ). 

 DNA methylation plays an important role in the regulation of infl ammatory 
genes. Chronic infl ammation has been associated with the induction of aberrant 
DNA methylation patterns (Hur et al.  2011 ; Hsieh et al.  1998 ; Issa et al.  2001 ; 
Toyota et al.  2002 ). Toll-like receptors (TLRs) are major receptors that enable 
infl ammatory cells to recognize invading microbial pathogens. Promoter hypometh-
ylation of the Toll-like receptor 2 (TLR2) gene was found to be responsible for 
cystic fi brosis (CF)-related upregulation of TLR2. TLR2 expression is  epigenetically 
upregulated and is associated with an increased pro-infl ammatory response to bac-
terial peptidoglycan in CF bronchial epithelial cells (Shuto et al.  2006 ). In conclu-
sion, infl ammation has a high capacity to induce methylation changes in DNA. 

 Epigenetic mechanisms have been linked with tissue repair and wound healing 
processes. Besides understanding the regulation of wound healing by growth factors 
and cytokines, recent focus has been on the epigenetic regulation at the wound site. 
Following a specifi c tissue injury, wound healing involves deposition of type 1 col-
lagen and other extracellular matrix proteins. Excessive deposition of collagen, 
which occurs in some fi brotic disease states, results in organ dysfunction and  failure. 
The promoter region of type 1 collagen protein alpha1 (COL1A1) is being exten-
sively studied to better understand gene regulation of the fi brotic process. 
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Hypermethylation of CpG sites in the COL1A1 promoter is associated with reduced 
collagen synthesis at the transcriptional level in myopic scleras (Zhou et al.  2012 ). 
TGFβ treatment of cardiac fi broblasts (1) upregulated the expression of collagen 
type 1 mRNA through demethylation of DNA in the COL1A1 promoter regions and 
(2) promoted inhibition of DNA methyltransferases (DNMTs) (Pan et al.  2013 ). 
Numerous other studies have linked aberrant histone acetylation with the pathogen-
esis of pulmonary, renal, and cardiac fi brosis (Coward et al.  2009 ,  2010 ; Marumo 
et al.  2010 ; Kook et al.  2003 ; Robinson et al.  2012 ). 

 Recent investigation has implicated miRNAs in the regulation of infl ammation. 
miR-146a limits TLR signaling by blocking signaling molecule TNF (tumor necro-
sis factor) receptor-associated factor 6 protein (TRAF6) (Taganov et al.  2006 ). 
Studies by Liu et al. found miR-147 to be induced upon stimulation of multiple 
TLRs and functioned as a negative regulator of TLR-associated signaling events in 
murine macrophages. Their data demonstrate a negative-feedback loop in which 
TLR stimulation induces miR-147 to prevent excessive infl ammatory responses. 

 In summary, knowledge about alterations in histone modifi cations, DNA meth-
ylation, and miRNA regulation will provide a better understanding of the molecular 
basis for various acute and chronic infl ammatory diseases. Progress in the studies of 
epigenetic alteration during an infl ammatory response opens opportunities for the 
development of effi cient medications for specifi c targets. Epigenetic analysis of a 
gene encoding an acute-phase protein involved in infectious processes has the 
potential to serve as an epigenetic biomarker in addition to the classical serum 
markers for the diagnosis of neonatal sepsis. Among the drugs currently proposed 
for epigenetic therapy are histone deacetylase inhibitors and demethylating agents, 
which target chromatin in rapidly dividing tumor cells and restore normal cell func-
tions (Karberg  2009 ). Investigating epigenetic pathways including genomic meth-
ylation and understanding the mechanisms of underlying organ fi brosis may lead to 
effective ways of targeting the epigenetic control pathways to reduce excessive col-
lagen deposition in organs. The use of more recent technologically advanced tools 
such as whole-genome microarray expression profi ling and chromatin 
immunoprecipitation- based sequencing (ChIP-seq) methods will be extremely use-
ful in the development of epigenetic drugs with greater specifi city.  

5.5      Epigenetics and the NICU Environment 

 Epigenetic regulation from both intrauterine and extrauterine environments, known 
to affect infant outcome, is currently under investigation as an important determi-
nant of outcome in the neonatal intensive care unit (NICU). Epigenetic changes can 
have profound impacts on phenotypes such as intellectual disability by rendering 
the transcription of specifi c genes more or less responsive to later stimulation. This 
is already evident from multiple human diseases with specifi c defi ciencies (LaSalle 
et al.  2013 ). A number of epigenetic changes have been linked with pediatric dis-
eases. These include, but are not limited to, autism, schizophrenia, and intellectual 
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disability (Gluckman et al.  2005 ; Lesseur et al.  2013 ,  2014 ; Van den Bergh  2011 ). 
Abnormal epigenetic regulation has been reported as the mechanism underlying the 
pathogenesis of various human neuronal diseases such as Rett syndrome (Amir 
et al.  1999 ), Prader-Willi, Angelman (Sutcliffe et al.  1994 ; Dittrich et al.  1996 ), 
Rubinstein-Taybi (Das et al.  2009 ), X-linked intellectual disability, and autism 
(Iwase et al.  2007 ). 

 While the period of fetal development is indeed a critical period during which 
changes in the intrauterine environment can have signifi cant consequences for 
future health, premature babies are exposed to a radically different environment. 
A growing body of research suggests that the NICU extrauterine environment plays 
an equally and if not greater critical role in infant neurodevelopment and overall 
future health (Lester et al.  2011 ,  2014 ). 

 By providing a single family room NICU and therefore substantially altering the 
extrauterine environment experienced by these infants, the overall medical and neu-
robehavioral outcome of the preterm infant could potentially improve. The benefi ts 
offered by the single family room NICU include (1) better practice for infection 
control by avoiding overcrowding and reducing pathogen exposure; (2) more family 
time, particularly more skin-to-skin holding and more breastfeeding, both of which 
improve physiological stability, reduce feeding intolerance, and improve growth; 
and (3) reduction of noise and light (Lester et al.  2011 ). In addition, more recent 
studies have indicated that the ability to provide maternal biological sounds and 
voice improves cardiorespiratory regulation, reduced frequency of apnea and brady-
cardia episodes, and cognitive outcomes to these extremely preterm infants (Doheny 
et al.  2012a ,  b ; McMahon et al.  2012 ). No human studies are currently available 
linking postnatal epigenetic alterations in the preterm newborn and the extrauterine 
environmental change in the NICU. 

 But animal studies have demonstrated epigenetic changes in rat pups resulting 
from differences in maternal care in the postnatal extrauterine environment. 
Maternal behavior toward rodents modifi ed the expression of genes associated with 
behavioral and neuroendocrine responses by altering the methylation status of the 
glucocorticoid receptor promoter region in the hippocampus of the rat pups 
(Meaney and Szyf  2005 ; Weaver et al.  2004 ). Weaver et al. studied changes in the 
DNA methylation pattern arising from differences in maternal care between the 
offspring of high- and low-licking/grooming rat mothers. They specifi cally noted 
altered histone acetylation and transcription factor (nerve growth factor-induced 
clone A) binding to the glucocorticoid receptor promoter which reversed with 
cross-fostering, and these changes persisted into adulthood. These fi ndings high-
light the importance of environmental programming and the subsequent impact on 
structural modifi cations of the DNA and thereafter its genetic function from mater-
nal behavior. 

 Examining epigenetic alterations in the prenatal fetuses, premature infants, and 
postnatal neonates to make important links between epigenetic markers and child-
hood/adult diseases will pave the way for better understanding of the pathogenesis 
of diseases. Ultimately, newer therapies targeting epigenetic markers can aid in pre-
ventive strategies and novel therapy for diseases.     
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    Chapter 6   
 Nutrition in Early Life, Epigenetics, 
and Health                     

       Xinyin     Jiang     

6.1            The Developmental Origins of Health and Disease: 
History and Epidemiological Evidence 

 In the 1980s, Barker  and   colleagues published a series of reports which illustrate 
the associations between low birth weight and increased risk of type 2 diabetes, 
cardiovascular disease, and stroke in a British cohort (Barker and Osmond  1988 ; 
Barker et al.  1989 ; Hales and Barker  1992 ), which gave rise to the hypothesis of 
Developmental Origins of Health and Disease. According to this hypothesis, 
which is also referred to as developmental programming, an organism has tremen-
dous developmental plasticity in the intrauterine period, during which limited 
access to nutrients triggers adaption of body which assumes the same environment 
will be maintained after birth. However, if the postnatal environment is full of 
resources (e.g., unlimited calorie access) which the individual is not tuned for, he/
she may amass an excessive amount of nutrients which increases the risk of meta-
bolic diseases (Bateson et al.  2004 ). Later studies corroborate the fi ndings by 
Barker and colleagues in various cohorts from Scandinavia (Naess et al.  2013 ; 
Stuart et al.  2013 ), the United States (Rich-Edwards et al.  1997 ), Denmark (Baker 
et al.  2008 ), etc. 

 Nutrition is a critical determinant of birth weight. Large cohort studies which 
directly assess the infl uence of maternal nutrition status on short- and long-term 
development of children are made available by investigating the lasting impacts of 
several large famines in recent human history. Famines lead to substantial decrease 
in total caloric intake and global reduction in the consumption of most macronutri-
ents and micronutrients (Roseboom et al.  2006 ). The Dutch Hunger Winter birth 
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cohort study is one of the most classic examples of this kind. From November 1944 
to April 1945, due to military blockage during World War II, access to food sud-
denly became very limited and the average caloric intakes plummeted in the 
Netherlands, leading to a severe famine during that winter (Roseboom et al.  2006 ). 
The blockage ended in the spring of 1945, after which nutrition intake resumed to 
normal swiftly, creating a well-defi ned, short period of nutrition restriction which 
enables the study of maternal nutrition restriction in each trimester of pregnancy 
(Roseboom et al.  2006 ). Data from this cohort suggests that maternal undernutrition 
in early gestation results in greater risk of having an atherogenic lipid profi le, female 
obesity, and coronary heart disease, whereas nutrition restriction in mid gestation 
increases the risk of microalbuminuria, and restriction in late gestation seems to 
affect birth weight the most severely, resulting in an average birth weight about 200 
g lighter than unexposed babies (Roseboom et al.  2006 ,  2011 ). The Dutch famine 
studies suggest that prenatal undernutrition is associated with long-term adverse 
outcomes of body weight management and metabolic diseases and that the infl u-
ence is specifi c to different stages of pregnancy. 

 Others have also studied famines such as the Chinese famine (Li et al.  2011a ; 
Zheng et al.  2012 ) from 1957 to 1963 and the Biafran famine (Hult et al.  2010 ) in 
Nigeria from 1967 to 1970. These famines lasted for longer periods of time and had 
more gradual recovery of food supplies compared to the Dutch famine. The longer 
exposure to famine makes it diffi cult to discern the effect of prenatal maternal 
undernutrition and early postnatal nutrition restriction. Nevertheless, both studies 
corroborate fi ndings from the Dutch Hunger Winter cohort, evidencing that expo-
sure to famine/general nutrition restriction early in life increases the risk of hyper-
tension, diabetes, obesity, and unfavorable lipid profi les.   

6.2     Underlying Mechanisms 

 Nutrition is an indispensable component for the survival and proper functioning of 
an organism. The remarkable plasticity in early life provides an unparalleled oppor-
tunity for dietary components to exert lasting impacts on children’s health. The 
original hypothesis of Developmental Origins of Health and Disease by Barker 
et al. (2008) narrowly defi ned the  intrauterine period   as the key stage of develop-
mental programming, yet later research has gradually revealed that the window of 
sensitivity can be expanded from preconception to early postnatal life when nutri-
tion interventions demonstrate permanent infl uence on later health outcomes (Patel 
and Srinivasan  2011 ) (Fig.  6.1 ). Many mechanisms, such as changes in cell numbers 
in metabolic organs, activation of the neuroendocrine system, and oxidative stress 
have been proposed in mediating the developmental origins of health and disease, 
yet the most widely accepted molecular mechanism involves epigenetic modifi ca-
tions.  Epigenetics      describes the study of heritable traits of gene expression second-
ary to modifi cations on the chromatins that are not related to changes in DNA 
sequence. Common epigenetic modifi cations include DNA methylation and histone 
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modifi cations. Additionally, noncoding RNAs may also be loosely defi ned as a 
source of epigenetic infl uence. This section of the chapter will provide an overview 
of the mechanisms and evidence about nutrition-mediated epigenetic changes during 
early development with a focus on DNA and histone methylation (Fig.  6.2 ).

  Fig. 6.1    Nutrition exposures in utero and in early childhood modify various epigenetic marks, 
leading to lasting alterations in metabolic functions       

  Fig. 6.2    Interaction between nutrients and epigenetic modifi cations.  DNMT  DNA methyltransfer-
ase,  HAT  histone acetyltransferase,  HDAC  histone deacetylase,  HMT  histone methyltransferase       
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6.2.1            DNA Methylation 

 DNA cytosine  methylation      is the most extensively studied epigenetic mark, which 
usually occurs at the C-5 carbon of the cytosine residue within a cytosine-guanine 
dinucleotide (CpG). Consecutive CpG dinucleotides are enriched in the promoter 
regions of genes, forming CpG islands (Illingworth and Bird  2009 ). Most of the 
CpG islands are hypomethylated, but increased methylation of these CpG islands is 
often associated with repressed transcription. The cytosine methylation marks are 
laid down by a group of highly conserved proteins called DNA methyltransferases 
(DNMTs). Among these enzymes, DNMT1 maintains DNA methylation pattern 
during cellular replication across the life span, whereas DNMT-3A, DNMT-3B, and 
their cofactors DNMT3-like mediate de novo establishment of methylation pattern 
in early development (Ooi et al.  2009 ). The pattern of DNA methylation changes 
dramatically between fertilization and implantation as demonstrated by global 
active demethylation of the paternal genome and passive demethylation of the 
maternal genome after fertilization, followed by remethylation of both parental 
genomes during embryogenesis (Hochberg et al.  2011 ; Jirtle and Skinner  2007 ; 
Mayer et al.  2000 ). Tissue-specifi c cytosine methylation is further established dur-
ing later stages of prenatal and early postnatal development. 

 The dynamic changes in DNA methylation during early development provide 
the fetus with high levels of epigenetic plasticity in response to outside nutritional 
signals which may revise the DNA methylation pattern to one that favors the sur-
vival of the fetus (Susser et al.  2012 ). Many dietary components/nutrients have 
been demonstrated to affect DNA methylation in early development and patho-
genic processes. These nutrients interact with DNA methylation by increasing the 
availability of substrate methyl groups and activating methyltransferases or by 
other indirect mechanisms. In the body, the methyl groups added to the cytosine 
come from methyl donors such as folate, choline, betaine, and methionine (Bertolo 
and McBreairty  2013 ). A methyl-devoid diet in ewes alters the methylation status 
of 72 CpG loci or 4 % of the1400 CpG islands tested (Sinclair et al.  2007 ) and 
increases obesity risk of offspring, whereas differing maternal methyl nutrient con-
sumption changes the fur coat color of pups by affecting the CpG methylation of a 
transposon in mice (Waterland and Jirtle  2003 ). Section  6.4.4  will further specify 
the effects of these methyl nutrients on epigenetic modifi cations. Dietary fl avo-
noids, such as polyphenols found in tea, genistein from soy, and anthocyanin from 
berries, may inhibit DNMTs, thereby preventing CpG hypermethylation that 
occurs during the pathogenic process of cancer (Gilbert and Liu  2010 ; Li and 
Tollefsbol  2010 ). Other nutrition manipulations, such as altering total caloric 
intake or protein content in maternal diet, affect CpG methylation of regulatory 
genes in nutrient metabolism and somatic growth pathways, such as insulin 
growth-like factor 2 ( IGF2 ). A detailed discussion on the infl uence of global nutri-
ent availability and dietary macronutrient distribution on epigenetics is included in 
Sects.  6.4.1 – 6.4.3 .      
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6.2.2       Histone Modifi cations 

 Histones are proteins that  the      DNA wraps around within the cell nucleus. Histones 
and DNA form nucleosomes, which are the building blocks of chromatin. Histone 
modifi cations are more complicated than DNA methylation in that the modifi ca-
tions can occur in multiple lysine, arginine, or other residues of the histone proteins. 
Moreover, there are a variety of modifi cations occurring on those residues, such as 
phosphorylation, acetylation, methylation, ADP-ribosylation, and biotinylation 
(Choi and Friso  2010 ). Modifi cations on the histones affect the structure of chroma-
tin. Histone acetylation is usually associated with an active chromatin structure, 
whereas histone methylation marks can be either transcriptionally permissive or 
repressive, depending on the residues that are modifi ed. Histone modifi cations are 
critical for early development. After global DNA demethylation, the de novo meth-
yltransferases recognize histone methylation state of different genomic regions 
which pinpoints them to the locations where DNA methylation marks need to be 
laid down (Ooi et al.  2007 ). Embryonic stem cells maintain a bivalent state where 
both histone activation marks (e.g., trimethylation at histone H3 lysine 4, H3K4me3) 
and repression marks (e.g., trimethylation at histone H3 lysine 27, H3K27me3) are 
present in a lot of gene promoters, enabling fast derepression and induction of gene 
expression as the stem cells differentiate into different lineages (Voigt et al.  2013 ). 

 Several nutrients have been related to histone modifi cations during prenatal 
development. Methyl nutrients provide substrates for histone methylation and affect 
activity of histone methyltransferases. For example, feeding rats with a choline- 
supplemented diet during gestation increases hippocampal histone H3 lysine 9 
(H3K9) methylation, whereas a choline-defi cient diet increases the expression of 
the histone methyltransferase G9a (Davison et al.  2009 ). 

 A group of proteins called  sirtuins function   as histone deacetylases (Schemies 
et al.  2010 ) and endogenous regulators of histone acetylase P300 activity (Yang 
et al.  2006 ). The expression of sirtuins is infl uenced by total caloric intake and natu-
ral compounds such as resveratrol from grape skins, sulforaphane from cruciferous 
vegetables, and curcumin from turmeric roots ( Curcuma longa ) (Delage and 
Dashwood  2008 ). Maternal calorie restriction seems to decrease sirtuin 1 expres-
sion of male rat offspring in white adipose tissue, liver, and skeletal muscle (Palou 
et al.  2013 ), which may in turn alter histone acetylation. Table  6.1  provides an over-
view of select studies in which early dietary exposures affect epigenetic markers 
and functional endpoints of offspring.  

6.3          Susceptible Pathways 

 As is described above, nutrition and epigenetics interact to infl uence biological 
pathways and physiological functions. However, biological pathways are not 
equally sensitive to environmental exposures. In fact, only a small proportion of 
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genes undergo differential expression after in utero exposure to dietary treatments 
such as protein restriction (Burdge and Lillycrop  2010 ). Consistent with the nurtur-
ing effect of dietary nutrients, biological pathways that are susceptible to early 
nutrition exposures are often the ones related to cellular growth and development 
and, accordingly, the accretion and metabolism of macronutrients. Alterations in 
these pathways increase the risk of diseases associated with disturbance of energy 
homeostasis, such as obesity, type 2 diabetes, and cardiovascular disease. This sec-
tion highlights several biological pathways that are targeted by early nutrition 
exposures. 

6.3.1      The Imprinted Gene  IGF2  and Somatic Growth 

 Imprinted genes are a group of  genes      expressed in only one parental allele. Their 
allelic expression is often controlled by  imprinting control regions (ICRs)   which are 
enriched with CpGs. The paternal and maternal alleles are differentially methylated 
in the ICRs, which determines the monoallelic expression pattern of these imprinted 
genes (Morison et al.  2001 ). Many imprinted genes are critical regulators of fetal 
growth and are considered as major targets of developmental programming of 
somatic size (Lui et al.  2008 ). The imprinted patterns of these genes at the ICRs are 
tightly regulated and escape the wave of DNA demethylation after fertilization 
(Brandeis et al.  1993 ). However, multiple nutrients have been demonstrated to mod-
ify CpG methylation of the ICRs and expression of certain imprinted genes, thereby 
affecting fetal and neonatal growth. Here we will use the imprinted gene insulin 
growth-like factor 2 (IGF2) as an example to illustrate this effect. 

  IGF2  is one of the well-characterized imprinted genes that play a signifi cant role 
in prenatal somatic growth through a balance of cell proliferation and apoptosis 
(Huang et al.  2012 ). The correlation between IGF2 concentrations and body weight 
has been observed across species, with prenatal IGF2 expression positively linked 
to larger fetuses (DeChiara et al.  1990 ) and postnatal IGF2 levels negatively associ-
ated with fat mass and obesity (Jones et al.  2001 ). The monoallelic expression of 
IGF2 depends on the methylation of its ICRs. One of the ICRs of  IGF2  contains 
binding sites for the insulator protein CCTCC-binding factor (CTCF), which blocks 
 IGF2  transcription of the unmethylated maternal allele. The paternal allele of  IGF2  
is methylated, which prevents CTCF from binding and enables the expression of 
 IGF2  (Huang et al.  2012 ). 

 IGF2 expression is affected by various nutrition exposures in early life. 
Gestational caloric restriction increases  IGF2  mRNA expression in the liver and 
skeletal muscle and alters mRNA (Brameld et al.  2000 ) and CpG methylation of 
 IGF2  in the adrenal gland of lambs (Williams-Wyss et al.  2014 ; Zhang et al.  2010 ). 
Similarly, in utero restriction of a single macronutrient, protein, alters  Igf2  methyla-
tion in the liver of rat pups. Interestingly, the effect of protein restriction on  Igf2  can 
be reversed by supplementing the methyl donor folic acid, indicating the involve-
ment of DNA methylation (Gong et al.  2010 ). The infl uence of energy consump-
tion and nutrient availability on IGF2 is also evidenced in humans. For example, 
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exposure to the Dutch famine in early gestation is associated with lower  IGF2  meth-
ylation after six decades (Heijmans et al.  2008 ; Tobi et al.  2012 ), which may medi-
ate in part the higher risk of metabolic diseases of these individuals. The impact of 
folic acid on IGF2 garners tremendous attention due to the debate over the safety of 
its mandatory fortifi cation in foods. 

 Periconceptional folic acid supplementation is associated with 4.5 % higher 
methylation of a  differentially methylated region (DMR  ) of  IGF2  among 17-month- 
old toddlers (Steegers-Theunissen et al.  2009 ). However, another study suggests 
that such supplementation can also lead to lower level of  IGF2  methylation at a 
different DMR (Hoyo et al.  2011 ) which is associated with overweight babies at 1 
year of age (Perkins et al.  2012 ). The association between  IGF2  methylation and 
adiposity may persist into later life, as Huang et al. have demonstrated that  IGF2  
methylation is positively associated with subcutaneous fat mass at the age of 17 and 
negatively associated with head circumference at birth (Huang et al.  2012 ). In sum, 
the programming of IGF2 by early nutrition is complicated, and the phenotypic 
effect of its methylation changes remains to be further discerned.  

6.3.2       The Hypothalamic-Pituitary-Adrenal (HPA) Axis 

 The  HPA axis   mediates  stress   response and macronutrient mobilization. In this axis, 
the hypothalamus produces  corticotropin-releasing hormone (CRH  ) in response to 
various stimuli, which increases the release of  adrenocorticotropic hormone (ACTH)   
from the pituitary gland. ACTH increases the production and release of cortisol 
from the adrenal cortex (Smith and Vale  2006 ). Cortisol is a major stress hormone, 
which is received by glucocorticoid receptors in various tissues, such as the liver, 
kidney, placenta, and brain, and elicits a series of physiological changes such as 
elevated blood glucose, lipolysis, and protein breakdown. This axis can be pro-
grammed by early stress related to antenatal glucocorticoid treatment (Levitt et al. 
 1996 ) and suboptimal maternal care during lactation (Korosi and Baram  2010 ). 
Studies by Meaney and colleagues have shown in rats that maternal care during 
lactation (i.e., licking and arched back nursing behavior) reduces mRNA expression 
of  CRH  and circulating ACTH and increases expression of the glucocorticoid recep-
tor, which leads to reduced corticosterone release during acute stress and improved 
sensitivity of stress response (Liu et al.  1997 ). Further study suggests that such 
changes are due to lower CpG methylation and altered histone acetylation of the 
glucocorticoid receptor promoter (Meaney and Szyf  2005 ). Similar difference in 
glucocorticoid receptor methylation is observed among victims of childhood abuse 
in humans (Steiger et al.  2013 ). These fi ndings confi rm that epigenetic alterations 
are involved in the programming of the HPA axis. 

 The infl uence of maternal nutrition on the HPA axis components has been tested 
by multiple animal studies. Both maternal caloric restriction and protein defi ciency 
during gestation increase glucocorticoid receptor expression by decreasing its CpG 
methylation in either the hypothalamus or liver of offspring (Begum et al.  2013 ; 
Lillycrop et al.  2005 ). Human evidence is still scarce. However, a recent human 
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study reports that a higher intake of choline during the third trimester of pregnancy 
increases placental  CRH  and  NR3C1  (the gene that encodes the glucocorticoid 
receptor) methylation (Jiang et al.  2012 ). The long-term consequences of HPA alter-
ation at birth are still unclear, although a chronically active HPA axis and elevated 
cortisol levels have been associated with increased obesity, hypertension, diabetes, 
and mental problems (Levitt et al.  1996 ; O’Donnell et al.  2009 ; Smith and Vale 
 2006 ). Understanding the interaction between nutrient availability and stress pro-
gramming may offer a simple way of nutrition manipulation to neutralize the nega-
tive infl uence of antenatal stress (Lucassen et al.  2013 ).    

6.3.3     Peroxisome Proliferator-Activated Receptors 

 The  peroxisome proliferator-activated receptors (PPARs)   are key regulators of mac-
ronutrient metabolism. There are three isoforms of PPARs, PPARα, PPARβ/δ, and 
PPARγ, which are all nuclear receptors. PPARs form heterodimers with retinoid X 
receptor (RXR), which then bind to the  PPAR   response elements in the genome and 
activate the transcription of a variety of genes (Grygiel-Górniak  2014 ). The PPARs 
regulate several genes involved in lipid catabolism and gluconeogenesis. The activ-
ity of PPARs relies on nutrients such as the omega-3 fatty acids, which serve as 
PPAR ligands. Moreover, the activity of the PPAR signaling pathway seems to be 
affected by prenatal and early postnatal exposures to macronutrients and energy 
availability immensely. Receiving excess energy, especially from a maternal high- 
fat diet, decreases PPARα expression of fetal liver in part due to altered promoter 
CpG and histone methylation patterns. Such changes are associated with decreased 
lipid catabolism, increased liver fat accumulation, and later obesity (Magliano et al. 
 2013 ). More discussion on the programming of PPARs by early nutrition can be 
found in the next section.   

6.4     Effects of Different Nutrients during Early Life 
on Health and Development 

 This section will introduce the infl uence of different nutrition manipulations in 
early life on health and development (Table  6.1 ). 

6.4.1      Caloric Restriction 

 As is mentioned in Sect.  6.1 , studies of famine-affected  cohorts   consistently 
demonstrate that individuals exposed to famine in utero display abnormal meta-
bolic panels, such as elevated blood glucose and high waist circumference in 
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adulthood (Roseboom et al.  2006 ). Moreover, exposure to famine as an infant or 
in early childhood is also associated with higher blood pressure, obesity, and 
greater risk of metabolic syndrome as an adult (Hult et al.  2010 ; Li et al.  2011a ; 
Zheng et al.  2012 ). 

 Several animal models have been established to delineate the effect of in  utero 
nutrition restriction   on fetal growth and development. Sheep have a relatively 
long pregnancy (~140 days) with only 1–2 fetuses, making it a good proxy of 
human pregnancy to study the intrauterine infl uence on fetal health. Surgical pro-
cedures can be done to reduce placental blood fl ow and nutrient supply to the 
fetus, generating prenatal malnutrition secondary to placental insuffi ciency. Using 
this model, studies show that prenatal undernutrition leads to lower birth weight, 
increased lipogenic and adipogenic activity of adipocytes, lower leptin levels, and 
altered glucocorticoid signaling, which all result in higher incidence of obesity in 
later life (Sarr et al.  2012 ). In rodents, undernutrition in early life is achieved by 
restricting maternal food intake to 30–50 % of normal  ad libitum  intake during 
gestation or lactation. Similar to sheep, early undernutrition results in smaller 
infants, β-cell dysfunction (Fernandez-Twinn and Ozanne  2006 ), and reduced cell 
numbers in various tissues (Winick and Noble  1966 ). Long-lasting impacts 
include elevated blood pressure and hyperinsulinemia, which also predisposes the 
animals to diabetes and cardiovascular disease (Carmody et al.  2011 ; Woodall 
et al.  1996 ). Taken together, the adverse effect of global nutrition restriction in 
early life on adiposity, blood pressure, and glucose hemostasis seems to be univer-
sal in both animals and humans. 

 The involvement of  epigenetics   in mediating the lasting metabolic changes 
secondary to early caloric restriction is gradually being unveiled. As is mentioned 
in Sect.  6.3 , pathways related to growth and macronutrient metabolism are espe-
cially sensitive to caloric restriction-induced epigenetic modifi cations. For exam-
ple, food restriction of pregnant mice or ewes alters promoter CpG methylation 
of glucocorticoid receptor regulating genes, which is positively associated with 
obesity of pups (Begum et al.  2013 ; Ogawa et al.  2014 ). Observations in the fam-
ine studies strongly support that these epigenetic changes are long lasting and 
partly explain the increased risk of metabolic syndrome of affected individuals. 
As is mentioned previously, individuals exposed to the Dutch famine prenatally 
have less CpG methylation of the imprinted  IGF2  compared with their unexposed 
siblings six decades after the famine was over (Heijmans et al.  2008 ). Moreover, 
in the same cohort, periconceptional exposure to famine was associated with 
lower  CpG methylation   of the imprinted gene  INSIGF  and higher methylation of 
 IL10, LEP, ABCA1, GNASAS, and MEG3 , which are genes encoding proteins 
related to immune function, fat metabolism, body weight control, and somatic 
growth (Talens et al.  2010 ). The most recent study from this cohort examined the 
genome-wide CpG methylation signatures and showed that  INSR , which medi-
ates early growth and insulin  signaling, and  CPT1A , which mediates fatty acid 
oxidation, are both hypermethylated.  Hypermethylation      of these two genes is 
associated with higher birth weight or LDL cholesterol levels, respectively (Tobi 
et al.  2014 ). 
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6.4.1.1       Catch-Up Gro  wth 

 Interestingly, global undernutrition results in lower weight and length than unex-
posed pups or children at birth, which is opposite to their higher body weight and 
adiposity than unexposed peers observed in later life, suggesting that catch-up 
growth occurs at some point during their postnatal development. Indeed, compensa-
tory or catch-up growth occurs in most prenatally restricted individuals from 0 to 2 
years of age in humans (Brenseke et al.  2013 ). However, such compensation is often 
exacerbated, which leads to increased adiposity (Ong et al.  2000 ). Postnatal over-
compensation is more pronounced when the individual is placed in a nutrition 
excess environment, such as administration of a high-fat diet in animals or a 
nutrient- enriched diet in humans, resulting in greater weight gain, insulin resis-
tance, hyperglycemia, and other metabolic abnormalities (Brenseke et al.  2013 ). In 
this regard, “mismatch” between prenatal and postnatal nutrition access renders an 
individual additionally susceptible to obesity in postnatal life, which implies that 
using extra dietary intake to spur catch-up growth of prenatally restricted individu-
als may not be benefi cial, whereas adequate but not excess nutrition may help them 
slowly grow into the normal trajectory of development.    

6.4.2      Overnutrition 

 Although  maternal   caloric restriction is associated with increased risk of metabolic 
disorders for offspring, maternal overnutrition, induced by excess macronutrient or 
total calorie intake, also exerts adverse infl uence on the metabolic health of off-
spring. The concern of maternal overnutrition is increasing due to the epidemic of 
obesity. Multiple epidemiological studies have associated maternal BMI with their 
children’s, which indicates that maternal obesity increases the risk of childhood 
obesity (Vohr et al.  1999 ) and insulin resistance which may persist into adolescence 
and adulthood (Gillman et al.  2003 ). Maternal overnutrition also occurs in gesta-
tional diabetes mellitus (GDM) complicated pregnancies, where excess glucose and 
lipid are transported to the fetuses. GDM is associated with fetal overgrowth or 
macrosomia, and these babies are more likely to develop type 2 diabetes and obesity 
in the future (Stuart et al.  2013 ). 

 In animals, overnutrition can be generated by  ad libitum  high-fat or high- 
carbohydrate feeding or a cafeteria diet, which contains processed meats, cheese, 
cookies, cereals, and crackers (Sampey et al.  2011 ). Studies using rodents, sheep, 
and nonhuman primates show similar fi ndings of increased risk of macrosomia, 
hyperglycemia, hyperinsulinemia, and hepatic fat accumulation when exposed to 
prenatal overnutrition (Li et al.  2011b ). Overnutrition during lactation can also pro-
gram later body weight and food intake of pups (Patel and Srinivasan  2011 ). When 
nursed by a diabetic mom, rat pups have increased risk of overeating and obesity, 
suggesting that the infl uence of overnutrition extends to early postnatal life. 
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 An underlying mechanism by which early overnutrition alters later metabolic 
function is related to the surge of the circulating levels of leptin and insulin that 
regulate energy balance. Moreover, the levels of leptin and insulin are partially reg-
ulated by the hypothalamic neurons in the arcuate nucleus and paraventricular 
nucleus, or the appetite control center. In rodents, both perinatal and early postnatal 
overnutrition increase the hypothalamic expression of the appetite stimulator neuro-
peptide Y and the appetite suppressor proopiomelanocortin (POMC) at birth (Morris 
and Chen  2009 ). In addition, feeding mice a high-fat diet during lactation impairs 
the formation of POMC and agouti-related peptide (AgRP) projections to hypotha-
lamic target sites, which may largely affect future appetite control in response to 
food restriction or excess (Vogt et al.  2014 ). Epigenetic modifi cations seem to play 
a role in the changes of the hypothalamic neurons, as  Pomc  promoter CpG methyla-
tion is altered by postweaning high-fat feeding (Marco et al.  2013 ). Another gene 
that encodes the μ-opioid receptor (MOR) in the reward-related region of the brain 
is also hypomethylated in dams fed a high-fat diet during gestation, which may 
contribute to overeating in later life (Vucetic et al.  2010 ). 

 Hepatic responses to a high-fat or cafeteria diet-induced early overnutrition are 
phenomenal, which favor lipid accumulation and dampen lipid catabolism. In a 
nonhuman primate model, fetuses from a high-fat dam exhibit signs of fatty liver 
such as elevated lipogenic activity and accumulation of triglycerides, along with 
increased expression of gluconeogenic enzymes such as the rate-limiting enzyme 
phosphoenolpyruvate carboxykinase ( PCK1 ) (McCurdy et al.  2009 ). High-fat feed-
ing in mice during gestation and lactation also activates the expression of lipogenic 
genes with concomitant decrease in PPAR-α and the lipolytic protein carnitine pal-
mitoyltransferase- 1 which PPAR-α regulates (Magliano et al.  2013 ). Since PPAR-α 
is a susceptible target of epigenetic regulation, the lasting changes in liver triggered 
by maternal overnutrition are likely to be mediated by an epigenetic mechanism.   

6.4.3       Protein Restriction 

  Protein restriction   in pregnant and lactating animals is a commonly used model to 
examine the effect of malnutrition in early life on growth and development of pups. 
Gestational protein restriction results in low birth weight. Restricting protein from 
gestation to weaning results in better insulin sensitivity in young pups but elevated 
blood glucose and reduced insulin sensitivity in older pups (Mortensen et al.  2010 ). 
Similar to observations from global caloric restriction, recuperation of protein 
following maternal protein restriction leads to catch-up growth, which exacerbates 
insulin resistance and decreases expression of Sirt1, a histone deacetylase and deter-
minant of longevity (Chen et al.  2009 ). Protein restriction in early childhood (wean-
ing—55 days) seems to result in even more pronounced blood glucose elevation 
and insulin reduction in rats than early time points, whereas protein restriction in 
adulthood does not affect glucose tolerance, suggesting that susceptibility to protein 
restriction is limited to the perinatal period and early childhood (Miñana-Solis and 
Escobar  2008 ). 
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 Lillycrop and Burdge led a research team which conducted a series of rat studies 
that examined the physiological and molecular alterations in offspring experiencing 
maternal protein restriction (Review in Burdge and Lillycrop  2010 ). Their studies 
consistently exhibit increased expression of hepatic PPARα and glucocorticoid 
receptor, which also leads to elevations of the downstream proteins that they regu-
late, such as the lipid catabolic genes acyl-CoA oxidase and carnitine palmitoyl-
transferase- 1 and the gluconeogenic enzyme PCK1. These gene expression changes 
are consistent with the higher blood glucose and altered glucose tolerance of pups 
from the protein-restricted dams (Burdge and Lillycrop  2010 ). Both glucocorticoid 
receptor and PPARα promoter CpGs are hypomethylated in the protein-defi cient 
dams, confi rming the involvement of an epigenetic mechanism (Lillycrop et al. 
 2005 ). In addition, others have also found that maternal protein restriction decreases 
leptin expression by altering CpG methylation of the leptin promoter (Jousse et al. 
 2011 ), which disturbs the control of food intake and adiposity (Altobelli et al.  2013 ). 
These fi ndings demonstrate that epigenetic modifi cations are important mediators of 
the lasting changes in energy metabolism induced by maternal protein restriction. 

 In humans, protein restriction during pregnancy and early childhood is seen in 
the famine studies, the result of which is summarized in the previous sections. 
Protein supplementation has generated mixed results. When supplementation to 
pregnant women defi cient in protein improves birth weight and reduces the propor-
tion of low-birth-weight babies, additional protein to pregnant women who are pro-
tein suffi cient inversely affects fetal growth (Liberato et al.  2013 ). Studies on the 
long-term infl uence of protein supplementation are scarce. A study on a presumably 
protein energy-defi cient population in Guatemala shows that receiving protein sup-
plementation in early childhood improved height and weight of the next generation, 
and such improvement was more pronounced when protein was given to the women 
when they were at 3–7 years old compared to earlier ages (Stein et al.  2003 ). Another 
study shows that children of women who were advised to eat high amounts of red 
meat and low carbohydrate during pregnancy had higher CpG methylation of the 
glucocorticoid receptor, which was associated with higher BMI and waist circum-
ference but lower blood pressure at 40 years of age (Drake et al.  2012 ; Herrick et al. 
 2003 ; Shiell et al.  2001 ). These results seem to corroborate animal studies suggest-
ing that the susceptibility of glucocorticoid receptor to protein intake-mediated 
epigenetic changes also applies to humans.   

6.4.4       Methyl Nutrients 

 The  methyl nutrients   are nutrients involved in one-carbon metabolism, which pro-
vides methyl groups for various methylation reactions in the body, including DNA 
and histone methylation. Metabolism of these nutrients in the one-carbon cycle and 
their provision of methyl groups are illustrated in Fig.  6.3 .
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   The most far-reaching evidence showing effects of methyl nutrients on children’s 
health, which leads to massive public policy change, is the observed link between 
maternal antenatal folate defi ciency and the risk of  neural tube defects (NTDs)  . 
Starting from the 1980s, folate defi ciency during early pregnancy has been related 
to increased risk of NTDs. Later, several large randomized, controlled trials con-
fi rmed the effectiveness of maternal folate supplementation in reducing NTDs, 
which eventually led to the mandated fortifi cation of folic acid to cereal grains in 
North America in the mid-1990s (Institute of Medicine  1998 ). Some more recent 
studies suggest that other methyl nutrients, such as vitamin B 12  and choline, may 
have independent effects on reducing NTDs in populations that are folate suffi cient 
(Shaw et al.  2009 ; Thompson et al.  2009 ), although null results have also been 
reported (Mills et al.  2014 ). 

 The methyl nutrients are extensively studied for their effects on programming 
children’s health, because they provide substrates for DNA and histone methylation, 
which may then affect epigenetic modifi cations of important metabolic pathways. 
One of the earliest studies that demonstrate the impact of maternal methyl nutrient 
intake on offspring phenotype through epigenetic programming was conducted in 
the agouti viable yellow ( A  vy ) mouse model (Waterland and Jirtle  2003 ). In wild- 
type mice, the agouti protein is only expressed in the skin. However, in this model, 
a transposon  intracisternal  A  particle (IAP)   is stably inserted into the 5′ upstream 

  Fig. 6.3    One-carbon metabolism. The universal methyl donor  S -adenosylmethionine (SAM) is 
the direct provider of methyl groups for DNA and histone methylation. After the methyl group is 
transferred to DNA or histones, SAM is converted to  S -adenosylhomocysteine (SAH). SAH is 
broken down to homocysteine, which needs to be recycled into methionine to replenish the methyl 
group supply. There are two complementary pathways that provide methyl groups for homocyste-
ine remethylation, one mediated by folate and the other mediated by choline. Methyltetrahydrofolate 
(5-CH 3 -THF) transfers its methyl group to homocysteine via methionine synthase (MS), with vita-
min B 12  as a cofactor. Choline is oxidized into betaine, which transfers its methyl group to homo-
cysteine by betaine homocysteine methyltransferase (BHMT). While folate-mediated homocysteine 
remethylation occurs in many tissues, BHMT is mainly expressed in the liver       
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region of the Agouti gene, leading to constitutive expression of the agouti protein in 
all tissues, which causes yellow pigmentation of the fur coat. However, the expres-
sion of agouti is suppressed by hypermethylation of IAP. As such,  A  vy  is called a 
metastatic epiallele. Supplementing mice with methyl nutrients during gestation 
leads to higher methylation of IAP, resulting in more pups with brown fur coat color 
which resembles wild-type mice without ectopic agouti expression. Later studies of 
maternal methyl nutrient supplementation also show lower risk of obesity in  A  vy  
mice (Waterland et al.  2008 ) and repression of the kinked tail phenotype occurring 
in a similar epiallele Axin(Fu) (Waterland et al.  2006 ). Emerging evidence suggests 
that the infl uence of maternal methyl nutrient intake is not only limited to metastatic 
epialleles but also alleles sensitive to developmental programming such as the 
imprinted gene  IGF2  (as is specifi ed in Sect.  6.3.1 ) and metabolism regulators 
PPARα and glucocorticoid receptor in both human and animal models. 

  Choline  , the less studied nutrient compared to its counterpart folate, garners a 
growing amount of attention due to emerging studies that demonstrate its potent 
infl uence in early life in both animals and humans. In animals, there is consistent 
evidence that choline supplementation during certain periods of gestation or lacta-
tion improves spatial memory and prevents cognitive decline (review in McCann 
et al.  2006 ), although in humans, results are less clear (Boeke et al.  2013 ; Ross et al. 
 2013 ). Choline appears to be a potent regulator of epigenetic modifi cations in early 
life. Animal studies of maternal supplementation or defi ciency of choline demon-
strate changes in the CpG methylation of  Igf2  (Kovacheva et al.  2007 ), as well as 
alterations in global and site-specifi c histone marks H3K9 and H3K4 methylation 
on genes such as Calbindin in the fetal liver or brain (Mehedint et al.  2010b ). 
Moreover, these epigenetic changes may have resulted in functional alterations in 
fetal brain angiogenesis (Mehedint et al.  2010a ) or delayed progression of chemi-
cally induced mammary tumors in later life (Kovacheva et al.  2009 ). In humans, a 
randomized controlled study which provided third-trimester pregnant women with 
either 930 mg/day or 480 mg/day choline for 12 weeks suggests that high maternal 
choline intake may increase the CpG methylation of  CRH  and glucocorticoid recep-
tor of placental tissue and, accordingly, decrease cortisol levels in fetal cord blood. 
The authors concluded that improving maternal choline intake might help alleviate 
stress of the child and lower the risks of stress-related diseases (Jiang et al.  2012 ). 

 It should be noted that the infl uence of methyl nutrient supplementation or 
restriction in early life is not unidirectional. While it is intuitive to think that depriv-
ing maternal methyl nutrients decreases methyl group supply and methylation of 
genes, choline defi ciency during gestation unexpectedly increases CpG methylation 
of  Igf2  in fetal rats (Kovacheva et al.  2007 ). Conversely, choline supplementation 
decreases CpG methylation of cortisol-regulating genes in human cord blood (Jiang 
et al.  2012 ). These changes occur in an unexpected direction, which suggests that 
the infl uence of methyl nutrients on epigenetic programming is more complicated 
than just providing the methyl groups and may involve other delicate regulatory 
systems such as compensatory activation of DNMTs and methyl-binding proteins 
(Kovacheva et al.  2007 ).    
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6.5       Sexual Dimorphism   of the Infl uence of Early Nutrition 
Exposures 

 Men and women display differential susceptibility to various common diseases, 
such as obesity, diabetes, cardiovascular disease, and neuropsychological disorders. 
Interestingly, various infl uences of early nutrition on phenotypic traits also seem to 
be dependent on the sex of an individual. Males seem to be more susceptible to 
altered glucose homeostasis and other metabolic abnormalities compared to females 
when exposed to the same nutrition insult in early life. For example, maternal high- 
fat diet increases pancreatic beta-cell oxidative stress and functional deterioration in 
male but not female mice (Yokomizo et al.  2014 ). Periconceptional feeding of a 
methyl-defi cient diet disrupts glucose homeostasis in male rats specifi cally 
(Maloney et al.  2011 ). In addition, several maternal dietary restrictions such as pro-
tein defi ciency, B vitamin defi ciency, and caloric restriction impair blood pressure 
of only the male offspring in rodent models (Aiken and Ozanne  2013 ). 

 The sexually dimorphic infl uence of early nutrition may be explained by several 
mechanisms, such as different hormonal secretion of the two sexes and random X 
chromatin inactivation of females (Hochberg et al.  2011 ). The placenta may play an 
essential role in mediating the sexually dimorphic responses to prenatal nutrition 
exposures. The placenta serves as a buffering organ which adapts to adverse mater-
nal environment and retains normal transfer of nutrients to the fetus. Maternal 
undernutrition is more likely to decrease placental size in males (Aiken and Ozanne 
 2013 ), whereas the placenta of the female fetus seems to be more actively adapted 
to the environment by altering the gene transcription of various pathways in a more 
coordinated pattern, so as to handle existing environmental stress. Such coordinated 
adjustment is not observed in males (Mao et al.  2010 ). 

 Differential epigenetic responses may be an underlying contributor to sexual 
dimorphism. For example, when comparing people who were exposed to the Dutch 
famine periconceptionally with their unexposed siblings, the CpG methylation of 
several imprinted or growth signaling genes was differentially altered in men and 
women (Tobi et al.  2009 ). Histone H3 acetylation in developing mouse brain is dif-
ferent between males and females, when hormone-masculinized females display 
“male-like” H3 acetylation pattern (Tsai et al.  2009 ). The sexual dimorphism in 
prenatal programming indicates that when we are interpreting data about the infl u-
ence of early nutrition, sex is a potential confounder that requires the outcomes of 
males and females to be analyzed independently.   

6.6     Conclusions and Future Directions 

 As is illustrated in the previous sections, a large body of studies has demonstrated 
the potent effect of early nutrition on regulating somatic development and health 
outcomes via epigenetic modifi cations. However, gaps of knowledge remain. 
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More human studies are needed to delineate whether the epigenetic changes induced 
by early nutrition exposures, such as antenatal folic acid supplementation, actually 
lead to functional differences in both short and long terms. Since various  environ-
mental signals   such as maternal stress, toxins, and pollutants are exerted on the 
same individual during early development in addition to dietary intake, delineating 
the interactions between nutrition and these environmental factors in shaping the 
epigenome is warranted. Moreover, these interactions highlight the possibility of 
manipulating nutritional intake in early life to offset the negative impacts of harmful 
environmental signals on growth and development.      
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    Chapter 7   
 What Is the Risk? Dental Amalgam, Mercury 
Exposure, and Human Health Risks 
Throughout the Life Span                     

       John     Kall      ,     Amanda     Just     , and     Michael     Aschner    

7.1          Introduction 

 According to the US Food and Drug Administration (USFDA), “Dental  amalgam   is 
a mixture of metals, consisting of liquid mercury and a powdered alloy composed 
of silver, tin, and copper. Approximately 50 % of dental amalgam is elemental mer-
cury by weight. Dental amalgam fi llings are also known as ‘silver fi llings’ because 
of their silver-like appearance” (USFDA  2009b ). 

 All dental amalgam restorations contain this mercury (World Health Organization 
(WHO)  2005 ), and the literature is consistent that these fi llings emit mercury vapor 
(Gay et al.  1979 ; Hahn et al.  1989 ; Haley  2005 ; Health Canada  1996 ; Leistevuo 
et al.  2001 ; Mahler et al.  1994 ; Nylander et al.  1987 ; Vimy and Lorscheider  1985a , 
 b ; Vimy et al.  1986 ,  1990 ). In recent years, government offi cials, scientists, dentists, 
consumers, and many others have raised serious concerns about the risks this dental 
mercury poses to humans and to the environment. 

 In order to identify potential health hazards of dental mercury amalgam through-
out the life span, we reviewed the scientifi c literature pertaining to dental mercury 
risk. This review was accomplished by assessing scientifi c documents relevant to 
this topic collected by the International Academy of Oral Medicine and Toxicology 
( IAOMT  ,   www.iaomt.org    ) and by conducting a  PubMed    (  www.ncbi.nlm.nih.gov/
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PubMed    ) literature search on “dental mercury risk.” More details on both of these 
search mechanisms are provided in the Methods portion of this article (Sect.  7.2 ). 

7.1.1       History of  Use      and Regulations 

 Over a million dentists around the world routinely use dental mercury amalgam to 
repair decayed teeth, but controversy has surrounded the use of mercury in dentistry 
since the neurotoxin was fi rst widely introduced as an ingredient in this type of fi lling 
material. The American Society of Dental Surgeons, the predecessor to the American 
Dental Association, made its members pledge not to use mercury because of its 
known toxicity (Health Canada  1996 ). This action was part of what is referred to as 
the “amalgam war,” which began in the 1840s and resulted in a series of arguments 
among dentists and others over the safety and use of dental mercury (Hyson  2006 ). 

 It is now known that exposure to mercury, even in minute amounts, is toxic and 
poses signifi cant risks to human health. For example, a  World Health Organization 
(WHO)   report warned of mercury: “It may cause harmful effects to the nervous, 
digestive, respiratory, immune systems and to the kidneys, besides causing lung 
damage. Adverse health effects from mercury exposure can be: tremors, impaired 
vision and hearing, paralysis, insomnia, emotional instability, developmental defi -
cits during fetal development, and attention defi cit and developmental delays during 
childhood. Recent studies suggest that mercury may have no threshold below which 
some adverse effects do not occur” (WHO  2005 , p. 1). 

 Scientifi c evidence confi rms that in millions of individuals with dental mercury 
amalgam fi llings, mercury exposure exceeds the  reference exposure level (REL)   of 
0.3 mcg Hg 0 /m 3  set by the US Environmental Protection Agency (USEPA) and of 
0.03 mcg Hg 0 /m 3  set by the California Environmental Protection Agency (Richardson 
et al.  2011 ). (REL is a term used to denote the exposure level defi ned by national 
and international regulatory agencies at which there is an expectation of  no negative 
health outcomes  within the population.) 

 Also, reports from the  World Health Organization (WHO)   and Canada’s federal 
department of health (Health Canada) conclude that mercury vapor from dental amal-
gam is the greatest source of human exposure to mercury in nonindustrial settings 
(Health Canada  1996 ; WHO  1991 ,  2005 ). In 1991, the WHO Environmental Health 
Criteria 118 concluded that the “[e]stimated average daily intake and retention” from 
dental amalgam was 3.8–21 (3–17) mcg/day (WHO  1991 ). In the 2003 Executive 
Summary of this document, the WHO stated, “Dental amalgam constitutes a poten-
tially signifi cant source of exposure to elemental mercury, with estimates of daily 
intake from amalgam restorations ranging from 1 to 27 [mcg]/day” (Risher  2003 ). 

 The United Nations Environment Programme’s Intercessional Negotiating 
Committee agreed upon the text of a global, legally binding mercury treaty in 
January 2013, and over 100 nations have since signed the “ Minamata Convention 
on Mercury  .” The United States was the fi rst country to give its support for ratifi ca-
tion of the international treaty, and Annex A, Part II, of the Minamata Convention 
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on Mercury has a number of provisions with regard to phasing down the use of 
dental mercury amalgam including “setting national objectives aiming at minimizing 
its use” and “promoting the use of cost-effective and clinically effective mercury- 
free alternatives for dental restoration” (United Nations Environment Programme 
[UNEP]  2013 , p. 23). 

 Norway banned dental mercury amalgam in 2008 (Ministry of the Environment 
 2007 ), and Sweden banned the use of amalgam for almost all purposes in 2009 
(Swedish Chemicals Agency  2008 ). Japan and Switzerland have restricted or almost 
banned amalgam (BIO Intelligence (for European Commission report)  2012 ). 
France has recommended that alternative mercury-free dental materials be used for 
pregnant women, and Germany, Finland, Austria, and Canada have worked to 
reduce the use of dental mercury amalgam fi llings for pregnant women, children, 
and patients with kidney problems (Health and Environment Alliance  2007 ). 

 In the United States, amalgams are currently being used for 45 % of direct dental 
restorations (Heintze and Rousson  2012 ). According to articles published in the 
 Journal of the American Dental Association , these fi llings are still being used rou-
tinely on 53.4 % of Black/African Americans, on 72.9 % of American Indians/
Alaska Natives/Asians/Pacifi c Islanders (Makhija et al.  2011 ), and on more than 75 
% of posterior restorations for new recruits to the US Navy and Marine Corps 
(Simecek et al.  2009 ). 

 In research published in 2011, Richardson and his colleagues reported that more 
than 67 million Americans aged 2 years and older exceed the intake of mercury 
vapor considered “safe” by the USEPA due to the presence of dental mercury amal-
gam fi llings, whereas over 122 million Americans exceed the intake of mercury 
vapor considered “safe” by the California EPA due to their dental mercury amalgam 
fi llings (Richardson et al.  2011 ). 

 Employee exposure to mercury is regulated in the United States by the 1970 
Occupational Safety and Health Act (Occupational Safety and Health Administration 
( OSHA  )  1970 ) and Workers’ Rights Handbook (OSHA  2011 ) that require employ-
ers to train employees to avoid or minimize exposure to hazardous chemicals. 

 Although the US Food and Drug Administration (USFDA)    classifi ed dental mer-
cury amalgam in Class II (i.e., does not require any signifi cant special controls) in 
2009 (USFDA  2009a ,  c ), the Dental Products Panel met to reevaluate the issue in 
December 2010. A decision was expected from the USFDA by December 31, 2011 
(Moore  2012 ); however, it took until January 27, 2015, for the USFDA to reaffi rm 
its previously established Class II classifi cation (USFDA  2015a ,  b ).    

7.1.2     Purpose of Review 

 Our review was designed to evaluate the scientifi c  evidence of   dental mercury amal-
gam risk and to examine trends in the literature about this issue. We present that 
evidence in this chapter by providing an overview and highlights of scientifi c 
research related to human health risks caused by dental mercury amalgam 
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throughout the life span. We discuss this issue from the perspective of the general 
population, pregnant women, fetuses, children, and dental professionals. We also 
present research in relation to genetic predisposition, mercury allergies, and other 
health conditions potentially caused or exacerbated by dental mercury exposure.   

7.2      Methods 

 In this article, brief background information about global regulations and the use of 
dental mercury amalgam has been included in the Introduction to demonstrate the 
wide-scale potential of human health risks throughout the life span. 

 Our discussion (Sects.  7.3 – 7.4 ) centers on providing scientifi c evidence of these 
health risks. We present this information by categorizing these health risks and mer-
cury exposures as they occur in the general population, pregnant women, fetuses, 
children, and dental professionals. For each area discussed, we begin with an over-
view of risks and proceed to highlight selected studies of interest. We further evalu-
ate these risks by susceptible  populations  . We defi ne these populations by the 
parameters of genetic predisposition, mercury allergies, and adverse health condi-
tions in which dental mercury amalgam fi llings have been recognized as a potential 
factor in contributing to or exacerbating the patient’s state. 

 Our review was generated by evaluating medical and scientifi c literature, envi-
ronmental and public health publications, government materials, and regulatory and 
legal documents. These sources were collected and assessed by a search of the 
 IAOMT database   and the  PubMed database     . Both of these searches are explained in 
more detail below. For the purposes of limiting the number of references in this 
article, not all of the sources are cited. 

7.2.1     IAOMT Literature Search 

 Founded in 1984, the International Academy of Oral Medicine and Toxicology 
( IAOMT  ,   www.iaomt.org    ) is a nonprofi t organization with a membership of over 
700 dentists, physicians, and research professionals from over 15 countries. The 
fundamental mission of the  IAOMT   is to promote the health of the public, and the 
IAOMT is an accredited member of the United Nations Environment Programme’s 
Global Mercury Partnership. For over three decades, IAOMT members have cata-
logued materials from around the world about health risks associated with dental 
mercury amalgam, at times even funding relevant research. 

 Over 700 documents about this issue are currently fi led in the IAOMT’s search-
able database known as the IAOMT Library. Numerous searches were conducted on 
this database, which has documents dating from 1926 to present day. Of these hun-
dreds of sources, those used for this article were limited to the scientifi c and regula-
tory documents most relevant to dental mercury amalgam health risks. 
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 Even more specifi cally, sources used for this paper were found by searching the 
IAOMT Library for evidence of health risks from dental mercury exposures to the 
general population, pregnant women, fetuses, children, dental professionals, and 
those individuals who are genetically predisposed, who have an allergy to mercury, 
or who suffer from health conditions that have been potentially linked to mercury by 
scientifi c research. These health conditions include Alzheimer’s disease, amyo-
trophic lateral sclerosis (Lou Gehrig’s disease), antibiotic resistance, autism spec-
trum disorders, autoimmune disorders/immunodefi ciency, cardiovascular problems, 
chronic fatigue syndrome, hearing loss, kidney disease, multiple sclerosis, oral 
lichenoid reaction and oral lichen planus, Parkinson’s disease, periodontal disease, 
and reproductive dysfunction.  

7.2.2      PubMed      Literature Search 

 The PubMed literature search was conducted online at the National Institutes of 
Health of the US Library of Medicine’s PubMed database (  www.ncbi.nlm.nih.gov/
PubMed    ) from September 16, 2013, to March 6, 2014. The PubMed search term 
used was “dental mercury risk,” and clinical trials and reviews were included in the 
search. The search was conducted from March 6, 2014, to as far back as PubMed 
provided results (1972), and the PubMed search resulted in 280 sources. One hun-
dred and twenty-four of these sources were excluded because they were not in 
English, they were not relevant (not signifi cantly about dental mercury amalgam), 
they were an erratum, they were a comment on a different article, and/or the abstract 
and study could not be found. Many of the articles that could not be located were not 
peer reviewed and appeared in trade journals or journals of localized dental groups. 

 Fifteen sources (9.6 % of the results) were deemed by the researchers as “ambig-
uous,” meaning that the literature did not appear to suggest more of a safety or of a 
risk. Some of the 55 sources (35.3 % of results) that did not identify a risk or sug-
gested safety are included in the discussion for this article. Table  7.1  also provides 
a summarized listing of these articles. Many of the 86 articles (55.1 % of the results) 
demonstrating risk have been used as sources for this document since they serve as 
evidence of the known health hazards of dental mercury amalgam. Table  7.2  pro-
vides a summarized listing of these articles.

7.2.3          The  Issue of Risk   

 It must be noted that although the majority of articles in both of our searches dem-
onstrated a risk, there were a number of articles which suggested that dental amal-
gam does not pose a health risk, dental amalgam is safe, releases of mercury from 
dental amalgam are within acceptable exposure levels, and/or there is insignifi cant 
data to prove its hazards. Some of these studies are listed in Table  7.1 . 
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    Table 7.1    Summarized list of articles suggesting “no risk” from dental mercury amalgam fi llings 
in PubMed database search (articles from 1972 to March 6, 2014, with search term “dental mercury 
risk”).  Some articles appear in more than one category    

 Subject of no-risk 
fi nding 

 No. of 
no-risk 
articles (out 
of 55 total) 

 % of no-risk 
articles 
reporting 
(55 = 100 %)  Article/s 

 Alzheimer’s disease  1  2  Hock et al. ( 1998 ) 
 Antibiotic resistance  1  2  Roberts et al. ( 2008 ) 
 Autism  3  6  Hertz-Picciotto et al. ( 2010 ) 

 Ng et al. ( 2007 ) 
 Woods et al. ( 2010 ) 

 Children  4  7  Bellinger et al. ( 2007 ) 
 Herrström et al. ( 1996 ) 
 Woods et al. ( 2008 ) 
 Ye et al. ( 2009 ) 

 Fatigue  1  2  Michel et al. ( 1989 ) 
 Gender  1  2  Kruzikova et al. ( 2009 ) 
 General and/or exposure 
levels 

 26  47  Bailer et al. ( 2001 ) 
 Consequences of… ( 1983 ); 
Cordier et al. ( 1998 ) 
 Dental amalgam… ( 2008 ) 
 Eley ( 1997 ) 
 Franzblau et al. ( 2012 ) 
 García-Godoy ( 2000 ) 
 Herrström et al. ( 1996 ) 
 Järup ( 2003 ) 
 Jones ( 1998 ) 
 Jones ( 1999 ) 
 Kehe et al. ( 2001 ) 
 Kruzikova et al. ( 2009 ) 
 Langworth et al. ( 2002 ) 
 Levy ( 1995 ) 
 MacEntee and Mojon ( 1991 ) 
 Mathewson ( 1984 ) 
 McParland and Warnakulasuriya 
( 2012 ) 
 Melchart et al. ( 2008 ) 
 Mitchell et al. ( 2005 ) 
 Risher and De Rosa ( 2007 ) 
 Schweinsberg ( 1994 ) 
 Williams ( 2008 ) 
 Zimmer et al. ( 2002 ) 

 Immune system  2  4  Langworth et al. ( 1993 ) 
 Mitchell et al. ( 2005 ) 

 Improvement of 
materials/practices and/
or safe handling/hygiene 

 5  9  Arenholt‐Bindslev ( 1998 ) 
 Bayne et al. ( 2013 ) 
 Eley ( 1997 ) 

(continued)
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 It merits consideration that the technology of studying mercury’s impact on 
human health has evolved over the past several decades, and some studies advocat-
ing the safety of dental mercury amalgam failed to take into account genetic factors, 
susceptible populations, metal allergies, synergistic reactions caused by concurrent 
and/or cumulative chemical exposures, and other variables that are now known to 
impact each person’s response to mercury. Table  7.3  offers an overview of factors 
that can infl uence an individual’s reaction to dental mercury.

   The authors of a 2014 article entitled “Ecogenetics of mercury: from genetic 
polymorphisms and epigenetics to risk assessment and decision-making” and pub-
lished in  Environmental Toxicology and Chemistry  expounded on this issue when they 
stated: “Studies on mammals (wildlife, humans, rodents) are showing Hg exposures 
to be related to epigenetic marks such as DNA methylation. Such fi ndings are 

Table 7.1 (continued)

 Subject of no-risk 
fi nding 

 No. of 
no-risk 
articles (out 
of 55 total) 

 % of no-risk 
articles 
reporting 
(55 = 100 %)  Article/s 

 Kidney/renal  4  7  Herrström et al. ( 1995 ) 
 Mitchell et al. ( 2005 ) 
 Thygesen et al. ( 2011 ) 
 Woods et al. ( 2008 ) 

 Multiple resonance 
imaging (MRI) 

 1  2  Müller‐Miny et al. ( 1996 ) 

 Multiple sclerosis  3  6  Aminzadeh and Etminan ( 2007 ) 
 Bangsi et al. ( 1998 ) 
 Casetta et al. ( 2001 ) 

 Number of fi llings  3  6  Casetta et al. ( 2001 ) 
 Joshi et al. ( 2003 ) 
 Kruzikova et al. ( 2009 ) 

 Occupational  11  20  Akesson et al. (2000) 
 Arenholt‐Bindslev ( 1998 ) 
 Atesagaoglu et al. ( 2006 ) 
 Ericson and Källén ( 1989 ) 
 Franzblau et al. ( 2012 ) 
 Heggland et al. ( 2011 ) 
 Heidam ( 1984 ) 
 Joshi et al. ( 2003 ) 
 Mandel ( 1993 ) 
 Roberts et al. ( 2001 ) 
 Thygesen et al. ( 2011 ) 

 Parkinson’s disease  1  2  Thygesen et al. ( 2011 ) 
 Pregnancy  5  9  Ericson and Källén ( 1989 ) 

 Heggland et al. ( 2011 ) 
 Heidam ( 1984 ) 
 Hujoel et al. ( 2005 ) 
 Mitchell et al. ( 2005 ) 
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   Table 7.2    Summarized list of articles suggesting “risk” from dental mercury amalgam fi llings in 
PubMed database search (articles from 1972 to March 6, 2014, with search term “dental mercury 
risk”).  Some articles appear in more than one category    

 Subject of risk 
fi nding 

 No. of risk 
articles (out of 
86 total) 

 % of risk articles 
reporting (86 = 100 %)  Article/s 

 Allergy/
hypersensitivity 

 14  16  Athavale et al. ( 2003 ) 
 Forte et al. ( 2008 ) 
 Hougeir et al. ( 2006 ) 
 Kaaber ( 1990 ) 
 Kanerva et al. ( 1999 ); 
 Lee et al. ( 2001 ) 
 Podzimek et al. ( 2005 ) 
 Prochazkova et al. ( 2004 ) 
 Spencer ( 2000 ) 
 Stejskal et al. ( 2013 ) 
 Sterzl et al. ( 1999 ) 
 Venclikova et al. ( 2006 ) 
 Weber et al. ( 2012 ) 
 Wong and Freeman ( 2003 ) 

 Alzheimer’s disease  1  1  Mutter et al. ( 2004 ) 
 Autism  4  5  Geier et al. ( 2009 ,  2010 ) 

 Holmes et al. ( 2003 ) 
 Mutter et al. ( 2005 ) 

 Cardiovascular  1  1  Bergdahl et al. ( 2013 ) 
 Children  3  4  Dunn et al. ( 2008 ) 

 Fuks ( 2002 ) 
 Watson et al. ( 2012 ) 

 Dermatitis  1  1  Garner ( 2004 ) 
 Gender  3  4  Gundacker et al. ( 2006 ) 

 Richardson et al. ( 2009 ) 
 Watson et al. ( 2012 ) 

 General/exposure 
levels 

 21  24  Barregård ( 1993 ) 
 Choi ( 1996 ) 
 Clarkson ( 1992 ) 
 Ely ( 2001 ) 
 Fredin ( 1994 ) 
 Fredin and Krabisch ( 1993 ) 
 Goodrich et al. ( 2013a ,  b ) 
 Gundacker et al. ( 2006 ) 
 Jensen ( 1985 ) 
 Khwaja and Abbasi ( 2014 ) 
 Kingman et al. ( 1998 ) 
 Koral ( 2013 ) 
 Nielsen ( 1992 ) 
 Mackey et al. ( 2014 ) 
 Mutter ( 2011 ) 
 Pleva ( 1992 ) 
 Richardon et al. (2009) 
 Richardson et al. ( 2011 ) 
 Siblerud et al. ( 1994 ) 
 Weiner et al. ( 1990 ) 
 Ylinen and Löfroth ( 2002 ) 

(continued)
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Table 7.2 (continued)

 Subject of risk 
fi nding 

 No. of risk 
articles (out of 
86 total) 

 % of risk articles 
reporting (86 = 100 %)  Article/s 

 Genetic  3  4  Godfrey et al. ( 2003 ) 
 Mutter et al. ( 2004 ) 
 Richardson et al. ( 2009 ) 

 Immune system  7  8  Bartova et al. ( 2003 ) 
 Cooper et al. ( 2004 ) 
 Pleva ( 1992 ) 
 Prochazkova et al. ( 2004 ) 
 Siblerud ( 1992 ) 
 Sterzl et al. ( 1999 ) 
 Venclikova et al. ( 2006 ) 

 Kidney/renal  5  6  Barregård et al. ( 2010 ) 
 Mortada et al. ( 2002 ) 
 Richardson et al. ( 2011 ) 
 Spencer ( 2000 ) 
 Weiner et al. ( 1990 ) 

 Number of fi lling/
surfaces 

 10  12  Akesson et al. ( 1991 ) 
 Apostoli et al. ( 2002 ) 
 Bergdahl et al. ( 2013 ) 
 Geer et al. ( 2012 ) 
 Gibičar et al. ( 2009 ) 
 Godfrey et al. ( 2003 ) 
 Leistevuo et al. ( 2002 ) 
 McGrother et al. ( 1999 ) 
 Palkovicova et al. ( 2008 ) 
 Pirard et al. ( 2014 ) 

 Occupational  21  24  Akesson et al. ( 1991 ) 
 Cooper et al. ( 2004 ) 
 de Oliveira et al. ( 2010 ) 
 Fabrizio et al. ( 2007 ) 
 Goodrich et al. ( 2013a ,  b ) 
 Hilt et al. (2009) 
 Johnson ( 1978 ) 
 Kanerva et al. ( 1999 ) 
 Karahalil et al. ( 2005 ) 
 Lee et al. ( 2001 ) 
 Lindbohm et al. ( 2007 ) 
 Lönnroth and Shahnavaz 
( 1995 ) 
 Martin et al. ( 1995 ) 
 Parsell et al. ( 1996 ) 
 Pérez‐Gómez et al. ( 2005 ) 
 Rojas et al. ( 2006 ) 
 Richardson et al. ( 2009 ) 
 Van Zyl ( 1999 ) 
 Votaw and Zey ( 1991 ) 
 Warwick et al. ( 2013 ) 
 Zahir et al. ( 2005 ) 

(continued)
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beginning to increase understanding of the mechanisms of action of Hg, and in 
doing so they may help identify candidate biomarkers and pinpoint susceptible 
groups or life stages. Furthermore, they may help refi ne uncertainty factors and thus 
lead to more accurate risk assessments and improved decision-making” (Basu et al. 
 2014 , p. 1248). 

Table 7.2 (continued)

 Subject of risk 
fi nding 

 No. of risk 
articles (out of 
86 total) 

 % of risk articles 
reporting (86 = 100 %)  Article/s 

 Oral carcinoma  2  2  Hougeir et al. ( 2006 ) 
 Weber et al. ( 2012 ) 

 Oral lichenoid 
lesion/oral lichen 
planus 

 3  4  Athavale et al. ( 2003 ) 
 Forte et al. ( 2008 ) 
 Wong and Freeman ( 2003 ) 

 Practices  11  13  Jensen ( 1985 ) 
 Johnson ( 1978 ) 
 Kanerva et al. ( 1999 ) 
 Lönnroth and Shahnavaz 
( 1995 ) 
 Martin et al. ( 1995 ) 
 Olfert ( 2006 ) 
 Parsell et al. ( 1996 ) 
 Perim and Goldberg ( 1984 ) 
 Pleva ( 1992 ) 
 Warwick et al. ( 2013 ) 
 Votaw and Zey ( 1991 ) 

 Parkinson’s disease  2  2  Ngim and Devathasan 
( 1989 ) 
 Venclikova et al. ( 2006 ) 

 Patient consent  2  2  Chirba-Martin and 
Welshhans ( 2004 ) 
 Edlich et al. ( 2009 ) 

 Pregnancy/fertility  8  9  Geier et al. ( 2009 ) 
 Holmes et al. ( 2003 ) 
 Palkovicova et al. ( 2008 ) 
 Podzimek et al. ( 2005 ) 
 Lindbohm et al. ( 2007 ) 
 Richardson et al. ( 2011 ) 
 Spencer ( 2000 ) 
 Vimy et al. ( 1997 ) 

 Removal recovery  6  7  Forte et al. ( 2008 ) 
 Prochazkova et al. ( 2004 ) 
 Stejskal et al. ( 2013 ) 
 Sterzl et al. ( 1999 ) 
 Weber et al. ( 2012 ) 
 Wong and Freeman ( 2003 ) 
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   Table 7.3    Abbreviated list of variables potentially infl uencing individual reactions to dental 
mercury exposure   

 Factors related to mercury vapor release from dental amalgam fi lling 

 Age of amalgam fi lling 
 Cleaning, polishing, and other dental procedures 
 Contents of other materials mixed with the mercury, such as tin, copper, silver, etc. 
 Dental plaque 
 Deterioration of amalgam fi lling 
 Habits such as brushing, bruxism, chewing (including gum chewing, especially nicotine gum), 
consumption of hot liquids, diet (especially acidic foods), smoking, etc. 
 Infections in the mouth 
 Number of amalgam fi llings 
 Other metals in the mouth, such as gold fi llings or titanium implants 
 Root canals and other dental work 
 Saliva content 
 Size of amalgam fi lling 
 Surface area of amalgam fi lling 
 Techniques and safety measures applied when removing amalgam fi lling 
 Techniques used when placing amalgam fi lling 

 Personal traits and conditions related to mercury exposure response 

 Alcohol consumption 
 Allergy or hypersensitivity to mercury 
 Bacteria, including mercury resistant and antibiotic resistant 
 Burdens in organs and tissues such as the kidney, pituitary gland, liver, and brain 
 Diet 
 Drug use (prescription, recreational, and addiction) 
 Exercise 
 Exposure to other forms of mercury (i.e., fi sh consumption), lead, pollution, and any toxic 
substances (presently or previously) 
 Fetal or breast milk exposure to mercury, lead, and any toxic substances 
 Gender 
 Genetic traits and variants 
 Infections 
 Microbes in the gastrointestinal tract 
 Milk consumption 
 Nutrient levels, especially copper, zinc, and selenium 
 Occupational exposures to toxic substances 
 Overall health (see below for additional details) 
 Parasites and helminths 
 Stress/trauma 
 Yeast 

 Health conditions potentially contributed to or exacerbated by dental mercury exposures 

 Allergies 
 Alzheimer’s disease 
 Amyotrophic lateral sclerosis, also known as Lou Gehrig’s disease 

(continued)
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 Another area of consideration in relation to research about dental mercury amal-
gam is agreeing upon the defi nition of “risk.” To illustrate this point, a number of 
scientifi c articles have claimed that dental mercury amalgam is safe for the “general 
population.” Yet, given the current knowledge that sensitivities, biological predispo-
sitions, and a gamut of other conditions infl uence an individual’s reaction to mer-
cury exposure, the concept of accurately applying safety to the “general population” 
becomes highly subjective. This also applies to evaluating dental mercury amalgam 
risk for individuals manifesting specifi c health conditions such as Alzheimer’s dis-
ease, autism, or multiple sclerosis. 

 Further issues with defi ning “risk” for dental mercury amalgam arise when con-
sidering the impact these restorations might have on an individual for a short amount 
of time versus long-term exposure, especially since many individuals have these 
fi llings in their mouths for many years of their lives. 

 Specifi cally, research has shown that an individual accumulates a chronic dose of 
mercury ranging from “0.2 to 0.4 [mcg]/day per amalgam-fi lled tooth surface, or 
0.5–1 [mcg]/day/amalgam-fi lled tooth, depending on age and other factors” 
(Richardson et al.  2011 , p. 4257). Science has also established that once inside the 
mouth, mercury remains a retained heavy metal until and if the body can excrete the 
toxin (Heintze et al.  1983 ; Leistevuo et al.  2001 ). 

 As detailed in our Discussion (Sect.  7.3 ), how each person processes mercury 
exposure is dependent on a wide range of circumstances. Very few studies have 
explored this issue with the explicit purpose of an epigenetic perspective, and thus, 
without the due consideration for specifi c conditions, populations (including fetuses 
and children), genetic traits, occupational exposures, and other factors, many of the 
studies used to defend amalgam fail to accurately assess risk. 

Table 7.3 (continued)

 Health conditions potentially contributed to or exacerbated by dental mercury exposures 

 Antibiotic resistance 
 Autism spectrum disorders 
 Autoimmune disorders/immunodefi ciency 
 Cardiovascular problems 
 Chronic fatigue syndrome 
 Complaints of unclear causation 
 Fibromyalgia 
 Hearing loss 
 Kidney disease 
 Micromercurialism 
 Multiple sclerosis 
 Oral lichenoid reaction and oral lichen planus 
 Parkinson’s disease 
 Periodontal disease 
 Psychological conditions such as anxiety, depression, mood disorders, and suicidal ideations 
 Reproductive dysfunction 
 Symptoms of chronic mercury poisoning 
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 However, a question of ethics arises when suggesting the need for more conclu-
sive data exploring these risk factors. Because certain populations are known to be 
at higher risk for toxicity from dental mercury amalgam, purposely exposing them 
to mercury would be knowingly endangering their health. For this reason, some 
researchers have suggested applying the precautionary approach in evaluating risks 
of materials such as dental mercury amalgam. 

 The precautionary approach was established in June 1992 for member states 
when the United Nations Environment Programme ratifi ed the Rio Declaration on 
Environment and Development (UNEP  1992 ). Further to the Rio Declaration, in 
January 1998 at an international conference involving scientists, lawyers, policy 
makers, and environmentalists from the United States, Canada, and Europe, a for-
malized statement was signed and became known as the “Wingspread Statement on 
the Precautionary Principle” (Science and Environmental Health Network  1998 ). In 
it, the following advice was given: “When an activity raises threats of harm to 
human health or the environment, precautionary measures should be taken even if 
some cause and effect relationships are not fully established scientifi cally. In this 
context, the proponent of an activity, rather than the public, should bear the burden 
of proof” (Science and Environmental Health Network  1998 ). 

 Thus, new research on dental mercury amalgam should provide for the inclusion 
of the latest science and factors in toxicity, and risk should be evaluated by applying 
the precautionary principle on behalf of the millions of patients being exposed to 
mercury from their dental amalgam fi llings.    

7.3       Discussion 

7.3.1       General Patient   Risk from Dental Mercury Amalgam 
Overview 

 Mercury particulate can be discharged from dental mercury amalgam fi llings, and 
mercury vapor is continuously emitted from dental mercury amalgam fi llings 
(Al-Saleh and Al-Sedairi  2011 ; Barregård  1993 ; Boyd et al.  1991 ; Danscher et al. 
 1990 ; Fredin  1987 ; Fredin and Krabisch  1993 ; Godfrey et al.  2003 ; Hahn et al. 
 1989 ,  1990 ; Haley  2005 ; Hanson and Pleva  1991 ; Krausß et al.  1997 ; Martin et al. 
 1995 ; Molin et al.  1990 ; Mortada et al.  2002 ; Redhe and Pleva  1994 ; Richardson 
 2003 ; Richardson et al.  2009 ; Snapp et al.  1989 ; Summers et al.  1993 ; Vimy and 
Lorscheider  1985a ,  b ). These releases mean that people are directly exposed to mer-
cury from dental amalgam. 

 The output of mercury is intensifi ed by the number of fi llings present and other 
activities such as chewing, teeth grinding, brushing, dental treatments and proce-
dures, and the consumption of hot liquids. This includes mercury released during 
hygiene, cleaning, and polishing procedures. This includes mercury released during 
placement of new restorations and removal of old ones. Ergo, men, women, and 
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children patients, as well as fetuses, are all at risk from the mercury released from 
dental mercury amalgam fi llings. All of these scenarios are described below with 
supporting scientifi c evidence.  

7.3.2     General Patient Risk from Dental Mercury Amalgam 
Detail 

 A series of studies have demonstrated that urinary mercury concentrations consis-
tently increase as the number of amalgam fi llings increases (Kingman et al.  1998 ; 
Pesch et al.  2002 ; Woods et al.  2007 ). 

 Numerous studies have also demonstrated that the mercury exposure or concen-
tration increases as a result of dental mercury amalgam in the following tissues and 
situations:

•    Due to chewing, brushing, and bruxism (Isacsson et al.  1997 ; Sällsten et al.  1996 ; 
Vimy and Lorscheider  1985a ,  b )  

•   In exhaled or intraoral air of persons with amalgam fi llings (Jokstad et al.  1992 ; 
Patterson et al.  1985 ; Skare and Engqvist  1994 ; Vimy and Lorscheider  1985a )  

•   In saliva of persons with amalgam fi llings (Björkman et al.  1997 ; Fakour et al. 
 2010 ; Pizzichini et al.  2000 )  

•   In blood of persons with amalgam fi llings (Abraham et al.  1984 ; Akesson et al. 
 1991 ; Jokstad et al.  1992 ; Lindberg et al.  2004 ; Molin et al.  1990 ; Oskarsson 
et al.  1996 ; Snapp et al.  1989 ; Vahter et al.  2000 )  

•   In various organs and tissues of amalgam bearers, including the kidney, pituitary 
gland, liver, and brain or parts thereof (Barregård et al.  2010 ; Björkman et al. 
 2007 ; Nylander et al.  1989 )  

•   In feces of amalgam bearers (Björkman et al.  1997 ; Skare and Engqvist  1994 )  
•   In amniotic fl uid, cord blood, placenta, and various fetal tissues including the 

liver, kidney, and brain, in association with maternal amalgam load (Ask et al. 
 2002 ; Lutz et al.  1996 ; Palkovicova et al.  2008 ; Vahter et al.  2000 )  

•   In colostrum and breast milk in association with maternal amalgam load (da 
Costa et al.  2005 ; Norouzi et al.  2012 ; Oskarsson et al.  1996 )    

 Mercury can adversely infl uence each individual differently based on a wide 
range of coexisting factors, including the following:

•    The number of amalgam fi llings in the mouth (Barregård et al.  2010 ; Bergdahl 
et al.  2013 ; Dye et al.  2005 ; Geer et al.  2012 ; Geier et al.  2009 ; Gibičar et al. 
 2009 ; Krausß et al.  1997 ; McGrother et al.  1999 ; Pesch et al.  2002 ; Richardson 
et al.  2011 ; Rothwell and Boyd  2008 )  

•   Gender (Gundacker et al.  2006 ; Haley  2005 ; Watson et al.  2012 ; Woods et al. 
 2012 ; Richardson et al.  2011 )  

•   Genetic predisposition (Echeverria et al.  2006 ; Godfrey et al.  2003 ; Haley  2005 ; 
Homme et al.  2014 ; Kern et al.  2014 ; Mutter et al.  2004 ; Richardson et al.  2009 ; 
Weiner et al.  1990 ; Wojcik et al.  2006 ; Zamm  1991 )  
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•   Dental plaque (Lyttle and Bowden  1993 )  
•   Selenium levels (Raymond and Ralston  2004 )  
•   Exposure to lead (Pb) (Haley  2005 ,  2007 ; Ingalls  1983 ; Schubert et al.  1978 )  
•   Consumption of milk (Kostial et al.  1979 ; Mata et al.  1997 )  
•   Consumption of alcohol (Hursh et al.  1980 )    

 Obviously, other circumstances can also play a role in each person’s unique 
response to mercury. 

 Whereas individual response varies, evidence supports the potential for a 
decrease of symptoms related to mercury exposure and chronic mercury toxicity 
when dental mercury amalgam fi llings are  safely  removed (Hanson  2004 ; Huggins 
and Levy  1998 ; Laine et al.  1992 ; Prochazkova et al.  2004 ; Redhe and Pleva  1994 ; 
Siblerud  1992 ; Siblerud and Kienholz  1994 ; Stejskal et al.  1999 ; Tomka et al.  2011 ; 
Wojcik et al.  2006 ; Zamm  1986 ). However, if safe protocols are not followed during 
amalgam replacement with nonmercury fi llings, a patient’s symptoms could poten-
tially worsen due to mercury released during the removal process. 

 This is because if adequate safety measures are not applied, an outcome of dental 
mercury amalgam removal is acute exposure to mercury vapor and particulate for 
dentists, dental staff, dental students, and dental patients (Health Canada  1996 ; 
Karahalil et al.  2005 ; Lönnroth and Shahnavaz  1995 ; Martin et al.  1995 ; Nimmo 
et al.  1990 ; Richardson  2003 ; Warwick et al.  2013 ). This particularly endangers 
pregnant women, lactating women, women of childbearing age, fetuses, children 
being breastfed, and other sensitive populations.   

7.3.3       Genetic Predisposition   Overview 

 Mercury exposure from dental mercury amalgam can markedly threaten individuals 
with genetic traits that impact their response to mercury exposures (Echeverria et al. 
 2005 ,  2006 ; Godfrey et al.  2003 ; Haley  2005 ; Homme et al.  2014 ; Kern et al.  2014 ; 
Mutter et al.  2004 ; Richardson et al.  2011 ; Weiner et al.  1990 ; Wojcik et al.  2006 ; 
Zamm  1991 ). This includes individuals with CPOX4, APO-E3/4, and BDNF poly-
morphisms. Recent research has also identifi ed a genetic predisposition to neuro-
logical impacts by mercury exposure from dental amalgam in male children 
(Homme et al.  2014 ; Woods et al.  2012 ,  2013 ,  2014 ).  

7.3.4     Genetic Predisposition Detail 

 While the concept that certain individuals possess genetic traits capable of infl uenc-
ing response to mercury is complex, this area of research is essential in understand-
ing one reason why people’s reaction to their amalgam fi llings is so variable. 

 In one study, Echeverria et al. ( 2005 ) identifi ed polymorphisms in gene encoding 
for brain-derived neurotrophic factor (BDNF). Various detriments in neurobehav-
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ioral performance were associated with the presence of the BDNF polymorphism, 
which occurred in 25–35 % of study subjects independent of mercury exposure 
level. However, the combined effects of the polymorphism and the mercury expo-
sure appeared to be additive. 

 The presence of a polymorphism for coproporphyrinogen oxidase (CPOX4) has 
also been observed and is associated with detriments in neurobehavioral response 
independent of mercury exposure. Yet, as with BDNF, the infl uence of the CPOX4 
polymorphism and the mercury exposure together appeared to be additive. The fre-
quency of CPOX4 was 15 % of study subjects in one study (Woods et al.  2012 ) and 
25 % of study subjects in another study (Echeverria et al.  2006 ). 

 In the Casa Pia Children’s Amalgam Trial, DeRouen et al. ( 2002 ) found no asso-
ciation between mercury body burden and the production of porphyria (porphyria is 
a group of disorders caused by enzyme defi ciency). In contrast, when reviewing the 
same data set, Geier et al. ( 2011 ) found the characteristic pattern of porphyria asso-
ciated with mercury body burden and the pattern signifi cantly correlated with dental 
amalgam exposure in a dose-dependent fashion. 

 Using data collected from the over 500 children with dental amalgam fi llings that 
were part of the children’s amalgam trials, Dr. James Woods of the University of 
Washington and his fellow researchers also found further instances of neurobehav-
ioral impairments potentially associated with mercury exposures in male children. 
A study on mercury exposures to boys with genetic variants of catechol- O - 
methyltransferase ( COMT ) resulted in the researchers reporting that “numerous 
gene-Hg interactions were observed between individual  COMT  SNPs [single-nucle-
otide polymorphisms], as well as with common  COMT  haplotype affecting multiple 
domains of neurobehavioral function” (Woods et al.  2014 , p. 293). In another study, 
the researchers documented that mercury exposures to boys with genetic variants of 
metallothionein (MT) isoforms MT1M (rs2270837) and MT2A (rs10636), whether 
alone or combined, correlated with adverse impacts in various aspects of neurobe-
havioral function (Woods et al.  2013 ). 

 A mercury exposure study on a cohort of 515 dentists based on fi sh consumption 
and dental amalgam had already come to a similar conclusion. Wang et al. ( 2012 ) 
concluded, “our fi ndings suggest that some MT genetic polymorphisms may infl u-
ence mercury biomarker concentrations at levels of exposure relevant to the general 
population” (p. 530). 

 Research on this cohort of 515 dentists was done to evaluate mercury biomarkers 
based on fi sh consumption and dental amalgam mercury exposure. In one study, 
while associations were discovered between methylmercury from fi sh consumption 
and hypomethylation of a specifi c region of a genome in males, the researchers 
reported that no signifi cant associations could be made between urinary mercury 
levels from dental mercury exposure and DNA methylation (Goodrich et al.  2013a ). 
However, in another study, the researchers found important links between dental 
mercury exposure, certain polymorphisms, and mercury excretion. They stated: 
“Overall, this study suggests that polymorphisms in selenoproteins and glutathione- 
related genes may infl uence elimination of mercury in the urine and hair or mercury 
retention following exposures to elemental mercury (via dental amalgams) and 
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methylmercury (via fi sh consumption)” (Goodrich et al.  2011 , p. 301). In their more 
recent work, the researchers explained: “Beyond the infl uence of genetic polymor-
phisms on Hg toxicokinetics and biomarker values, growing evidence links SNPs 
and other types of genetic polymorphisms to variability in Hg-associated adverse 
health outcomes” (Basu et al.  2014 , p. 1251). 

 Considering the percentages of the total population that possess the genetic traits 
mentioned here, it can be concluded that millions of people are predisposed to com-
plications associated with adverse reactions to mercury exposure. Woods and his 
colleagues clearly expressed this concept of a large population being impacted in 
two of their recent studies, where they qualifi ed that the genetic variants in their 
research associated with mercury and adverse neurobehavioral performance are 
“common” and “may have important public health implications for future strategies 
aimed at protecting children and adolescents from the potential health risks associ-
ated with Hg exposure” (Woods et al.  2013 , p. 43; Woods et al.  2014 , p. 309). 

 It is also essential to recognize that there are long-term consequences of mercury 
exposures for dental patients, especially those with specifi c genetic traits and vari-
ants, because mercury from amalgam fi llings is known to be collected in organs and 
tissues (Barregård et al.  2010 ; Björkman et al.  2007 ; Nylander et al.  1989 ). In a 
review of the literature, Clarkson elaborated on this issue and established: “Mouth 
breathing carries the vapor to the lung, where it is absorbed and distributed to tis-
sues, as discussed above. Mercury levels in autopsy tissue samples, including the 
brain, have been shown to correlate with the total number of surfaces of amalgam 
restorations” (Clarkson  2002 , p. 18). 

 With knowledge of this accumulated body burden of dental mercury, genetic 
conditions that result in a variety of responses to mercury exposures become even 
more signifi cant. For example, an additional examination of links through the APO- 
E3/4 gene family to mercury-related illness is described below in the Alzheimer’s 
disease subsection.   

7.3.5       Susceptible Populations   Overview 

 The mercury in dental mercury amalgam fi llings can exacerbate and/or contribute to 
all of the conditions stated below, as well as a myriad of other health problems:

•    Allergies (Prochazkova et al.  2004 ; Stejskal et al.  1999 ; Zamm  1991 )  
•   Alzheimer’s disease (Godfrey et al.  2003 ; Mutter et al.  2004 )  
•   Amyotrophic lateral sclerosis, also known as Lou Gehrig’s disease (Redhe and 

Pleva  1994 )  
•   Antibiotic resistance (Summers et al.  1993 )  
•   Autism spectrum disorders (Geier et al.  2009 ,  2010 ; Mutter et al.  2005 )  
•   Autoimmune disorders/immunodefi ciency (Bartova et al.  2003 ; Cooper et al. 

 2004 ; Holmes et al.  2003 ; Hultman et al.  1994 ; Lindqvist and Mörnstad  1996 ; 
Mutter et al.  2005 ; Prochazkova et al.  2004 ; Sterzl et al.  1999 ; Venclikova et al. 
 2006 ; Weiner et al.  1990 )  
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•   Cardiovascular problems (Bergdahl et al.  2013 ; Houston  2014 ; Siblerud  1990 )  
•   Chronic fatigue syndrome (Stejskal et al.  1999 ; Sterzl et al.  1999 ; Wojcik et al. 

 2006 )  
•   Complaints of unclear causation (Hanson  2004 ; Hanson and Pleva  1991 ; Pleva 

 1992 ; Siblerud et al.  1994 ; Sjursen et al.  2011 ; Zamm  1991 )  
•   Fibromyalgia (Kern et al.  2014 )  
•   Hearing loss (Rothwell and Boyd  2008 )  
•   Kidney disease (Barregård et al.  2010 ; Boyd et al.  1991 ; Fredin  1987 ; Mortada 

et al.  2002 ; Nylander et al.  1987 ; Richardson et al.  2011 ; Spencer  2000 ; Weiner 
et al.  1990 )  

•   Micromercurialism (Ely et al.  1999 )  
•   Multiple sclerosis (Huggins and Levy  1998 ; Prochazkova et al.  2004 ; Siblerud 

 1992 ; Siblerud and Kienholz  1994 )  
•   Oral lichenoid reaction (Camisa et al.  1999 ; Dunsche et al.  2003 ; Henriksson 

et al.  1995 ; Ibbotson et al.  1996 ; Laine et al.  1992 ; Lind et al.  1986 ) and oral 
lichen planus (Athavale et al.  2003 ; Finne et al.  1982 )  

•   Parkinson’s disease (Ngim and Devathasan  1989 ; Venclikova et al.  2006 )  
•   Periodontal disease (Goldschmidt et al.  1976 ; Ziff  1992 )  
•   Psychological conditions such as anxiety, depression, and mood disorders, as 

well as suicide (Kern et al.  2014 )  
•   Reproductive dysfunction (Podzimek et al.  2005 ; Rowland et al.  1994 )  
•   Symptoms of chronic mercury poisoning (Wojcik et al.  2006 )    

 Allergies to mercury are a completely separate health issue from toxicity. Most 
dentists do not test their patients for mercury allergy, but millions of patients are 
unknowingly allergic or sensitive to the dental mercury amalgam fi llings in their 
mouths from the mercury or the other components. A number of articles have dis-
cussed this form of metal allergy (Athavale et al.  2003 ; Djerassi and Berova  1969 ; 
Finne et al.  1982 ; Hougeir et al.  2006 ; Kaaber  1990 ; Laine et al.  1992 ; Lee et al. 
 2001 ; Lind et al.  1986 ; Lundstrom  1984 ; Miller et al.  1987 ; Pang and Freeman 
 1995 ; Prochazkova et al.  2004 ; Stejskal and Stejskal  1999 ; Sterzl et al.  1999 ; Tomka 
et al.  2011 ; Venclikova et al.  2006 ; Weber et al.  2012 ). Studies have also established 
that exposure to dental mercury amalgam fi llings correlates with higher prevalence 
of mercury allergies (Finne et al.  1982 ; White and Brandt  1976 ).   

7.3.6       Susceptible Populations Detail: Alzheimer’s  Disease      

 There are a number of very serious neurological disorders for which the cause is not 
yet known. The clinical pictures of several of these are most interesting when con-
sidered in light of the documented neurotoxicity of mercury and the potential for 
neurotoxicity from amalgam fi llings. Additionally, the synergistic effects of mer-
cury (Schubert et al.  1978 ) with many of the toxicants commonly found in our 
environment make the danger of mercury unpredictable and possibly quite severe, 
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especially when there is any mixture of elemental mercury, organic mercury, and 
other heavy metals such as lead and aluminum. 

 That being said, mercury has been linked to Alzheimer’s disease (AD) by a num-
ber of different studies over the last two decades. Ehmann et al. ( 1986 ) reported that 
samples of AD brain analyzed by neutron activation had signifi cantly elevated 
amounts of mercury in every area. In some parts of the brain such as the cerebellar 
hemisphere, mercury levels were tenfold greater in the AD brain than in controls. 

 The elevated mercury imbalance in the AD brain was confi rmed in follow-up 
studies by Thompson et al. ( 1987 ) and others (Cornett et al.  1998 ; Vance et al. 
 1988 ). As an example, through cell fractionation, Wenstrup et al. ( 1990 ) were able 
to trace the accumulation of mercury into the cell organelle called the mitochondria. 
Mitochondria are tiny organelles contained within cells that produce protein. The 
follow-up studies mentioned above were all published in high-quality scientifi c 
journals that were expert in reviewing such analytical data. 

 Later, a paper by Saxe et al. ( 1995 ) featuring a cohort of nuns was published in 
the  Journal of the American Dental Association  that supposedly refuted these fi nd-
ings. Problems with the design of this study included a lack of controls and the fact 
that many of the subjects who were reported not to have amalgams actually had no 
teeth. The latter was a major oversight given that these nuns might have had amal-
gam fi llings in their teeth before they lost them. However, even in Saxe’s research, 
mercury levels in the brains of Catholic nuns showed that many of them had levels 
of mercury considered toxic by any scientifi c standard. Because certain nuns living 
in the same quarters and eating the same food had such elevated levels of mercury, 
it appears to be most likely that an inability to excrete mercury placed individuals at 
danger for retaining high mercury levels in the brain. 

 In 2001, University of Calgary researchers produced a short video visually rep-
resenting how mercury, and only mercury, can cause synaptic neurodegeneration by 
destroying neuron growth cones (Lorscheider et al.  2001 ). The cultured neurons 
exposed to low levels of mercury degenerated in a manner indicative of lesions 
observed in Alzheimer’s diseased brain. It is important to note that the level of mer-
cury added to the cell culture in this video was one hundred times lower than is typi-
cally detected in the cerebral spinal fl uid of those with mercury/silver amalgam 
tooth fi llings. A related paper by the researchers is also important because it demon-
strated that mercury, and only mercury, produces the neurofi brillary tangles (NFTs) 
recognized as the major diagnostic hallmark of AD (Leong et al.  2001 ). 

 Dr. Boyd Haley concluded that mercury and other blood–brain permeable toxi-
cants with enhanced specifi city for thiol-sensitive enzymes are the etiological source 
of AD (Haley  2007 ). Included in this category are other heavy metals such as lead 
and cadmium that act synergistically to enhance the toxicity of mercury and organic- 
mercury compounds (Haley  2007 ). The involvement of these other metals explains 
why mercury levels alone and severity of AD-like brain damage has not been exhib-
ited in other studies. 

 At the same time, research done on about fi ve hundred sets of identical twins 
from veterans of World War II showed that AD is defi nitely not a directly inherited 
disease, as it requires a toxic insult (Breitner et al.  1995 ). 
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 Haley ( 2007 ) has also detailed why the apolipoprotein-4 (APO-E4) genetic vari-
ant represents a susceptibility to mercury toxicity as a pathogenetic factor and host 
for AD. Considering that Mutter et al. ( 2004 ) demonstrated that persons of African 
descent have a much higher level of the susceptible APO-E4 gene, this may explain 
why AD is more prevalent in those with an African heritage. 

 Moreover, Godfrey et al. ( 2003 ) found that there was a statistically signifi cant 
increase in adverse effects in those patients having APO-E4/4 and APO-E3/4 when 
those patients were chronically exposed to mercury. Godfrey et al. went on to 
explain: “Mercury is very destructive at the mitochondrial level where catalase can 
demethylate organic mercury species into highly reactive inorganic mercury. 
Inorganic mercury is also an extremely potent enzyme inactivator. Furthermore, 
chronic micro-mercurial toxicity specifi cally from dental amalgam has been docu-
mented and successfully treated by removal of amalgam and medical detoxifi cation 
in 796 patients” ( 2003 , p. 193). 

 Additionally, Carocci and fellow colleagues noted: “The most important mecha-
nism by which mercury causes toxicity appears to be mitochondrial damage via 
depletion of GSH (Nicole et al.  1998 ), coupled with binding to thiol groups (–SH), 
which generates free radicals. Mercury has a high affi nity for thiol groups (–SH) 
and seleno groups (–SeH) that are present in amino acids as cysteine and  N -acetyl 
cysteine, lipoic acid, proteins, and enzymes.  N -acetyl cysteine and cysteine are pre-
cursors for the biosynthesis of GSH, which is among the most powerful intracellular 
antioxidants available to protect against oxidative stress and infl ammation” (Carocci 
et al.  2014 , p. 8). 

 Wojcik et al. ( 2006 ) supported a correlation between an inability to eliminate 
mercury and the inheritance of the APO-E4 allele. The study associated the APO- 
E4 allele with an increased incidence of common symptoms and signs of chronic 
mercury toxicity. 

 Ely ( 2001 ) applied information about dental mercury and AD by confi rming the 
substantial release of mercury from amalgam fi llings and by citing research estimat-
ing that the AD population could grow from its 2001 level of four million to four-
teen million by 2050 based upon population age alone. This enormous increase 
could devastate any healthcare system.    

7.3.7       Susceptible Populations Detail: Multiple  Sclerosis      

 Multiple sclerosis (“MS”) was fi rst commonly identifi ed in the nineteenth century 
during the time frame in which amalgam fi llings came into common use. Unpublished 
anecdotal evidence has indicated that a signifi cant number of, but certainly not all, 
MS victims who have their mercury/silver fi llings removed resolve (spontaneous 
remission) or improve gradually. This anecdotal evidence has been supported by 
published studies. 

 For example, Baasch ( 1966 ) concluded that multiple sclerosis was an adult form 
of acrodynia (pink disease) and a neuroallergic reaction caused, in most cases, by 
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mercury from amalgam fi llings. Baasch reported several specifi c cases and cited 
ongoing studies that showed cessation of progression and improvement of resolu-
tion of MS after removal of amalgam fi llings. 

 In a detailed study, Craelius ( 1978 ) showed a strong correlation ( P  < 0.001) 
between MS death rates and dental caries. The data demonstrated the improbability 
that this correlation was due to chance. Numerous dietary factors were ruled out as 
contributing causes. 

 A hypothesis presented by T. H. Ingalls, MD, proposed that slow, retrograde 
seepage of mercury from root canals or amalgam fi llings might lead to multiple 
sclerosis in middle age (Ingalls  1983 ). He also reexamined the extensive epidemio-
logical data that show a linear correlation between death rates from MS and num-
bers of decayed, missing, and fi lled teeth. Ingalls ( 1986 ) suggested that investigators 
studying the causes of MS should carefully examine the patients’ dental histories. 

 Another study by Ahlrot-Westerlund ( 1987 ) found that multiple sclerosis patients 
had eight times the normal level of mercury in their cerebral spinal fl uid as com-
pared to neurologically healthy controls. 

 Siblerud and Kienholz ( 1994 ) of the Rocky Mountain Research Institute, Inc., 
investigated the hypothesis that mercury from silver dental fi llings (amalgam) may 
be related to multiple sclerosis (MS). It compared blood fi ndings between MS sub-
jects who had their amalgams removed and MS subjects with amalgams. MS sub-
jects with amalgams were found to have signifi cantly lower levels of red blood cells, 
hemoglobin, and hematocrit compared to MS subjects with amalgam removal. 
Thyroxine levels were also signifi cantly lower in the MS amalgam group, and they 
had signifi cantly lower levels of total T Lymphocytes and T-8 (CD8) suppressor 
cells. The MS amalgam group had signifi cantly higher blood urea nitrogen and 
lower serum IgG. Hair mercury was signifi cantly higher in the MS subjects com-
pared to the non-MS control group. A health questionnaire found that MS subjects 
with amalgams had signifi cantly more (33.7 %) exacerbations during the past 12 
months compared to the MS volunteers with amalgam removal. 

 The role of myelin, a substance which helps the brain send messages to the body, 
is one of the few facts on which those who study MS are able to agree, and the 
MELISA Foundation has developed what they believe is a breakthrough in under-
standing MS by recognizing the link between metal allergy and the erosion of 
myelin (Stejskal and Stejskal  1999 ). They noted that hypersensitive reactions are 
triggered by metal particles entering the body of a person allergic to the metal in 
question. These particles then bind to the myelin, slightly changing its protein struc-
ture. In hypersensitive people, the new structure (myelin plus metal particle) is 
falsely identifi ed as a foreign invader and is attacked (an autoimmune response). 
The culprit appears to be the “myelin plaques” in the brain, which are common in 
patients with MS. Such plaques can be the result of metal allergy. Already, the 
MELISA Foundation has seen patients with autoimmunity issues make a partial 
and, in some cases, a full recovery by removing the source of metal—often dental 
fi llings (Stejskal et al.  1999 ). 

 Although more research needs to be done in this area, these results that suggest 
dental mercury exposure from amalgams, as well as from any other chronic low- 
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grade mercury exposure, must be given very serious consideration as possibly play-
ing a role in the etiology of MS in such patients. 

 In conclusion, the causation of MS is most likely multifactorial. Mercury is a 
probable factor in this disease, although genetic variability and individual ability to 
excrete mercury conceivably play a role as well (Ely et al.  1999 ).    

7.3.8       Susceptible Populations Detail: Amyotrophic Lateral 
Sclerosis (Lou Gehrig’s Disease) 

  Amyotrophic lateral sclerosis (ALS     ) was fi rst identifi ed a few years after the use 
of amalgam fi llings became a routine dental practice. The correlation of ALS, 
more commonly known as Lou Gehrig’s disease, to mercury exposure was fi rst 
suggested by Brown ( 1954 ), and other studies have since followed suit. A study of 
11 cases of chronic mercurialism from consumption of bread treated with a 
mercury-containing fungicide presented neurological symptoms akin to ALS with 
some more closely resembling progressive muscular atrophy (Kantarjian  1961 ). 
The author of the paper concluded: “ Chronic mercurialism   is a possible etiologic 
factor in amyotrophic lateral sclerosis” (p. 643). 

 A report by Barber ( 1978 ) is also noteworthy. This involved two employees in a 
mercury oxide manufacturing plant who developed previously nonexistent 
 neurological symptoms resembling that of ALS. An additional 19 employees devel-
oped signs and symptoms which may be regarded as the early onset of a symptom 
complex of mercury intoxication that would likely have progressed to the ALS-like 
syndrome if the advancement had not been interrupted by removal of the individu-
als’ exposure to mercury. All symptoms, signs, and laboratory fi ndings returned 
completely back to normal after approximately 3 months in a mercury-free work 
environment. 

 Research published in the  Journal of the American Medical Association  reported 
on a 54-year-old man with symptoms resembling ALS after a brief but intense expo-
sure to elemental mercury (Adams et al.  1983 ). The man, who had breathed mer-
cury vapor while “salvaging the liquid mercury from industrial-grade thermometers” 
(p. 642), developed symptoms so similar to that of ALS that his neurologists gave 
him a “presumptive diagnosis of ALS” (p. 642). The man’s physicians confi rmed 
his exposure to mercury with a urine test weeks after his exposure, which registered 
99 μg of mercury per liter of urine, an alarmingly high concentration. Two months 
later, the man had recovered nearly completely. 

 A study in the United States also involved neutron-activated analysis (NAA)    of 
the brain, spinal cord, blood cells, serum, and nails of ALS victims compared to 
controls (Khare et al.  1989 ). Imbalances were detected in a number of trace ele-
ments in the tissue of ALS patients, and more widespread changes were noted in the 
concentrations of mercury. The authors cautioned that the variation in mercury con-
centrations need not necessarily indicate active toxicity, as it could merely represent 
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an enlarged pool of detoxifi ed mercury or perhaps a labeling of a specifi c cellular 
ligand by mercury in ALS. 

 Indeed, another study indicated an association between mercury and ALS 
(Kasarski et al.  1993 ); a case report described recoveries from ALS after the removal 
of mercury/silver fi llings (Redhe and Pleva  1994 ), and another case report docu-
mented the development of ALS after the accidental injection of mercury (Schwarz 
et al.  1996 ). 

 However, it is very important to note that there are individuals who have ALS 
and have never had amalgam fi llings. So, while dental mercury appears to be a 
potential cause of ALS, it certainly is not the only one.    

7.3.9     Susceptible Populations Detail: Other Adverse Health 
Effects 

 One of the major reasons many scientists are concluding that dental amalgam is an 
unsuitable restorative material is because of its effects on the kidneys. Mercury 
concentrates in the kidneys, and experimental evidence has shown that it can  inhibit 
kidney function   (Boyd et al.  1991 ). In research by Hahn et al. ( 1989 ), the organ that 
accumulated the greatest amount of mercury following amalgam placement was the 
kidneys. Another study noted: “From the nephrotoxicity point of view, dental amal-
gam is an unsuitable fi lling material, as it may give rise to Hg [mercury] toxicity…
In these exposure conditions, renal damage is possible…” (Mortada et al.  2002 , 
p. 171). Animal studies have supported the conclusion that kidney function can be 
impaired by dental mercury amalgam (Hahn et al.  1990 ; Hultman et al.  1994 ; Vimy 
et al.  1990 ; Warfvinge et al.  1995 ). 

 The issue of mercury  allergy   has also been explored, and scientifi c literature has 
refl ected that anywhere between 3.8 and 38.7 % of the population with amalgams is 
allergic to mercury (Djerassi and Berova  1969 ; Miller et al.  1987 ; Rudner et al. 
 1973 ; White and Brandt  1976 ). These statistics present formidable scientifi c docu-
mentation that a very signifi cant amount of our population is at risk for hypersensi-
tive reactions to mercury derived from dental amalgam. 

 The association between mercury and  Parkinson’s disease   has been examined as 
well. For example, one epidemiological study correlated systemic mercury levels 
with increased risk of idiopathic Parkinson’s disease (Ngim and Devathasan  1989 ). 

 The effects of amalgam fi llings on auditory thresholds have been investigated, 
too. No signifi cant correlation was found between composite (nonamalgam) fi lling 
or drilling data and auditory thresholds. However, there was a signifi cant positive 
linear correlation between amalgam  fi llings and auditory thresholds   at 8, 11.2, 12.5, 
14, and 16 kHz. The strongest association was at 14 kHz, where each additional 
amalgam fi lling was associated with a 2.4 dB decline in hearing threshold (Rothwell 
and Boyd  2008 ). 
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 Meanwhile, mercury has been found to be a potential factor in  autism   (Adams 
et al.  2007 ; Bernard et al.  2001 ; Bernard et al.  2002 ; Chen et al.  2007 ; DeSoto and 
Hitlan  2007 ; Geier and Geier  2006 ,  2007 ; Hsu et al.  2007 ; Nataf et al.  2006 ; Palmer 
et al.  2009 ). 

 As such, maternal dental amalgam fi llings have been linked to  autism   (Ask et al. 
 2002 ; Geier et al.  2009 ; Holmes et al.  2003 ; Vahter et al.  2000 ). For example, an 
epidemiological study strongly associated prenatal mercury exposure from mater-
nal dental amalgams with signifi cantly increased rates of severe autism (Geier et al. 
 2009 ). As another example, Holmes et al. ( 2003 ) found that mothers with autistic 
children had higher levels of mercury exposure through Rh o (D) immunoglobulin 
injections and amalgam fi llings than control mothers. 

 Furthermore, mercury implanted in teeth can saturate the jawbone, result in bone 
loss, and produce infl ammation and periodontal breakdown (App  1961 ; Trivedi and 
Talim  1973 ; Trott and Sherkat  1964 ; Turgeon et al.  1972 ; Zander  1957 ). Research 
has also made it apparent that the presence of dental mercury amalgam can result in 
 chronic infl ammation   and bleeding in the gingival  tissue   adjacent to it, or in other 
words, amalgam has been shown to produce chronic gingivitis (Goldschmidt et al. 
 1976 ). 

 In summary, an important review article highlighting some of the scientifi c docu-
mentation concerning dental amalgam was published in the highly prestigious sci-
entifi c publication, the  Journal of the Federation of American Societies for 
Experimental Biology (FASEB Journal) , in 1995. The authors detailed the scientifi c 
data and conclusions from scores of peer-reviewed articles documenting the delete-
rious effects of mercury vapor on the immune, renal, reproductive, and central 
 nervous systems. It was specifi cally noted that “the recent medical research fi ndings 
presented herein strongly contradict the unsubstantiated opinions pronounced by 
various dental associations and related trade organizations, who offer assurances of 
amalgam safety to dental personnel and their patients without providing hard scien-
tifi c data, including animal, cellular and molecular evidence, to support their claims” 
(Lorscheider et al.  1995 , p. 507).   

7.4      Focus on Maternal and Child Health 

7.4.1      Pregnant Women,  Fetuses  , and Children Overview 

 Fetal and infant exposure to mercury via maternal dental mercury amalgam may 
lead to serious health consequences (da Costa et al.  2005 ; Geier et al.  2009 ,  2010 ; 
Haley  2005 ; Lindow et al.  2003 ; Lutz et al.  1996 ; Mutter et al.  2005 ; Norouzi et al. 
 2012 ; Oskarsson et al.  1996 ; Palkovicova et al.  2008 ; Richardson et al.  2011 ; Vahter 
et al.  2000 ; Vimy et al.  1990 ,  1997 ). 

 Mercury is excreted in breast milk of mothers with dental mercury amalgam 
fi llings, and the mercury concentration in breast milk increases as the number of 
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amalgam fi llings in the mother increases (da Costa et al.  2005 ; Norouzi et al.  2012 ; 
Oskarsson et al.  1996 ). 

 Children are at risk for health impairments caused by dental mercury amalgam 
fi llings (Al-Saleh and Al-Sedairi  2011 ; Ask et al.  2002 ; Dunn et al.  2008 ; Geier 
et al.  2011 ; Guzzi and Pigatto  2008 ; Haley  2005 ; Homme et al.  2014 ; Vahter et al. 
 2000 ; Woods et al.  2012 ).  

7.4.2     Pregnant Women and Fetuses Detail 

 Fetuses and infants are at risk from the mercury in maternal amalgam fi llings 
(Al-Saleh and Al-Sedairi  2011 ; da Costa et al.  2005 ; Drasch et al.  1998 ; Drexler and 
Schaller  1998 ; Geier et al.  2009 ; Gordon  1981 ; Haley  2005 ; Lindow et al.  2003 ; 
Luglie et al.  2005 ; Lutz et al.  1996 ; Norouzi et al.  2012 ; Oskarsson et al.  1996 ; 
Palkovicova et al.  2008 ; Panova and Dimitrov  1974 ; Richardson et al.  2009 ,  2011 ; 
Rowland et al.  1994 ; Svare et al.  1980 ; Ursinyova et al.  2006 ; Vahter et al.  2000 ; 
Vimy et al.  1990 ,  1997 ). 

 Research has repeatedly proven that the number of amalgam fi llings in a moth-
er’s mouth raises the amount of mercury in breast milk (Björnberg et al.  2003 ; da 
Costa et al.  2005 ; Drasch et al.  1998 ; Drexler and Schaller  1998 ; Norouzi et al. 
 2012 ; Oskarsson et al.  1996 ; Ursinyova et al.  2006 ). 

 The relationship between miscarriage, stillborn infants, and mercury has also 
been confi rmed (Koos and Longo  1976 ), and mercury was recognized for its 
 particular ease of crossing the placental membrane in a study that sampled umbili-
cal cord blood at birth (Pitkin et al.  1976 ). 

 In 1982, researchers followed 57 prenatal patients with no known exposure to 
mercury for changes in whole blood from initial prenatal examination to delivery 
and postpartum hospitalization. The mothers’ whole-blood total mercury increased 
during pregnancy from 0.79 ppb (i.e., parts per billion) at initial examination to 1.16 
ppb at delivery. This represents a 46 % increase during pregnancy (Kuntz et al. 
 1982 ). After careful analysis of the data, the lead researcher Kuntz stated: “Previous 
stillbirths, as well as history of birth defects, exhibited signifi cant positive correla-
tion with background mercury levels” (p. 440). He further concluded that patients 
with large numbers of dental fi llings exhibited a tendency to have higher maternal 
blood levels of mercury (p. 442). 

 A decade later, Vimy et al. ( 1990 ) confi rmed the transport of mercury from amal-
gam fi llings to the fetus in experimental animals (sheep) and the additional exposure 
through mothers’ milk. Berlin et al. ( 1992 ) showed that the fetal blood content of 
mercury was raised dramatically at the end of pregnancy. Early miscarriage, prema-
ture birth, and low birth weight with death were observed in this animal study. 

 Research led by Drasch and his colleagues at the University of Munich in 
Germany evaluated the levels of mercury found in tissues of human babies who had 
died before or soon after birth (mostly from sudden infant death syndrome (SIDS)) 
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(Drasch et al.  1994 ). The levels of mercury found in the tissues of the babies signifi -
cantly correlated with the number of dental amalgam fi llings of the mother. These 
results confi rmed previous fi ndings from an animal study (Vimy et al.  1990 ) and 
were subsequently confi rmed by a human autopsy study conducted in Sweden (Lutz 
et al.  1996 ). 

 Researchers in Germany continued to determine possible relationships between 
dental mercury and infertility. Gerhard and her coworkers at the University of 
Heidelberg Gynecological Clinic examined more than 1000 patients for mercury, 
fertility problems, and symptoms (Gerhard et al.  1998 ). The high mercury group 
had more hormonal disturbances, immune disturbances, recurring fungal infections, 
hair loss, and allergies. A number of different hormonal disturbances were found, 
including sex hormones. All of these differences were statistically signifi cant, and 
some were very marked. According to Gerhard, mercury exposure can lead to hor-
mone and immune disturbances that can reduce fertility, and doctors at her clinic 
have used this information to successfully treat fertility problems with a combina-
tion of vitamins/minerals and amalgam removal. 

 Problems that may develop in the fetus from maternal exposure are not always 
evident at birth. In fact, prenatal exposure to mercury vapor has been shown to have 
an effect on brain development (Fredriksson et al.  1996 ). Delayed problems can 
include diminished learning capacity, muscle spasms, and altered electroencephalo-
grams. Exposure continues to increase if the infant is nursed, since mercury concen-
trates eightfold in breast milk (Pierce et al.  1972 ; Snyder  1971 ).   

7.4.3       Children   Detail 

 Although two studies, commonly referred to as the “ New England Children’s 
Amalgam Trial  ” (Bellinger et al.  2006 ) and the “ Casa Pia Children’s Amalgam 
Trial  ” (DeRouen et al.  2006 ) or collectively as the “CAT,” have repeatedly been 
referenced to defend the use of amalgam in children, other researchers have since 
demonstrated that factors such as long-term effects, genetic predisposition, and 
measurement errors must also be taken into account (Geier et al.  2011 ,  2012 ; Guzzi 
and Pigatto  2008 ). 

 While many have used the CAT studies to purport the safety of dental amalgam 
in children despite evidence to the contrary, the same 2006 edition of the  Journal of 
the American Medical Association  that contained the CAT research also contained 
an editorial by Herbert Needleman, MD. Dr. Needleman, who has received numer-
ous awards for his research on childhood lead poisoning, cautioned: “It is predict-
able that some outside interests will expand the modest conclusions of these studies 
to assert that use of mercury amalgam in dentistry is risk free. That conclusion 
would be unfortunate and unscientifi c” (Needleman  2006 , p. 1836). 

 Indeed, other research clearly shows that children are at risk for health impair-
ments caused by dental mercury amalgam fi llings (Al-Saleh and Al-Sedairi  2011 ; 
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Ask et al.  2002 ; Dunn et al.  2008 ; Geier et al.  2011 ,  2012 ; Guzzi and Pigatto  2008 ; 
Haley  2005 ; Holmes et al.  2003 ; Vahter et al.  2000 ). For example, a 2005 WHO 
report specifi cally stated that mercury can cause “developmental defi cits during 
fetal development, and attention defi cit and developmental delays during child-
hood” (WHO  2005 , p. 1). A second example is research from Al-Saleh and 
Al-Sedairi ( 2011 ), which found that children with amalgam fi llings had more mer-
cury in their urine and hair than those without fi llings. The researchers also noted: 
“Changes in dental practices involving amalgam, especially for children, are highly 
recommended in order to avoid unnecessary exposure to Hg” (Al-Saleh and 
Al-Sedairi  2011 , p. 3003). 

 When comparing the dental mercury health risks of children to adults, issues to 
consider include (1) children’s bodies have completely different chemistries due to 
hormones and other factors, (2) their bodies are smaller than adults, and (3) their 
bodies, and especially their brains, are still developing. 

 It also means that exposure and tolerable daily intake levels applied to dental 
mercury amalgam should be adjusted by accounting for the age and weight of the 
subject. To demonstrate that such an exposure assessment is possible and feasible, 
the Canadian government, in its risk assessment of dental amalgam (Richardson 
 1995 ), was open and transparent about the prevalence of mercury fi llings in the 
Canadian population, with adults having up to 25 fi lled teeth and children as young 
as 3 years of age having fi lled teeth. Richardson ( 1995 ) was explicit in incorporating 
this data into the methods used to estimate exposures, and as such, Health Canada 
was provided with estimates of mercury vapor exposure per fi lled tooth for each of 
fi ve separate age groups (toddlers, children, teens, adults, and seniors).    

7.5     Occupational Exposure Overview 

 Dentists, dental professionals, dental staff, and dental students are occupationally 
and chronically exposed to mercury released from dental mercury amalgam, and 
researchers and clinicians have raised concerns about the safety of dental personnel 
who work with dental mercury amalgam (Cooper et al.  2004 ; de Oliveira et al. 
 2010 ; Duplinsky and Cicchetti  2012 ; Echeverria et al.  1995 ; Fabrizio et al.  2007 ; 
Goodrich et al.  2013a ,  b ; Herber et al.  1988 ; Hilt et al.  2009 ; Kanerva et al.  1999 ; 
Karahalil et al.  2005 ; Lee et al.  2001 ; Lönnroth and Shahnavaz  1995 ; Martin et al. 
 1995 ; Moen et al.  2008 ; Ngim et al.  1992 ; Nimmo et al.  1990 ; Nylander et al.  1989 ; 
Parsell et al.  1996 ; Pérez‐Gómez et al.  2005 ; Richardson  2003 ; Richardson et al. 
 2009 ; Rowland et al.  1994 ; Shapiro et al.  1982 ; Sikorski et al.  1987 ; Warwick et al. 
 2013 ; Zahir et al.  2005 ). This includes mercury released during hygiene, cleaning, 
and polishing procedures. This also includes mercury released during removal of 
old mercury amalgam fi llings and replacement with new ones. Scientifi c data indi-
cates that  female dental personnel   are particularly impacted by occupational expo-
sure to mercury (Rowland et al.  1994 ; Sikorski et al.  1987 ). 
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7.5.1     Occupational Exposure Detail 

 One area of dental amalgam research that is constantly expanding deals with evalu-
ating the impact of mercury exposure on dental workers. This is especially impor-
tant because occupational exposure through dentistry often results in repeated, 
 long-term contact   with mercury. To illustrate this point, consider the fact that 
research showed 85 % of dentists had aberrant porphyrin metabolism characteristic 
of  low-level mercury   poisoning (Echeverria et al.  2005 ). 

 Furthermore, Richardson used standard exposure assessment methods to esti-
mate that a dentist who removes four amalgams per day will inhale 38 mg of mer-
cury derived from amalgam particulate, which far exceeds any level considered to 
be safe ( 2003 ). 

 A number of studies demonstrating  neurobehavioral defi cits   in dental personnel 
have also been published (Echeverria et al.  1995 ; Gonzalez-Ramirez et al.  1995 ; 
Ngim et al.  1992 ; Shapiro et al.  1982 ; Uzzell and Oler  1986 ). 

 Other studies have likewise demonstrated the neurobehavioral impact of elemen-
tal mercury on dentists. One study detected signifi cant central nervous system 
effects among dentists and dental assistants at very low levels of mercury exposure 
(Echeverria et al.  1998 ). Signifi cantly, the authors observed neurobehavioral defi cits 
in dentists and dental assistants at urine mercury levels essentially equivalent to the 
urine mercury levels of those people in whom amalgam had been placed. 

 In a series of experiments utilizing neutron activation analysis ( NAA  )    to study 
the mercury content of brain tissues of amalgam bearers, nonamalgam bearers, and 
dentists, Nylander and his coresearchers found that the dentist group (seven dentists 
and one dental nurse) all had a surprisingly high pituitary mercury content totally 
out of proportion to the content found in other parts of the brain. Values ranged from 
135 to 4000 ng of mercury per gram of tissue (Friberg et al.  1986 ; Nylander  1986 ). 
In a related study, Nylander and his colleagues also found that dentists and dental 
assistants in Sweden had twice the incidence of brain tumors as nondental personnel 
(Ahlbom et al.  1986 ). 

 More recently, Duplinsky and Cicchetti ( 2012 ) determined that dentists are not 
as healthy as matched controls from the general population. Using data from  phar-
maceutical prescriptions   to evaluate the health status of 600 dentists, it was shown 
that dentists required signifi cantly more medications than the controls. The dimin-
ished health status of the dentists was potentially attributed to their occupational 
exposure to mercury. 

  Kidney ailments   have also been the subject of studies for occupational exposure 
to dental mercury because the kidney fi lters the blood, and, as a result, chronic 
exposure to chemicals can eventually induce kidney damage. Thus, it is trouble-
some that a dental assistant’s death was reported from kidney failure related to 
mercury exposure (Cook and Yates  1969 ). 

 Additionally, a study by Verschoor et al. ( 1988 ) evaluated the kidney function of 
68 dentists (63 men, 5 women) and 64 female assistants who were apparently 
healthy, not pregnant, and not addicted to illegal drugs. They compared the results 
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of their  kidney function analysis   to 250 workers known to be exposed to lead, cad-
mium, or chromium through the workplace. Their conclusion was that dentists and 
dental assistants “appear to have a higher potential risk of kidney function distur-
bances than the workers in these industries. There is a need to assess the renal haz-
ard of the potential nephrotoxic chemicals used in dental practice” (p. 152). 

 A major turning point in the issue of dental offi ce mercury  safety   for workers 
occurred in March of 2012, when the Norwegian Labour and Welfare Service offi -
cially categorized mercury injury as an occupational disease. The decision was 
made because Tordis Stigen Klausen, a Norwegian dental assistant, proved expo-
sure to dental mercury amalgam caused her to become ill. According to a report 
from Norway, Gerd-Bang Johansen, chair of the League of Dental Assistants, 
explained, “This is good…for all the other dental assistants who became ill while 
working.” Johansen added, “Many of these women have exactly the same symptoms 
as Stigen Klausen and have worked with mercury a lot” (Knudsson  2012 ). 

 Current scientifi c data also indicates that  female dental personnel   are severely 
impacted by occupational exposure to mercury, and the textbook  Occupational 
Hazards in the Health Professions  cautioned against comprehensive amalgam work 
during pregnancy (Brune and Edling  1989 ). Studies have also associated mercury 
with menstrual problems and other reproductive disorders (Goering et al.  1992 ; 
Mikhailova et al.  1971 ; Panova and Dimitrov  1974 ). 

 Additional studies support the concept that female dental workers are at risk for 
 reproductive health issues  . Sikorski et al. ( 1987 ) identifi ed a signifi cant positive cor-
relation between mercury levels in the hair of occupationally exposed women and 
the occurrence of reproductive failures and menstrual cycle disorders. Koos and 
Longo ( 1976 ) stated that women of childbearing age should not be exposed to 
 mercury concentrations exceeding 10 mcg/m 3  and that pregnant women should not 
be exposed to mercury at all. Eggleston ( 1989 ) established that mercury exposures 
cannot be avoided by women who work in the fi eld of dentistry. However, since that 
time, a number of safe protocols have been developed by the IAOMT and other 
researchers to limit these exposures. 

 Of particular concern are  potential birth defects   and  neurological disorders   in 
children of dental workers (Gordon  1981 ; Marinova et al.  1973 ; Noe  1959 ; Panova 
and Dimitrov  1974 ). One published account reported that a young dentist, profes-
sionally exposed to mercury for 35 weeks during her pregnancy, delivered a severely 
brain-damaged mercury-poisoned infant (Gelbier and Ingram  1989 ).   

7.6     Conclusion 

 In the case of dental amalgam, our review of potential risks from mercury expo-
sure demonstrates that a variety of factors, including genetic traits, allergies, occu-
pational exposures, pregnancy, fetal exposures, childhood exposures, and other 
health conditions, can impact an individual’s response to dental mercury. We have 
also established that throughout the life span, from fetal development to advanced 
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age, mercury releases from dental amalgam fi llings result in serious dangers to 
human health. 

 This review makes it apparent that dental mercury amalgam and  all  dental restor-
ative materials should be assessed for safety and biocompatibility with special con-
sideration for  all  populations and  all  known risk factors. This can also be applied to 
the evaluation of any health risk, especially because science continues to prove that 
each person has a unique and personalized set of reactions to substances taken into 
the human body. As such, health risks must be considered from an evolving variety 
of perspectives in order to diligently protect all citizens from potentially harmful 
effects.     
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8.1           Introduction 

 Cells of a  multicellular   organism are genetically identical but structurally and 
functionally distinct, owing to the differential expression of genes. Many of these 
differences in gene expression arise during development and are subsequently 
retained through mitosis. To represent the way that these developmental decisions 
are made, Conrad Hal Waddington in the 1940s and 1950s formulated the concept 
of the epigenetic landscape and the term  epigenetics   to refer to mechanisms that act 
on genes to govern a resulting phenotype. The term epigenetics is now commonly 
used to describe the study of stable alterations in gene expression potential that 
arise during development and differentiation and under the infl uence of the environ-
ment (for review, see Murgatroyd and Spengler  2011a ). Therefore, in contrast to 
DNA sequence that is identical in all tissues, the patterns of epigenetic marks are 
tissue specifi c. Hence, a genome can be considered to contain two layers of infor-
mation: the DNA sequence inherited from our parents which is conserved through-
out life and mostly identical in all cells and tissues of our body and epigenetic marks 
(i.e., chromatin and DNA methylation patterns) which are cell and tissue specifi c. 
As such, an epigenome denotes the ensemble of coordinated epigenetic marks that 
govern accessibility of the DNA to the machinery driving gene expression; inacces-
sible genes become silenced, whereas accessible genes are actively transcribed. 
In this way, epigenetics could be thought of as conferring additional plasticity to the 
 hard- coded genome   (Fig.  8.1 ).

   Although the understanding of the interplay between epigenetic  modifi cations   is 
still evolving, DNA methylation at CpG dinucleotide sequences and modifi cation 
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of core histones (e.g., histone deacetylation and methylation of histones such as H3 
at lysine 9) that package DNA into chromatin are the best-characterized covalent 
modifi cations associated with a repressed chromatin state and gene silencing. 

 Epigenetic regulation of gene  expression   therefore allows the integration of 
intrinsic and environmental signals in the genome, thus facilitating the adaptation of 
an organism to changing environment through alterations in gene activity. In the 
context of the early-life environment, epigenetic changes offer a plausible mecha-
nism by which experiences during prenatal, postnatal and adulthood could be inte-
grated into the genome to program long-term physiological, hormonal and 
behavioural responses (Fig.  8.2 ).

   The fi eld of epigenetics, particularly in relation to  environmental exposures,   has 
rapidly expanded with animal models, particularly rodents, providing a valuable 
resource in this fi eld. Numerous studies have been able to shed light on epigenetic 
mechanisms regulating various environmental exposures such as diet, toxicants and 
stress, either prenatally, postnatally, in adulthood or transgenerationally. Here we 
briefl y discuss some of the rodent models that have been employed to understand 
how these epigenetic changes underpin diverse physiological phenomena and par-
ticularly how these translate to the clinic and human disease.  

  Fig. 8.1    Using an analogy of a computer, DNA sequence could be likened to the hardware, while 
the operating system, i.e., the epigenetic programming, enables the processing of decisions regard-
ing which functions the DNA hardware does and does not perform. Environmental conditions 
could be thought of as inputted data that allow the epigenetic software to meet nature’s goals of 
adaptation       
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8.2     Animal Models for Epigenetic Studies 

  For epigenetic-based studies,  rodent models   have proved to be particularly useful 
for numerous reasons. They have a relatively short life span (mice >2.5, rats >3.5 
years) that can allow rapid testing, establishment or development of experimental 
models and paradigms covering early life to ageing. They reach sexual maturity 
early (6–8 weeks) and demonstrate an abbreviated gestational period (rats, 19–22; 
mice, 18–21 days), further allowing several generations to be analysed within a rela-
tively short time frame. That rats and mice are polytocous (litter bearing) is also an 
important feature when biological replicates, i.e., studying epigenetic alterations in 
multiple animals under the same environmental cues (e.g., exposed to the same 
dam), are considered and when tissue availability is a limiting factor, especially if 
several methods are used to address different types of epigenetic changes, i.e., either 

  Fig. 8.2    Long-term programming of the stress system takes place during critical developmental 
time windows. The environment from gamete, prenatal, postnatal and adulthood can persistently 
alter expression levels of key genes through epigenetic marking, thus initiating adjustments in biol-
ogy throughout later life. The nature of the environment and experiences throughout later life, in 
addition to the impact of biological processes associated with ageing and genetic sex, may exacer-
bate the programming established during early life, resulting in increased vulnerability to and 
manifestation of diseases       

 

8 Translational Animal Models for the Study of Epigenetics and the Environment



210

DNA methylation or chromatin modifi cations. Using inbred mice, it is also possible 
to control for genetic background, avoiding genetic infl uences on epigenetics while 
there is also a range of genetically engineered mouse lines. While the mouse model, 
as opposed to the rat model, benefi ts from better support in the availability of vari-
ous assay platforms (especially arrays), rats are considered by some better suited to 
some behavioural and cognitive tests. 

 Although rodent models are highly versatile for studying epigenetics, human and 
rodent epigenetic programs cannot be considered as 100 % identically conserved, 
for obvious reasons. So there are important limitations. For example, patterns of 
DNA methylation during development, particularly in the late blastocyst stage 
where cells of the inner cell mass and trophectoderm are differentially methylated, 
are different in the mouse and human embryo (inverse relationship between troph-
ectoderal cells and inner cell mass) (Fulka et al.  2004 ). Of further importance is the 
role genetic background plays in regulating epigenetic marks. One study using 
seven mouse strains exposed to 1,3-butadiene identifi ed major epigenetic differ-
ences in global DNA methylations and histone modifi cations between the lines 
(Koturbash et al.  2011 ), while another study revealed strain- or genotype-specifi c 
epigenetic effects as a consequence of stress (Uchida et al.  2011 ).   

8.3      Animal Model  Mutations   in the Epigenetic Machinery 

 Deregulation of epigenetic pathways can alter regulation of specifi c sets of genes 
manifesting with diseases. As such, there are a large number of genes encoding 
epigenetic regulators that, when mutated, can give rise to various diseases, particu-
larly mental retardation (for review, see Murgatroyd and Spengler  2012 ). Animal 
models are particularly useful for studying diseases with a genetic basis as techno-
logical advances in genetic engineering of mice allow systems for functional 
genomic investigations such as  knockout   and  knockin strategies   in which either an 
existing gene is inactivated by replacing it or disrupting it with an artifi cial piece of 
DNA or where a desired gene is inserted into a specifi c locus. Conditional and 
inducible methods further permit cell-specifi c regulation of gene expression within 
select tissues at specifi c stages of development or periods of time. 

 One of the most common causes of mental retardation in females is Rett syn-
drome, a progressive neurodevelopmental disorder frequently caused by a mutation 
to the gene for methyl-binding protein MECP2 (Amir et al.  1999 ). The onset of 
symptoms at 6–18 months of age coincides with a time in early development when 
sensory experience is driving dendritic pruning and shaping connections in the 
brain (Samaco and Neul  2011 ). Although MECP2 is expressed by the majority of 
cells, it is particularly important for normal neuronal function. In mice, a condi-
tional knockout of Mecp2 specifi cally in neurons is suffi cient to recapitulate the 
majority of Rett symptoms (e.g., Guy et al.  2001 ). The phenotype of Mecp2 mutant 
mice can be reversed by restoration of the Mecp2 gene in postmitotic neurons (e.g., 
Guy et al.  2007 ). Mecp2 protein is regulated by neuronal activity (e.g., Murgatroyd 
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et al.  2009 ) and in turn regulates the expression of Bdnf, which has enhanced 
expression following depolarization (Martinowich et al.  2003 ). The overexpression 
of Bdnf in postmitotic neurons of Mecp2 mutant mice ameliorates their phenotype, 
suggesting that Mecp2 is critical for regulating the expression of genes like Bdnf 
that are regulated by neuronal activity and essential for normal cognitive function 
(Chang et al.  2006 ). 

 In another example, patients with hereditary sensory and autonomic neuropathy 
type 1 (HSAN1) develop dementia in adulthood that results from a mutation in the 
N-terminal regulatory domain of DNA methyltransferase 1 (DNMT1) (Klein et al. 
 2011 ). Complete knockout of Dnmt1 gene in mice results in embryonic lethality 
between embryonic day (E) 8 and E10.5 (Li et al.  1992 ), whereas a conditional 
knockout of Dnmt1 between E8.5 and E13.5, a time period that coincides with neu-
rogenesis, leads to hypomethylation of differentiating neurons and demethylation of 
the Gfap promoter in neural precursor cells, thus accelerating astrogliosis (e.g., Fan 
et al.  2001 ).   

8.4       Agouti and Axin 1 Fused Mice  Models      as “Epigenetic 
Biosensors” 

 A number of select markers have been identifi ed in animals that have a well- 
characterized locus whose methylation pattern governs dramatic phenotypic out-
comes, providing distinct visual markers (e.g., coat colour with the agouti viable 
yellow (Avy) mice and tail morphology in the axin 1 fused (Axin1Fu) mice). These 
are examples of metastable epialleles; identical alleles (often associated with retro-
elements and transgenesis) that are variably expressed due to epigenetic modifi ca-
tions established early in development such as in response to maternal nutrition and 
early environmental exposures. From this standpoint, these mice are a valuable ani-
mal model for studying how maternal diet can alter epigenetic and accompanying 
phenotypic responses in her offspring. Approximately, a thousand copies of IAP 
retrotransposons are present in the mouse genome, and about 40 % of the human 
genome is comprised of transposable elements, of which approximately 9 % are 
retrotransposons. So, though neither of Avy or Axin1Fu genes are present in the 
human genome, changes to retrotransposons in general might have important impli-
cations to humans. These models as sensors of epigenetic marks established early in 
development have been used to investigate the impacts of nutritional and environ-
mental infl uences on the foetal epigenome. In the agouti mouse model, DNA meth-
ylation and histone modifi cation status determines the relative extent to which 
pheomelanin and eumelanin pigment proteins are expressed in hair follicles to estab-
lish the characteristic yellow coat colour (Fig.  8.3 ). As such, this model has proven 
to be an exceptional model in which to interrogate environmental and nutritional 
factors that are capable of altering critical outcomes (for review, see Dolinoy  2008 ).

   Interestingly, expression of the agouti gene at sites other than the skin and follicle 
can have further signifi cant systemic effects. For example, yellow Avy mice are 
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characteristically obese because of the selective agouti-mediated antagonism of 
the melanocortin-4 receptor in the hypothalamus (Krashes et al.  2011 ). The impacts 
of other environmental impacts on this model, such as maternal stress, would also 
be interesting to test.    

8.5      Animal Models of Epigenetics and  Nutrition   

 Studies have applied various nutrients or diets to rodents, either before and during 
gestation or postnatally, to determine impact upon the epigenetic status. These 
include studies of methyl donors (e.g., folate, choline, methionine, betaine) and 
related cofactors (e.g., vitamins B 12  and B 6 ) that have been described to induce epi-
genetic modifi cations at different exposure times and ages. For example, mice fed a 
folate-defi cient diet for 32 weeks exhibited global DNA hypomethylation (Linhart 
et al.  2009 ), while choline has been reported to alter both global and gene-specifi c 
DNA methylation (Mehedint et al.  2010 ). The epigenetic role of methyl donors has 
also been studied in mouse cancer models (Min mice) as reported by Sibani and 
colleagues ( 2002 ). Specifi cally, folate supplementation has been directly linked 

  Fig. 8.3    In the agouti wild-type mouse, transcription of the agouti gene is controlled by a follicle- 
specifi c promoter. Sensitivity to DNA methylation (mCpG) status arises from the insertion of an 
IAP element that has master regulation of agouti expression. Hypomethylation of the IAP results 
in constitutive ectopic agouti expression and is manifested as the characteristic yellow coat colour. 
Increasing degrees of DNA methylation in the IAP result in progressive mottling until the mice 
eventually appear completely brown, an indication that complete hypermethylation of IAP has 
occurred to create a pseudoagouti mouse       
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with Nat2 promoter hypermethylation and subsequent decrease in gene expression 
(Wakefi eld et al.  2010 ). A number of (but not all!) epidemiological and clinical 
studies support some of the dietary fi ndings above, demonstrating protection against 
some (particularly neurodevelopmental) diseases associated with altered DNA 
methylation.   

8.6      Animal Models of Epigenetics and  Diet   

 Epigenetic involvement in obesity and metabolic syndrome is a major interest in 
supporting the role of early-life nutrition in the outset of chronic disease later in life 
and in ageing (developmental origins of health and disease theory) (Gluckman et al. 
 2011 ). Epidemiological studies show that a poor intrauterine environment induced 
by unbalanced maternal diet or body composition, placental insuffi ciency or endo-
crine factors induces an offspring phenotype that is characterized by an increased 
risk of developing chronic non-communicable diseases such as cardiovascular dis-
ease and metabolic syndrome in later life. Some of these fi ndings have been repli-
cated in animal models using restricted nutrition during pregnancy, as described 
later. This association between poor intrauterine growth and increased risk of disease 
in later life may result from a predictive adaptive response where the foetus responds 
to environmental cues during development with permanent adjustments in its devel-
opment and homeostatic systems to aid later survival and reproductive fi tness. 
However, if these adaptations are inappropriate for the postnatal environment, they 
may ultimately lead to an increased risk of disease because its homeostatic capacity 
is mismatched to that environment. 

 Animal models have been used to investigate the role of maternal consumption 
of a  high-fat diet (HFD)   during certain vulnerable periods, such as pregnancy and 
early postnatal life on the potential to cause long-term effects on metabolic disor-
ders, obesity and responsivity to stress and immune challenges in offspring (Ashino 
et al.  2012 ; Spencer  2013 ). This may be, in part, due to the dysregulation of the 
early-life epigenome. Dams from mice fed an HFD during the pregnancy and lacta-
tion period display global DNA hypomethylation in their brains along with hypo-
methylation at promoters in genes involved in the food reward circuitry (Dat, Mor 
and Penk) with corresponding increases in gene expression (Vucetic et al.  2010 ). 
Longitudinal analysis in humans has also suggested that the prenatal maternal, 
rather than paternal, diet is particularly infl uential in determining the dietary habits, 
and possibly the future metabolic profi le, of their offspring (Brion et al.  2010 ). 

 Leptin, the major satiety adipokine, maintains food intake and energy homeosta-
sis through a negative feedback loop. Milagro and colleagues ( 2009 ) assigned 
Wistar rats to either a conventional diet or HFD over an 11-week period. Coinciding 
with an obese phenotype by the end of the dietary intervention, the latter group also 
displayed hypermethylation of the leptin promoter from retroperitoneal adipocytes. 
Additionally, this same pattern has also been observed in the oocytes and liver of 
offspring from  HFD  -induced mice, indicating that this nutritional effect can be 
transgenerational (Ge et al.  2014 ).   
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8.7     Animal Models to Study Translational Epigenetic Effects 

 Jean-Baptiste Lamarck (1744–1829) is chiefl y remembered as a proponent of the 
theory of  inheritance of acquired characteristics   (though he was a highly respected 
naturalist in his own right), which suggests that individuals can pass on certain fea-
tures that they acquired during their lifetime to their offspring. Some of the exam-
ples he chose, including the gradual lengthening of the neck of the giraffe as a result 
of its foraging lifestyle, fell into disfavour, fi rst as a result of Darwin’s theory of 
natural selection and later by the implications of Mendelian inheritance and the 
notion of the gene. 

 However, inheritance of acquired characteristics has gradually acquired new 
currency; the idea that the transfer of epigenetic information across generations 
might confer “memory” of environmental stresses experienced in earlier genera-
tions to subsequent generations. The existence of a defi nite molecular mechanism(s) 
underlying such a process largely still eludes us. It was previously thought that a 
complete erasure of epigenetic variation occurred within the genome during the 
early stages of embryogenesis. However, the discovery of imprinted genes (genes 
that are expressed dependent on the parent from whom they are inherited) has led to 
increasing speculation that some form of an epigenetic “memory” of the previous 
generation might be maintained and transmitted on the DNA through the germ line. 

 Studies on epigenetic inheritance in the aforementioned metastable epialleles 
have indicated some levels of  transgenerational inheritance   of phenotype (Anway 
et al.  2005 ). In the  Avy mouse  , yellow coat colour females are signifi cantly more 
likely to birth yellow coat colour offspring than genetically identical mice with 
agouti markings, and these effects persist into the F(2) generation. Importantly, no 
paternal germ line effects on coat colour have been observed in these mice (Blewitt 
et al.  2006 ). In other words, the epigenetic mark is preserved through the oocyte but 
not through the sperm. As discussed earlier, Avy mice are also prone to obesity, and 
this obesity phenotype, like coat colour, is transmitted through the female germ line. 
However, early exposure of these obese, founder dams to a methyl-supplemented 
diet reduces the obesity in their offspring and tends to lead to darker coats, suggest-
ing that maternal diet can offset the transgenerational effects (Waterland et al.  2006 ). 
In contrast with  Axin1Fu mice  , both the paternal and maternal germ lines are capa-
ble of transmitting the kinked tails to the next generation (Rakyan et al.  2003 ). 

  Protein restriction   during gestation can likewise result in transgenerational meth-
ylation changes in some candidate genes (Burdge et al.  2007 ). In utero exposure of 
rats to a protein-restricted diet, for example, results in altered methylation of the 
peroxisome proliferator-activated receptor alpha (Ppara) and glucocorticoid recep-
tor (Nr3c1) promoters in F1 male offspring, a change that can be transmitted to the 
F2 generation. Exposure to a range of toxicants, including the endocrine disruptors 
(e.g., vinclozolin ( Nilsson et al.  2008 ) and diethylstilbestrol (Walker and Haven 
 1997 )), can result in transgenerational disease states, including testis defects, pros-
tate disease, kidney disease, reproductive and breast cancer development and 
immune abnormalities, which in many cases are due to epigenetic alterations within 
the male germ line. 
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 In rodents, there is evidence that  maternal care  , such as maternal stress, abusive 
caregiving and variation in maternal licking and grooming (LG) behaviour can shift 
the development of female offspring such that these maternal traits are also observed 
in both offspring and grand-offspring (Murgatroyd and Nephew  2013 ; Champagne 
et al.  2007 ). Rat models of maternal LG behaviour and chronic social stress have 
been reported to induce, in the female offspring respectively, the DNA methylation 
and expression of Esr1 in the medial preoptic area of the hypothalamus (Champagne 
et al.  2006 ) and Nr3c1 methylation and expression in the paraventricular nucleus of 
the hypothalamus (PVN) (Murgatroyd et al. in submission). 

 Pathways through which  perinatal epigenetic and behavioural effects   may persist 
across generations may either occur through indirect mechanisms via the mother’s 
behaviour and hormones (as described above) or through the direct inheritance of 
epigenetic modifi cations. This can be specifi cally tested, by determining if the 
transgenerational-inherited phenotype is explicitly carried only through the mater-
nal line or if paternal germ line effects occur. For example, a study of maternal sepa-
ration revealed that the offspring of separated male mice (F2) and the grand-offspring 
of separated males (F3) showed depressive-like behaviours together with specifi c 
DNA methylation patterns at the Mecp2 and Crfr2 genes present in the sperm and 
brains of F1 and the brains of F2 males (Franklin et al.  2010 ). Thus, it would appear 
that epigenetic variation that is induced through the quality of the early-life 
 environment can become encoded into the germ cells, leading to a  transgenerational 
inheritance   of the effects of stress and social experiences. 

 In humans, the best evidence for the occurrence of transgenerational effects 
induced by environmental factors comes from studies investigating nutrition and 
food availability. A well-known example is the Dutch famine of 1944–1945, during 
which a food embargo led to a devastating 5-month famine. Mothers who were 
pregnant during this time gave birth to children who had reduced birth weight and 
developed a host of clinical disorders during adulthood, ranging from obesity to 
glucose intolerance and coronary heart disease (e.g., Kyle and Pichard  2006 ). 
Surprisingly, the grandchildren of mothers exposed to the famine during gestation 
showed similar effects suggestive of epigenetic changes in the germ line of the 
exposed embryos that were then passed on to their own children (e.g., Painter et al. 
 2008 ). Indeed a study investigating the long-term effects of prenatal exposure to 
famine on DNA methylation found hypomethylation at the imprinted IGF2 gene 
when analysed six decades later. Interestingly, no differences in DNA methylation 
were observed in individuals exposed to famine late in gestation (Heijmans et al. 
 2008 ). A  paternal translational effect   has been identifi ed in a large Swedish epide-
miological study reporting that early smoking in fathers associated with a greater 
body mass index in their sons. Additionally, they found a correlation between mor-
tality risk ratio of grandsons and paternal grandfather’s food supply in mid- childhood 
(Pembrey et al.  2006 ). Importantly, though it is possible to explain these observa-
tions based on transgenerational epigenetic inheritance, other equally plausible 
explanations may exist such as various cultural confounders.  
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8.8     Modelling Early Adverse Experiences 

 Comprehensive clinical studies show that adverse conditions in early life can 
severely impact the developing brain and increase vulnerability to mood disorders 
later in life (for review, see Murgatroyd and Spengler  2011a ). During early postnatal 
life, the brain exhibits high plasticity, which allows environmental signals to alter 
the trajectories of rapidly developing circuits. Adversity in early life is able to shape 
the experience-dependent maturation of stress-regulating pathways underlying 
 emotional functions   and  endocrine responses to stress  , such as the hypothalamic–
pituitary–adrenal (HPA) system, leading to long-lasting altered stress responsivity 
during adulthood. Evidently there are  ethical limitations   to conducting prospective 
early-life stress experiments in human participants. 

 Therefore, animal models are invaluable in gaining insight into the behavioural 
and physiological mechanisms underlying the long-term effects of early experiences 
on emotional reactivity and the stress response. Rodents are particularly well suited 
to studies of the effects of early-life experience (for review see Nephew & 
Murgatroyd  2013 ). Even quite subtle alterations in the experience of rats during the 
early postnatal or prenatal periods can provoke long enduring  consequences in 
behavioural and endocrine phenotypes (for review, see Holmes et al.  2005 ). 

8.8.1      The  Epigenome and Postnatal Adversity   

 Animal models of neglect, abuse and variation in maternal care are increasingly 
incorporating analyses of epigenetic mechanisms to account for the persistent 
effects of these experiences. For example, early-life adversity through the use of 
maternal separation in mice (involving separating pups from their mothers for 3 h 
each day during the fi rst 10 days of life) has been found to induce sustained expres-
sion of hypothalamic Avp mRNA and peptide specifi c to the parvocellular sub-
population of the PVN. This underlined elevated corticosterone secretion, 
heightened endocrine responsiveness to subsequent stressors and altered HPA axis 
feedback inhibition. Importantly, this altered expression associated with reduced 
levels of DNA methylation in the PVN at particular CpG dinucleotides within an 
enhancer region important for Avp gene activity. Further investigations revealed 
that hypomethylation at this region reduced the ability of Mecp2 to bind and recruit 
further epigenetic machinery such as HDACs and DNMTs (Murgatroyd and 
Spengler  2014 ), supporting previous evidences for a role of Mecp2 as an epigenetic 
platform upon which histone and DNA modifi cations are carried out to confer tran-
scriptional repression. Signals controlling Mecp2 occupancy at this early step were 
then explored, revealing that neuronal depolarization is able to trigger Ca2+-
dependent phosphorylation of Mecp2. This causes Mecp2 to dissociate from the 
Avp enhancer, resulting in a loss of both its repressing activity and its organization 
of DNA methylation and histone marks (for review, see Murgatroyd and Spengler 
 2011b ) (Fig.  8.4 ).
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   By means of a similar maternal separation paradigm, male offspring exposed to 
postnatal separation were found to have elevated levels of DNA methylation within 
the Mecp2 gene and decreased methylation within the Crh receptor (Crhr2) gene 
(Franklin et al.  2010 ). A further study in rats revealed that daily exposure to 30 min 
of aggressive caregiving on postnatal days 1 through 7 is associated with increased 
DNA methylation of the Bdnf promoter at postnatal days 8, 30 and 90 (Roth et al. 
 2009 ). Although a limited range of targets has been explored, these initial studies 
suggest that epigenetic modifi cations, particularly DNA methylation, are associated 
with early-life manipulation of the quality and frequency of contact between dams 
and pups. 

 One well-characterized model established to study the effects of early postnatal 
maternal care, as measured by levels of LG behaviour, found that rats that received 
high levels of maternal care during early life developed sustained elevations in GR 
expression within the hippocampus and reduced HPA axis responses to stress. 
Epigenetic analyses revealed that the enhanced GR expression associated with a 
persistent DNA hypomethylation at specifi c CpG dinucleotides within the hippo-
campal GR (Nr3c1) exon 17 promoter and increased histone acetylation. The lower 
CpG methylation facilitated binding of the transcriptional activator nerve growth 
factor-inducible protein A (Ngf1a) to this region (Weaver et al.  2004 ). Cross- 
fostering of pups between high and low LG dams has indicated that these epigenetic 
effects are related to the quality of postnatal care rather than prenatal or genetic 
factors. Histone acetylation was also increased within the differentially methylated 
region of the Nr3c1 promoter, such that among offspring reared by high LG dams, 
there are elevated levels of histone acetylation.   

  Fig. 8.4    A stepwise pathway in the epigenetic programming of  Avp  in the hypothalamic neurons 
in response to early-life stress in a time-dependent manner. Mecp2 is recruited to  Avp  enhancer 
through polycomb (suz12) binding during early hypothalamus development and recruits HDACs 
and DNMTs to target DNA methylation and repressive chromatin. Stress, through neuronal stimu-
lation and CamKII activation, phosphorylates Mecp2, restricting binding at the  Avp  enhancer, 
relieving its repression and leading to increased  Avp  production and HPA axis activity       
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8.8.2     The  Epigenome and Prenatal Adversity   

 Chronic variable stress experienced by pregnant females has been demonstrated to 
induce a long-term impact on HPA pathways, including altered gene expression 
within the hypothalamus. For example, in mice, stress during the 1st week of preg-
nancy has been found to induce signifi cant impairments in male offspring. This 
associated with increased CRF and decreased GR gene expression together with 
reduced DNA methylation within the promoter region of the Crh gene and increased 
methylation within the promoter region of the Nr3c1 gene (encoding GR) in hypo-
thalamic tissue of prenatally stressed offspring (Mueller and Bale  2008 ).  

8.8.3      The Epigenome in Adolescence and  Adulthood   

 Although plasticity in epigenetic pathways was initially thought to be limited to the 
early stages of development and postnatal life, it is becoming increasingly evident 
that experiences occurring across the life span are capable of inducing epigenetic 
variation. Moreover, the capacity to modify DNA methylation and histone tails may 
be a critical aspect of learning and memory from infancy to adulthood (Miller and 
Sweatt  2007 ). In the context of studies on the infl uence of social interactions and 
stressors, epigenetic variation, likewise, has been associated with changes in gene 
expression and phenotype during the later stages of development. Among adult 
mice that have a genetically induced memory impairment, 4 weeks of exposure to 
complex housing environments was found to be associated with increased histone 
acetylation in the hippocampus and cortex and improvements in memory (Fischer 
et al.  2007 ). Interestingly, these enrichment-induced effects on both histones and 
learning and memory could also be achieved in non-memory-impaired mice with 
pharmacological treatments that promote histone acetylation. 

 In contrast with environmental enrichment, which has been demonstrated to 
increased expression of BDNF together with associated chromatin changes 
(particularly histone methylation) at the promoter (Kuzumaki et al.  2011 ), chronic 
stress is associated with epigenetically reduced expression of this gene. In rats, 
immobilization stress combined with exposure to predator odour has been found to 
induce signifi cant increases in hippocampal DNA methylation within the Bdnf gene 
(Roth et al.  2011 ). Within the social defeat model, reductions in Bdnf are observed 
a month after exposure to the social stressor, and hippocampal histone demethyl-
ation at the Bdnf promoter may account for this effect (Tsankova et al.  2006 ). 
Histone acetylation is transiently decreased and then exhibits prolonged increases 
among socially defeated mice, and this effect may be associated with long-term, 
stress- induced reductions in histone deacetylase levels (Covington et al.  2009 ). 

 Similarly, in rats, increased histone acetylation has been observed for up to 24 h 
after the experience of repeated social defeat (Hollis et al.  2010 ). Moreover, the 
behavioural consequences of social defeat such as decreased social behaviour can 
be reversed pharmacologically with a drug that inhibits histone deacetylases 
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(Covington et al.  2009 ). Interestingly, although social defeat has been found to 
induce long-term effects, a percentage of mice display resilience to this stressor. In 
a recent study, stress-susceptible mice were found to have increased levels of Crh 
mRNA in the PVN and decreased DNA methylation within the Crh gene (Elliott 
et al.  2010 ). In contrast, stress-resilient mice were found to have no changes in Crh 
mRNA or DNA methylation of this gene. 

 Many of the above animal studies highlight the importance of the temporal 
nature of brain developmental processes in relation to the effects that environmental 
stressors can have on epigenetic programming of long-term changes in neurodevel-
opment and behaviour. Developing brain regions typically pass through critical 
“windows” of sensitivity that stretch over different perinatal periods. Therefore, it 
stands to reason that the impact of stressors at different time points will confer more 
pronounced and long-lasting effects within brain regions that are actively develop-
ing at that particular time. For example, late prenatal and early postnatal life is the 
critical period for hippocampal development, possibly explaining why environmen-
tal exposures during this time strongly associate with cellular, morphological and 
epigenetic changes within these structures (for review, see McCrory et al.  2010 ). In 
contrast, environmental exposures during later life tend to confer their phenotypic 
effects by altering other areas of the brain. For example, repeated restraint stress in 
adult rats fails to cause long-term hippocampal-related effects such as those 
observed following similar stress exposure during prenatal and early postnatal life 
(Conrad et al.  1999 ). On the other hand, substantial cortical development and 
differentiation is known to continue well into adolescence (e.g., Wang and Gao 
 2009 ), possibly explaining why these regions are more susceptible to epigenetic 
changes in response to later-life environmental factors. In addition to the temporal 
nature of brain development, we should also consider the temporal and gene-spe-
cifi c manner in which epigenetic marks are established. This will be of crucial 
importance in understanding how experience-dependent epigenetic marks may 
undergo the transition from a preliminary labile state to a hard-coded stable print. 
For example, those studies on epigenetic marking of the Avp enhancer in response 
to early-life stress persisted under vasopressin receptor blockade in adult (3-month) 
mice consistent with the concept that the early-life stress had already engraved a 
lasting cellular memory (Murgatroyd et al.  2011a ). The question however remains 
of whether critical “windows” for timely psychotherapeutic and pharmacological 
interventions following exposure to severe trauma might exist at periods prior to the 
establishment of stable epigenetic marks.    

8.9     Translating Epigenetic Programming in Animal Models 
to Clinical Studies 

 Translational approaches seek to bridge the gaps between basic animal research and 
medical practice. Though not a new concept in medicine, it is becoming popular 
with its introduction in the  National Institutes of Health Roadmap initiative   
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  Fig. 8.5    Schematic of human ( upper ) and rat ( lower )  Nr3c1  gene promoter exon 1F/7 detailing 
conserved sequences and areas investigated for DNA methylation in human and rat studies reported 
in the literature       

(Zerhouni  2005 ; McArthur and Borsini  2008 ) particularly in the fi eld of psychiatry, 
and especially to affective disorders, including depression and anxiety-related 
disorders. 

 Such translational approaches obviously require rodent models, such as some of 
those described above that are suitable to study the clinical condition. Numerous 
studies in animals and humans demonstrate that early  postnatal experiences   also 
have long-term effects in adulthood and prenatal stress can lead to sustained effects 
on stress reactivity and behaviour in the offspring (for review, see Murgatroyd 
 2011a ). Meaney and colleague’s studies  linking LG   in rats with enhanced HPA axis 
feedback regulation, reduced anxiety-related behaviour and GR methylation 
(Weaver et al.  2004 ) have translated hypothesis-led research in clinical studies. For 
example, one study reported elevated NR3C1 1-F promoter methylation and reduced 
GR expression in post-mortem hippocampal tissue of suicide completers who were 
abused during childhood when compared to non-abused (McGowan et al.  2009 ). 
Other studies using  peripheral DNA  , from blood or saliva of infants, adolescents or 
adults, have shown increased levels of NR3C1 methylation in response to perinatal 
stress (Oberlander et al.  2008 ; Radtke et al.  2011 ; Mulligan et al.  2012 ) and abuse 
or neglect during childhood (Perroud et al.  2011 ; Tyrka et al.  2012 ). Most studies 
thus far reported on  DNA methylation      after enduring stress or traumatic events such 
as abuse or neglect (McGowan et al.  2009 ; Perroud et al.  2011 ,  2013 ; Tyrka et al. 
 2012 ). Interestingly, many of these studies have looked at different regions and CpG 
residues of the NR3C1 1-F promoter regions, though several recent clinical studies 
examining leukocytes have reported elevated methylation of the homologous human 
NR3C1 1-F promoter (homologous to the rat 1–7 promoter) at a specifi c CpG (CpG 
unit 22,23, Fig.  8.5 ) associated with prenatal maternal depression (Oberlander et al. 
 2008 ; Conradt et al.  2013 ; Hompes et al.  2013 ) and childhood stress (Tyrka et al. 
 2012 ; Melas et al.  2013 ). This suggests perhaps that different  CpG residues   might 
be sensitive to specifi c environmental stressors across this region (Fig.  8.5 ).
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   Very few studies have identifi ed candidates for maternal behaviours in  humans   
that may be the equivalent of rat licking and grooming. Strikingly, in rats, the effects 
of the LG can be mimicked by stroking the pups with a brush (Mulligan et al.  2012 ). 
A recent study has reported moderation of prenatal stress effects by early human 
tactile stimulation (assessed by how often mothers reported stroking their babies) 
over the fi rst weeks of life on behavioural and physiological stress reactivity in 
infancy (Sharp et al.  2012 ), demonstrating that the effect of maternal prenatal 
depression on infant reactivity would be modifi ed by tactile. This was followed up 
by a new study showing a reduction of NR3C1 gene methylation associated with 
maternal stroking on these children, supporting the role of epigenetic mechanisms 
linking early-life stress with long-term effects of maternal care (Murgatroyd et al. 
 2015 ). Interestingly, the same study further found interactive effects of prenatal and 
postnatal maternal depression on NR3C1 1-F promoter methylation in young chil-
dren; specifi cally, infants of mothers with low prenatal depression were vulnerable 
to the effects of postnatal depression, at the level of DNA methylation—consistent 
with an interplay between prenatal and postnatal environments. In general terms, 
this is consistent with the foetal origin hypothesis of human disease that proposes 
that in utero environmental exposures lead to modifi cations in foetal development 
which are adaptive where the subsequent postnatal environment is similar. Together, 
this study highlights the importance of translational research in linking studies in 
animals to humans and in understanding the earliest origins of neurobiological and 
behavioural development and psychiatric disorders. 

8.9.1      From Clinical to Basic Research; from Bedside to Nest 

 Most efforts have been devoted to the “bench to the  bedside  ” (from animals to 
humans or from basic to clinical research) approaches focusing on the design of 
animal models (particularly using rodents) that would be relevant to study the 
human disorders and to predict the therapeutic outcomes. Unfortunately, less 
research follows the opposite direction, using the reverse-translational approach and 
thus going from the bedside to the bench (from humans to animals) (Belzung and 
Lemoine  2011 ; Malkesman et al.  2009 ) (Fig.  8.6 ). However, when trying to assess 
the function of mechanisms discovered in animal models in the pathophysiology of 
human disorders and developing new treatments for these conditions, such reverse-
translational approaches are crucial. For example, the role of hippocampal neuro-
genesis in the pathophysiology of depression and in the therapeutic effi cacy of 
pharmacological treatments has been shown using rodent models (Surget et al. 
 2008 ; Snyder et al.  2011 ) and then confi rmed in human studies (Boldrini et al.  2009 ; 
Lucassen et al.  2010 ). BDNF knockout and polymorphism research in animals and 
humans represents a powerful tool for understanding the involvement of BDNF on 
the pathogenesis of anxiety disorders (Domingos da Silveira da Luz et al.  2013 ).

   Concerning such translational studies, some may show scepticism—that animal 
models have limited relevance in the case of largely specifi c features of the human 
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species, such as maternal behaviours. For instance, in relation to other mammals, 
humans have vastly greater and more complex social competences (Bullinger et al. 
 2011 ). Variations in well-established dimensions of parenting such as sensitivity, 
intrusiveness or hostility with effects on attachment security, emotionality and 
social attributions may be expected to be the most salient for long-term effects 
(McElwain and Booth-Laforce  2006 ). Equally, however, long-term parental effects 
on multiple physiological systems are common in biology and likely to be mediated 
via epigenetic modifi cations (Weaver et al.  2004 ; Murgatroyd et al.  2009 ). 

 Importantly, tactile stimulation derived from parental care has immediate effects 
on endocrine systems that regulate somatic growth in rodents and humans (Levine 
 1994 ; Schanberg and Field  1987 ), suggesting that the ability of the infant to respond 
to specifi c forms of parental care is conserved at least among mammals. In the context 
of the above fi ndings, the genetic mechanisms in glucocorticoid regulation are highly 
conserved across species (Suderman et al.  2012 ; Labonté et al.  2012 ), and so an effect 
of tactile stimulation on GR expression may have been conserved across rodents and 
humans. The examination of dynamic gene expression and epigenetic mechanisms in 
infants is currently limited to peripheral tissue; however, against the background of 
extensive animal work, demonstrating differences in GR expression and epigenetic 
regulation, it would be important to investigate links between peripheral and CNS 
gene regulation. Importantly, it also needs to be tested whether stroking through skin-
to-skin contact is the direct mechanism or only a proxy for another causal aspect of 
parenting. To address these questions, it would appear imperative to further back-
translate fi ndings from the human studies back to animal model. Such translational 
crosstalk between basic research experiments and the clinic would be important to 
allow fi ne-tuning of animal models to address such pertinent questions.    

  Fig. 8.6    Crosstalk between basic research experiments and the clinic incorporating translational 
and back-translational studies, from “nest” to “bedside” and back again       
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8.10      Conclusion 

 Ultimately, to succeed in identifying the role of epigenetic mechanisms leading to 
complex phenotype and disease, researchers must integrate the various animal mod-
els, human clinical approaches and human population approaches, paying attention to 
the times of sensitivity and model system of evaluation. As highlighted above, it is 
increasingly recognized that chemical, nutritional, behavioural, social and physical 
factors alter gene expression and affect health and disease by not only mutating pro-
moter and coding regions of genes but also modifying the epigenome. The use of 
animal models in these investigations has informed the fi elds of molecular biology 
and toxicology by elucidating the mechanisms underlying developmental exposure 
and adult disease. Candidate gene approaches have recently been enhanced by con-
comitant whole epigenome technologies. Thus, the evaluation of epigenetic mecha-
nisms in health and disease is now poised for enhanced investigation in animal models 
as well as expansion into clinical and population health approaches. Animal models 
will continue to help inform the evaluation of vulnerable time periods and multigen-
erational studies that are not feasible in human populations. Additionally, the epig-
enome, in contrast with the genome, is particularly affected by cell-type specifi city. 

 Thus, animal model studies, in which cell-type specifi city is more readily evalu-
ated than in humans, can serve as important proof-of-principle approaches to evalu-
ate the use of peripheral tissue (e.g., blood, saliva) in human epigenetic epidemiology 
studies. Ultimately, to fully succeed in elucidating epigenetic mechanisms underlying 
disease susceptibility, researchers must integrate animal models and human 
approaches to generate the best prescriptions for human health evaluation and 
disease prevention.   

 Abbreviations 

   AVP    Arginine vasopressin   
  Avy    Agouti viable yellow   
  Axin1Fu    Axin 1 fused   
  BDNF    Brain-derived neurotrophic factor   
  CRH    Corticotropin-releasing hormone   
  DNMT    DNA methyltransferase   
  Esr1    Estrogen receptor alpha   
  GFAP    Glial fi brillary acidic protein   
  GR    Glucocorticoid receptor   
  HFD    High-fat diet   
  HPA    Hypothalamic–pituitary–adrenal   
  LG    Licking and grooming   
  MECP2    Methyl-binding protein MECP2   
  Nr3c1    Nuclear receptor subfamily 3, group c1   
  Ppara    Peroxisome proliferator-activated receptor alpha    
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9.1         Introduction 

 Stem cells can be divided into four categories according to their plasticity: totipo-
tent stem cells, pluripotent stem cells, multipotent stem cells, and unipotent stem 
cells.  Totipotent stem cells   are represented by fertilized eggs, which can differenti-
ate to any type of cells in mammals and the whole organism. ES  cells   are  pluripotent 
stem cells  . They are derived from the inner cell mass (ICM) of blastocyst and capa-
ble of differentiating to all cell types from the three germ layers, namely, ectoderm, 
mesoderm, and endoderm. But ES cells cannot differentiate to extraembryonic cells 
and do not have the abilities to form the whole organism.  Multipotent stem cells   can 
be differentiated to limited types of cells. The adult stem cells such as  hematopoietic 
stem cells  , which can only differentiate to blood cells, and neuronal stem cells, which 
can only differentiate to neural cells are the examples of multipotent stem cells. 
 Unipotent stem cells   have only one differentiation potential. For example,  spermato-
gonial stem cells   have single differentiation potential to become sperm cells. Due to 
their abilities to differentiate to functional somatic cells, stem cells have great clini-
cal application potentials. Especially, ES cells can be self-renewed unlimitedly and 
differentiate to a variety of cell types. Therefore, these cells are important cell 
sources for  regenerative medicine  . Here we will focus on the epigenetic regulation 
of ES pluripotency maintenance.  
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9.2       Chromatin Remodeling   

 Genomic DNA is packed in a highly organized chromosome structure. DNA and its 
associated proteins (histones) are collectively named chromatin. The basic struc-
tural unit of chromatin is the nucleosome. Each nucleosome contains 146 base pairs 
of DNA wrapped around a histone octamer comprised of two copies of each of the 
histones H2A, H2B, H3, and H4. Histone H1 promotes higher-order chromatin 
structures by wrapping another 20 base pairs of DNA and forming a structure called 
chromatosome. Numerous nucleosomes can form a “beads on a string” structure 
and be further packed into a 30 nm chromatin fi ber. The 30 nm fi ber is further 
looped and packed into 250 nm chromatin fi bers. The 250 nm chromatin fi bers are 
further coiled into a higher-order chromosome structure (Luger et al.  1997 ; 
Woodcock  2005 ). The chromosome structure packs billions of base pairs of DNA in 
the microminiature space of nuclei to allow rich genetic information being passed 
from generation to generation. 

 At the same time, the highly compacted chromosome structure prevents tran-
scription factors from accessing DNA and inhibits transcription. In order to activate 
transcription, cells evolve a complicated process to remove the chromosome barrier 
named chromatin remodeling. Chromatin remodeling is a dynamic process of chro-
matin architecture modifi cations to allow the access of transcription factors to the 
condensed DNA to regulate transcription thereby. Chromatin remodeling is carried 
by ATP-dependent chromatin remodeling complexes, including BAF/PBAF (SWI/
SNF) complexes, NuRD complexes, ISWI complexes, and CHD1complexes 
(Hargreaves and Crabtree  2011 ).   

9.3      Chromatin Architecture in ES Cells 

  Chromatin architecture   changes play essential roles in pluripotency maintenance in 
ES cells. In ES cells, chromatin assumes a more fl exible structure than in differenti-
ated cells. ES cells have more diffused heterochromatin and less heterochromatin 
foci (Lessard and Crabtree  2010 ). The distribution pattern of heterochromatin pro-
tein 1α (HP1α) and heterochromatin histone mark H3K9me3 in ES cells is different 
from that in somatic cells. In somatic cells, heterochromatin proteins HP1α and 
H3K9me3 are distributed in punctuated foci, while these proteins are more evenly 
distributed in ES cells, suggesting changes in chromatin structure in ES cells. HP1 
exchange rate at the heterochromatin foci is signifi cantly faster in ES cells, and less 
HP1 binds chromatin in ES cells, further supporting the point that less heterochro-
matin is present in ES cells. Idenfi cation of several ES cell specifi c chromatin 
recomdeling complexes further support the notion that chromatin structure is a key 
player in ES cell pluripotency maintenance. 

 A sharp increase in euchromatin markers, such as H3Ac, H3K9Ac, H4Ac, 
H4K5Ac, H3K4me3, and H3K36me2, can be observed when somatic cells were 
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induced to iPSCs. The increase of these euchromatin markers is accompanied with 
the expression of Nanog, suggesting that Nanog is important for converting the 
heterochromatin to euchromatin during reprogramming (Mattout et al.  2011 ). 
Coherently, less heterochromatin and more open chromatin architecture are also 
observed in iPSCs (induced pluripotent stem cells) (Mattout et al.  2011 ). The highly 
compacted chromocenter domains are turned to loosely packed 10 nm chromatin 
fi ber domains when somatic cells are induced to iPSCs (Fussner et al.  2011 ). In 
reprogramming, HP1 impedes reprogramming by repressing Nanog reactivation 
(Sridharan et al.  2013 ), suggesting that heterochromatin is one of the obstacles for 
iPSC induction.   

9.4       BAF Chromatin Remodeling Complexes   

 ES cells require a unique chromatin remodeling complex termed esBAF for self- 
renewal and pluripotency maintenance. esBAF has distinctive subunit components 
from BAF complexes in somatic cells. esBAF contains Baf250, Baf180, Brg1, 
Baf155, Baf60a, Baf60b, Baf57, Baf53a, actin, Baf47, Baf45a, Baf45b, Brd7, and 
Brd9. It is marked by the presence of Baf155 and the absence of Baf170, Baf60c, 
and Brm (Ho et al.  2009b ). Consistently, Baf155 is highly expressed in ES cells and 
iPSCs, while Baf170 is upregulated upon ES cell differentiation. The expression of 
Baf155 is increased, while Baf170 is downregulated during reprogramming (Singhal 
et al.  2010 ). Baf155 knockout ES cells cannot be derived from blastocysts (Kim 
et al.  2001 ). Overexpression of Baf170 causes reduction of the ES cell self-renewal 
ability (Ho et al.  2009b ). The ATPase Brg1 in esBAF plays critical roles to support 
ES cell self-renewal. Brg1 knockdown by shRNA leads to spontaneous differentia-
tion of ES cells. Furthermore, ES cells cannot survive while being derived from 
Brg1 knockout blastocysts (Ho et al.  2009a ,  b ; Kidder et al.  2009 ). Baf250a knock-
out ES cells display impaired abilities to differentiate to mesoderm (Gao et al. 
 2008 ). Baf47 is also required for the derivation of ES cells from blastocysts (Guidi 
et al.  2001 ; Klochendler-Yeivin et al.  2000 ). All these observations support the 
notion that BAF chromatin remodeling complexes are essential for ES cell self- 
renewal and pluripotency maintenance. Indeed, the esBAF plays a direct role in 
mediating the regulatory functions of ES cell-specifi c transcription factors Oct4, 
Sox2, and Nanog. BAF complex interacts with Nanog and Oct4 to repress the 
expression of developmental genes (Liang et al.  2008 ). Upon ES cell differentiation, 
the functions of BAF complex change. It helps turn off the expression of Nanog and 
promotes the expression of developmental genes. The alternation of BAF functions 
may be due to the changes of complex components and their interacting proteins 
(Fazzio and Panning  2010 ). 

 Reprogramming from somatic cells to iPS cells is considered a process to regain 
the ES cell self-renewal abilities. Consistent with the functions of BAF in ES cells, 
Baf155 and Brg1 can synergistically increase reprogramming effi ciency by 

9 Epigenetic Regulation of ES Cell Pluripotency Maintenance



234

enhancing Oct4 binding on promoters. They could also facilitate the demethyl-
ation of Oct4 and Nanog promoter to activate the expression of these two key 
pluripotency genes (Singhal et al.  2010 ). Klf4 can enhance reprogramming through 
direct interaction with the SWI/SNF catalytic subunit BRN and promote active 
chromatin remodeling (Mak et al.  2010 ).   

9.5        NuRD Chromatin Remodeling Complexes   

 The  nucleosome remodeling and deacetylase (NuRD) complex   is another key 
chromatin remodeling complex. It is one of the four major ATP-dependent chroma-
tin remodeling complexes. NuRD complex possesses both ATP-dependent chromatin 
remodeling activity and HDAC (histone deacetylases) activity. It can play both 
repressive and active roles in target gene transcription. NuRD complex contains 
multiple subunits encoded by gene families, namely, Mi2a/2b, methyl-CpG-binding 
protein Mbd2/3, metastasis-associated protein Mta1/2/3, WD40 domain containing 
proteins Rbbp7 and Rbbp8, Hdac1, Hdac2, and zinc fi gure protein p66a/66b. Hdac1 
and Hdac2 in the complex have histone deacetylase activities. Mi2a/2b has ATPase 
activities (Wade et al.  1999 ). NuRD complex can directly interact with histone and 
bind DNA to regulate gene expression and genome integrity (Basta and Rauchman 
 2015 ). NuRD subunit Mbd3 has been shown to be important for ES cell pluripo-
tency maintenance.  Mbd3  knockout disrupts the formation of NuRD complex. 
 Mbd3 −/− ES cells can be maintained in the absence of LIF and displayed persistent 
self-renewal ability. These cells display persistent expression of ES cell marker 
 Oct4  and  Nanog  upon differentiation induction and fail to commit to more differen-
tiated cell lineages (Kaji et al.  2006 ,  2007 ). Consistently, in  Mbd3  knockout mice, 
the ICM of blastocysts fails to develop into mature epiblasts. The ICM of  Mbd3  
knock out mice also has defects. Pluripotent ES cells cannot be derived from 
 Mbd3 −/− ICM; instead, robust endoderm outgrowth can be detected from  Mbd3 −/− 
ICM (Kaji et al.  2007 ). These results suggest that Mbd3 is essential for cell fate 
determination. And its function is highly context-dependent. The molecular mecha-
nism needs further investigation. 

 Consistent with its role in ES cells, knockdown of  Mbd3  signifi cantly reduced 
the time to convert somatic cells to iPSCs and improved the induction effi ciency to 
close to 100 % (dos Santos et al.  2014 ). These results suggest that chromatin struc-
ture is the major obstacle for the conversion of somatic cells to iPSCs. 

 An isoform of NuRD complex termed NODE (Nanog and Oct4-associated 
deacetylase) exists specifi cally in ES cells. NODE contains Nanog, Oct4, Hdac1/2, 
and Mta1/2 but lacks Mbd3 and Rbbp7. Mta1 in NODE complex is required for 
repression of the expression of lineage determination genes such as Foxa2 and 
Gata6 (Liang et al.  2008 ). In summary, NODE complex directly participates in the 
pluripotency factor-mediated circuitry to inhibit the expression of development- 
related genes and promote pluripotency maintenance.    

P. Hu



235

9.6       INO80   

 The INO80 chromatin remodeling complex is a member of the SWI/SNF family of 
chromatin remodelers. The INO80 subfamily is distinguished from other SWI/SNF 
family members by the presence of a spacer region that splits the conserved ATPase 
domain. Knocking down of INO80 subunits in ES cells leads to the loss of normal 
ES cell morphology. The ATPase subunit of INO80 chromatin remodeling complex 
is Ino80. Knocking down of  Ino80  leads to the loss of alkaline phosphatase staining 
and decreases of the expression level of pluripotency factors such as  Oct4 ,  Nanog , 
 Sox2 ,  Klf4 , and  Esrrb . The expression levels of differentiation-related genes such as 
Cdx4, Fgf5,  Nestin , and Pax3 are increased upon Ino80 knockdown (Wang et al. 
 2014a ). INO80 complex is required for ES cell self-renewal and pluripotency gene 
expression. It binds all the currently known pluripotency genes together with Oct4 
and Klf4 to help maintain open chromatin structure and promote mediator and RNA 
Pol II recruitment. Consistent with its critical roles in ES cell self-renewal and plu-
ripotency maintenance, Ino80 is also required for reprogramming. Knockdown of 
Ino80 greatly reduced the effi ciency of iPSC formation (Wang et al.  2014a ).   

9.7     Histone Modifi cations 

 Histones are organized to form octamer to wrap genomic DNA. Each of the core 
histones bears a 20–35-amino-acid-long highly dynamic tails. These tails protrude 
from the nucleosome surface and are subjected to varieties of posttranslational mod-
ifi cations, including phosphorylation, acetylation, methylation, ubiquitination, suc-
cinylation, ADP-ribosylation, and  O -GlcNAC glycosylation (Rothbart and Strahl 
 2014 ). The modifi cations mainly occur on  amino acids   lysine, arginine, serine, 
threonine, tyrosine, aspartic acid, glutamic acid, and histidine in the tails (Table  9.1 ). 
The combination of modifi cations on variant amino acids at different positions con-
stitutes the “histone codes” to regulate transcription.

   Functions of only a few histone modifi cations  in cellular process   have been 
extensively studied, including histone methylation and acetylation. Histone modifi -
cations are added and removed by many enzymes. These enzymes also play essen-
tial roles in nearly every aspect of cellular activities. Here we are focusing on the 
functions of histone acetylation and methylation and the enzymes involved in these 
processes in ES cell pluripotency maintenance. 

 The histone modifi cation landscape of ES cells is dramatically different from 
that of somatic cells. The ratio of active (H3K9Ac, H3K4me3) to  repressive   
(H3K9me3, H3K27me3) histone modifi cation marks is relatively high (Gaspar- 
Maia et al.  2011 ). In ES cells, the pluripotency genes are marked by active histone 
marks H3K4me3 and acetylation, while the key lineage commitment-related genes, 
whose expression is repressed in ES stage, are marked by bivalent histone marks. 
They are both labeled by the active histone H3K4me3 and the repressive H3K27me3 
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markers (Azuara et al.  2006 ; Bernstein et al.  2006 ). The genes labeled by  bivalent 
histone marks   have the potential to assume more active or repressive chromatin 
conformations depending on the ratio of trithorax group (TrxG) protein and 
 polycomb group (PcG) complexes. TrxG and PcG complexes are all histone 
 methyltransferase complexes. TrxG complex executes the active H3K4 trimethyl-
ation; PcG complexes PRC2 catalyze the repressive H3K27 trimethylation. Both 
complexes have been shown to play critical roles in ES cell self-renewal and 
 pluripotency maintenance. 

 Members of  TrxG proteins   were initially identifi ed in  Drosophila  as mutations 
mimicking Hox mutations or suppression of Pc(Su(Pc)) mutations. Sixteen proteins 
have been identifi ed as the members of TrxG proteins. The human homolog of TrxG 
complex is named Mll (myeloid/lymphoid or mixed lineage leukemia). Mll com-
plex consists of multiple subunits including Mll1/2/3/4, Wdr5, Ash2l, Rbbp5, Mof, 
Menin, Ledgf, and Dpy-30 (Slany  2009 ). Knockdown of TrxG subunit Wdr5 in ES 
cells leads to global downregulation of the H3K4me3 levels and reduced expression 
levels of the key pluripotency genes. The ES cells lack of Wdr5 display defects in 
pluripotency maintenance. Ash2l knockout mice are embryonic lethal. ES cells 
 cannot be derived from the Ash2l knockout blastocyst (Stoller et al.  2010 ). 
Knockdown of Dpy-30 causes global downregulation of H3K4me3, and the devel-
opment-related genes cannot be properly activated during differentiation 
(Vastenhouw and Schier  2012 ).  Mll2  knockout mice are embryonic lethal with 
global downregulation of H3K4me3.  Mll2 −/− ES cells displayed defects in prolif-
eration and differentiation (Glaser et al.  2006 ). These results show the importance 
of H3K4me3 and TrxG proteins in ES cell derivation and proliferation. 

  PcG complexes   have two members: PRC1 and PRC2. PRC1 brings the repres-
sive mark H2AK119Ub (Schuettengruber et al.  2011 ). PRC2 executes the H3K27 
trimethylation.  PRC2   has four subunits: zinc fi nger protein Suz12, histone methyl-
transferases Ezh1 and Ezh2, histone binding domain containing protein RbAp48, 
and Eed. Ezh2 knockout mice are embryonic lethal due to gastrulation defects. 
Depletion of Ezh2 in ES cells leads to decreased levels of H3K27me2 and 
H3K27me3. The ES cells fail to differentiate to mesendoderm (Shen et al.  2008 ). 
Simultaneous depletion of  Ezh1  and  Ezh2  abolishes the global H3K27 methylation 
and activates the lineage commitment-related genes prematurely (Shen et al.  2008 ). 
 Eed  knockout mice are embryonic lethal due to gastrulation failure. The global level 
of H3K27 methylation is signifi cantly decreased in  Eed −/− ES cells, and the expres-
sion levels of development-related genes are upregulated (Chamberlain et al.  2008 ). 
 Suz12  knockout mice are embryonic lethal due to gastrulation failure and prolifera-
tion defects. Depletion of  Suz12  in ES cells leads to global loss of H3K27me2 and 
H3K27me3. The expression levels of lineage commitment-related genes are abnor-
mally upregulated in ES cells (Pasini et al.  2007 ). 

   Table 9.1    Summary of main histone tail modifi cations   

 ∎  ∎ 
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 To echo their important functions in ES cell pluripotency maintenance and self- 
renewal, both TrxG and PcG complexes are required for the process of reprogram-
ming.  TrxG   complexes are required for the activation of pluripotency genes. Wdr5 
is activated during reprogramming, and knocking down Wdr5 during reprogram-
ming causes a signifi cant reduction in the reprogramming effi ciency (Ang et al. 
 2011 ).  PcG complexes   are required for early silencing of lineage-specifi c genes. 
Knockdown of  PRC2   subunit  EED  and  SUZ12  can signifi cantly reduce the repro-
gramming effi ciency, while consistently, overexpression of  Ezh2  improves repro-
gramming effi ciency (Pereira et al.  2010 ). An ES cell-specifi c PRC2 subunit 
esPRC2p48 (ES cell-specifi c PRC2 subunit p48) has been identifi ed. Together with 
Ezh1, Jarid2, and Mtf2, esPRC2p48 can interact with Oct4, Sox2, and Klf4 to medi-
ate H3K27 methylation on MEF-specifi c genes to increase reprogramming effi -
ciency (Zhang et al.  2011 ). It is proposed that reprogramming is initiated by the 
recruitment of transcription factors to a nucleosome-depleted region generated by 
TrxG binding and removal of PcG, and the cohesin complex is subsequently recruited 
to facilitate enhancer–promoter interaction by DNA looping (Taberlay et al.  2011 ). 

 During ES cell self-renewal, the bivalent histone marks can be inherited by the 
daughter cells. It has been shown in  Drosophila  embryos that H3K4me3 and 
H3K27me3 are all replaced with unmodifi ed histones at S phase.  TrxG   and PcG 
 proteins   remain associated with their target genes during DNA replication and put 
the methyl group back to histones right after the passage of DNA polymerase. These 
results emphasize the importance of TrxG and PcG proteins in histone mark 
 inheritance. Whether the same mechanism is applied to mammalian cells remains to 
be proved (Petruk et al.  2012 ). 

 Histone modifi cations can also interplay with chromatin remodeling factors to 
regulate the ES cell self-renewal and pluripotency maintenance.  NuRD chromatin 
remodeling complex   is enriched on genes with bivalent marks. NuRD binding at 
these genes is required for the recruitment of PRC2 complex. NuRD works coop-
eratively with PRC2 to maintain differentiation-related genes in a silent but poised 
state. This state allows rapid activation of the cell lineage commitment- related genes 
in response to developmental cues (Basta and Rauchman  2015 ). Besides its ATPase-
dependent chromatin remodeling activities, NuRD can also deacetylate histone 
H3K9. Deacetylation of H3K9 enables Lsd1 to bind its target genes and demethyl-
ation of histone H3K4me1. Loss of H3K4me1silences the enhancers of the pluripo-
tency-related genes and allows cells to differentiate (Kaji et al.  2006 ; Shimbo et al. 
 2013 ; Whyte et al.  2012 ). 

 Histone modifi cation enzymes also play important roles in reprogramming. 
 Histone acetylation   is predominant in ES cells; decreased levels of H3 and H4 acet-
ylations are observed after lineage commitment (Mattout and Meshorer  2010 ). 
Along with this line of evidences, increasing histone acetylation levels by HDAC 
inhibitor treatment can increase the effi ciency of reprogramming (Huangfu et al. 
 2008b ; Mali et al.  2010 ; Stadtfeld et al.  2010 ). Indeed, the HDAC inhibitor can 
substitute for c-Myc and Klf4 to induce reprogramming (Huangfu et al.  2008a ,  b ; 
Mali et al.  2010 ). 
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 Histone modifi cations are important targets to manipulate reprogramming 
 effi ciency. Repressive histone mark  H3K9me   is increased after ES cell differentia-
tion (Azuara et al.  2006 ). H3K9 lysine methyltransferase Kmt1c increases the levels 
of H3K9me and inhibits the re-expression of Oct4 during reprogramming. 
Knockdown of Kmt1c accelerates reprogramming. Overexpression of H3K9 lysine 
demethylase Kdm3a has the similar effects (Ma et al.  2008 ). SUV39H1/2 demethyl-
ates H3K9me3 to reduce H3K9 level. It enhances reprogramming by facilitating 
Oct4/Sox2 binding on the target genes (Onder et al.  2012 ). G9a is another H3K9 
methyltransferase. Reducing the global H3K9me2/3 levels by knocking down G9a 
improves reprogramming effi ciency. Chemical inhibition of Kmt1c enables repro-
gramming of MEFs to iPSCs by activating Oct4 and Klf4 (Shi et al.  2008 ). 

 H3K79 methyltransferase Kmt4 catalyzes H3K79 methylation on lineage- 
specifi c genes. Knockout of Kmt4 signifi cantly reduced H3K79me2 levels on MEF- 
specifi c genes and increases reprogramming (Onder et al.  2012 ). Dot1l (Dot1-like 
histone H3K79 methyltransferase) is a histone methyltransferase that methylates 
H3 lysine 79. Dot1l enhances reprogramming by reducing H3K79me3 level to pro-
mote the silence of lineage-specifi c genes (Nguyen and Zhang  2011 ; Venkatesh 
et al.  2012 ). 

  H3K36me2/3 demethylase Kdm2b   can suppress Ink4/Arf expression and acti-
vate mir302/367 expression to improve the reprogramming effi ciency (Wang 
et al.  2011 ). 

 Loss of  H3K27me3   is observed at the earliest stage of reprogramming. Jmjd3 is 
a histone H3K27 demethylase. Depletion of Jmjd3 enhances iPS cell induction effi -
ciency, while overexpression of Jmjd3 inhibits iPS cell formation. Overexpression 
of Jmjd3 demethylates H3K27me3 at the Ink4/Arf gene, thereby removing the 
repression of this gene during reprogramming. The activation of Ink4/Arf dramati-
cally inhibits the formation of iPS cells. Utx is the enzyme that specifi cally cata-
lyzes H3K27me2/3 demethylation. Depletion of  Utx  completely blocks the iPS cell 
formation (Mansour et al.  2012 ). Utx can interact with Oct4, Sox2, and Klf4 to 
remove the repressive mark from pluripotency-related genes such as  Fgf4 ,  Sall4 , 
and  Sall1  during reprogramming (Mansour et al.  2012 ). However, complete loss of 
H3K27me3 blocks reprogramming, suggesting that H3K27me3 needs to be redis-
tributed from pluripotency genes to lineage-specifi c genes during reprogramming.  

9.8      Histone Variants 

  Histone variants   can replace canonical histones to integrate into chromatin, regulat-
ing transcription, chromatin structure, DNA damage and repair, and epigenetic 
silencing (Talbert and Henikoff  2010 ). More and more evidences are accumulated 
to show histone variants as emerging important regulators for ES cell self-renewal 
and pluripotency maintenance. The incorporation of histone variants is tightly regu-
lated by a group of proteins named histone chaperons. 
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 Eleven H1 variants are identifi ed in mammals, namely, H1.0– H1.5, germ cell- 
specifi c H1 (H1τ, H1T2, HILS1, and H1oo), and H1 (Happel and Doenecke  2009 ). 
H1.2 and H1.3 are highly enriched in ES cells, while H1.0 is enriched in differenti-
ated cells (Turinetto and Giachino  2015 ). H1.2 and H1.3 are located at the major 
satellite repeat sequence at the pericentric heterochromatin region. Depletion of 
 H1.3 ,  H1.4 , and  H1.5  induces signifi cant increase in transcription from the major 
satellite repeats, but does not affect repressive histone marks such as H3K9me3, 
H4K20me3, and K3K27me3 (Cao et al.  2013 ). ES cells without H1.3, H1.4, and 
H1.5 are more resistant to spontaneous differentiation induced by LIF removal 
(Christophorou et al.  2014 ). Similarly, H1.3 and H1.5 are highly expressed in human 
ES cells. These two H1 variants may contribute to pluripotency maintenance and 
self-renewal of human ES cells (Terme et al.  2011 ). Overexpression of oocyte- 
specifi c H1, H1foo keeps the global methylation level low and maintains the pluri-
potency gene expression in ES cells (Hayakawa et al.  2012 ). 

 H2A.X is an important form of H2A variant. It is one of the highly expressed 
histone variants in ES cells and preimplantation embryos (Kafer et al.  2010 ). After 
fertilization, H2A.X stored in oocyte will quickly incorporate to the chromatin, sug-
gesting that H2A.X plays a critical role in ES cell pluripotency establishment and 
maintenance.  H2A.X  knockout ES cells have reduced self-renewal capacity 
(Turinetto et al.  2012 ). Knockdown of  H2A.X  completely inhibits iPSC formation 
(Wu et al.  2014 ). H2A.X is phosphorylated at Serine 139 by DNA damage- dependent 
protein kinases ATR/ATM upon DNA damages to form γH2A.X foci. The formation 
of γH2A.X foci recruits DNA damage repair machinery and chromatin remodeling 
complex INO80 and SWR1 (Stummvoll et al.  2009 ; van Attikum et al.  2007 ). High 
γH2A.X level is detected in ES cells, and it is associated with global chromatin 
decondensation (Banath et al.  2009 ). High basal level of γH2A.X contributes to 
sustained self-renewal and pluripotency maintenance in ES cells and iPSCs 
(Turinetto et al.  2012 ). It seems that the high γH2A.X level in ES cells is not the 
consequence of DNA damage. How the high γH2A.X level is achieved in ES cells 
needs more investigation. 

 H2A.Z is one of the most conserved histone variants and universally expressed 
across species (Biterge and Schneider  2014 ). It is incorporated into chromatin 
region fl anking transcription start sites (Barski et al.  2007 ; Creyghton et al.  2008 ). 
H2A.Z is specifi cally enriched in the trophectoderm (Rangasamy et al.  2003 ). 
The incorporation of H2A.Z can infl uence nucleosome positioning, H1 linker 
binding, and chromatin remodeling enzyme activity (Li et al.  2005 ). H2A.Z is 
enriched at the promoters of differentiation-related genes to recruit repressive 
histone modifi cations. It can also facilitate the expression of pluripotency-related 
genes; depletion of H2A.Z leads to premature differentiation of ES cells 
(Creyghton et al.  2008 ). 

 MacroH2A is the largest histone variant and contains a macro domain at the 
C-terminal globular domain. There are three macroH2A variants characterized in 
mammals: macroH2A1.1, macroH2A1.2, and macroH2A.2 (Buschbeck and Di 
Croce  2010 ). All three isoforms can be detected in ES cells. MacroH2A is enriched 
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at H3K27me3 sites. It serves as an epigenetic barrier during iPSC induction. 
Knockdown of  macroH2A  signifi cantly enhances the iPS cell induction effi ciency 
(Barrero et al.  2013 ; Gaspar-Maia et al.  2013 ; Pasque et al.  2012 ). In ES cells, the 
exchange rate of macroH2A is higher than in differentiated cells, indicating that 
macroH2A is important for the maintenance of the dynamic chromatin status. In ES 
cells with macroH2A.1 depletion, the activation of cell lineage commitment-related 
genes is signifi cantly delayed when the cells were induced to differentiate by EB 
(embryonic body) formation (Creppe et al.  2012 ). 

 There are fi ve H3 variants in mammals: H3.1, H3.2, H3.3, the centromere-spe-
cifi c variant Cen H3, and the testis-specifi c histone H3t (Turinetto and Giachino 
 2015 ). After fertilization, H3.3 stored in the oocyte will quickly replace the H3 
(Nashun et al.  2011 ), suggesting that the change of histone variants could have a big 
impact on early development of fertilized oocytes. Histone H3.3, which associates 
with transcriptionally active regions, incorporates more stably in the chromatin in 
ES cells. HirA is a histone chaperone that preferentially places histone H3.3 into 
nucleosomes. Consistent with the notion that more H3.3 is incorporated in  chromatin 
in ES cells, HirA knockout ES cells displayed accelerated differentiation due to the 
decreasing level of H3.3 incorporation in the open chromatin region. HirA−/− ES 
cells have more heterochromatin regions. These results suggest that H3.3 is impor-
tant for maintenance of an open chromatin region in ES cells and the pluripotency 
maintenance of ES cells (Meshorer et al.  2006 ).   

9.9      DNA Methylation 

  DNA methylation   has been emerging as an important epigenetic regulator. DNA 
methylation occurs primarily at the 5′ position of cytosine residue (5-mC). It is a 
heritable DNA modifi cation mainly occurring at the CpG region. The functions of 
DNA methylation start to be elucidated. 

 DNA methylation levels are low in the naive pluripotent cells both in vivo and 
in vitro (Guo et al.  2014 ; Habibi et al.  2013 ; Leitch et al.  2013 ; Smith et al.  2012 , 
 2014 ; Takashima et al.  2014 ; Wang et al.  2014b ). Consistently, a gradual change in 
DNA methylation patterns takes place during reprogramming, shifting from hyper-
methylation to hypomethylation in pluripotency genes (Mikkelsen et al.  2008 ; 
Simonsson and Gurdon  2004 ). During reprogramming, DNA methylome needs to 
be reprogrammed. The incomplete reprogramming of the methylome affects the 
differentiation capacity of the cells (Bar-Nur et al.  2011 ; Kim et al.  2010 ; Lister 
et al.  2011 ; Ohi et al.  2011 ; Polo et al.  2010 ). Incomplete DNA methylome is cor-
related with incomplete transcriptional reprogramming. 

 Inhibition of Dnmt1, a DNA methyltransferase, to add methyl group to DNA by 
5-aza-2’ deoxycytidine greatly improves the reprogramming process (Kim et al. 
 2010 ; Mikkelsen et al.  2008 ), suggesting that hypomethylation can improve repro-
gramming. Activation-induced deaminase (AID) can deaminate 5-mC to thymidine, 
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which leads to a T:G mismatch and is repaired by the based excision DNA repair 
pathway. It is required for the expression of pluripotency genes during reprogram-
ming (Bhutani et al.  2010 ). The 10–11 translocation proteins (TET) can catalyze the 
oxidation of 5-methylcytosine (5-mC) to 5-hydroxymethylcytosine (5-hmC), 
5- formylcytosine (5-fC), and 5-carboxycytosine (5-caC) (He et al.  2011 ; Ito et al. 
 2011 ; Tahiliani et al.  2009 ) and lead to demethylation of cysteine. Tet is required for 
reprogramming of somatic cells to iPSCs. Triple knockout of Tet1, Tet2, and Tet3 
severely abolishes the iPSC induction. Tet proteins are only required for 
mesenchymal- to-epithelial transition during reprogramming by oxidizing the MET 
regulator mir200 cluster to elevate their expression levels. When the MET step is 
rescued, Tet triple knockout cells can be reprogrammed effi ciently (Hu et al.  2014 ). 
Tet3 plays important roles in demethylation and reactivation of the somatic Oct4 
promoter in iPSCs generated by nuclei transfer (Gu et al.  2011 ). More work needs 
to be carried out to further elucidate the function of DNA methylation in ES cells.   

9.10     Noncoding RNAs 

  Noncoding RNAs (ncRNAs)   have long been considered to be the noise of transcrip-
tion. However, recent studies have shown that these RNAs play important roles in 
almost every aspect of cellular behaviors.  NcRNA   makes up the majority of the 
transcription products from eukaryotic genome. They can be divided into structural 
and regulatory RNAs. Ribosomal RNA (rRNA), small nuclear RNA (snRNA), 
small nucleolar RNA (snoRNA), and tRNA are grouped as structural RNAs whose 
functions have been thoroughly studied for decades. Small regulatory RNA com-
prises microRNAs (miRNAs), piwi-interacting RNAs (piRNAs), and small interfer-
ing RNAs (siRNAs). Regulatory RNA longer than 200 nucleotides are characterized 
as long noncoding RNAs (lncRNAs) (Erriquez et al.  2013 ).  

9.11      LncRNAs 

 Over 100  lncRNAs   have been shown to be enriched in ES cells and iPS cells and 
104 lncRNAs specifi cally expressed in ES cells and iPS cells (Guttman et al. 
 2010 ; Loewer et al.  2010 ). Several of these lncRNAs have been shown to be able 
to regulate ES cell pluripotency maintenance and differentiation through interac-
tions with epigenetic regulators. In a genome-wide study, 12 lncRNAs were iden-
tifi ed to correlate with the expression of pluripotency genes, such as  Oct4 ,  Nanog , 
and  Sox2  (Dinger et al.  2008 ). Among these lncRNAs,  Gomafu  (Miat, AK028326) 
was identifi ed to be the direct target of Oct4. Knockdown of  Oct4  and  Nanog  can 
decrease the expression levels of these two lncRNAs (Sheik Mohamed et al. 
 2010 ). During differentiation,  Gomafu  was downregulated. Knockdown of 

9 Epigenetic Regulation of ES Cell Pluripotency Maintenance



242

 Gomafu  in ES cells downregulates  Oct4  expression and promotes differentiation. 
 Gomafu  and Oct4 may work in a potential synergistic feedback mechanism (Sheik 
Mohamed et al.  2010 ).  AK141205  was identifi ed as direct target repressed by 
Nanog.  Nanog  RNAi can upregulate  AK141205 . Consistently, the expression level 
of  AK141205  is upregulated by RA-induced differentiation. Knockdown of 
 AK141205  signifi cantly downregulates  Oct4 , but not  Nanog , suggesting that 
 AK141205  does not form an auto feedback loop with Nanog, but can modulate the 
expression of  Oct4  with an unknown mechanism (Sheik Mohamed et al.  2010 ). 
 HOTAIRM1  interacts with PRC1, PRC2, and CBX1 in ES cells to regulate  HoxA  
cluster genes (Lin et al.  2011 ). LncRNA  Rian  binds a number of chromatin remod-
eling proteins such as PRC1, PRC2, JARID1B, JARID1C, and Cbx3 in ES cells 
(Guttman et al.  2011 ), but the functions of the lncRNA binding to chromatin 
remodelers remain to be uncovered. LncRNA  RoR  is enriched in ES cells and iPS 
cells, and plays important roles in iPS cell formation. Knockdown of  RoR  reduced 
colony formation in iPS cell induction, while overexpression increases the num-
ber of colonies (Ohnuki et al.  2014 ).   

9.12      MicroRNAs 

 MicroRNAs (miRs) represent another important group of regulators in ES cells. 
The members of the miR290–295 cluster are highly enriched in ES cells (Houbaviy 
et al.  2003 ; Marson et al.  2008 ). MicroRNAs from  miR290–295  cluster share the 
seed sequence of AAGUGCU. They can target multiple proteins in the cyclin 
E-cdk2 pathway to regulate G1-S transition and promote rapid proliferation (Wang 
et al.  2008 ). Consistently, these  microRNAs   can also enhance iPS cell induction 
(Judson et al.  2009 ). MiR290–295 can repress the expression of  Rbl2 . Rbl2 directly 
represses the expression of  Dnmt1 . Therefore,  miR290–295  specifi cally expressed 
in ES cell keep the  Rbl2  expression level low and allow the DNA methyltransferase 
Dnmt1 to have relatively high activities to maintain the normal DNA methylation in 
ES cells (Benetti et al.  2008 ). 

 Multiple components of the BAF chromatin remodeling can be targeted by 
microRNAs in ES cells. miR294 directly targets Baf170, which is absent from the 
esBAF and expressed in differentiated cells.  MiR294  is highly expressed in ES cells 
and keeps the expression level of Baf170 low. Another microRNA let-7 can antago-
nize the effects of the miR290–295 cluster of miRNAs in early differentiation. Let-7 
is widely expressed in differentiated somatic cells, but not in ES cells. In ES cells, 
the processing of let-7 is inhibited by the pluripotency-related protein Lin28 (Heo 
et al.  2008 ; Rybak et al.  2008 ; Viswanathan et al.  2008 ). Let-7 targets several 
pluripotency- related factors like Sall4, c-Myc, and esBAF component Baf155 
(Kumar et al.  2007 ; Melton et al.  2010 ). The interplay between miR290–295 cluster 
and let-7 is important for stem cell pluripotency maintenance, but the mechanism 
remains to be elucidated.      
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    Abbreviations 

    BAF    Brahma-associated factor   
  CpG    Cytosine-guanine nucleotide-rich sequence   
  DNMT    DNA methyltransferase   
  ES Cells    Embryonic stem cell   
  HP1α    Heterochromatin protein 1α   
  iPS Cells    Induced pluripotent stem cells   
  ICM    Inner cell mass   
  INO80 chromatin 
remodeling complex    A chromatin remodeling complex   
  lncRNA    Long noncoding RNA   
  NODE    Nanog and Oct4-associated deacetylase   
  ncRNA    Noncoding RNA   
  NuRD    Nucleosome remodeling and deacetylase   
  c-Myc    Oncogene master regulator   
  PcG    Polycomb group protein   
  TrxG    Trithorax group protein   
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    Chapter 10   
 Epigenetic Mechanisms of Adverse 
Neurodevelopment in Response 
to Lead Exposure and Prenatal Stress 
and the Combination: The Road Ahead                     

       Jay     S.     Schneider       and     Deborah     A.     Cory-Slechta     

10.1           Introduction: The Vulnerability of Early 
Neurodevelopmental Periods 

 Early development constitutes a well-known period of vulnerability of the brain as 
a time in which brain systems continue to undergo substantial development that 
must proceed in an orchestrated and precisely timed fashion. Increasingly under-
stood is that environmental conditions during such periods have the potential to 
reprogram brain actions in a dynamic and/or permanent capacity. Such reprogram-
ming can have signifi cant consequences for subsequent behavioral and brain function, 
a phenomenon often referred to as fetal basis of adult disease or developmental 
origins of adult health and disease. 

 Numerous adverse environmental conditions have now been shown to have the 
potential to produce brain reprogramming during early development via epigenetic 
alterations.  Epigenetics      refers to molecular modifi cations of DNA that switch genes 
on and off based on molecular modifi cations to DNA without a change in the DNA 
sequence (Jirtle and Skinner  2007 ). These include modifi cations in DNA methyla-
tion at the carbon-5 position of cytosine in CpG dinucleotides and changes to the 
chromatin packaging of DNA by posttranslational histone modifi cations (Jirtle and 
Skinner  2007 ). Such epigenetic changes can incorrectly silence or activate a gene 
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(or genes), infl uencing cell health and functionality. Epigenetic changes conferred 
prenatally in response to certain environmental factors can even be inherited 
transgenerationally, thereby potentially affecting the health of future generations 
(Jirtle and Skinner  2007 ). 

 In the  central nervous system (CNS)  , known environmental conditions that have 
been demonstrated to alter epigenetic profi les include nutritional alterations/defi -
ciencies, maternal stress, and/or enhanced fetal glucocorticoids, reduced birth 
weight, prematurity, and maternal infections (Auger and Auger  2011 ; Bale  2015 ; 
Matthews and Phillips  2010 ). A clear elaboration of the mechanisms by which such 
epigenetic reprogramming occurs is of critical importance to understanding the 
diseases and disorders that have been shown to result from such changes. 

 It is becoming increasingly clear that there is a signifi cant complexity to epigen-
etic processes in the  central nervous system (CNS)  , where numerous factors infl u-
ence the development of epigenetic changes and reversals and their consequent 
impact on brain development and function. For example, epigenetic outcomes 
resulting from environmental perturbations are frequently found to be sex depen-
dent, particularly in relation to neuroendocrine-acting systems. These differences 
may refl ect sex-dependent alterations in such aspects of epigenetic programming as 
levels of the DNA methyltransferases (DNMTs). Higher levels of DNMT3a mRNA 
have been reported in the amygdala of females as compared to males early in devel-
opment (Kolodkin and Auger  2011 ), while higher levels of DNMT1 activity were 
observed in the male brain (McCarthy et al.  2009 ). Sex differences have also been 
noted in DNA methylation patterns and expression of methyl-binding proteins and 
corepressor proteins (McCarthy et al.  2009 ). The existence of such sex differences 
early in development has been suggested to be critical to brain differentiation 
(Auger and Auger  2011 ), but it correspondingly provides a different biological 
substrate for each sex on which environmental stressors, including chemical 
exposures, then act. 

 Another factor that can introduce differences in the epigenetic outcomes 
produced by environmental factors is the developmental period during which these 
environmental factors act. For example, the higher levels of DNMT3a mRNA 
expression in female amygdala were seen at postnatal day 1 but had disappeared by 
postnatal day 10, with these changes related to sex differences in steroid exposure 
levels (Kolodkin and Auger  2011 ). It is then possible that different environmental 
events occurring prior to birth, around the time of birth, or later in postnatal life 
could interact differently with the epigenome and have different physiological and 
behavioral consequences. 

 With respect to the CNS in particular, a critical feature of epigenetic function is 
that both permanent and plastic changes can occur in the epigenome, and, moreover, 
these may be brain region dependent (Auger and Auger  2011 ). For example, in a 
time course study (postnatal day 7, 6 weeks, and 1 year) of acquisition of 
5- hydroxymethylation in mice, dynamic increases were seen at each successive 
time point in the cerebellum, whereas in the hippocampus, increases were seen 
between postnatal day 7 and 6 weeks but not between 6 weeks and 1 year, 
underscoring the additional complexity of regional brain differences in epigenetic 
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modifi cations (Szulwach et al.  2011 ). It is important to point out that this potential 
for plasticity of epigenetic changes, coupled with their regional specifi city, is likely 
to signifi cantly complicate the ability to fi nd peripheral biomarkers that refl ect brain 
function, a clear need for human studies. 

 Also increasingly appreciated with respect to the epigenome is that behavioral 
experience itself is a factor that can modify epigenetic profi les. For example, differ-
ences in the level/quality of maternal care were found to affect the levels of DNA 
methylation of both estrogen and glucocorticoid receptor gene promoter regions in 
the mouse brain (Weaver et al.  2004 ). A study comparing suicide victims with or 
without early childhood abuse revealed signifi cant differences in epigenetic regula-
tion of hippocampal (McGowan et al.  2009 ) but not anterior cingulate cortex 
(Labonte et al.  2012 ) glucocorticoid receptor expression. Several reports now docu-
ment hippocampal epigenetic changes associated with the imposition of environ-
mental enrichment procedures (Morse et al.  2015 ; Szulwach et al.  2011 ; Kuzumaki 
et al.  2011 ). The ability to produce dynamic and plastic epigenetic alterations seems 
entirely consistent with the need for dynamic changes in behavior with rapid altera-
tions in environmental conditions. Differences in behavioral experiences seem a 
likely explanation for the signifi cant differences in epigenetic profi les that can be 
found in monozygotic twins (Fraga et al.  2005 ), who, although even while living in 
the same environment, will inevitably have different trajectories of behavioral 
experience over the lifetime. 

 This impact of behavioral experience on the epigenome has several notable 
implications. The dynamic modulation of epigenetic profi les in relation to behav-
ioral experience, an ever-changing component of the human environment, could 
modulate the epigenetic response of the brain to various environmental factors, e.g., 
nutrition and stress, or interact with such factors to change outcomes. Further, it 
raises the possibility that specifi c behavioral interventions may be effective in reversing 
or mitigating reprogramming changes and thus have therapeutic effi cacy. Another 
concern, however, arises with respect to experimental designs, in that measurement 
of epigenetic changes following behavioral testing will potentially reveal epigenetic 
profi les that differ from what may have been present before or in the absence of 
behavioral testing, i.e., that have been altered by behavioral testing. Thus, it will be 
diffi cult in animal models to interpret epigenetic changes that are only examined in 
animals that also have a behavioral testing history. Further, such possibilities of 
earlier behavioral experiences must be considered in human studies. 

 In addition to the risk factors resulting in epigenetic reprogramming cited above, 
there is increasing concern and recognition for the potential of environmental chem-
ical exposures, including those known to produce adverse neurodevelopmental 
effects, to produce epigenetic reprogramming. Elevated levels of lead exposure 
represent one such environmental concern, as lead is a well-documented neurotoxi-
cant (National Toxicology Program  2012 ). Exposures to environmental chemicals 
always effectively occur in multiplicity and not in isolation (Kortenkamp et al. 
 2007 ; Mumtaz et al.  2007 ) and inevitably in conjunction with risk factors such as 
prenatal stress that have already shown to produce epigenetic changes (McEwen 
and Tucker  2011 ; Gee and Payne-Sturges  2004 ), underscoring the potential for 

10 Epigenetic Mechanisms of Adverse Neurodevelopment in Response…



254

interactions and for cumulative neurotoxicity. Based on the current understanding, 
it seems likely that epigenetic patterns produced by combined exposures to 
such risk factors will differ from those produced by each risk factor alone. Such 
combined exposures will also occur in an environment that includes behavioral 
experiences with the potential to further modify epigenetic profi les. 

 In the following sections, we review the current understanding of the effects of 
lead and prenatal stress on children’s neurodevelopment and the effects of lead and 
prenatal stress on the epigenome and discuss the rationale for studying and under-
standing the combined effects of these (and other) environmental factors.   

10.2     Lead and Children’s Neurodevelopment 

 The adverse neurodevelopmental consequences of exposures to elevated levels of 
lead in the environment are well established (National Toxicology Program  2012 ). 
At  high levels of   exposure, lead is associated with acute encephalopathy that can 
result in childhood fatalities (Chisolm and Harrison  1957 ), an outcome that eventu-
ally resulted in the removal of lead from its two primary human exposure sources, 
i.e., paint and gasoline. But even children who have survived an episode of acute 
encephalopathy frequently sustained permanent neurological consequences (Byers 
and Lord  1943 ; Cecil et al.  2008 ). 

 The declines in population  blood lead levels   (Pirkle et al.  1994 ) that followed the 
removal of lead from paint and gasoline also provided the opportunity to assess the 
“dose–response” nature of neurotoxicity of lead in children with cross-sectional 
studies, followed by prospective longitudinal cohort studies, examining the neu-
rodevelopmental consequences at ever-decreasing blood lead concentrations. Those 
studies have now established that it is not possible to identify a level of lead, in 
terms of measurable blood lead values in fi eld instruments that are without adverse 
effects in children (Canfi eld et al.  2003 ; Lanphear et al.  2005 ; Lucchini et al.  2012 ). 
Notably, these impacts have included signifi cant reductions in IQ scores that occur 
even in the range of blood lead values of 1–5 μg/dl and defi cits in attention-related 
behaviors. Further, there is a supralinearity of effects of elevated lead exposure on 
IQ, with greater reductions at blood lead values below 10 μg/dl than above. 

 Though the removal of lead from  paint and gasoline  , in countries where it 
occurred, certainly reduced the numbers/levels of lead-affected children, lead expo-
sure nevertheless remains a signifi cant environmental health problem, particularly 
in low-socioeconomic-status communities where the greatest residual contamina-
tion from prior uses of leaded paint and gasoline remains (CDC  2013 ). Moreover, in 
many developing countries where exposure regulations are lax or nonexistent, expo-
sure levels are far higher and many fatalities have resulted, as a consequence of 
battery recycling activities, housing near smelting plants (e.g., China), and unregu-
lated lead smelting and gold mining activities. As evidence of the latter, recent 
reports document the deaths of over 400 children as of 2013 from artisanal gold 
mining in Nigeria (Plumlee et al.  2013 ). 
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 Studies reporting association of lead exposure with reduced IQ, executive func-
tion, and attention defi cits in children are supported by a substantive body of experi-
mental studies that have included both rodents and nonhuman primates that likewise 
demonstrate changes in learning and executive function, as well as in attention- related 
behaviors (Cory-Slechta  1997 ; Cory-Slechta et al.  1997 ,  1998 ,  1999 ; Gilbert et al. 
 1999 ; Guilarte et al.  1994 ; Rice  1988 ,  1990 ; Rice and Karpinski  1988 ). Such effects, 
moreover, have been seen at even the lowest blood lead concentrations that have been 
studied in animal models (e.g., 6–9 μg/dl). The fact that  toxicokinetics   and  toxicody-
namics   of lead exposure are similar in rodents and humans has also supported the 
utility of rodent models for advancing the understanding of mechanisms by which 
such effects occur (Cory-Slechta et al.  1989 ; Gulson et al.  1997 ; Leggett  1993 ; 
O’Flaherty  1991 ). Although epidemiological studies have typically controlled for sex 
and not examined differences in outcome in relation to this factor, and earlier animal 
studies typically focused primarily on males, increasing evidence from animal stud-
ies now makes clear that the neurodevelopmental consequences of lead exposure are 
sex specifi c, in addition to refl ecting differences in timing and duration of exposures 
(Cory-Slechta et al.  2010 ,  2012 ). The  sex specifi city   does not identify one sex as 
more vulnerable than the other, but highlights different profi les of effects by sex, as 
both sexes are impacted.  

10.3     Prenatal Stress and Children’s Neurodevelopment 

 A substantial literature including both human and animal studies has documented 
the adverse neurodevelopmental consequences of prenatal stress on offspring. 
Human studies have demonstrated outcomes of maternal psychosocial stress that 
are lifelong and that can be seen independently of changes in postnatal depression 
and anxiety (Babenko et al.  2015 ; Brunton  2015 ; Bock et al.  2015 ; Richetto and 
Riva  2014 ; Schuurmans and Kurrasch  2013 ; Talge et al.  2007 ). In both human and 
animal studies, maternal stress can be associated with  premature delivery   and with 
 reduced birth weight   and in the case of humans, with lower neonatal neurobehav-
ioral assessment scores (Babenko et al.  2015 ; Talge et al.  2007 ), outcomes which 
themselves are associated with impaired neurodevelopment. Maternal stressors 
have been associated with impaired cognitive function in offspring, detected early 
in development, and with impaired attention and impulsivity and disrupted develop-
ment of brain laterality, as evidenced by increased numbers of mixed-handedness 
children (Talge et al.  2007 ). A signifi cant literature also documents the relationship 
of maternal stress to  subsequent psychopathology  , including increased odds of later 
development of schizophrenia and affective disorders. 

 Moreover, maternal stress can result in  brain morphological changes  . For example, 
Qiu et al. ( 2013 ) reported that maternal anxiety measured at 26 weeks of pregnancy 
was associated with reduced growth rates of both left and right hippocampus over 
the fi rst 6 weeks of life. Correspondingly, adult offspring of mothers who experi-
enced major negative life events during pregnancy were found to exhibit altered 
learning strategies, including a more rigid and less fl exible strategy for spatial learning 
(Schwabe et al.  2012 ). 

10 Epigenetic Mechanisms of Adverse Neurodevelopment in Response…



256

 Similar consequences of prenatal stress are replicated in experimental animal 
models and likewise display  sex-dependent effects  . For example, defi cits in learning 
were more pronounced in males, while anxiety-type responses predominated in 
female rats subjected to maternal stress (Weinstock  2011 ), and these behavioral 
alterations were accompanied by reductions in neurogenesis and in complexity of 
dendritic morphology in regions critical to executive functioning, specifi cally the 
hippocampus and prefrontal cortex. Attention-related behaviors including reduc-
tions in sustained attention and inhibitory response control are also reported to be 
impaired in offspring of prenatally stressed rats (Wilson et al.  2012 ). 

 As with elevated lead exposure, effects of maternal stress on offspring neurode-
velopment appear to be time (e.g., trimester), duration, and sex specifi c, and these 
factors are likely contributing to differences in outcomes of prenatal stress that are 
reported across some studies. Furthermore, the time of assessment in offspring is 
also likely to modify the outcomes (e.g., Lupien et al.  2009 ). Studies, for example, 
have shown differences in the profi le of consequences of prenatal stress dependent 
upon the period of  gestation   during which stress is imposed (Davis and Sandman 
 2010 ) and sex of the  offspring   (e.g., Wang et al.  2015a ,  b ). 

 An additional important consideration in regard to understanding the infl uences of 
prenatal stress relates to the  paradigm   used to induce stress itself. It is important to note 
that different stress paradigms can actually yield quite distinct outcomes, a phenom-
enon that has generated confusion in defi ning biomarkers of resilience vs. pathology. 
Stress does not invariably lead to behavioral/mental pathology. Instead, outcome 
(stress vs. development of resilience) appears to depend critically upon “dose” (mag-
nitude of negative experience) and in particular the presence or absence of associated 
protective factors such as self-control, problem-solving skills, and family/community 
relationships (Masten and Narayan  2012 ). One hypothesis, paralleled in animal mod-
els (see below), is that more moderate negative experiences, through learned adapta-
tions, can produce resilience, thereby preparing the organism for future challenges, 
whereas experiencing no challenges or extreme negative challenges (Rutter  2006 ; 
Seery et al.  2010 ), where no such adaptations are learned, may lead to a “learned help-
lessness” phenotype (DiCorcia and Tronick  2011 ). In other words and as has been 
elegantly demonstrated in  experimental animal models  , controllable and predictable 
negative experiences lead to future resiliency, whereas uncontrollable and unpredict-
able experiences produce subsequent behavioral pathology (Koolhaas et al.  2011 ).  

10.4       A Biological Framework for  Cumulative Toxicity      
of Lead and Prenatal Stress 

 As with all environmental chemicals, elevated lead exposure does not occur in 
isolation, but in conjunction with numerous other environmental conditions, 
including other risk factors for adverse child neurodevelopment. One other such 
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risk factor is prenatal stress. Indeed, elevated lead exposure and prenatal stress 
can be co- occurring and/or sequentially occurring risk factors in a population, 
and, like lead exposure, prenatal stress appears to be a signifi cant risk factor in 
lower- socioeconomic- status communities (e.g., Keenan et al.  2007 ; Thayer and 
Kuzawa  2014 ). 

 Importantly from a neurodevelopmental perspective, in addition to their co- 
occurrence, lead exposure and prenatal stress also share biological substrates and 
can produce common adverse outcomes. For example, both elevated lead expo-
sure and prenatal stress impact the hypothalamic–pituitary–adrenal (HPA) axis 
and associated glucocorticoid receptors, and both also target brain mesocortico-
limbic dopamine–glutamate systems (Cory-Slechta et al.  1998 ,  1999 ; Rossi-
George et al.  2011 ; Virgolini et al.  2008a ; Martinez-Tellez et al.  2009 ; Barros 
et al.  2004 ; Berger et al.  2002 ). Human studies have reported associations of con-
current blood lead levels in pregnant women with cortisol awakening response 
(Braun et al.  2014 ). 

 Both lead exposure and prenatal stress also impact brain hippocampal systems 
and associated neurocircuitry as well. Elevated lead exposure-related effects, while 
clearly differing by exposure and time of measurement conditions, have long been 
recognized and can include alterations in synaptogenesis, IGF1 and IGF2 expres-
sions, altered gene expression profi les, neuronal numbers, oxidative stress levels, 
and glutamatergic, particularly NMDA-related, function (Hu et al.  2014 ; Li et al. 
 2014 ,  2015 ; Baranowska-Bosiacka et al.  2013 ; Stansfi eld et al.  2012 ; Neal et al. 
 2012 ). Similarly, long-term changes in the hippocampus arise from maternal stress 
that include inhibited neurogenesis, altered dendritic branching, hypomyelination, 
altered levels of NDMA receptors and glutamate release, decreased synaptic plas-
ticity, and altered BDNF signaling (Focking et al.  2014 ; Belnoue et al.  2013 ; Xu 
et al.  2013 ). 

 These overlapping biological targets of lead and prenatal stress, i.e., the HPA axis 
and mesocorticolimbic/hippocampal dopamine and glutamate function, may be con-
sidered to establish a biological framework for the enhanced effects that can be 
observed when these two risk factors occur in combination. This makes assessment 
of their combined or cumulative toxicity of particular interest, particularly in light of 
the well-documented interactions of the HPA axis with brain mesocorticolimbic 
systems (Deroche et al.  1995 ; Tidey and Miczek  1996 ; Sullivan and Dufresne  2006 ) 
that are critical to mediation of cognitive behavioral functions, including those 
adversely impacted by elevated lead exposure and by prenatal stress. Perhaps as a 
result of these conjoint biological substrates, elevated lead exposure and prenatal can 
also produce common adverse outcomes such as changes in executive functions and 
attention-related behaviors (Anderson and Armstead  1995 ; Bradley and Corwyn 
 2002 ; Cory-Slechta  1995 ; Dietrich et al.  2001 ; Dohrenwend  1973 ; Needleman et al. 
 1996 ; Schwartz  1994 ).    
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10.5     Epigenetic Mechanisms May Contribute to Persistence 
of Neurodevelopmental Consequences of Lead 
Exposure, Prenatal Stress, and Enhanced Toxicity 
Produced by Their Combination 

 The hypothesis suggested above that combined exposures to lead and prenatal 
stress, by virtue of their overlapping profi le of biological targets, could result in 
enhanced neurotoxicity profi les has been shown in several of our prior studies 
examining the effects of combined developmental lead exposure and prenatal and/
or offspring stress relative to either factor alone (Cory-Slechta et al.  2008 ,  2010 , 
 2012 ,  2013 ; Virgolini et al.  2008a ). For example, enhanced learning defi cits are 
seen with combined developmental lead exposure and prenatal stress in female rats 
only (Cory-Slechta et al.  2010 ). Increased rates of responding on a fi xed interval 
schedule of food  reinforcement      were also observed in females that had been sub-
jected to maternal lead exposure combined with prenatal and offspring stress 
(Virgolini et al.  2008b ). In both instances, these defi cits were greater than those 
observed in response to exposure to either lead or prenatal stress alone. 

   Heightened neurotoxicity was not restricted to behavioral consequences, how-
ever. Enhanced levels of brain mesocorticolimbic system monoamines were found 
in response to combined lead and prenatal stress, where neither lead alone nor pre-
natal stress alone produced any changes. These  monoaminergic changes      included 
increased frontal cortex dopamine and norepinephrine levels and increased nucleus 
accumbens and dorsal striatal dopamine, DOPAC and HVA levels in males, whereas 
in females, such increases occurred in nucleus accumbens norepinephrine levels and 
in serotonergic neurotransmission in the frontal cortex, nucleus accumbens, and 
striatum (Virgolini et al.  2008b ). In sum, combined lead exposure and prenatal 
stress increased these neurotransmitter levels to those associated with a higher 
exposure level of lead alone.   

 The breadth of biological targets of elevated lead exposure and prenatal stress 
suggests that multiple potential mechanisms could account for the overlap in the 
adverse neurodevelopmental consequences that arise from these combined expo-
sures and/or their enhanced toxicity in combination, including alterations in HPA 
axis and glucocorticoid function, altered hippocampal/glutamatergic structure and 
function, and/or altered mesocorticolimbic dopamine/serotonin functioning. An 
emergent consideration for both risk factors is the impact of epigenetic changes and 
reprogramming of function. As noted above, epigenetic reprogramming is already 
seen in response to prenatal stress, but the elaboration of effects in response to ele-
vated lead exposure is still in its infancy. Moreover, it is important to remember that 
because such risk factors occur in combination in human environments, any full 
mechanistic understanding of the role of epigenetic changes in the long-term conse-
quences of combined elevated lead and prenatal stress will involve the assessment 
of their interactive epigenetic consequences. 

 Notably, both elevated lead exposure and prenatal stress are also often thought of 
as  multigenerational stressors     . A growing literature has begun to document such 
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effects of prenatal stress (Bale  2015 ). A recent study reported progressive changes 
up to the F2 generation (F0–F2) in gestational length, maternal weight gain, behav-
ioral activity, blood glucose levels, and delayed behavioral development in response 
to transgenerational maternal stress (Yao et al.  2014 ). In a mouse model, maternal 
stress-induced increases in offspring in stress sensitivity and HPA axis function 
were passed in a sex-specifi c capacity to the subsequent generation of males 
(Morgan and Bale  2011 ). 

  In the case of lead exposure, one potential mechanism of multigenerational trans-
mission may relate to its toxicokinetic and/or toxicodynamic properties. As a result 
of its  calcium-mimetic properties  , more than 90 % of ingested lead resides in the 
bone where it maintains a dynamic equilibrium with blood; during physiological 
conditions that impose signifi cant calcium requirements, e.g., pregnancy and lactation, 
calcium/lead is mobilized from the bone back into the bloodstream and into breast 
milk where it can then pass into fetal circulation. Thus, the higher the levels of lead 
prior to pregnancy, the greater the exposure of the fetus/infant. In the case of low SES 
communities, in which successive generations will also likely reside in a higher lead-
contaminated environment, additional exposures will occur and additional amounts 
of lead will be passed on during pregnancy. Currently unknown, however, is the 
actual potential for epigenetically induced effects of lead exposure on central nervous 
system function and its potential for transgenerational consequences.  

10.5.1     Epigenetics of Lead Exposure: Human Studies 

   Persistent effects from early-life lead exposure are consistent with a model of an 
early-life basis of adult disability in which insults that occur early in life produce 
changes that arise from physiological reprogramming (Cottrell and Seckl  2009 ). 
One way in which this might occur is through epigenetic reprogramming. Epigenetic 
modifi cations such as DNA methylation and posttranslational histone modifi cations 
are key regulators of gene expression and gene–environment interactions. However, 
there have been few studies that have examined specifi c epigenetic alterations as a 
consequence of elevated lead exposure in humans. In the fi rst study to examine the 
effect of maternal lead (Pb) burden on offspring  DNA methylation levels     , Pilsner 
et al. ( 2009 ) assessed the relationship between lead exposure and DNA methylation 
by examining LINE-1 (long interspersed nuclear elements- 1  ) and  Alu methylation   
by pyrosequencing on umbilical cord blood samples from participants in the 
ELEMENT study in Mexico City. LINE-1 and Alu methylation levels were assessed 
in relation to maternal bone lead levels (maternal patella and tibia lead levels, refl ec-
tive of cumulative exposure) and cord blood lead levels. An inverse dose–response 
relationship was found for patella lead measures and cord LINE-1 methylation and 
between tibia lead measures and Alu methylation. No associations were found 
between cord blood lead levels and cord genomic DNA methylation (Pilsner et al. 
 2009 ). These results suggest that these particular epigenetic marks are infl uenced 
more by maternal cumulative lead burden and chronic exposure (assessed by 
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maternal bone lead levels) than by recent exposure (assessed by cord blood lead 
levels). The authors speculated that lead-induced oxidative stress may have played 
a role in the effect of lead on DNA methylation, with the developing fetus being 
particularly prone to epigenetic errors due to high rates of DNA synthesis and epi-
genetic reprogramming that occurs shortly after implantation (Pilsner et al.  2009 ). 

 Another study suggesting an infl uence of elevated  lead   exposure on DNA meth-
ylation assessed LINE-1 and Alu methylation as a function of patella, tibia, or blood 
lead levels in elderly men participating in the Normative Aging Study (Wright et al. 
 2010 ). In this study, patella lead levels were inversely associated with LINE-1 meth-
ylation but not with Alu, and neither tibia lead nor blood lead levels associated with 
 global   methylation for either Alu or LINE-1 (Wright et al.  2010 ). Again, these fi nd-
ings appear consistent with a marker of cumulative lead exposure and not a marker 
of recent exposure being associated with DNA methylation. 

 Although these novel fi ndings are interesting and suggest lead-induced changes 
in epigenetic programming, the interpretations of these fi ndings are limited by some 
important factors. Although changes in methylation of LINE-1 and Alu could have 
signifi cant health implications, Alu and LINE-1 are surrogate markers for estimat-
ing global DNA methylation levels (Weisenberger et al.  2005 ; Yang et al.  2004 ). At 
least one-third of DNA methylation occurs in repetitive elements that represent a 
large portion of the human genome (Lander et al.  2001 ). Among these repetitive 
sequences, Alu and LINE-1 represent about 30 % of the human genome (Zhu et al. 
 2012 ). Because of this high representation throughout the genome, Alu and LINE-1 
have been used as surrogate markers for estimating global DNA methylation levels, 
particularly in epidemiological studies (Zhu et al.  2012 ). However, methylation lev-
els of these repetitive elements may not be equivalent to global DNA methylation 
content; moreover, the mechanisms that control methylation of these repetitive ele-
ments may differ from the rest of the genome, and thus, measuring Alu and LINE-1 
methylation levels may not necessarily provide an accurate representation of total 
genomic methylation (Yang et al.  2004 ). Also, these estimates of global methylation 
that represent a pool of multiple unique Alu or LINE-1 repeats in the entire genome 
may not be predictive of results from measures of gene-specifi c or genome-wide 
array-based methylation analyses (Zhu et al.  2012 ). Thus, the extent to which con-
clusions from these studies using this surrogate measure of DNA methylation may 
be relevant to site-specifi c methylation measures, particularly those related to the 
central nervous system and associated function, is uncertain at this time. 

 Additionally, leukocyte DNA methylation levels have been used as a proxy for 
lead-induced changes in epigenetic patterns in target tissues of lead toxicity. 
Unfortunately, there are no data currently available to confi rm that the extent of 
methylation levels observed within circulating DNA is representative of DNA 
 methylation changes in other tissues, particularly the brain. Studies have shown the 
existence of tissue-specifi c methylation profi les (Eckhardt et al.  2006 ). Further, 
care must be taken in the interpretation of results from studies using a peripheral 
biomarker for estimating effects on a different target tissue, as recent data have 
shown that the proportions of white blood cell subsets affect LINE- 1   methylation 
levels measured in blood DNA, with differences in the percent of neutrophils and 
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lymphocytes, the major types of white blood cells, exhibiting different and opposite 
effects on LINE-1 methylation levels (Zhu et al.  2012 ). This could be particularly 
important in toxicology studies as leukocyte DNA is derived from a mix of numerous 
cell types and various toxicants, including lead, may affect the composition of white 
blood cell populations (Sarasua et al.  2000 ).   

 Other studies, also using a  peripheral marker   in a surrogate tissue (blood), have 
examined relationships between lead exposure and methylation status of particular 
genes or sets of genes. In one such study, it was shown that lead exposure may affect 
promoter methylation in the delta-aminolevulinic acid dehydratase gene  ALAD . 
Lead exposure has well-documented effects on heme biosynthesis and increases 
levels of delta-aminolevulinic acid; correspondingly,  ALAD1  and  ALAD2  have been 
suggested to modify lead toxicokinetics, impacting individual susceptibility to 
lead poisoning (Wetmur et al.  1991 ). Genomic DNA was extracted from blood of 
lead- exposed battery plant workers and nonexposed controls, and signifi cantly 
increased ALAD methylation was found in exposed factory workers compared to 
controls (Li et al.  2011 ). The authors concluded that increases in the level of  ALAD  
CpG methylation might contribute to the risk of lead poisoning. 

  Kovatsi et al. ( 2010 ) examined promoter methylation of the tumor suppressor 
gene   p16    in a small number of adult men ( N  = 9) with occupational lead exposure. 
Methylation of  p16 , a cyclin-dependent kinase inhibitor, was examined because of 
its role in carcinogenesis and its overexpression in neurodegenerative disorders, 
such as Alzheimer’s disease (Kovatsi et al.  2010 ). Men with higher blood lead levels 
(51–100 μg/dl) had high levels of  p16  methylation, whereas men with lower blood 
lead levels (6–11 μg/dl) showed partial methylation.  

 In a more recent study, DNA was extracted from whole blood collected from 
adult women undergoing in vitro fertilization; this study used the Illumina 
GoldenGate Cancer Panel I bead array (Illumina, Inc., San Diego, CA, USA) that 
assays 1505 CpG sites throughout the genome that are associated with cell replica-
tion, cell differentiation, or oxidative stress (Hanna et al.  2012 ). Signifi cantly 
reduced methylation in the  COLIA2  promoter was correlated with higher blood lead 
levels (Hanna et al.  2012 ). These results suggested that increased lead exposure may 
be associated with increased  COLIA2  expression, which could affect reproductive 
outcomes, as increased expression of this gene may be associated with preterm 
rupture of membranes and preterm birth in humans (Hanna et al.  2012 ), and lead 
exposure has been associated with a variety of  impaired reproductive outcomes   (e.g., 
Jelliffe-Pawlowski et al.  2006 ; Hernandez-Avila et al.  2002 ; Taylor et al.  2015 ). 

   Using a somewhat different approach, Senut et al. ( 2014 ) examined DNA meth-
ylation profi les of  human embryonic stem cells (hESCs)   and neural progenitor cells 
(NPCs) acutely or chronically exposed (throughout the neural differentiation pro-
cess) to lead concentrations ranging from the equivalents of 8 to 40 μg/dl, as assessed 
using the Infi nium Human Methylation 450K BeadChip system. Lead exposure 
appeared to have different effects depending on the differentiation stage at which 
 hESCs   were exposed. Although it was not entirely clear at what lead exposure levels 
signifi cant changes in methylation occurred, lead exposure rapidly modifi ed the 
methylation profi le of hESCs, and in cells engaged in the differentiation process, 
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lead-associated hypomethylation predominated (Senut et al.  2014 ). These data suggest 
the potential for lead exposure to affect the methylation status of the developing 
nervous system and produce aberrant gene expression profi les that could nega-
tively impact proper brain development. More recently, Sen et al. ( 2015 ) exam-
ined the relationship between lead exposure and 5-methylcytosine (5mC) and 
5- hydroxymethylcytosine (5hmC) modifi cations in hESCs and in DNA extracted 
from umbilical cord blood and suggest that a mechanism through which lead expo-
sure might contribute to altering gene expression is by changing the 5hmC and 5mC 
profi les in the genome. Although the precise biological role of 5hmC is still unclear, 
it is proposed that 5hmC is an intermediate base in an active or passive DNA 
demethylation process that operates during important reprogramming phases of 
brain development (Pfeifer et al.  2013 ). Analysis of lead-associated changes in cord 
blood DNA identifi ed several 5hmC and 5mC clusters as potential candidates for 
sex-independent or sex-specifi c epigenetic biomarkers for prenatal lead exposure. 
These data provide additional support for an epigenetic basis of sex-dependent 
outcomes from developmental lead exposure.   

 In a preliminary study (Schneider et al.  2010 ), we attempted to identify differen-
tially methylated DNA regions across the genome that might be associated with 
low-level childhood lead exposures. We randomly sampled 12 white, non-Hispanic 
males from the HOME Study, a prospective, longitudinal cohort study at Cincinnati 
Children’s Hospital Medical Center that examines the effect of  low-level exposures   
(prenatal and postnatal) of prevalent toxicants (e.g., lead, mercury, tobacco, PCBs, 
bisphenol A, phthalates, organophosphate, and pyrethroid insecticides) on neurobe-
havioral outcomes and developmental disorders and tests the effi cacy of interven-
tions for the primary prevention of lead toxicity. Subjects had mean maternal 
prenatal blood lead levels of 0.53 μg/dl, mean cord blood lead levels of 0.38 μg/dl, 
and mean blood lead levels in the highest (3.7 μg/dl, group 1) or lowest (0.82 μg/dl, 
group 2) terciles at 2 years of age. We extracted genomic DNA from blood samples 
taken at 2 years of age and analyzed methylated DNA on Human NimbleGen 
Methylation Promoter Arrays. Ninety-nine genes were identifi ed with differentially 
methylated promoters between the two groups ( t  =  p  < 0.05). Knowledge-based and 
pathway analyses suggested signifi cant differences in methylation status of genes 
related to nervous system development and function, cardiovascular disease, renal 
and reproductive system functioning and key biological functions including cellular 
growth and proliferation, carbohydrate/sphingolipid metabolism, and cell signaling. 
These data, although preliminary and from a very small sample, suggest the possi-
bility of widespread changes in methylation status associated with developmental 
exposure to very low levels of lead that may have far-reaching effects on brain 
development and function and the risk for developing systemic diseases later in life. 
These intriguing data now need to be validated in a much larger sample. 

 While the epidemiological data on epigenetic effects of lead are still limited and 
have been confi ned to examining effects on methylation, the picture that is emerging 
is that exposure to lead, either during development, childhood, or adulthood, can 
effect  DNA methylation   profi les and has the potential to exert wide-ranging effects 
on a variety of genes and processes involved in diverse physiological activities and 
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represents an important pathway through which lead exposure can infl uence a variety 
of outcomes including disease risk across the life span. That these effects can be 
produced even at relatively low exposure levels enforces the need to eliminate lead 
from our environments and to reinforce primary prevention. Research is now needed 
to expand the limited fi ndings from the existing epidemiological work to both global 
genome-wide and candidate gene DNA methylation, expand studies to include 
assessment of posttranslational histone modifi cations, and to better understand which 
pathways and mechanisms may be particularly at risk following lead exposure. 

 Although the data discussed thus far suggests that lead may have effects on the 
epigenome throughout life, there are no direct data available at this time to draw 
defi nitive links between lead exposures, epigenetics, and specifi c human diseases or 
conditions. Yet, associations between lead exposure, epigenetics, and disease have 
been proposed based on some intriguing indirect evidence. For example, lead 
exposure has been positively correlated with  homocysteine (HCY) levels   (which 
modulate cellular methylation reactions), and elevated HCY (linked to DNA hypo-
methylation) has been associated with increased risk of developing  Alzheimer’s 
disease (AD)   and increased rate of disease progression in individuals with AD 
(Bakulski et al.  2012 ). Continued work on several fronts including epidemiological 
studies, genome-wide methyl-seq analyses, postmortem studies on tissues of interest 
such as the brain, and well-designed animal experimental studies across both sexes 
and multiple species/strains will provide an integrated approach to understanding 
the infl uence of lead exposure on epigenetics and the role of lead-induced epigene-
tic changes in neurological function and various neurological and non- neurological 
diseases.  

10.5.2      Epigenetics of Lead Exposure:  Animal Studies   

 As with the study of lead and epigenetics in humans, there have been relatively few 
studies published examining epigenetic effects of lead exposure in animals. In 2013, 
we were the fi rst to describe an epigenetic effect of developmental lead exposure on 
DNA methyltransferases and DNA-binding proteins in the rat hippocampus. 
We showed that these effects were different in males and females and are further 
differentiated by the period during development when the exposure to lead occurred 
and the level of lead exposure (Schneider et al.  2013 ). Developmental lead exposure 
particularly affected DNMT1, DNMT3a, and MeCP2 expression that could infl u-
ence the modulation of DNA methylation that occurs during brain development as 
well as during a variety of neuronal processes including learning and memory (Feng 
et al.  2007 ). Faulk et al. ( 2013 ) also reported exposure concentration- and sex-specifi c 
DNA methylation responses to perinatal lead exposures in the agouti (A vy ) mouse 
model, used as a biosensor to explore the epigenetic response to exposure to lead in 
utero and in early life, with signifi cant epigenetic effects observable even at relatively 
low exposure levels (approximate blood lead levels of 4.1 μg/dl). Sanchez-Martin 
et al. ( 2015 ) analyzed whole-genome DNA methylation (global methyl-seq analysis) 
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in the cortex (region(s) not specifi ed) and presumably the whole hippocampus of 
2-month-old mice exposed (or unexposed) to low levels of lead (producing 0.9–1.3 
μg/dl blood lead levels in dams) during gestation and lactation. Lead exposure 
resulted in no signifi cant hyper- or hypomethylated sites in the male hippocampus, 
whereas hypermethylation of three differentially methylated regions in the hippo-
campus was found in females. No DNA hypomethylation was observed in females, 
and the hippocampus was reported to have signifi cantly higher levels of differen-
tially methylated CpG sites than the cortex (Sanchez-Martin et al.  2015 ). A sample 
of differentially methylated genes was tested for mRNA expression and showed a 
trend toward negative correlation between mRNA expression and methylation in 
exposed females but not in males. These results are in general agreement with the 
hypothesis that lead exposure acts in a locus-specifi c way on the epigenome, 
depending on the genomic features in which affected CpG sites are located (Faulk 
et al.  2013 ,  2014 ) and also highlights the sex dependence of these effects. 

 Together, the results from these studies suggest that exposure to lead during 
embryonic life and during the early postnatal period may have complex effects on 
the epigenome that at the very least appear to be sex, exposure concentration, and 
tissue dependent. While these effects relate to effects on DNA methylation, effects 
on posttranslational histone modifi cations are currently unknown. However, effects 
of lead exposure on DNA methylation, likely in concert with effects on posttransla-
tional histone modifi cations, are expected to contribute to a variety of epigenetically 
induced adverse outcomes that may persist into adulthood. 

 There have also been reports that early life exposure to lead can result in epigen-
etic modifi cations (such as changes in levels of DNMT1, DNMT3a, and MeCP2) 
that result in changes in the brain (e.g., overexpression of amyloid-β protein precur-
sor (AβPP) and amyloid-β (Aβ)) that may lead to the  existence of Alzheimer’s-like 
changes in later life (Bihaqi et al.  2011 ). These fi ndings were based on results from 
four female monkeys, examined at approximately 23 years of age, following expo-
sure to 1.5 mg/kg/day of lead acetate from birth to 400 days of age (Bihaqi et al. 
 2011 ). Blood lead levels at 400 days of age ranged from 19 to 26 μg/dl. Previous 
work from this group had also shown that exposure of rats to lead from birth to 
postnatal day 20 resulted in a delayed overexpression of APP and elevation of its 
product Aβ later in life (Basha et al.  2005 ). Possible epigenetic mechanisms under-
lying these effects in these animals were not explored. While the nonhuman primate 
data are interesting, they need to be interpreted cautiously. First, only females were 
studied and there are well-documented sex-specifi c effects of lead on epigenetics 
and gene/protein expression, particularly when exposures encompass periods of 
brain differentiation. Second, it is not possible to tell which of the monkeys origi-
nally prepared for this developmental lead exposure were analyzed by Bihaqi et al. 
( 2011 ) as nine females were reported to be prepared for the experimental group 
described (Rice and Gilbert  1990 ) and all of the animals in this group underwent 
extensive behavioral training and testing beginning at approximately 5–6 years of 
age. As the behavioral experience of the animals could result in dynamic and poten-
tially long-lasting impact on epigenetic modifi cations, it is diffi cult to interpret the 
fi ndings from these animals without knowing the precise behavioral history of all 
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experimental and control (non-lead exposed) animals. Also, the fact that there might 
be reduced DNMT1 activity in the brains of these animals (also reported by the 
same group in 2008 (Wu et al.  2008 ) does not in and of itself argue in favor of infant 
lead exposure epigenetically modifying Alzheimer’s-related genes such as  APP  or 
 BACE1 . A change in the methylation status of CpG dinucleotides in the specifi c 
Alzheimer’s disease-related genes of interest would need to be demonstrated in 
these animals.   

10.5.3      Epigenetics of Prenatal Stress:  Human Studies   

 Although there have been several animal studies (see below) that have examined 
the effects of prenatal stress on epigenetic programming in offspring, there is little 
known at this time about the epigenetic effects of prenatal stress on offspring in 
humans. It is now generally accepted that early life experience and environmental 
factors occurring early in life can have persisting effects on a variety of systems 
including the central nervous system (Welberg et al.  2001 ; Oberlander et al.  2008 ). 
These early occurring factors can result in persistent organization effects, referred 
to as “programming” that can affect the functioning of various physiological sys-
tems throughout the life span, with the brain particularly sensitive to prenatal pro-
gramming (Welberg et al.  2001 ). Prenatal stress is one environmental factor that 
can have long-lasting effects on the hypothalamic–pituitary–adrenal (HPA) axis, 
resulting in an altered capacity to regulate responses to stressful events in offspring. 
Although there are a number of potential prenatal stressors that could impact the 
HPA axis stress system, prenatal exposure to maternal depressed and anxious mood 
confers risk for behavioral/emotional disturbances in childhood and beyond 
(Oberlander et al.  2008 ; O’Connor et al.  2003 ). Oberlander et al. ( 2008 ) investi-
gated the extent to which prenatal exposure to maternal depressed/anxious mood 
may be associated with epigenetic modifi cation (i.e., methylation status) of the 
promoter and exon1F of the human  NR3C1  (glucocorticoid receptor) gene in new-
borns and whether methylation status of this specifi c region of  NR3C1  at birth is 
associated with altered HPA function and stress responsivity during infancy. Using 
DNA extracted from cord blood, increased methylation of  NR3C1  at a predicted 
NGFI-A binding site (in particular, methylation of CpG3, the 5′CpG in the poten-
tial NGFI-A consensus binding site 5′ to exon 1F of the human  NR3C1  gene) was 
associated to increased third-trimester maternal depressed/anxious mood and 
increased salivary cortisol responses at 3 months of age (Oberlander et al.  2008 ). 
These fi ndings suggest a potential epigenetic link between prenatal stress, HPA 
function, and stress reactivity. 

 In another study, Mulligan et al. ( 2012 ) examined the relationship between a 
variety of maternal psychosocial stressors in women in the Democratic Republic of 
the Congo on birth outcome (birth weight) and methylation status of the  NR3C1  gene. 
There was a strong inverse correlation between maternal stress and newborn birth 
weight and a signifi cant effect of maternal stress on newborn  NR3C1  methylation 
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status. It is anticipated that these epigenetic effects would infl uence  NR3C1  gene 
expression, stress responses, and the risk for developing stress-related adult- onset 
diseases (Mulligan et al.  2012 ).   

10.5.4      Epigenetics of Prenatal Stress:  Animal Studies   

 Stress during pregnancy may not only adversely affect maternal health but may also 
alter the brain and behavior of offspring, potentially with lifelong consequences 
(Owen et al.  2005 ; Zucchi et al.  2013 ). As early life (postnatal) stress effects on the 
brain and epigenome are likely quite different from those effects that occur during 
the prenatal period, we will restrict this discussion to effects of prenatal stress. 
Gestational stress may directly infl uence fetal brain development and programming 
of HPA axis function (Cottrell and Seckl  2009 ), resulting in persisting changes in 
stress responsiveness in offspring (Meaney et al.  1996 ) and possibly enhanced vul-
nerability to behavioral/emotional disorders (Ellenbogen et al.  2011 ; Markham and 
Koenig  2011 ). However, there is considerable variation in the behavioral and epi-
genetic outcomes of studies utilizing prenatal stress with some data even contradic-
tory. As reviewed by Weinstock ( 2005 ,  2008 ), results from different studies need to 
be reviewed carefully as many parameters that may affect outcomes, including the 
type and timing of the stress exposure during pregnancy, the age of testing of the 
offspring, the genetic strain of animal used, the sex of the offspring, and the time of 
day of testing the offspring (Glover et al.  2010 ). In studies examining effects on the 
brain, the brain region(s) analyzed is also a critical variable as effects (and particu-
larly epigenetic effects) may differ dramatically by brain region. A study by Pena 
et al. (2012) that examined the epigenetic mechanisms contributing to the impact of 
prenatal stress (chronic restraint stress during gestational days 14–20) in Long 
Evans rats on  HSD11B2  mRNA in the placenta and fetal brain (E20) highlighted the 
issue of tissue specifi city of epigenetic effects of maternal stress and raised the 
intriguing possibility of using the epigenetic status of the placenta to predict corre-
sponding changes in the brain. Further, the intensity of the prenatal stress appears to 
be an important factor infl uencing behavioral and epigenetic outcomes (Mychasiuk 
et al.  2011 ). For example, “mild” prenatal stress (10-min sessions on an elevated 
platform twice daily on gestational days 12–16) and “extreme” stress (30-min ses-
sions on an elevated platform twice daily on gestational days 12–16) had sex-spe-
cifi c effects on brain weight and several behavioral outcomes. Mild prenatal stress 
increased global DNA methylation levels in the frontal cortex of males only, while 
extreme stress decreased methylation levels in both sexes (Mychasiuk et al.  2011 ). 
In the hippocampus, mild stress increased methylation in both sexes and extreme 
stress decreased methylation in both sexes. These results suggest that the intensity 
of prenatal stress is an important factor that needs to be taken into consideration in 
studies of the effects of prenatal stress on both behavior and the epigenome. 

 Despite variability reported in several studies due to methodological differences, 
sex-specifi c effects are reported consistently. Sex-specifi c programming appears to 
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begin very early in pregnancy and may contribute signifi cantly to the timing and 
vulnerability of the developing fetus to maternal environmental infl uences (Auger 
and Auger  2011 ; Mueller and Bale  2008 ). For example, Mueller and Bale ( 2008 ) 
examined the effects of chronic, variable stress during different gestational periods 
and found signifi cant sex differences in stress sensitivity and responsivity in male 
offspring, particularly in males exposed to stress early in gestation. Changes in 
corticotropin- releasing factor (CRF) and glucocorticoid receptor (GR) gene meth-
ylation in brain regions associated with the HPA axis correlated with altered gene 
expression, providing evidence of sex-specifi c epigenetic programming during 
early prenatal stress (Mueller and Bale  2008 ). 

 In addition to studying prenatal stress effects on the epigenetic programming of 
the GR, other studies have examined other epigenetic targets related to prenatal 
stressors and risk for developing cognitive and behavioral abnormalities. For exam-
ple, Matrisciano et al. ( 2013 ) reported a number of changes in expression levels of 
DNA methyltransferases (DNMT1, DNMT3a) in the frontal cortex and hippocam-
pus, particularly in GABAergic interneurons in mice exposed to prenatal restraint 
stress. These investigators also found altered expression of schizophrenia-related 
genes (i.e.,  GAD67  and  reelin ) in frontal cortex of mice exposed to prenatal restraint 
stress that was epigenetically regulated and consistent with a schizophrenia-like 
behavioral phenotype expressed in these animals (Matrisciano et al.  2013 ). 

 Also, while  DNA methylation   has been predominantly investigated in regard to 
the epigenetic effects of prenatal stress, clearly changes in posttranslational histone 
modifi cations must also play a role. Recently, it has been shown that maternal stress 
can also affect the fetal transcriptome through microRNA (miRNA) regulation 
(Zucchi et al.  2013 ). Putative gene targets for miRNAs differentially affected by 
prenatal stress included genes related to miRNA biogenesis, apoptosis, brain pathol-
ogies, neurotransmission, neurodevelopment, hormonal regulation, neurotrophic 
factors, brain angiogenesis, cell signaling, stress response, and metabolism (Zucchi 
et al.  2013 ). Unfortunately, only the whole brain from male offspring was analyzed 
so it is not possible to know the extent to which prenatal stress affected different 
brain regions or differentially affected males and females.   

10.5.5        Epigenetic Alterations in the Glucocorticoid Receptor 
(GR)  Gene         as a Potential Mechanism of Toxicity 
of Developmental Lead Exposure and Prenatal Stress 

 Potential changes in expression of the glucocorticoid receptor gene  NR3C1  via 
alterations in epigenetic markers is an intriguing potential mechanism that could 
account for the permanent consequences of developmental lead exposure and pre-
natal stress alone or in combination, based on the fact that both of these risk factors 
target the HPA axis. Essential for development, DNA methylation is regulated by 
developmental cues and environmental stimuli. It is possible that exposure to 
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environmental toxicants (including lead) and other developmental insults (early 
stress) may be able to alter gene expression and phenotype, in part by modifying the 
epigenome, and inducing (at crucial stages of prenatal or postnatal development) 
epigenetic adaptations that can potentially change behavior as well as disease sus-
ceptibility. If so, such fi ndings will have signifi cant public health risk implications. 
Moreover, when more fully clarifi ed, they will undoubtedly yield critical new 
insights into brain–behavior relationships that set the stage for opportunities for 
prevention and/or intervention. Indeed, as noted above, both lead exposure and 
early stress alone have been reported to produce epigenetic alterations; however, the 
potential interactive effects of Pb and prenatal stress are only now beginning to be 
examined (Anderson et al.  2015 ). How these interactive effects relate to subsequent 
behavioral consequences will also be a subject of much additional research. 

 Unlike genetic changes, epigenetic alterations are potentially reversible (Auger 
and Auger  2011 ; Dolinoy et al.  2007 ), establishing the possibility for therapies for 
conditions, such as the cognitive/behavioral sequelae associated with developmen-
tal lead exposure and early stress, that have been considered permanent. Certain 
drugs and dietary manipulations can remove aberrant hypermethylation to reacti-
vate genes that have been silenced. Alternatively, hypermethylating dietary supple-
ments can potentially reduce the DNA hypomethylation effects of environmental 
toxicants, reversing associated epigenetic effects (Jirtle and Skinner  2007 ). 
Likewise, pharmacological manipulation of posttranslational histone modifi cations 
can potentially reverse environmentally altered histone effects and associated 
behavioral phenotypes (Weaver et al.  2005 ). Thus, although there is signifi cant 
potential for interactive effects of lead and prenatal stress to adversely affect a vari-
ety of cognitive/behavioral/emotional outcomes via epigenetic programming, accu-
mulating evidence suggests that there might be a variety of strategies that could be 
employed to manipulate these environmentally induced epigenetic alterations and 
improve outcomes from environmentally related disorders.      

10.6     Conclusions 

 Understanding of the role of epigenetic alterations in mediating the adverse 
neurodevelopmental impacts of environmental, chemical, and nonchemical stress-
ors will ultimately require assessment of these factors in combination, consistent 
with the realities of the human environment and experience. Moreover, as the 
human environment inevitably includes behavioral experience, the extent to which 
behavioral experience modifi es the epigenetic consequences of these environmental 
risk factors will need to be discerned. We schematically diagram this integrative 
trajectory in Fig.  10.1 . Assessment of epigenetic functions under conditions of com-
bined exposure will assist in understanding cumulative toxicity.

   While such an integrated assessment is a long way off from this early stage of 
our current understanding, the need to reach this goal poses challenging but interest-
ing questions to pursue. These include defi ning pathological vs. healthy epigenetic 

J.S. Schneider and D.A. Cory-Slechta



269

alterations. Such defi nitions could then be used to assist in defi ning appropriate 
intervention strategies. What are healthy vs. toxic behavioral experiences, and do 
these experiences further modify epigenetic profi les, and if so, in what way? Can 
specifi c behavioral experiences be used in interventions that would reverse or 
mitigate damaging epigenetic changes? Can they be used to defi ne resilience to 
environmental stressors?      

    Abbreviations 

    5hmC    5-Hydroxymethylcytosine   
  5mC    5-Methylcytosin   
  Aβ    Amyloid-β   
  AβPP    Amyloid-β protein precursor   
  AD    Alzheimer’s disease   
  ALAD    Aminolevulinic acid dehydratase   
  BACE1    Beta-secretase 1   
  BDNF    Brain-derived neurotrophic factor   
  CNS    Central nervous system   
  CpG    –C–phosphate–G–   
  CRF    Corticotropin-releasing factor   
  DNA    Deoxyribonucleic acid   

  Fig. 10.1    Multiple environmental risk factors known or suspected to produce adverse effects on 
CNS development via epigenetic reprogramming are co-occurring or sequentially occurring in the 
human environment. Importantly, these can include plastic alterations, in accord with the need for 
rapid and dynamic changes in behavior in response to environmental conditions. In the human 
environment, these can include stress, diet, behavioral experience, and environmental chemical 
exposures. When these act on joint biological substrates, it raises the potential for interactive 
effects, especially enhanced adverse effects on subsequent brain and/or behavioral function. A 
clear understanding of how epigenetic profi les are modifi ed by these human environmental condi-
tions will therefore necessitate understanding the interactive effects of such risk factors. The 
importance of the observation that behavioral experiences can modify epigenetic profi les raises the 
possibility that behavioral experiences can be identifi ed that could be used in a therapeutic capacity 
to mitigate adverse condition-generated epigenetic changes       
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  DNMTs    DNA methyltransferases   
  DOPAC    3,4-Dihydroxyphenylacetic acid   
  GR    Glucocorticoid receptor   
  HCY    Homocysteine   
  hESCs    Human embryonic stem cells   
  HPA axis    Hypothalamic–pituitary–adrenal axis   
  IQ    Intelligence quotient   
  NMDA     n -methyl- d -aspartate   
  SES    Socioeconomic status   
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11.1          Evolving Defi nition of Posttraumatic Stress Disorder 

11.1.1      Earliest References   

 Even before the condition was named, references in early Greek literature such as 
the Iliad described symptoms associated with posttraumatic stress disorder (PTSD; 
Turnbull  1998 ). Moreover, Shakespeare described symptoms of PTSD in a 
Midsummer Night’s Dream (Bennet  2011 ). When describing large-scale fi res such 
as the 1666 Great Fire of London, references to the fear and mental anguish related 
to PTSD appear in literature of that time (Turnbull  1998 ). As these references indi-
cate, the symptoms of what ultimately became known as PTSD existed long before 
a term was coined to clearly reference these symptoms.  

11.1.2      Type of  Incidents   

 Notably, the condition continued to increase in incidence particularly following 
periods of war (Iribarren et al.  2005 ). During the Civil War, the term DaCosta’s 
Syndrome described a disorder whose symptoms mirror those of PTSD (DaCosta 
 1871 ). As the incidence of PTSD conditioned to increased following the Civil War, 
the environment was set for coining a name for the term (Iribarren et al.  2005 ). 
In addition to war, the descriptions related to what would ultimately be coined PTSD 
seemed to also be used when describing such traumatic experiences such as railway 
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accidents, which in addition to war constituted the typical traumatic experiences 
occurring within the late nineteenth as well as the early twentieth century (Turnbull 
 1998 ). Currently, the following represent examples of situations that give rise to the 
level of trauma that culminates in the development of PTSD: military combat, sex-
ual assault, natural and human-created disasters, and accidents of a serious nature 
(Ouimette et al.  1998 ).   

11.1.3      An  Evolving Defi nition   

 In 1870, ABR Myers labeled the condition posttraumatic stress disorder (PTSD) as 
fear. In detailing the symptoms of the disorder, Myers described it as an emotional 
state that manifested in persons who surrendered to heightened emotions such as 
fear (Iribarren et al.  2005 ). By the time of the First World War, the public under-
stood that trauma potentially led to symptoms that resulted from physical forces 
exerting force on the central nervous system resulting in a temporary disconnection 
from the normal behavior patterns (Turnbull  1998 ). Upon the release of the 
International Classifi cation of Diseases ninth edition in 1978, the edition included a 
listing of the symptoms of PTSD (Turnbull  1998 ). Turnbull contends that these 
references to the symptoms of PTSD within the 1978 edition marked the precursors 
to the changes to the 1980 edition of the Diagnostic and Statistical Manual of Mental 
Disorders-III-R [Table  11.1 ; DSM-III-R (Turnbull  1998 )].

   Within DSM-III, the  American Psychiatric Association (APA)   defined PTSD 
as an anxiety disorder that occurs after an event that produces psychological 
distress of level that exceeds the range typically experienced (American 
Psychiatric Association  1987 ). Notably, the 1994 APA definition of PTSD 
characterizes the condition as one that involves experiencing intrusive thoughts, 
often manifests itself in flashbacks or night terrors, and results in avoidance as 
well as hyperarousal all of which continue for over a month following a trau-
matic event (Domschke  2012 ). Moreover, the traumatic event involves an 
extreme event in which death occurs, a belief exists that death will occur, the 

   Table 11.1    Evolution of PTSD   

 1870  ABR Meyers labels condition posttraumatic stress disorder and characterizes it as an 
emotional state manifesting in those who surrender to heightened emotions such as 
fear. 

 1978  ICD 9th ed. References symptoms of posttraumatic stress disorder. 
 1987  DSM-III defi nes PTSD as an anxiety disorder occurring after an event producing 

psychological distress exceeding range typically experienced. 
 1994 
DSM 

 Edition notes that PTSD results from intrusive thoughts, often manifested with 
fl ashbacks or night terrors and resulting in avoidance as well as hyperarousal 
extending for more than 1 month following a traumatic event that involves death, 
perceived risk of death, serious injury, or threats to an individual’s physical integrity. 
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occurrence of a serious injury, or a physical threat to the individual’s physical 
integrity (Domschke  2012 ). Ultimately, the 1994  definition also expands the 
definition of PTSD to include those who witnessed rather than directly experi-
enced a traumatic event (Turnbull  1998 ). Such an expansion reflects research 
confirming an increased incidence of PTSD among rescue workers (Alexander 
and Wells  1991 ). 

 Turnbull notes that each subsequent edition of the DMS refl ects an updated defi -
nition based on incorporating research fi ndings (Turnbull  1998 ). Ultimately, such 
fi ndings and the subsequent updates in the defi nition refl ect the fi ndings of research 
done on those involved in wars such as World War II and Vietnam (Turnbull  1998 ). 
Only as of the 1980s did research begin to focus on other types of trauma such as 
rape (Turnbull  1998 ). Following the expansion of the scope of PTSD research, the 
data from the research supported considering PTSD as an appropriate category 
applicable to a range of group suffering from trauma including children victimized 
by abuse, individuals seeking refuge from their home country as well as those 
exploited by violence within their relationships (Turnbull  1998 ). Examples of PTSD 
include terrorist attack, violent crime, military combat, abuse, dire accidents, natu-
ral disasters, or personal assaults of a violent nature (Iribarren et al.  2005 ).   

11.1.4     Overview of PTSD 

 With an understanding of the  defi nition   of PTSD, one can move toward examining 
how the condition actually manifests itself as well as why. When an event rises to 
the level of being considered traumatic, it is by defi nition signifi cantly stressful 
(Iribarren et al.  2005 ). Typically, individuals are innately resilient to stress thereby 
resulting in their body’s automatic ability to restrict increases in corticotrophin-
releasing hormones and corticosterone (CORT), which are induced by stress (Talilaz 
et al.  2011 ). Although a stressful event instigates an array of outcomes of a psycho-
logically emotional nature only in the gravest form does the response to stress rise 
to the level of being diagnosed as a psychiatric disorder occurring because of trau-
matic events (Iribarren et al.  2005 ). Before examining what distinguishes whether 
an individual is able to cope with stress that rises to the level of trauma or not, one 
needs an understanding of the specifi c components involved and an understanding 
of how the response to stress occurs.   

11.2     The Role of the Brain and Its Constituent Limbic 
System in Stress Response 

 When an individual perceives a disturbance either internal or external that moves 
them away from homeostasis, the brain processes the disturbance as stress (Joëls 
 2007 ). Upon the perception of stress, both the brain stem and the areas of the limbic 
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system become active (Joëls  2007 ). As a result of the activation, the information 
relaying the occurrence of stress moves through the hypothalamus to activate two 
systems: the sympathoadrenomedullary system as well as the hypothalamo pituitary 
system that increases levels of adrenaline and cortisol with adrenalin precipitating 
noradrenalin release (Joëls  2007 ). Researchers agree that cortisol represents a means 
of providing energy for the body during the stress response as well as stopping the 
production of macrophages along with other white cells typically triggered in 
response to infl ammation thereby allowing the body to cope with stress (Greenstein 
and Greenstein  2007 ). Meanwhile, adrenaline or  epinephrine   represents one of the 
medullary catecholamines, which include norepinephrine (Everly and Lating  2013 ). 
The medullary catecholamines result in the overall increase of nerve activity and 
extend the sympathetic response of nerves (Everly and Lating  2013 ). 

11.2.1     The Brain: Structures and Functions 

 In terms of overall structure, the brain consists of two  hemispheres   (Glick  2011 ). 
Each hemisphere controls the opposite side of the body (Glick  2011 ). Located 
around each hemisphere is cortex and contains within it neurons or nerve cells 
(Glick  2011 ). In the  posterior   of the brain, the cerebellum contains more neurons 
than other parts of the brain and facilitates motor as well as mental profi ciency 
(Glick  2011 ). Within the  middle   of the brain, the brain stem connects the spinal cord 
to the brain and controls automatic functioning of mechanisms such as breathing 
and blood pressure (Glick  2011 ).  

11.2.2     Frontal Lobes 

 In terms of the lobes of the brain, several lobes exist including the frontal lobe, the 
parietal lobe, the occipital lobe, and the temporal lobe (Glick  2011 ). The  frontal 
lobes   are located at the front of the head immediately behind the forehead and rep-
resent about a third of the total size of the cortex (Glick  2011 ). Frontal lobes control 
the characteristics that together create an individual’s personality (Miller and 
Cummings  2007 ). Notably, distinct areas of the frontal lobe control specifi c aspects 
of behavior (Miller and Cummings  2007 ). The medial frontal area controls motiva-
tion (Miller and Cummings  2007 ). Additionally, the orbitofrontal area manages the 
rule of social convention (Miller and Cummings  2007 ). Moreover, the dorsolateral 
prefrontal area facilitates the planning of which actions to take and represents an 
ability akin to executive functioning (Miller and Cummings  2007 ). Within specifi c 
regions of the frontal lobes, the ability to speak, learn languages, executive abilities, 
basic neurological functions, and the ability to get along with others on a social 
level are all handled by the frontal lobes (Miller and Cummings  2007 ).  
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11.2.3       Prefrontal Cortex   

 Additionally, the frontal lobes include within them the prefrontal cortex (Glick 
 2011 ). In terms of a more specifi c location, the prefrontal cortex represents the part 
of the cerebral cortex receiving projections coming from the thalamus’ mediodorsal 
nucleus (Fuster  2015 ). In terms of functioning, the prefrontal cortex manages exec-
utive functions including solving problems, critical thinking, and overall creativity 
(Glick  2011 ). Moreover, the prefrontal cortex serves to store short-term memory 
(Kane and Engle  2002 ).   

11.2.4     Medial Prefrontal Cortex 

 References to the  medial prefrontal cortex   indicate the middle wall of the anterior 
frontal lobes (Koenigs and Grafman  2009 ). Composed of the anterior cingulate cor-
tex, subcallosal cortex, and medial frontal gyrus, the medial prefrontal cortex func-
tions in extinguishing the conditioning of fear and retaining the conditioning as 
extinguished (Milad and Quirk  2002 ; Morgan et al.  1993 ). Moreover, the medial 
prefrontal cortex communicates with the amygdala through densely packed white 
matter (Koenigs and Grafman  2009 ).  

11.2.5       Parietal Lobes   

 Located across the top portion of the forehead in the middle lobe of the cerebrum, 
the parietal lobe is comprised of the postcentral gyrus and superior and inferior 
parietal lobes (Jacobson and Marcus  2008 ). In terms of functionality, the parietal 
lobe furthers integration of sensory information about the environment including 
processing information visually and spatially; functionally, this allows individuals to 
understand their physical space in terms of things surrounding them (Glick  2011 ). 
Functionally, what function the parietal lobe controls depends on which side the 
lobe is located with each controlling distinct functions (Jacobson and Marcus  2008 ). 
Hence, the left parietal lobe controls spatial language that allows an individual to 
communicate about spatial concepts while the right parietal lobe controls body 
imagery (Jacobson and Marcus  2008 ).   

11.2.6     Occipital Lobes 

 Located at the back of the head, the occipital lobes represents the area of the brain 
responsible for processing what an individual sees including the ability to distin-
guish between shapes and colors (Glick  2011 ). Within the  occipital lobe  , several 
distinct areas exist including the striate or primary visual cortex and the extrastriate, 
which is also known as the association visual cortex (Hale and Fiorello  2004 ). 
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Essentially, the primary visual cortex obtains the information by way of the visual 
pathways and then transmits that information to the association visual cortex to 
have it begin interpretation (Hale and Fiorello  2004 ).  

11.2.7      Temporal Lobes 

 Located near the temples, the  temporal lobes   manage language, process what we 
hear, and operationalizes memory (Glick  2011 ). Overall, the temporal lobe facili-
tates memory movement from short-term memory to working memory (Glick 
 2011 ). Moreover, the temporal lobes control the ability to remember an event 
known as episodic memory along with the memory related to remembering facts 
and fi gures known as declarative memory (Glick  2011 ). In terms of the left tempo-
ral lobe, the lobe typically facilitates verbalization and comprehension of language 
(Glick  2011 ). In terms of the right temporal lobe, the lobe facilitates the under-
standing of vocal tone and overall vocal subtleties (Glick  2011 ).   

11.2.8     Pituitary Gland 

 Located immediately beneath the hypothalamus, the  pituitary gland   controls other 
endocrine organs (Schoenberg and Scott  2011 ). Notably, neurons from the hypothala-
mus extend directly into the pituitary gland, and the hypophyseal nerve tract forms 
from 100,000 axons (Nussey and Whitehead  2001 ). The pituitary gland works with 
the hypothalamus and the adrenal gland to control the body’s response to stress 
(Adinoff et al.  1998 ). Specifi cally, the pituitary gland represents the location where 
CRH (corticotropin-releasing hormone) and arginine vasopressin (AVP) work together 
to achieve the release of adrenocorticotropic hormone (ACTH), which upon reaching 
the adrenal cortex works to achieve cortisol secretion (Adinoff et al.  1998 ).  

11.2.9       HPA Axis 

 In response to stress, both the sympathetic nervous system and the HPA 
(hypothalamo- pituitary-adrenal)  axis      become active (Stratakis and Chrousos  2006 ). 
Along with the adrenal and hypothalamus, research indicates that the 
hypothalamus–pituitary–adrenal (HPA) axis plays a role in mood disorders 
(Schoenberg and Scott  2011 ). Upon activation of the HPA axis, the neurons located 
in the parvocellular division of the paraventricular nucleus (PVN) regulate the 
secretion of peptide corticotropin-releasing hormone (CRH) (Al’Absi  2007 ). Once 
the CRH peptide releases into the adenohypophyseal portal circulation, CRH inter-
acts with receptors on the anterior pituitary corticotropin, thereby synthesizing 
proopiomelanocortin (POMC), a forerunner protein, broken down using water into 
smaller active peptides including beta endorphin and adrenocorticotropin (ACTH) 
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(Al’Absi  2007 ). Once the ACTH reaches the adrenal gland through circulation, 
adrenocorticosteroids such as glucocorticoids and cortisol, which are secreted from 
the adrenal cortex, are formed (Al’Absi  2007 ). Notably, the HPA axis works differ-
ently in adults who were the victims of trauma in childhood (Heim et al.  2008 ).    

11.2.10      Cellular Brain   

 Understanding how the brain functions requires an understanding of the cells within the 
brain or cellular brain, which represent all the cells of the brain (Glick  2011 ). Different 
kinds of brain cells exist including neurons and glia (Glick  2011 ). While neurons inter-
act via electrochemical means, the glia supports the structure and care for the neurons 
(Glick  2011 ). Moreover, neurons represent self-contained units, of which 100 billion 
exist within the brain, comprised of the cell body, dendrites, and the axon (Glick  2011 ). 
In terms of functionality, the dendrites accept incoming information, and the axon 
transmits information outward (Glick  2011 ). To facilitate enhanced processing speed, 
myelin wraps around the axon and also serves as a means of insulation (Glick  2011 ).  

11.2.11     The Limbic System: Structures and Functions 

 Although there is no agreement in terms of the structures that are parts of the limbic 
system, certain regions of the brain are considered part of the limbic system includ-
ing the limbic cortex, the hippocampal formation, amygdala, septal area, and hypo-
thalamus (RajMohan and Mohandes  2007 ). Together, these regions work to control 
emotion (RajMohan and Mohandes  2007 ).  

11.2.12     Limbic Cortex 

 In terms of location, the  limbic cortex   is located by the margin also known as the 
limbus of the cortical mantle (Ravoso and Dagosto  2007 ). The limbic cortex con-
sists of the cingulate gyrus and the parahippocampal gyrus (RajMohan and 
Mohandes  2007 ). Research has shown that the cingulate cortex controls the pro-
cessing of emotional and social information (Hadland et al.  2003 ).  

11.2.13     Cingulate Gyrus 

 In terms of location, the  cingulate gyrus   is located immediately above the middle of 
the surface of the ventromedial prefrontal cortex (Lovallo  2005 ). The cingulate 
gyrus works with the prefrontal cortex in formulating thoughts necessary for the 
individual to select a particular choice (Lovallo  2005 ).  
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11.2.14       Hippocampus   

 In terms of location, the hippocampus is located within the medial temporal lobe (Purves 
et al.  2001 ). The hippocampus consists of two parts the Ammon’s horn and the dentate 
gyrus (Andersen et al.  2007 ). Scientists typically defi ne the hippocampus in terms of the 
CA fi elds (CA3, CA2, and CA1) identifi ed by Lorente de No (Andersen et al.  2007 ). 
Interestingly, stimulating the hippocampus results in changes both respiratory and car-
diovascular in nature, as well as changes in movement (Jacobson and Marcus  2008 ).   

11.2.15     Hippocampal Formation 

 Located within the temporal lobe, the  hippocampal formation   functions primarily to 
facilitate the creation of memories and spatial navigation (Schoenberg and Scott 
 2011 ). Included in the structures of the hippocampal formation are the dentate 
gyrus, subiculum (e.g., subicular complex), presubiculum, parasubiculum, and 
entorhinal cortex (Andersen et al.  2007 ; RajMohan and Mohandes  2007 ).  

11.2.16      Subicular Complex 

 Notably, the  subicular complex   is composed of the presubiculum, the parasubicu-
lum, and the subiculum (RajMohan and Mohandes  2007 ). The subiculum represents 
the transitional area located between the entorhinal cortex and the hippocampus 
(RajMohan and Mohandes  2007 ). Research shows that the subicular complex has a 
role in a variety of neurological diseases including Alzheimer and epilepsy (Ding 
 2013 ). Moreover, it also serves as an important function within the memory system 
that occurs in the medial temporal area (Ding  2013 ).   

11.2.17     Dentate Gyrus 

 The  dentate gyrus   functions as part of the hippocampus and represents one of the few 
areas for the formation of new neurons (e.g., neurogenesis), which results in improve-
ments to spatial memory attributable to this structure (Nakashiba et al.  2012 ). In 
terms of functionality, the dentate gyrus has several functions including helping to 
form new memories and making decisions based on spatial perception (Kee et al. 
 2007 ). Researchers have hypothesized that the process of neurogenesis may be part 
of the processes aimed at controlling the symptoms related to stress as well as 
depression (Surget et al.  2011 ). Surget et al. noted that their research found that mild 
stress both reduced neurogenesis and decreased the body’s ability to respond to the 
primary stress hormone ( 2011 ).  
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11.2.18      Amygdala 

 Within the anterior lobe of each hemisphere of the brain, the  amygdala   constitutes a 
collection of nuclei that projects to those areas located in the brain stem as well as 
in regions of the hypothalamus responsible for controlling how the body reacts in 
response to emotion (Koenigs and Grafman  2009 ). On the medial side of the tem-
poral lobe in front of the hippocampi, somatosensory areas send the amygdala infor-
mation for processing emotional conditions and references memory with emotional 
functioning (Schoenberg and Scott  2011 ). In essence, the amygdala serves as part of 
a responsive system to emotions providing a means for avoiding danger by com-
municating information between the prefrontal cortex and the hypothalamus 
(Pastorino and Doyle-Portillo  2013 ; RajMohan and Mohandes  2007 ).   

11.2.19      Hypothalamus   

 Located near the base of the brain, the hypothalamus serves as the means of main-
taining homeostasis or the equilibrium of the systems of the body (Schoenberg and 
Scott  2011 ). In order to achieve homeostasis, the hypothalamus links the nervous 
and endocrine systems, both of which regulate proper body functioning (Schoenberg 
and Scott  2011 ). In addition to controlling the autonomic nervous system to regulate 
breathing, blood pressure, and heart rate along with temperature, the hypothalamus 
also uses chemicals sent to the pituitary gland, which is located immediately below 
the hypothalamus, to increase or decrease hormone release (Schoenberg and Scott 
 2011 ). Among the processes regulated by the hypothalamus are blood sugar levels, 
sleep cycles, thirst, hunger, 24-h rhythms, energy levels, and emotions (Schoenberg 
and Scott  2011 ). Moreover, the hypothalamus regulates fear and rage reaction 
(Schoenberg and Scott  2011 ).  

11.2.20      Septal Area 

 Behind the commissure, the  septal area   is comprised of gray matter and connects to 
the hippocampus by way of the fornix (RajMohan and Mohandes  2007 ). Despite the 
existence of research focused on the area, the function of this area remains unclear 
(Melillo and Leisman  2004 ). However, the term septal syndrome describes a condi-
tion related to the damage of the area, which manifests in terms of overreaction to a 
majority of stimuli of the environment resulting in rage, as well as changes in sex-
ual, eating, and hydration patterns of behavior (Melillo and Leisman  2004 ). Other 
studies indicate that septal lesions impair allocentric functionality (Noonan, Penque, 
Axelrod  1996 ). Hence, in the Noon, Penque & Axelrod study, the rats being tested 
who developed septal lesions lacked the ability to use their internal mapping system 
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as a means of location (1996). Generally, most of the functions of the septum appear 
to be connected to the hippocampus and secondarily to the amygdala and hypo-
thalamus (Melillo and Leisman  2004 ).    

11.3     Nervous System: Structures and Functions 

 To place the nervous system into context, one needs to understand that the nervous 
system represents the broad network of the neurons within the human body 
(Pastorino and Doyle- Portillo  2013 ). Within the overall nervous system, two sub-
systems exist: the central nervous system ( CNS  ) and the peripheral nervous system 
( PNS  ) (Brodal  2010 ). In terms of function, the nervous system controls how our 
body functions and how we behave (Pastorino and Doyle-Portillo  2013 ). 
Understanding its function facilitates ultimately understanding its role in PTSD. 

11.3.1     Central Nervous  System      

   The brain and the spinal cord comprise the components of the central nervous 
system (Brodal  2010 ). The central nervous system uses neurons to quickly trans-
mit electrical charges known as nerve impulses within the system or between 
itself and the organs in other body systems (Brodal  2010 ). To convey chemical 
signals from one neuron to another, neurotransmitters serve as the facilitating 
substance released when a neuron reaches a synapse or the area in between the 
axon and the next neuron (Brodal  2010 ). Hence, the central nervous system 
receives information from the sense organs and transmits it throughout the body 
and represents the fi rst step in the process of responding to stress (Van Der Kolk 
and Saporta  1991 ).    

11.3.2       Peripheral Nervous  System      

11.3.2.1    Parts of the Peripheral Nervous System 

 Meanwhile, the peripheral nervous system represents all the parts of the nervous 
system that do not constitute a part of the central nervous system (Pastorino and 
Doyle-Portillo  2013 ). Notably, two distinct systems comprise the peripheral nervous 
system: the somatic nervous system and the autonomic nervous system (Pastorino 
and Doyle-Portillo  2013 ). The somatic nervous system controls actions that are vol-
untary, which require conscious thought in order to occur, along with controlling 
how the senses function (Pastorino and Doyle-Portillo  2013 ). Meanwhile, the auto-
nomic nervous system controls organ functions, which represent an involuntary pro-
cess (Pastorino and Doyle-Portillo  2013 ). Notably, the autonomic nervous system 
divides into two additional systems known as parasympathetic nervous system and 
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the sympathetic nervous system (Pastorino and Doyle-Portillo  2013 ). In terms of 
function, the parasympathetic nervous system manages how organs function when 
an individual is calm (Pastorino and Doyle-Portillo  2013 ). Conversely, the sympa-
thetic nervous system controls how organs function during times of stress by con-
trolling the mechanism that determines if an individual reacts to stress by fi ghting 
or fl eeing (fl ight) (Pastorino and Doyle-Portillo  2013 ).  

11.3.2.2     Purpose of the Peripheral Nervous System 

 In terms of overall purpose, the peripheral nervous system performs two functions: 
transmitting updates to the central nervous system and following directions pro-
vided to it by the central nervous system (Pastorino and Doyle-Portillo  2013 ). 
Within the peripheral nervous system, the sensory neurons focus on carrying visual 
information to the brain and provide the central nervous system with updates on 
ongoing occurrences external to the body, including what is seen and heard as well 
as relaying the status of internal functions such as pain (Pastorino and Doyle-Portillo 
 2013 ). After the central nervous system receives the updates, the information moves 
across interneurons or nerve cells focused on only participating in processing infor-
mation on a local basis (Purves et al.  2001 ). Subsequently, the interneurons focus on 
examining information from the brain for processing and allow the brain to process 
the information (Pastorino and Doyle-Portillo  2013 ). In terms of the second func-
tion, the motor neurons, which represent a component of the motor pathways aimed 
at transporting information out from the brain within the peripheral nervous system, 
direct information to muscles from the central nervous system (Pastorino and 
Doyle-Portillo  2013 ).     

11.3.3      The Nervous System Response to  Stress   

 Activation of the sympathetic nervous system occurs after an individual recog-
nizes a stressor (Pastorino and Doyle-Portillo  2013 ). Notably, what constitutes 
stress includes not only events that threaten but also those events that an indi-
vidual perceives as threatening (Weinstock  2005 ). Once the level of stress that the 
organism can adapt to is exceeded, the stress response occurs (Cohen et al.  2002 ). 
To respond to the stressor and allow the individual to cope properly with stress in 
order to reestablish homeostasis, several systems in the body work together 
(Al’Absi  2007 ). To facilitate the coping mechanisms responsive to stress, the 
sympathetic nervous system functions with the endocrine system that regulates 
hormones (Pastorino and Doyle-Portillo  2013 ). As a result of this collaboration, 
the adrenal gland releases adrenalin and corticosteroids (Pastorino and Doyle-
Portillo  2013 ). 

 Once released, the body transports both the adrenalin and corticosteroid hor-
mones to each of the major organs (e.g., liver, heart, and lungs) in order to prepare 
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the body to either fi ght or fl ee (i.e., fl ight) (Pastorino and Doyle-Portillo  2013 ). As a 
result of the infl ux of these two hormones, individuals experience increased heart 
rate, blood pressure, lung expansion, and the release of sugar by the liver to provide 
the energy needed for a response (Pastorino and Doyle-Portillo  2013 ). Meanwhile, 
the brain engages the pituitary gland in order to have it release endorphins to  naturally 
diminish pain (Pastorino and Doyle-Portillo  2013 ). Notably, the use of resources 
continues for the duration of the individual’s exposure to the stressor, and upon 
elimination of the stressor, the sympathetic nervous system discontinues release of 
stress hormones thereby allowing the body to return to parasympathetic mode, which 
involves calm as well as relaxation (Pastorino and Doyle-Portillo  2013 ). 

11.3.3.1    General Adaptation Syndrome 

 In terms of how stress occurs, Hans Selye defi ned the three phases known as general 
adaptation syndrome that occur following the identifi cation of a stressor (Selye 
 1950 ). The fi rst phase known as the alarm reaction represents what transpires as the 
body reacts by releasing chemicals in response to a stressor (Selye  1950 ). However, 
as a result of the release of chemicals, the resistance of the body decreases (Selye 
 1950 ). Subsequently, the resistance stage occurs and enables the body to reinforce 
added resources to enable the individual to cope with the stressor (Selye  1950 ). 
Finally, upon persistence of stressors, the exhaustion stage occurs, and as a result of 
diminished resources, functioning occurs at less than optimal levels (Selye  1950 ).    

11.3.4       Cortisol Level Changes   Attributable to Stress 

 As a whole, stress disorders represent conditions that create pressure within the 
system of a person that exceed their coping abilities, including individual abilities, 
family support, group support, or community support (Lazarus and Folkman  1984 ). 
Such pressures result from stress that represents a risk to the body’s ability to remain 
at homeostasis or in balance (De Kloet et al.  2006 ). Stress changes the level of many 
hormones including glucocorticoids, catecholamines, growth hormone, and prolac-
tin (Ranabir and Reetu  2011 ). 

 Cortisol represents the primary glucocorticoid involved in the stress response 
(Ranabir and Reetu  2011 ). Some studies indicate that increased levels of cortisol 
result from stress disorders, while others indicate decreased levels of cortisol (Miller 
et al.  2007 ). This variation in cortisol levels appears to be attributable to a depletion 
in cortisol levels in those suffering from long-term stress (Miller et al.  2007 ) 

 PTSD represents a condition that remains unique among psychologically based 
conditions given that the trauma necessitates a stressor to manifest itself (Copeland 
et al.  2007 ). Because the response to fear is altered in those with PTSD, researchers 
initially examined the role played by the brain, chemicals, and hormones relative to 
fear in order to identify the systems within the individual that function in PTSD 

J.S. Lewis



291

development (Yehuda et al.  2011 ). As a result of these studies, researchers ulti-
mately determined that PTSD did not elicit the elevated levels of cortisol typically 
associated with stress disorders (Yehuda et al.  2000 ). After considering the low cor-
tisol levels exhibited in those with PTSD in conjunction with the fact that PTSD 
only occurs in some of those exposed to trauma, research began to transition toward 
examining the connection between PTSD and genetics as a means of explaining this 
variation in susceptibility (Yehuda et al.  2011 ). Given that long-term exposure to 
stress results in lower cortisol levels, the levels of  cortisol measured in the studies 
aligns with that which would be expected based on the chronic nature of PTSD.   

11.3.5       Allostatic Load   

 Stress can occur for varying periods of time: short and long periods. Since homeostasis 
occurs within a very narrow range of levels, changes that exceed those levels require 
allostatic regulation in order to restore homeostasis (McEwen and Stellar  1993 ). 
Notably, heart damage and decreased functioning of the immune system occur as a 
result of over exposure to high levels of adrenalin and corticosteroid across a pro-
tracted period of time due to chronic stress (Pastorino and Doyle-Portillo  2013 ). 
Such damage represents the allostatic load that occurs due to exposure and fl uctua-
tion over long periods (McEwen and Seeman  1999 ). Though initially the release of 
mediators (e.g., cortisol, catecholamines, and DHEA-S) results in positive out-
comes, long-term exposure to these same mediators can result in disease (McEwen 
and Seeman  1999 ; McEwen and Stellar  1993 ). Hence, research shows that pro-
tracted periods of stress weaken the immune system thereby placing the body at an 
increased risk of falling prey to disease.   

11.3.6       Toxic Stress and Children   

 Events involving stress can be tolerated or even positive in nature (National 
Scientifi c Council on the Developing Child  2014 ). What constitutes trauma varies 
across different groups (Nelson  1996 ). However, a child’s health development 
depends on the natural occurrence of stress (National Scientifi c Council on the 
Developing Child  2014 ). 

 Different levels of stress exist including positive, tolerable, and toxic stress 
(National Scientifi c Council on the Developing Child  2014 ). Positive stress 
results when stress occurs in moderation and represents a normal component of 
everyday life (National Scientifi c Council on the Developing Child  2014 ). 
During positive stress, brief changes deviating away from homeostasis occur 
such as a change in the stress hormone (National Scientifi c Council on the 
Developing Child  2014 ). Meanwhile, the National Scientifi c Council on the 
Developing Child defi nes tolerable stress as stress that could negatively affect 
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brain architecture but due to the fact that it occurs over short periods of time fails 
to rise to the level necessary to create long-term negative effects ( 2014 ). 
According to the American Academy of Pediatrics, toxic stress in children occurs 
when stress is severe and occurs frequently thereby extending over the course of 
long periods during which the stress response is activated without adequate sup-
port from an adult (Garner et al.  2011 ). Typical scenarios for the occurrence of 
toxic stress include physical or emotional abuse, neglect that occurs chronically, 
being exposed to violence, substance or mental abuse perpetrated by their care-
giver, or economic hardship (Shonkoff et al.  2009 ). As a result of toxic stress, 
how the brain and other organ systems develop may change thereby increasing 
the potential for stress-related disease and cognitive impairment that lasts in 
adulthood (Johnson and Thompson  2007 ). Moreover, those children who lack 
parental support either by way of being a ward of the state or harmful treatment 
at the hand of their families become at risk for disorders relative to emotional 
along with attention regulation (Loman et al.  2010 ). Research shows that chronic 
abuse results in changes in the brain, especially early during sensitive develop-
ment periods (National Scientifi c Council on the Developing Child  2014 ). Such 
changes exponentially increase the potential for the development of physical and 
mental illnesses attributable to stress (Shonkoff et al.  2009 ). A discussion of 
what research indicates in terms of the extent of such changes is examined within 
the section labeled neurobiology and PTSD.    

11.4     Overall Prevalence of Posttraumatic Stress Disorder 

 As a greater awareness of those affl icted with the condition occurred, researchers 
began examining demographics regarding the prevalence of the condition 
(Jayawickreme et al.  2012 ). Within a context of many studies trying to identify the 
root cause of PTSD, researchers examined large populations to see if a pattern of 
prevalence served as a means of explaining why the condition occurs (Jayawickreme 
et al.  2012 ). As a result, references to prevalence exist within many studies 
(Jayawickreme et al.  2012 ) As one such study noted, 75 % of the American popula-
tion experienced a traumatic situation in their lifetime (Jayawickreme et al.  2012 ). 
Yet, the same study noted that only 6.7 % of the 75 % developed posttraumatic 
stress disorder (Jayawickreme et al.  2012 ). 

 Signifi cant information about prevalence stemmed from the  US National 
Comorbidity Survey   that occurred from February 2001 to April 2003 (Kessler et al. 
 2004 ). According to data from the US National Comorbidity Survey, an estimated 
7.7 million Americans aged 18 and above suffer from PTSD (Kessler et al.  2005b ). 
Moreover, the National Comorbidity Survey also indicated an average onset of 
PTSD in those aged 23 (Kessler et al.  2005a ). Overall, 1 in 12 individuals suffer 
from PTSD within their lifetime (Kessler et al.  1995 ). Hence, in excess of one-third 
of those suffering from PTSD do not recover despite the passage of several years 
(Kessler et al.  1995 ). 
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11.4.1      Comparing Prevalence Between the  United States 
and Germany   

 When the National Institute of Mental Health conducted the last National 
Comorbidity Survey Replication (NCS-R) in 2005, researchers determined that 
PTSD occurred to 3.5 % of the US population (Kessler et al.  2005a ). Moreover, 
those researchers estimated lifetime PTSD prevalence at 7 % (Kessler et al.  2005b ). 
However, a similar study of data from Germany indicated a much lower prevalence 
of 2.3 % (Maercker et al.  2008 ). Rather than trying to explain this signifi cant difference 
in data relative to the same condition resulting from the study population being from 
different countries, researchers instead attributed the variation to other factors 
(Schmidt et al.  2013 ). One study contended that the prevalence in PTSD represents 
the difference within the groups of persons being studied (Schmidt et al.  2013 ). 
Meanwhile, other researchers identifi ed specifi c factors affecting those suffering 
from PTSD as contributors to increased prevalence (Mollica et al.  1998 ). The num-
ber of traumatic events experienced represents one such event contributing to an 
increased prevalence of PTSD (Mollica et al.  1998 ). Similarly, the intensity of the 
stress involved in the traumatic incidence contributes to an increased prevalence of 
PTSD occurring (Mollica et al.  1998 ).   

11.4.2     Prevalence  by Group   

 With regard to the prevalence within specifi c groups, several studies occurred aiming 
to identify the degree to which certain groups developed PTSD. Research examined 
a variety of groups seeking to determine if any one group had a higher prevalence 
overall. Moreover, researchers sought to identify the exact prevalence that applied to 
each group as delineated more specifi cally in the sections that follow.  

11.4.3      Prevalence  in Children and Adolescents   

 Research conducted relative to children suffering from PTSD indicated that approx-
imately 5 million children in the United States face exposure to a traumatic stressor 
and of those in excess of 30% develop PTSD, which manifests across demographic 
lines (Perry and Azad  1999 ). Moreover, responses to the National Comorbidity 
Survey-Adolescent Supplement NC-A fi ndings indicate a 22.2 % prevalence of a 
mental disorder (Merikangas et al.  2010 ). However, a study of prevalence in adoles-
cents compared to children (i.e. those under age 13) found that adolescents experi-
enced a higher prevalence of PTSD than they experienced major depression 
following a trauma when compared to the children in the study (Cuffe et al.  1998 ).   
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11.4.4     Prevalence  in Veterans   

 Research on veterans varied in prevalence. A study inclusive of veterans from Korea 
and Vietnam resulted in a determination of prevalence of PTSD at a rate of 24 % 
overall (Blake et al.  2006 ). A study of Gulf War veteran resulted in a fi nding of 
3.3 % prevalence of minimal PTSD as opposed to 6.1 % moderate PTSD (Kang 
et al.  2003 ). Moreover, Kang et al. also found increasing levels of high level PTSD 
along with symptoms similar to chronic fatigue in those experiencing multiple 
military service tours involving combat with prevalence within those groups rang-
ing from 7 % for those with no combat exposure to 22.6 % for those who saw some-
one die during their tour (Kang et al.  2003 ). Although this is less than those veterans 
in the prior study, such a small decrease may be the result of the addition of chronic 
fatigue as a compound condition.  

11.4.5      Prevalence Based on  Gender   

 In terms of gender, researchers have examined the degree to which PTSD preva-
lence differs based on the gender of the individual (Pastorino and Doyle-Portillo 
 2013 ). As a result of such research, Tolin and Foa reviewed 25 years of research and 
identifi ed a pattern indicative of a higher level of females developing PTSD follow-
ing trauma ( 2006 ). In theorizing on the explanation behind these phenomena, Tolin 
and Foa observed that this may be the result of the types of trauma women experi-
ence, which may be more severe in nature ( 2006 ). Moreover, they noted that prior 
research had shown an increased prevalence of PTSD if rape was involved in the 
traumatic experience (Kessler et al.  1995 ). Similarly, higher rates of PTSD occurred 
when combat was involved in the traumatic situation (Weiss et al.  1992 ). Based on 
these increased incidence of PTSD in incidents involving both rape and combat, 
Tolin and Foa proposed that in both situations a higher number of female partici-
pants might be involved ( 2006 ). 

11.4.5.1     Increased Prevalence in Women 

 To understand this increased prevalence of women developing PTSD despite men 
being exposed to trauma to a higher degree, researchers examined a variety of 
potential factors (Tolin and Foa  2006 ). One study examined sexual abuse either in 
childhood or as an adult (Tolin and Foa  2006 ). However, data indicated that men 
remained more likely to experience an event of a traumatic nature (Tolin and Foa 
 2006 ). When comparing both genders relative to the same types of trauma, women 
continued to experience higher rates of PTSD (Tolin and Foa  2006 ). 

 Research performed also found retention of more vivid memories in women if 
the event was a negative emotional event (Seidlitz and Diener  1998 ). Moreover, 
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research also indicated that men do not experience the same degree of emotion as 
women in the face of PTSD (Tolin and Foa  2006 ). Hence, there do appear to be 
biological factors in play based on how the feminine gender reacts that increases 
their potential for developing PTSD after a traumatic event. 

 Yet, to date, no defi nite explanation of what results in higher incidence of PTSD 
in women have been identifi ed (Tolin and Foa  2006 ). Rather, a variety of potential 
explanations exist (Tolin and Foa  2006 ). Included among the explanation are 
gender- based predisposition to PTSD and research indicates an overall susceptibil-
ity of women to specifi c mental disorders (Kessler et al.  1993 ). Clearly, there is more 
to learn in terms of what factors result in an increased propensity for women to 
develop PTSD to a larger degree than men even when faced with similar types of 
traumatic events.    

11.4.6      Prevalence  of Childhood Trauma   

 As the data indicates, exposure of children to the stressors typically associated 
with development of trauma represents a common occurrence (Kaffman  2009 ). 
According to the data from the United Nations, sexual victimization occurs to 
one in four girls and one in fi ve boys (Tolin and Foa  2006 ). More recent data 
regarding victimization indicates that girls were more likely to be victimized at 
a rate of 9.5 per 1000 girls as compared to 8.7 per 1000 for boys (U.S. Department 
of Health and Human Services Children’s Bureau -Administration on Children, 
Youth and Families, Administration for Children and Families  2012 ). 

 Moreover, ethnicity also appears to factor into prevalence. Data regarding eth-
nicity indicates that African American children have a greater chance of being 
victimized at a rate of 14.2 per 1000 children (U.S. Department of Health and 
Human Services Children’s Bureau -Administration on Children, Youth and 
Families, Administration for Children and Families  2012 ). On the other end of the 
spectrum, Asian children had a 1.7 rate of victimization. Meanwhile, American 
Indian/Alaskan Natives exhibited a 12.4 rate of victimization, but Pacifi c Islanders 
experienced a rate of 8.7. Finally, Hispanics exhibited a rate of 8.4 as compared to 
non-Hispanic Whites who had a rate of 8. Comparitively, multiracial children 
exhibited a higher victimization rate of 10.3 (U.S. Department of Health and 
Human Services Children’s Bureau -Administration on Children, Youth and 
Families, Administration for Children and Families  2012 ). 

 According to the U.S. Department of Health and Human Services 2012 report, 
child protective agencies across the United States receive approximately 3.4 million 
referrals related to childhood abuse or neglect. In terms of breaking down the inci-
dence into subgroups, the data indicate that 686,000 children experienced maltreat-
ment and 78 % suffered from neglect (U.S. Department of Health and Human 
Services Children’s Bureau -Administration on Children, Youth and Families, 
Administration for Children and Families  2012 ). Of those suffering from a type of 
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abuse, 18 % suffered from physical abuse and 9 % suffered from sexual abuse. 
Meanwhile, the remaining 11 % suffered from other forms of maltreatment such as 
emotional abuse or threatened abuse, consequences related to a parent’s drug abuse, 
or overall lack of supervision (U.S. Department of Health and Human Services 
Children’s Bureau -Administration on Children, Youth and Families, Administration 
for Children and Families  2012 ). Further illustrating the incidence of child abuse, 
researchers determined that twice as many women suffered child abuse than were 
raped (Fikelhor et al.  1990 ). 

 Although these represent signifi cantly large fi gures, some researchers contend 
that they underrepresent the extent of child maltreatment occurring (Finkelhor 
et al.  2009 ). Such a contention results from other research including a study that 
was not conducted by child protection services; in that study, the data revealed a 
lifetime prevalence rate of one in four children experiencing one of the various 
types of maltreatment (Finkelhor et al.  2009 ).   

11.4.7      Prevalence Rates of  Comorbid Conditions   

 Some conditions occur to a higher degree in those with PTSD. Comorbidity repre-
sents separate clinical conditions that coexist or occur while a patient is being 
treated for another condition (Feinstein  1970 ). If an individual develops PTSD, the 
likelihood of developing an addiction or vice versa appears to be between 35 and 
50 % (Brown et al.  1995 ; Mills et al.  2005 ). Moreover, those with PTSD typically 
also have at least one other mental disorder (Brady et al.  2000 ). In fact, a substan-
tial number of PTSD sufferers have been diagnosed with three or more psychiatric 
diagnoses (Brady et al.  2000 ). Typically, the most common types of comorbid 
conditions include anxiety, substance abuse, and other anxiety-related disorders 
(Brady et al.  2000 ).   

11.4.8     Diminished Quality of Life and  Disability   

 Researchers documented a correlation between PTSD diminishing quality of life 
and a disability that lasted long term (Sareen et al.  2007 ). Another study demon-
strated a higher prevalence of disability at a rate that exceeded the rate of PTSD 
(Marshall et al.  2001 ). Moreover, a 1997 study examined the relationship between 
PTSD, functioning, and quality of life in Vietnam veterans and found that those 
with PTSD suffered from signifi cantly worst quality of life outcomes (Zatrick et al. 
 1997 ). Similarly, a 2009 study examined quality of life data on veterans of the Iraq 
wars and determined that though the PTSD they experienced lasted for a shorter 
length than Vietnam veterans the diminished functioning and decreased quality of 
life remained just as likely to occur to them (Schnurr et al.  2009 ).  
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11.4.9       Suicidal Behavior   

 Research also consistently demonstrated a higher incidence of suicidal behavior 
associated with PTSD (Selaman et al.  2013 ). One study found that PTSD increased 
suicidal ideations (Krysinska and Lester  2010 ). However, the same study noted that 
their review of 50 research articles failed to prove that research to date indicated a 
connection between PTSD and completed suicide (Krysinska and Lester  2010 ). 
Notably, the researchers highlighted several other factors that may impact the rela-
tionship between PTSD and suicidal behavior including the existence of a psychiat-
ric condition prior to the trauma as well as a coexisting depression (Krysinska and 
Lester  2010 ).   

11.4.10      Psychiatric Conditions   

 Researchers recognize that comorbidity exists between PTSD and other psychiatric 
conditions (Vaccarino et al.  2014 ). In fact, research indicates that those with PTSD 
typically suffer from one of the following psychiatric disorders: depression, sub-
stance abuse, and anxiety (Brady et al.  2000 ). In fact, a signifi cant percent suffer 
from three or more diagnoses related to psychiatry (Brady et al.  2000 ). Meanwhile, 
other research has focused on determining the degree to which PTSD increases the 
prevalence of other types of conditions.  

11.4.11       Drug Use   

 Various studies identifi ed a connection between PTSD and drug use (Stine and 
Kosten  1995 ; Brown and Wolfe  1994 ). One study indicated that PTSD increases the 
prevalence of cannabis use disorder in adolescents: those with PTSD exhibited three 
times the prevalence of  cannabis use disorder (CUD)   (Cornelius et al.  2010a ). In 
fact, a study of teens diagnosed with CUD also indicated a correlation between 
PTSD and CUD (Cornelius et al.  2010b ). Moreover, various studies indicated 
increased prevalence of PTSD among those who suffer from substance abuse 
(Brown et al.  1995 ; Stewart  1996 ). Hence, substance abuse represents a comorbid 
condition to PTSD.   

11.4.12       Insulin Resistance   

 Other researchers continue to focus on research related to a potential connection 
between PTSD and insulin resistance Type-2 diabetes (Vaccarino et al.  2014 ; Boyko 
et al.  2010 ). One study focused on determining if a connection exists between those 
suffering from self-reported diabetes and their development of PTSD (Goodwin and 
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Davidson  2005 ). However, the research did not indicate what caused the link 
between diabetes and PTSD (Goodwin and Davidson  2005 ). 

 In addition to studies focused on diabetes, researchers also focused on other 
conditions. Another study found a correlation between PTSD as a manifestation of 
trauma and arthritis; yet, it did not fi nd a similar causal relationship between PTSD 
and diabetes (Norman et al.  2006 ). Meanwhile, some studies focused on the correla-
tion between obesity and PTSD (Farr et al.  2014 ). Moreover, other studies indicate 
a causal connection between PTSD and chronic pain (Defrin et al.  2008 ). As the 
variety of conditions that arise following PTSD development indicate, PTSD 
appears to indicate a decrease in an individual’s ability to remain resilient in the face 
of other conditions. Therefore, those with PTSD appear to be susceptible to a vari-
ety of comorbid conditions that further diminish their overall quality of life. Based 
on the fi ndings already made, additional research needs to be conducted in order to 
further understand the types of conditions that correlate to PTSD as well as if any 
other factors determine the degree of severity of the correlated condition.   

11.4.13      Impact of   PTSD 

 PTSD directly impacts individuals as well as posing an impact to society as a whole 
(Iribarren et al.  2005 ). For instance, PTSD symptoms interfere with daily function-
ing in terms of social interactions, educational aspirations, and functioning within 
an occupation (National Institute for Health and Clinical Excellence  2005 ). Notably, 
some researchers have determined that PTSD qualifi es as a public health concern 
that in some scenarios may pose a threat to the individual suffering from the 
(Iribarren et al.  2005 ). Hence, the level of stress that occurs during a traumatic event 
traumatizes the psyche resulting in PTSD, while also adversely impacts the indi-
vidual’s overall health in a variety of ways (Norman et al.  2006 ). Such ways include 
the development of other chronic conditions as a result of allostatic changes that 
cause long-term damage (McFarlane  2010 ). Without examining each of these 
aspects, one cannot understand the impact of PTSD or the compelling nature of the 
need behind identifying the cause of this life altering condition becomes clear.  

11.4.14       Costs of Care   

 As a result of the detrimental effects of PTSD to the health of those suffering from 
the condition, PTSD results in higher use of medical care and costs associated with 
obtaining such care (Seng et al.  2005 ). A 1996 study assessing the costs in the 
United States of anxiety disorders as a whole estimated those costs at $46.6 billion 
(DuPont et al.  1996 ). A subsequent 1999 study estimated overall anxiety treatment 
costs in the United States at $42.3 billion, which represents $23 billion in nonpsy-
chiatric related medical treatment, $13.3 billion related to treatment for psychiatric 
treatment, $4.1 billion in indirect costs related to work, $1.2 billion of costs related 
to costs, and $0.8 billion in prescription related costs (Greenberg et al.  1999 ).   
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11.4.15     Limited Value of  Representative Cost Analysis   

 However, those costs do not refl ect the true costs because the costs only included 
“direct psychiatric treatment costs, unnecessary medical treatment costs, work 
performance costs” due to sickness and shorter workdays as well as costs related 
to death (Kessler and Greenberg  2002 ). As the overall data indicates, PTSD 
results in an economic impact relative to costs directly expended in obtaining 
mental health services along with indirect costs related to public programs to 
assist with supporting those with disabilities as well as lost wages for those 
unable to work as a result of their conditions (National Institute of Mental Health 
 2002 ).   

11.5     Etiology of PTSD 

 As the prevalence analysis indicates, a disparity exists in terms of the exposure to 
trauma and the incidence of PTSD. As a result, some researchers focused on 
 identifying the etiology of PTSD from various perspectives including genetic and 
environmental factors as catalyst for PTSD development. A 1999 study aimed to 
assess if previous traumatic incidences served as a precursor to subsequent develop-
ment of PTSD (Breslau et al.  1999 ). Researchers performed the 1999 study on a 
sample of 2181 individuals between age 18 and 45 in the Detroit area (Breslau et al. 
 1999 ). Analysis of data derived from the 1999 study demonstrated that if even one 
violent incident of trauma occurred, a higher risk of PTSD was present (Breslau 
et al.  1999 ). Moreover, if two or more  violent traumatic events   occurred, the chance 
of developing PTSD increased by fi ve times as much as those who only experienced 
only one incident of trauma (Breslau et al.  1999 ). Additionally, the data indicated 
that if an individual experienced a violent trauma, the risk of them developing PTSD 
from a subsequent trauma was higher regardless of how many years had passed 
from the original violent trauma (Breslau et al.  1999 ). Ultimately, these studies all 
have the common goal of determining why some individuals exhibit resilience to 
developing PTSD in the face of trauma whereas others appear to lack such resil-
ience, and the data indicates a correlation in terms of preceeding trauma resulting in 
higher prevalence of PTSD development. 

11.5.1     Overview of Inheritance 

  Inheritance   explains the conditions or features that manifest in an individual 
based on the genetic  code   of their blood relatives. Understanding inheritance 
requires an examination of the initial research on inheritance performed by 
Mendel. Such research highlights how genes function to facilitate the inheritance 
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of certain characteristics. Moreover, understanding how inheritance functions 
provides a means for putting into context the research on the development of 
PTSD through inheritance. 

 Research relative to inheritance traces back to Mendel whose research on large 
numbers of plants allowed him to identify a connection in terms of factors that 
impacted inheritance (Sadava et al.  2014 ). As a result of the observations made fol-
lowing crossbreeding of pea plants, Mendel developed hypotheses relative to what 
caused traits to be inherited, and then he performed further experiments as a means 
of testing those hypotheses (Sadava et al.  2014 ). 

11.5.1.1      Blending Theory of   Inheritance 

 Prior to Mendel’s discovery, Francis Galton recognized that there were two types of 
characteristics passed by way of inheritance (Castle  1933 ). Galton classifi ed those 
two types of characteristics as those that alternated and those that blended (Castle 
 1933 ). The blending theory held that if parents with two different traits were bred, 
the resulting child exhibited blended characteristics inherited from the parents 
(Sadava et al.  2014 ). Alternation occurred in situations such as when each child had 
different eye colors, each of which represented the eye color of one of the parents 
(Castle  1933 ). Children who exhibited height in between the height of each of their 
parents represent an example of blending (Castle  1933 ). However, Mendel’s discov-
ery of the role of genes in inheritance disproved the blending theory (Castle  1933 ; 
Sadava et al.  2014 ).  

11.5.1.2       Dominant and Recessive Genes   

 Moreover, although one trait might appear in the fi rst child or fi lial generation, the 
trait from the parent that did not manifest itself in the fi rst generation could ulti-
mately arise in subsequent generations (Sadava et al.  2014 ). Based on these fi nd-
ings, Mendel categorized the trait that arose in the fi rst generation as the dominant 
trait, while the one that did not manifest itself in the fi rst generation he named the 
recessive trait (Sadava et al.  2014 ).   

11.5.1.3     Law of Segregation 

 Moreover, he developed the  law of segregation   to explain how parental traits were 
passed onto children with alternate gene versions or alleles separating from one 
another prior to the formation of the gamete then randomly combining during fertil-
ization (Sadava et al.  2014 ). Today, the scientifi c community understands that DNA 
sequences on chromosomes are responsible for facilitating the random combination 
that Mendel explained as segregation (Sadava et al.  2014 ).  
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11.5.1.4     Law of Independent Assortment 

 Further experimentation led Mendel to develop his second principle known as the 
 law of independent assortment   (Sadava et al.  2014 ). The law of independent assort-
ment explains why alleles of distinct genes group independently of the other alleles 
during the formation of gametes (Sadava et al.  2014 ). Notably, the law of indepen-
dent assortment does not apply if genes are located in close proximity within the 
same chromosome (Sadava et al.  2014 ).  

11.5.1.5      The  Role of Heredity   and PTSD 

 In seeking to explain individual susceptibility to PTSD, some researchers sought to 
establish that a hereditary connection existed without specifi cally identifying the 
specifi c genetic catalyst responsible (Sack et al.  1995 ). Instead, these researchers 
focused on PTSD resulting based on parents of an individual diagnosed with PTSD 
having PTSD themselves (Sack et al.  1995 ). Sack and Clarke ( 1995 ) conducted a 
study of Khmer adolescents and one of their parents. Within the Sack and Clarke 
study, a signifi cant number of those whose parents had PTSD also developed PTSD 
(1995). Similarly, a subsequent study of children of holocaust survivors also sup-
ported the overall conclusion that those whose parents had PTSD experienced a 
higher incidence of PTSD (Yehuda et al.  1998 ). Ultimately, these studies only indi-
cate that if a parent has PTSD their offspring are likely to develop the condition. 
However, none of these studies to date have defi nitively identifi ed any specifi c 
genes common to the parent and child that could be causative agents in the develop-
ment of PTSD (Cornelis et al.  2010 ).   

11.5.1.6     Using Heredity as a Means of Explaining PTSD 

 Later studies attempted to explain exactly to what degree heritability explained 
PTSD. One study of 2,224 identical twins and 1,818 nonidentical twins who were 
Vietnam vets indicated that 30 % of PTSD could be attributed to genetics (Trevor 
and Way  2001 ; True et al.  1993 ). However, a more recent study demonstrated heri-
tability of 70 % (Sartor et al.  2011 ). Whether the degree of PTSD that is attribut-
able to hereditary is 30 % or 70 %, there exists another percentage of those who 
develop PTSD unrelated to hereditary. A true understanding of how PTSD mani-
fests itself in individuals remains impossible without fi rst understanding the 
mechanism that allows PTSD to develop in individuals who do not inherit the 
condition. Moreover, given the fact that no specifi c genes could be identifi ed as 
causative of PTSD another mechanism may be the causative agent even in those 
instances where an individual’s parent suffered from PTSD.   
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11.5.2     Genetic Variants and PTSD 

11.5.2.1      DNA   

 Serving as a blueprint, the genome represents all the DNA within an individual that 
codes for the appearance and functionality of an organism (Sadava et al.  2014 ). 
From a genetic standpoint, DNA or deoxyribonucleic acid contains the codes that 
provide a means for cell differentiation to occur during the fi rst stages of cellular 
development (Sadava et al.  2014 ). Each DNA strand contains a combination of the 
four nucleotide bases known as adenine (A), cytosine (C), guanine (G), and thymine 
(T) (Sinden  2012 ). Of the four nucleotide bases, A and T pair with each other (A–T), 
while G and C pair only with each other (Sinden  2012 ) These bases represent the 
rungs of the double helix shaped DNA with the sides of the helix composed of sugar 
and phosphate molecules (Sinden  2012 ). DNA molecules packed tightly around 
histone proteins are known as chromosomes, which are present in 23 pairs in the 
nucleus of each cell (Kornberg and Baker  2005 ).  

11.5.2.2       Transcription   

 Genes represent the exact portions of DNA encoding the information used by the 
cell for the creation of amino acids in the translation phase (Sadava et al.  2014 ). 
However, such translation only occurs after DNA unwinds to become accessible 
within the transcription process, thereby allowing for the creation of mRNA known 
as messenger RNA, which contains the instructions for making amino acids (Sadava 
et al.  2014 ). When three codons known as a triplet form a codon, they function as a 
group to create a specifi c amino acid (Nelson and Cox  2013 ). After the fi nal amino 
acid is coded, termination of the translation process occurs (Nelson and Cox  2013 ). 
One of the three codons for termination within mRNA (UAA, UAG, UGA) signals 
the termination, which has resulted in these codons being named termination codons 
(Nelson and Cox  2013 ).   

11.5.2.3      Translation   

 Ultimately, the amino acids become proteins as part of the translation process 
(Sadava et al.  2014 ). These amino acids manage the cell’s chemical reactions as well 
as forming a signifi cant percent of the structure of an organism (Sadava et al.  2014 ). 
However, this represents the ideal process and does not explain when a mutation 
occurs thereby resulting in an unexpected outcome (Malcolm  2001 ).  

11.5.2.4      Gene Mutations   

 Gene mutations represent scenarios where an unexpected phenotypic result occurs 
(Malcolm  2001 ). A variety of mutations can occur (Malcolm  2001 ). Genes can be 
deleted from a sequence as a result of a small deletion or through an insertion of 
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other gene(s) that results in a shift that deletes a gene previously in the sequence 
(Malcolm  2001 ). Moreover, an amino acid can mutate into a termination codon 
(known as a nonsense mutation), and an amino acid can be altered to either decrease 
or increase the activity of a gene (Malcolm  2001 ).   

11.5.3      Studies Regarding  Genetics and Heredity   as Causative 
of PTSD 

 Scientists attributed differences in development to the order in which the four bases 
within each chromosome were organized (Sinden  2012 ). Hence, some studies related 
to genetics focused on identifying a specifi c gene responsible for the development of 
a condition (Sinden  2012 ). Other studies focused on the existence of an overall 
hereditary connection as a means of explaining why PTSD developed in some but 
not all exposed to traumatic events (Sinden  2012 ). By reviewing studies and examin-
ing genetics and heredity, one gains an understanding of any connections identifi ed 
in terms of either as a means of explaining the development of PTSD. 

 One approach to identifying specifi c genes to which PTSD could be attributed 
involved examining genes to fi nd gene variants (alleles) potentially associated with 
PTSD (Yehuda et al.  2011 ). To conduct this review, specifi c locations or loci on 
genes are examined to determine the frequency of such genes occurring in a group 
of people who experience trauma to compare the incidence of such genes in those 
suffering from PTSD as opposed to those not suffering from PTSD (Yehuda et al. 
 2011 ). Typically, alleles are either single nucleotide polymorphisms (SNPs) or 
alleles in which the variation in the gene appears within sequences that repeat 
known as variable number tandem repeats (VNTRs) (Yehuda et al.  2011 ). Despite 
studies aimed at identifying alleles responsible for PTSD, few alleles have been 
linked with PTSD (Yehuda et al.  2011 ). As a result, some researchers recommended 
focus on more than just a genetic variant to which PTSD can be attributed (Schmidt 
et al.  2011 ). Moreover, these researchers recommend changing the focus toward the 
investigation of specifi c alleles including epigenetic profi les (Schmidt et al.  2011 ).    

11.6     Childhood Trauma 

11.6.1     Overview 

 A range of traumatic conditions plague children in addition to physical and sexual 
abuse (D’Andrea et al.  2012 ). The common thread among the scenarios in which 
children suffer trauma is their roles as victims within such situations (D’Andrea 
et al.  2012 ). Hence, researchers have begun classifying childhood trauma under the 
category of  victimization      (D’Andrea et al.  2012 ). Within the context of victimiza-
tion, a victim suffers harm because other humans act in ways that go against social 
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norms (D’Andrea et al.  2012 ). However, some situations involving childhood 
trauma are more egregious in nature and involve a breach of trust relative to an 
interpersonal relationship. The term  interpersonal victimization   adds to the defi ni-
tion of  victimization   malevolence, betrayal, injustice, and immorality (D’Andrea 
et al.  2012 ).  

11.6.2     Relationship Between Childhood Trauma and PTSD 

 In seeking another means of explaining what could be causing PTSD unrelated to 
heredity, other researchers looked at the environment as a means of identifying a 
predisposition to PTSD (Voisey et al.  2014 ). Some researchers also studied trauma 
and posttraumatic stress manifesting in childhood (Copeland et al.  2007 ). Other 
researchers began to focus on the specifi c  environmental factors      such as child abuse 
in early childhood as a trauma that ultimately created a predisposition to PTSD 
based on the environmental effects of the trauma from an epigenetic standpoint 
(Mehta et al.  2013 ).  

11.6.3      Deaths      Attributable to Childhood Trauma 

 The 2012 fi gures indicate 1,640 children died from maltreatment, which translates 
into a rate 2.2 per 100,000 children (U.S. Department of Health and Human Services 
Children’s Bureau -Administration on Children, Youth and Families, Administration 
for Children and Families  2012 ). Of those dying as a result of maltreatment, 70 % 
suffered from neglect while 44 % experienced abuse that was physical in nature 
with their abuse specifi cally physical or combined with other maltreatment. Seventy 
percent of the fatalities in 2012 involved children who were less than 3 years of age. 
Moreover, African American and Pacifi c Islander children experienced the highest 
rates of death of 4.7 in comparison to the following other groups: American Indian/
Alaskan Natives 2.2, Hispanics 1.7, Non-Hispanic Whites 1.6, and Asians 0.6 
(U.S. Department of Health and Human Services Children’s Bureau -Administration 
on Children, Youth and Families, Administration for Children and Families  2012 )  

11.6.4      Costs of      Childhood Trauma 

11.6.4.1     Overall Costs 

 As of 2012, researchers estimate the total costs of childhood trauma at $124 billion 
with such costs inclusive of both new fatal and nonfatal cases as of 2008 (Fang et al. 
 2012 ). Notably, a 2007 study set the costs at $103.8 billion divided into $33.1 
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billion in direct costs and $70.7 billion in indirect costs (Wang and Holton  2007 ). 
For 2010, costs were assessed as $32,648 for healthcare during childhood, $10,530 in 
medical care for adults, $144,360 due to lost productivity, $7,728 relative to child 
welfare, $6,747 costs related to criminal justice, and $7,999 in special education 
costs (Fang et al.  2012 ).  

11.6.4.2      Direct and Indirect Costs   

 Direct costs include costs that arise directly from the trauma such as hospitalization, 
obtaining mental health care, support of child welfare systems, and law enforce-
ment (Wang and Holton  2007 ). Additionally, some costs constitute indirect costs 
such as obtaining special education, support of the juvenile delinquent system, 
obtaining long-term mental health care, obtaining long-term healthcare, costs for 
those who enter the criminal justice system as adults, and the overall costs in lost 
productivity of these individuals relative to the time taken off from work to deal 
with their condition (Wang and Holton  2007 ).   

11.6.5     Overall  Long-Term Effects      of Childhood Trauma 

 According to the data from the  Adverse Childhood Experience (ACE)   Study that 
explores the long-lasting effect of childhood trauma into adulthood, over 60 % of 
adults who experienced childhood trauma experienced physical and mental health 
related outcomes as adults (Felitti et al.  1998 ). One study found long-term effects 
that extended into adulthood and adversely impacted productivity over the course of 
the lifetime of individuals who had previously suffered abuse (Daro  1988 ).  

11.6.6     Childhood Trauma and PTSD 

 Within those studying childhood trauma as a whole, one study examined 1420 chil-
dren who ranged in age from 9 to 13 at the beginning of the study and reached age 
16 at the end of the study (Copeland et al.  2007 ). Researchers noted that the study 
confi rmed the resiliency of children in the face of trauma (Copeland et al.  2007 ). As 
a result of this resiliency, PTSD did not manifest in most children following trauma 
(Copeland et al.  2007 ). As a result of this resiliency, most children who suffered 
only one instance of trauma that rose to the level of potentially causing PTSD did 
not develop the condition (Copeland et al.  2007 ). However, children participating 
in the study who suffered multiple traumatic episodes, already suffering from anxi-
ety, or suffered from family adversity or disadvantage developed PTSD (Copeland 
et al.  2007 ). 
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 To assess if any particular type of  premilitary traumatic event      appeared to be a 
catalyst for subsequent development of PTSD, researchers studied a group of 66 
Vietnam Veterans all of whom had experienced combat in order. Within the group, 
38 were diagnosed with PTSD (Bremner et al.  1993 ). At the conclusion of the study, 
analyzed data indicated that study participants with PTSD reported higher rates of 
childhood physical abuse as compared with those participants who did not have 
PTSD (Bremner et al.  1993 ). However, as Bremner noted himself in the conclusion 
of his study, a defi nitive correlation between childhood abuse and PTSD could not 
be drawn because of the small study population size thereby preventing further 
generalizations ( 1993 ). Moreover, Bremner noted that the fi ndings of his study 
appeared to align with the fi ndings of neurobiological studies, which indicated that 
the neurobiology systems associated with stress response experienced changes as a 
result of early life exposure to stress ( 1993 ). Nevertheless, Bremner noted that the 
study suggested that the previous concept of early life stress serving as a means of 
protecting a person from subsequent trauma (through a concept known as the 
hypothesis of trauma related to  stress inoculation     ) appeared incorrect based on his 
research ( 1993 ). To place such a fi nding in context, one needs to understand that 
stress inoculation represents a cognitive behavioral therapy developed by 
Meichenbaum in order to treat anxiety in part through prolonged exposure ( 1972 ). 
Notably, subsequent studies also found as Bremner did that absent other treatment 
mechanisms prolonged exposure alone failed to improve PTSD symptoms (Grunert 
et al.  2007 ). 

 Subsequently, Zaidi and Foy’s  1994  preliminary study also examined within a 
pool of 22 subjects whether or not those who experienced childhood trauma in 
terms of physical punishment and subsequently were exposed to combat during 
their military service developed PTSD. At the conclusion of the study, Zaidi and 
Foy found a statistically signifi cant correlation in terms of those who experienced 
physical punishment and development of  PTSD      ( 1994 ). Moreover, the researchers 
noted that the data in their study illustrated that of the combat veterans admitted 
for inpatient PTSD treatment approximately 45 % experienced physical abuse dur-
ing childhood (Zaidi and Foy  1994 ). In explaining the high percentage, the 
researchers explained that many fail to label themselves as having been abused but 
when posed with questions focused on their experiences, rather than the label 
itself, approximately twice as many veterans report experiencing treatment that 
would qualify as abuse (Zaidi and Foy  1994 ). 

 In 1997, Cloitre, Scarvalone, and Difede conducted a study focused on determin-
ing if women who were assaulted as children and adults exhibited higher levels of 
social impairment. The women  studied      belonged to one of three groups: those who 
had suffered sexual assault in both childhood and as adults, which they classifi ed as 
retraumatized; those assaulted only as adults; and those never having been assaulted 
(Cloitre et al.  1997 ). After applying several instruments to assess variances between 
the groups, the researchers determined that retraumatized study participants experi-
enced PTSD along with alexithymia or diffi culty in accurately assessing the emo-
tions of others, which might predicate their susceptibility to subsequent assault 
(Cloitre et al.  1997 ).  
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11.6.7       Impact of  Stress      Following Child Abuse on Brain 
Development 

 Several studies examined biological abnormalities relative to children suffering 
from maltreatment (Bevans et al.  2008 ; DeBellis et al.  2002 ). One study identifi ed 
decreases in the volume of the corpus callosum, prefrontal cortices, as well as the 
temporal lobe along with increases in the volume of the superior temporal gyrus 
(DeBellis et al.  2002 ). A study of adult women who had suffered abuse as children 
also indicated decreased brain volumes (Kitayama et al.  2007 ). One study found 
decreased volumes in different brain structures depending on when the abuse 
occurred (Andersen et al.  2008 ). Notably, early childhood abuse resulted in 
decreases to the hippocampus (Andersen et al.  2008 ). Meanwhile, abuse suffered in 
middle school reduced the size of the corpus callosum, and abuse suffered during 
adolescence resulted in decreased prefrontal cortex volumes (Andersen et al.  2008 ). 
As a result of these fi ndings, the researchers opined that stress alters the central 
nervous system due to childhood abuse and such changes may extend into adult-
hood though potentially in a less severe fashion as a result of adaptation (D’Andrea 
et al.  2012 ).    

11.6.8        Neurobiological Effects      Resulting from PTSD 

 Neurobiological investigation of PTSD focuses on several areas of the brain includ-
ing the hippocampus, the amygdala, and the prefrontal or anterior region (Bremner 
 2006 ). Several studies have been conducted to determine the role the brain plays in 
the development of PTSD. Overall, these studies focused on identifying an explana-
tion as to why PTSD occurs based on the results obtained by examining the brains 
of affected individuals (Karl et al.  2006 ). 

 Many studies used neuroimaging as a means of studying PTSD and identifying 
the circuit within the brain that plays a role in the disorder (Hughes and Shin  2011 ). 
Using a model of the neurocircuitry of the brain, improper functioning of the amyg-
dala, medial prefrontal cortex, and the hippocampus is implicated as occurring in 
those with PTSD (Rauch et al.  2000 ). 

 Within the context of those examinations, the studies can be further divided into 
studies related focusing on the amygdala, studies focusing on the hippocampus, or 
studies focused on the hormones released during long-term hyperarousal, character-
istic of PTSD. One study identifi ed increased reactivity as a result of change in the 
amygdala in PTSD patients (Rauch et al.  2000 ). In Rauch et al.’s study, the research-
ers recommended further studies to determine if the increased amygdala responses 
indicate an underlying susceptibility for PTSD development in existence prior to 
trauma development ( 2000 ). Moreover, the researchers noted that their results could 
not be generalized without conducting research involving subjects other than com-
bat veterans, which represented the population that they studied (Rauch et al.  2000 ). 
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Most importantly, the researchers note that their study represents the fi rst study 
aimed at assessing the effects of general negative stimuli rather than traumatic stim-
uli (Rauch et al.  2000 ). Another study exposed both veterans and the control group 
to stimuli to determine to what degree the limbic regions of the brain, including the 
amygdala, hippocampal region, and the limbic cortex reacted to exposure to combat 
sounds (Lizberzon et al.  1999 ). Data elicited from the study performed by Lizberzon 
et al. revealed an increased response in the amygdala region for the study subjects 
diagnosed with PTSD at higher levels than non-PTSD study subjects when exposed 
to combat sounds, which the researchers noted aligned with the generally under-
stood role of this area in the processing of emotion ( 1999 ). 

 While the previous two studies identifi ed amygdala changes in terms of degree 
of reactivity, other studies identifi ed the infl uence of other segments of the limbic 
system such as the hippocampus (Shnuff et al.  1997 ). Interestingly, these  differences 
in hippocampal volume presented whether the individual suffered combat- related 
trauma or trauma precipitated by an event that did not involve trauma (Bremner 
et al.  1997 ). However, a subsequent study evaluating the relationship between vol-
ume reduction in the hippocampus and PTSD in those who specifi cally had no his-
tory of alcohol abuse did not indicate a difference in the volume of the hippocampus 
and the entorhinal cortex of those subjects with PTSD and the control subjects 
(Schuff et al.  2001 ). Notably, the researchers observed a 23 % reduction of 
 N -acetylaspartate within the hippocampus along with a 26 % reduction in com-
pounds containing creatine within the right segment of the hippocampus (Schuff 
et al.  2001 ). In summarizing their fi ndings, the researchers opined that these sub-
stances (i.e.,  N -acetylaspartate and creatine) appear to be more accurate indicators 
of PTSD (Schuff et al.  2001 ). Other studies have also identifi ed creatine as a sub-
stance that plays a role in PTSD (Koga et al.  2005 ). In the study performed by Koga 
et al., chicks exposed to stress exhibited increased creatine from which the research-
ers concluded that creatine’s role in the brain is to protect the brain from stressful 
conditions (Koga et al.  2005 ). In creatine as a whole, Koga et al.  2005  noted that 
creatine results from the methylation of GAA, which is methylated to create cre-
atine (Neu et al.  2002 ). Moreover, Neu et al. noted that lower concentrations of 
creatine activated GABA-A receptors ( 2002 ). To further explain this phenomenon, 
Koga et al. referenced research by Sieghart ( 1995 ). Sieghart explained that the two 
types of GABA receptors (i.e., GABA-A and GABA-B) facilitate the use of GABA 
as the neurotransmitter (e.g., message carrier) that estimates indicate between 20 % 
and 50 % of the central synapses use ( 1995 ). Based on these fi ndings, Koga et al. 
opined that creatine functions only with the GABA-A receptor and when it does it 
protects the brain from stress escalating to the level of PTSD (2002). In so doing, 
the researchers also observed that GABA-A receptors contain binding sites for 
Benzodiazepines (BZ) (Study and Barker  1981 ). BZ increases the effect of GABA 
at the GABA-A receptors by opening up the chloride channel more often, thereby 
enhancing GABA’s effect (Study and Barker  1981 ). Given as Trevor and Way 
( 2001 ) noted BZ represented the most effective agent for sedation-hypnosis, Koga 
et al. opined that this presented itself in decreased vocalization and decreased mobil-
ity in the chicks who were exposed to stress in their study following creatine admin-
istration ( 2005 ). 
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 Other studies have focused more specifi cally on the hormones created during the 
state of long-term hyperarousal (Kendall-Tackett  2000 ). In one study, the research-
ers hypothesized that the success of SGB can be attributed to a reduction in nerve 
growth factor, which functions to maintain a state of hyperarousal characteristic of 
PTSD, as well as noradrenalin, which reduces the level of central noradrenalin 
(Takitori et al.  2006 ).     

11.7     Epigenetics 

11.7.1     Overview 

 Genetics answers some questions relative to why conditions develop (Omoto and 
Lurquin  2004 ). However, it clearly does not explain all human development (Omoto 
and Lurquin  2004 ). Sometimes, genes exist but do not express themselves (Omoto 
and Lurquin  2004 ). However, epigenetics appears to provide a means of explaining 
changes not attributable to the changes to DNA that occur during human develop-
ment (Jaenisch and Bird  2003 ). 

 Approximately half of the 25,000 genes responsible for coding proteins express 
within any type of cell (Romanoski et al.  2015 ). Researchers within the  ENCODE 
project      identifi ed hundreds of regions that function to enhance gene expression in 
mammals from a distance (Romanoski et al.  2015 ). The researchers noted that 
approximately between 20,000 and 40,000 enhancers regulate genes thereby deter-
mining how the gene expresses itself (Romanoski et al.  2015 ). Activation of these 
enhancers occurs by way of their interaction with factors involved in the transcrip-
tion process that recognize and attach to particular sequences of DNA within a 
region responsible for enhancement (Romanoski et al.  2015 ). How genomic infor-
mation is interpreted depends on how its DNA elements are regulated (Romanoski 
et al.  2015 ). When a  developmental transition   occurs, the epigenomic signatures 
either activate or suppress the transcription factors (Romanoski et al.  2015 ). Notably, 
the researchers highlighted the fact that understanding health as well as disease 
requires an understanding of the differences between the genome and epigenome of 
cells thereby allowing the scientifi c community to gain an understanding as to what 
is driving diseases (Romanoski et al.  2015 ). 

 By defi nition,  epigenetics   represents the changes that occur to cells above or 
outside the entire set of human genes (Bender  2004 ; Jaenisch and Bird  2003 ). Such 
cellular changes occur without changing the DNA, yet impact traits that are observ-
able in individuals (Kiefer  2007 ; Diwakar  2014 ). Notably, epigenetic changes either 
randomly or as a result of the environment and not only within the course of devel-
opment, cell production, and growth (Jaenisch and Bird  2003 ). Based on the research 
performed, scientists identifi ed specifi c epigenetic mechanisms such as DNA meth-
ylation, histone modifi cations, “ATP-dependent chromatin remodeling,” and “non-
coding RNA-mediated gene silencing” (Issa and Just  2011 ). Each of these epigenetic 
 mechanisms   presents a means of controlling DNA transcription, yet in so doing 
does not change the structure of the DNA (Zhang and Meaney  2010 ). Rather, the 
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epigenetic mechanisms modify the DNA biochemically, as well as the histone pro-
teins, which represent a signifi cant portion of what comprises chromatin (Graff and 
Mansuy  2008 ). When an epigenetic  modifi cation   occurs, the rate at which chroma-
tin condenses changes (Graff and Mansuy  2008 ). Changing how the condensation 
occurs affects the ability of transcription (Graff and Mansuy  2008 ). The factors that 
regulate transcription cannot bind to the DNA, thereby preventing the affected 
genes from being expressed (Klose and Bird  2006 ). 

 Among these epigenetic mechanisms,  DNA methylation   has been confi rmed as 
the most defi ned mechanism and also represents the mechanism thought to play a 
signifi cant role in a variety of diseases including relative to PTSD (Alvarado et al. 
 2014 ). Using the cytosine and adenine bases, DNA methylation occurs (Klose and 
Bird  2006 ). Meanwhile, methylation occurs when a methyl group (CH 3 ) is added to 
DNA nucleotides (Medina  2008 ). Some instances of DNA methylation have been 
shown to result in the activation of a gene (Chahrour et al.  2008 ). However, typically 
following methylation, the methylated gene becomes inactive (Medina  2008 ). Two 
distinct mechanisms result in the inhibition of gene expression (Klose and Bird 
 2006 ). The fi rst mechanism involves changing the cytosine bases to prevent binding 
of the factors at the recognized points on the DNA (Watt and Molloy  1988 ). The 
second mechanism involves methyl-CpG co-repressor molecules stopping tran-
scription and changing the chromatin surrounding the DNA (Boyes and Bird  1991 ).  

11.7.2     Epigenetics and PTSD 

 As it became clear that not all traumas resulted in PTSD, researchers began examin-
ing catalyst for the exacerbation of trauma to the level necessary to precipitate 
PTSD (Yehuda et al.  2011 ). In explaining the direction such research took, Yehuda 
et al. ( 2011 ) reference the neurological studies suggestive of an alteration within the 
hormones in existence prior to the trauma that placed certain individuals at higher 
risk of developing PTSD (Yehuda et al.  2011 ). Notably, Yehuda et al. highlight the 
need for further investigation regarding how the environment through epigenetics 
and other such molecular level basis alter the way that genes express themselves 
( 2011 ). Rather than highlighting one or the other, Yehuda et al. recommend review-
ing epigenetics in conjunction with gene expression to understand the role the envi-
ronment plays in PTSD ( 2011 ). Given that epigenetic modifi cations, including 
DNA methylation, result in response to the infl uence of the  environment   and alter 
how genes function long term, epigenetics presents a means of explaining the indi-
vidual variation along with the long-term exposure effects of trauma that cannot 
otherwise be (Yehuda and Bierer  2009 ). Hence, Yehuda and Bierer note that a vari-
ety of fi ndings relative to how genes express themselves as a result of stress appear 
to be explainable through epigenetics ( 2009 ). 

 A variety of examples of research fi ndings relative to how stress manifests itself 
appear to be best explained by epigenetic changes. For instance, a predisposition to 
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mental illness based on a specifi c genotype/epigenotype combination may explain 
how certain conditions are triggered in response to certain environmental exposure 
(Uddin et al.  2011 ). Moreover, epigenetic changes involved in PTSD determine 
how chromatin is regulated in the brain cells that do not divide (Zovik and Sweatt 
 2013 ). Additionally, researchers hypothesize that the  neuronal brain cells   are 
marked as a result of epigenetics as triggered by an environmental catalyst (Zovik 
and Sweatt  2013 ). 

 In the case of PTSD, the environmental exposure that triggers methylation 
appears to be the traumatic event, which triggers a change in how an individual 
processes stress (Uddin et al.  2011 ). The occurrence of such an event appears to 
trigger the epigenetic change that culminates in predisposing an individual to later 
development of PTSD following a subsequent trauma (Uddin et al.  2011 ). To under-
stand how such a predisposition works, a review of the research focused on the 
neurobiology of PTSD needs to be examined as a means of explaining the impact of 
PTSD neurologically. However, a neurobiological examination cannot occur until 
after a review of both the nervous system and the brain occurs in particular to further 
understand how PTSD manifests itself.  

11.7.3     New Treatments for PTSD Support an Underlying 
Epigenetic Basis 

 Another factor to consider in evaluating the viability of epigenetics as the basis for 
the decreased resiliency that occurs in some but not all exposed to trauma is per-
forming an examination of the treatments found to be effective. One such treatment 
involves  stellate ganglion block (SGB)   (Navaje et al.  2014 ). In recent research, 
 SGB   requires injection of an anesthetic to the bundle of nerves known as the stel-
late ganglion (Navaje et al.  2014 ). Notably, some who were administered  SGB 
reported immediate relief (Navaje et al.  2014 ). In terms of explaining why the SGB 
functions, the researchers referenced studies related to how parts of the insular 
cortex and other structures within the cerebrum function relative to the levels of 
hormones involved in the hyperarousal state characteristic of PTSD (Osuch et al. 
 2001 ; Shin et al.  2004 ; Takitori et al.  2006 ).   

11.8     Barriers to Obtaining Reliable Results in Future 
Research 

 Several barriers exist that make performing research related to PTSD challenging. 
Included among the barriers that need to be addressed prior to designing a study are 
statistical signifi cance, sensitive topics, anonymity of reported data, reporting bias, 
as well as ethical considerations. Understanding these limitations proves necessary 
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to allow for defi nitive fi ndings to be made upon which an actionable plan can be 
developed to reduce the incidence of PTSD. Moreover, those reviewing a study 
need to keep these considerations in mind when evaluating the ability to generalize 
the fi ndings. Hence, the degree to which such barriers were addressed needs to be 
assessed given that failing to address these barriers in the design of the research may 
result in unreliable or ungeneralizable data. 

11.8.1       Statistical Signifi cance   

 A contributing factor to the success of Mendel’s research stemmed from his use of 
large sample sizes that allowed him to identify distinct patterns upon which he could 
reliably formulate theories (Sadava et al.  2014 ). As other scientists became aware of 
Mendel’s research, they too incorporated probability into their research as a means 
of predicting results (Sadava et al.  2014 ). Using statistics, these scientists tested the 
predicted results against the actual results (Sadava et al.  2014 ). To date, these same 
principles of probability represent a crucial component of how results are deter-
mined to be statistically signifi cant with only those results where probability is 
above 5 % falling into the signifi cant category, which allows researchers to deter-
mine if a real difference exists within the results being examined (Banerjee et al. 
 2009 ; Guyatt et al.  1995 ). Such a difference leads to the identifi cation of statistically 
signifi cant results (Guyatt et al.  1995 ). However, such statistical signifi cance cannot 
be evaluated without a sample size large enough to discount the observation as 
occurring by chance (Guyatt et al.  1995 ).   

11.8.2       Randomization   

 Although in the nineteenth century entire populations were surveyed to perform 
research on that data, today researchers work with a small group or a sample of the 
larger whole. Using the data elicited from the sample, researchers infer about the 
larger population (Banerjee and Chadhury  2010 ). A signifi cant number of studies 
focus on veterans, but such a focus results in the use of a nonrandom study to then 
make inferences about the general population (Johnson and Thompson  2007 ). Use 
of a nonrandom population for a study limits the ability to generalize the fi ndings 
to the overall population, thereby diluting the value of such results (Johnson and 
Thompson  2007 ). As one researcher observed, relying only on data relative to vet-
erans may not accurately depict the prevalence of the condition because what con-
stitutes a trauma is lesser in severity in those who are not in the military 
(Meichenbaum  1994 ). In fact, failing to randomize essentially excludes individu-
als, qualifi es as selection bias, and selection bias results in the data signaling an 
altered interpretation (Ards et al.  1998 ).   
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11.8.3     Sensitive Topic 

 The term sensitive subject covers issues that may adversely affect the reputation of 
the individual due to personal information involved (Bankert and Amdur  2006 ). 
PTSD qualifi es as a sensitive subject (Bankert and Amdur  2006 ). One set of 
researchers noted that such  sensitive topics   require adoption of approaches aimed at 
protecting privacy as well as confi dentiality (Mealer and Jones  2014 ).  

11.8.4      Anonymity of Reported  Data   

 Many studies involving PTSD allow the study participant to anonymously self- 
report using a questionnaire (Lelkes et al.  2012 ). Yet, self-reporting typically results 
in inaccuracy that makes the data potentially unreliable because there is no account-
ability encouraging honesty given that no one knows who answered (Lelkes et al. 
 2012 ). One study addressed the reliability and accountability issues incidental to 
using online surveys as a means of anonymity by creating a study in which some of 
the participants were surveyed online and some received the questionnaire by way 
of an in-person meeting with an interviewer (Campos et al.  2011 ). Such a safeguard 
presents a viable means of avoiding the creation of inaccurate data by adding 
accountability through interaction with the research team.   

11.8.5      Reporting Bias   

 In the realm of epidemiology, reporting bias represents selective disclosure of 
results (Porta et al.  2008 ). As Last elaborated, bias results from an error in how data 
are collected, analyzed, interpreted, published, or reviewed (Last  2001 ). As a result 
of such errors, the results may be overestimated or underestimated relative to how 
frequently a pattern occurs within data or the extent of any effect (Van den Broeck 
and Brestoff  2013 ). 

 From a research standpoint, there are many biases including those related to the 
nonpublication of results as well as publication of only favorable results known as 
outcome reporting (McGauran et al.  2010 ). Publication bias occurs when some 
research fails to be published (McGauran et al.  2010 ). Similarly, outcome bias rep-
resents a scenario where only some or the selected outcomes are the only ones 
published (McGauran et al.  2010 ). Given that the scientifi c community relies on the 
research to make generalizations in terms of patterns that further the understanding 
on a topic as well as how any condition is addressed in terms of treatment, any type 
of reporting bias, including those listed, represent a risk likely to undermine the 
direction of any initiative crafted based on research. A number of studies have found 
widespread evidence of bias that results in treatments that caused harm to patients, 
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and they recommend mandatory registration of trials as a means of ensuring that all 
results of research are disclosed (Dwan et al.  2008 ; McGauran et al.  2010 ; Harrison 
and Mayo-Wilson  2014 ).  

11.8.6     Ethics 

  Ethics   or the rules that represent the standards of conduct represent an essential 
consideration in research (Resnik  2011 ). Certain general principles apply one of 
which is the principle of doing no harm, which represents a component of many 
codes of ethics (Resnik  2011 ). Following the principle of fi rst do not harm, it would 
not be ethical to create the level of stress necessary to create PTSD due to the known 
impact of the condition as well as the identifi ed comorbidities. Therefore, when try-
ing to measure what actually occurs, researchers must use lab subjects such as rats 
(Goswami et al.  2012 ). However, such tests represent the only means available that 
allows researchers to infer causality between the trauma and the development of 
PTSD, which represents a shortcoming of cross-sectional studies given that the vari-
ables are measured at the same time (Jaranson et al.  2004 ).  

11.8.7     Failure to Apply Evidence-Based Research  Approach   

 Some researchers have reviewed the PTSD related research to date to identify the 
shortcomings in how it was conducted (Iribarren et al.  2005 ). In order to avoid a 
reliance on faulty data, they have recommended a new approach centered on doing 
more than relying on the literature at face value (Iribarren et al.  2005 ). Instead, they 
recommend moving to an evidence-based approach to research that requires valida-
tion of the existing research by communicating with the researchers as well as the 
authors (Iribarren et al.  2005 ). Such an approach allows for those reviewing the lit-
erature to conduct a thorough investigation aimed at evaluating both the strength 
and the shortcoming of existing data (Iribarren et al.  2005 ).   

11.9     Conclusion 

 Homeostasis represents a means of achieving health. Stress represents a challenge 
to the natural coping mechanism that allows us to remain resilient in the face of 
stress. In some individuals, the levels of resiliency that prevent PTSD from occur-
ring are absent. Specifi cally relative to those who suffered child abuse, the data 
indicate that adverse functional changes potentially precipitated by epigenetics 
have altered how the natural response to stress occurs, thereby decreasing the level 
of stress necessary for allostatic load to be reached. 
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 When the body responds to stress chronically, an individual may develop chronic 
conditions as a result of over exposures to the hormones that regulate stress, which 
represents the allostatic load. When an individual’s allostatic load is exceeded, an 
individual develops one of many comorbid conditions based on the body having to 
chronically be in a state of responding to stress. Debilitating conditions that pose a 
risk to the lives as well as the quality of life of individuals occur as a result of pro-
tracted periods of stress that rises to the level of trauma incidental to the develop-
ment of PTSD. 

 Though signifi cant amounts of research have been undertaken to understand 
what causes PTSD, researchers have not been able to attribute PTSD to any specifi c 
alleles or gene variants. Along the path of conducting this research, scientists learn 
more and more about PTSD thereby resulting in the evolving defi nition. To date, 
research has revealed a higher susceptibility in those who suffered prior trauma to 
develop PTSD. Moreover, women appear to be more susceptible to 
PTSD. Additionally, those who suffer another mental condition also appear to be at 
increased levels of susceptibility. However, given that no gene variant appears to be 
the cause of PTSD manifestation, researchers have begun exploring epigenetics as 
a means of explaining why PTSD manifests in one individual as opposed to another. 
Given that epigenetic manifestations in individuals are known to occur as a result of 
the environment, it appears likely that epigenetics facilitates the environmental 
infl uence on individuals that function as a catalyst to the development of PTSD. 

 Establishing a defi nitive connection between epigenetics and PTSD requires fur-
ther research. Moreover, this research needs to include larger, random samples, 
rather than specifi c groups such as veterans, to provide for statistically signifi cant 
results that can be generalized across the greater population. To ensure the validity 
of any fi ndings, all research needs to be published whether the fi ndings support the 
generally accepted position in order to avoid outcome bias; and even what might 
seem inconsequential research needs to be published to eliminate the potential for 
publication bias. To ensure that neither of the named types of reporting bias occurs, 
a registration system needs to be implemented to track all research conducted across 
disciplines thereby avoiding elimination of data that might provide crucial insight 
to our understanding of PTSD as a whole and PTSD resulting from childhood 
trauma specifi cally. Moreover, future research also needs to be designed to avoid 
any ethical constraints relative to imperative to not do any harm and look toward 
avoid self-reporting due for the potential for bias. 

 Achieving a cross-population sample of adequate size upon which to make gen-
eralization requires a very aggressive approach. Rather than having researchers per-
form research individually, a national program aimed at fostering wide-scale research 
among the scientifi c community including research based on long-term follow-up 
appears to be likely to achieve the type of defi nitive fi ndings and allow for the type 
of quality assurance necessary to avoid inaccurate conclusions. Such a program is 
predicated on also increasing the overall awareness of PTSD to facilitate further 
diagnosis of individuals who suffer from the condition without benefi t of diagnosis; 
through a public awareness campaign that destigmatizes PTSD, the potential exists 
to capture the number of participants necessary to make generalizable fi ndings. 
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Once such a wide-spread effort occurs, additional data will be available for analysis. 
Such data will increase the understanding of the role of epigenetics as a contributing 
factor in the development of PTSD. 

 If the data obtained from large-scale studies continue to support epidemiological 
changes decreasing the ability of an individual to remain resilient in the face of 
protracted trauma, the potential exists to examine gene therapy as a means of revers-
ing the epidemiological changes. Alternatively, awareness of an already occurring 
epigenetically driven susceptibility to PTSD on an individual basis as a result of 
childhood trauma provides a means of designing cognitive behavioral therapy prior 
to the actual development of PTSD with the aim being to enhance resiliency in 
order to avoid the consequences of allostatic load. Only through such wide-scale 
research and proactive measures does the potential exist to decrease the signifi cant 
impact of PTSD on all levels thereby offsetting the epigenetic prediposition result-
ing from childhood abuse.     

 Abbreviations 

   PTSD    Posttraumatic stress disorder   
  CNS    Central nervous system   
  PNS    Peripheral nervous system   
  DNA    Deoxyribonucleic acid    
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12.1          Introduction 

 Periodically a new discovery provides insights that are so fundamental as to alter the 
ethical basis of our decision making. The  discovery of   epigenetics, the phenomenon 
where the expression of DNA can be altered without changing the DNA sequence, is 
such an event. Epigenetic changes can potentially occur throughout the lifespan and 
even be passed on to future generations. The  epigenome   is particularly vulnerable 
during development to epigenetic changes that can manifest as disease later in life 
and become sources of the  developmental origins of health and disease (DOHaD)  . 
Epigenetic changes occur in response to exposure to a range of  environmental   con-
taminants such as heavy metals, pesticides, organic pollutants, and air pollutants, as 
well as in response to nutritional factors and stress. These subtle changes to the epig-
enome can result in increased susceptibility to cancers, immunological disorders, 
neurodegenerative diseases, developmental disorders, and other conditions. 

 Recognition of the  adverse effects   of epigenetic changes coincides with a grow-
ing appreciation that even very low levels of exposure to toxic agents can cause 
adverse effects, especially in the developing organism. A classic example of this 
phenomenon is lead exposure. After decades of often repetitive research, most pub-
lic health professionals and government agencies recognize that there is no safe 
level of exposure during development. Many researchers agree that  endocrine dis-
rupting chemicals (EDCs),   which come in a variety of kinds, act at unexpectedly 
low doses (Vaiserman  2014 ).  EDCs   also illustrate another important issue, which 
is the challenge of establishing a good risk-assessment paradigm that addresses 
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exposures to not just one chemical but to multiple chemicals that have similar 
mechanisms of action. 

  Application   of the science of epigenetics requires reconsideration of an ethical 
framework for decision making. While there are a number of ethical frameworks 
that could be considered, the precautionary principle captures a number of impor-
tant elements. The precautionary principle is commonly stated as such: “When an 
activity raises threats of harm to human health or the environment, precautionary 
measures should be taken even if some cause and effect relationships are not fully 
established scientifi cally (Wingspread Conference, 1998)” (Raffensperger and 
Tickner  1999 ). The primary elements of the precautionary principle can be sum-
marized as “do no harm” and “take action even if there is uncertainty.” When this 
principle is applied along with the standard risk assessment approach, the outcome 
is to reduce or minimize the chemical exposure. However, epigenetic changes move 
beyond chemicals to include conditions caused by nutrition or stress. A new ethical 
framework for decision making must move beyond the precautionary principle to 
one of “epiprecaution.” Epiprecaution requires us to include the entire environment 
of the developing and mature individual into consideration. In other words, “do no 
harm” is not good enough, we must “do good” and create a nurturing environment. 
It is not suffi cient to simply reduce chemical exposure but we must take the next 
step to create a nurturing environment.  

12.2     Epigenetics: The Genes but More 

 The  concept of   epigenetics, meaning something acting above or in addition to 
genes, is both old and new. One of the greatest scientifi c questions has been how 
life replicates, adapts, changes, and reproduces. Gregor Johann Mendel (July 20, 
1822–January 6, 1884), an Austrian scientist, founded the new science of genetics 
by demonstrating that the inheritance of certain traits in pea plants follows par-
ticular patterns. Mendel did not know it but he was describing the functionality of 
DNA. About 100 years later, James Watson and Francis Crick discovered the 
double helical structure of the DNA molecule (Watson and Crick  1953 ). Decoding 
the genome and looking for variations in an individual’s DNA was a focus of 
research to help explain individual variability and susceptibility to disease or 
toxic effects. We have been accustomed to blaming a lot on “our genes.” But then 
the story got both more complicated and intriguing with the recognition of the 
subtle power of epigenetics. 

 Conrad Hal Waddington (November 8, 1905–September 26, 1975) postulated 
that it was not just the genes that shaped development but also the environment that 
shaped the genes. In the late 1930s, he wrote a textbook describing developmental 
epigenetics, a term that then meant how the environment shaped genetic activity. 
Understanding a possible mechanism for this had to wait until a far deeper under-
standing of DNA and its role in development was realized. Epigenetics is now 
 defi ned   as changes in gene expression caused by factors other than changes in the 
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DNA sequence (epi meaning “above” or “in addition to”). When epigenetic changes 
occur, gene expression typically is silenced or suppressed by DNA methylation or 
histone deacetylation. These ideas were fi rst articulated in 1975. The power and 
subtlety of epigenetics are that these changes can be passed to the next generation. 
The ability of maternal conditions to infl uence fetal development was also articu-
lated by David J.P. Barker in what became known as the Barker Hypothesis (Barker 
 1997 ). The  Barker Hypothesis   suggested that reduced fetal development due to poor 
maternal nutrition could result in cardiovascular diseases or diabetes later in life. A 
possible benefi t is that the maternal conditions are preparing the next generation for 
these adverse conditions. 

 While we are well aware of the damage thalidomide, alcohol, lead, mercury, or 
PCBs can cause to the developing organism, more subtle epigenetic changes can 
also result from environmental exposures. A dramatic example of the power of epi-
genetic information transfer was demonstrated by research on the  endocrine- 
disruptive fungicide vinclozolin  , which is used on several agricultural crops such as 
raspberries and lettuce (Anway et al.  2006 ). Male offspring of the exposed mother 
rat transferred disease susceptibility to the next generation (Skinner and Anway 
 2007 ). Further research has indicated that epigenetic changes can result from expo-
sure to  environmental   hazards such as cigarette smoke, arsenic, alcohol, phthalates, 
and BPA. Furthermore, epigenetic changes can occur through nutritional factors, 
methyl content of the diet, intake of folic acid and vitamins, or even social and 
maternal behavior toward the offspring. Epigenetic changes can cause cancer, neu-
rodevelopment disorders, autoimmune disease, diabetes, asthma, behavioral disor-
ders, and other changes. 

 The “environment” may be taken broadly to include exposure to toxic chemicals, 
nutritional factors, maternal and paternal stress, and behavioral well-being: in other 
words, anything that can infl uence fetal genomic development. Epigenetic changes 
offer an explanation of how an organism can rapidly adapt to the changing nature of 
the environment (Jirtle and Skinner  2007 ).  

12.3        Ethical Consideration   and  Responsibility   

 The challenge is what to do with the tremendous amount of knowledge available not 
only to scientists but also to the business community, government, and general pub-
lic. In many ways, epigenetics is a record of environmental exposures and organ-
isms’ efforts to adapt to environmental changes and even pass along these 
experiences to future generations. What are our responsibilities stemming from our 
understanding of epigenetics? 

 Humans now have incredible knowledge to reshape the environment and affect 
human health, but we have yet to fully acknowledge the responsibility that this 
implies. We need to take more responsibility around the manufacture, use, expo-
sure, and disposal of chemicals. 
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 It is estimated that there are more than 80,000 chemicals in commerce and 2000 
new chemicals are added each year. Trillions of pounds of these chemicals are man-
ufactured or imported every year just in the US. Unfortunately, we know very little 
about the specifi c health effects of these chemicals because industry has not gener-
ated or made available the data. We do know, however, that children are more vul-
nerable to the effects of these chemicals and that annual costs of childhood disease 
due to environmental contaminants is in the range of $55 billion in 2002 (Landrigan 
et al.  2002 ) and certainly more now. Children and adults are exposed to a wide range 
of chemicals in homes, schools, workplaces, and from products used. Exposure to 
some of these chemicals can cause signifi cant adverse health effects such as cancer, 
Parkinson’s disease, immunological disorders, and neurobehavioral defi cits, result-
ing in a needless loss of potential for both the individual and society. Our growing 
understanding of epigenetics is an important link to a mechanism by which various 
agents affect gene expression, particularly at low doses.    

12.4     Responsibility: An Overview 

 Humans have amassed an enormous amount of power to change the physical envi-
ronment as well as affect human and environmental health. Aldo Leopold, America’s 
fi rst bioethicist, summarized our ethical responsibilities in a simple statement in 
1949: “A thing is right when it tends to preserve the integrity, stability, and beauty 
of the biotic community. It is wrong when it tends otherwise” (Leopold  1949 ). 
When we expose our children to lead, mercury, or alcohol, we are robbing them of 
their integrity, stability, and beauty. In essence, we are robbing them of their poten-
tial, reducing their ability to do well in school and contribute to society (Gilbert 
 2005 ). We have the knowledge to inform our decisions and must accept the respon-
sibility to preserve the biotic  community  , which will preserve ourselves, as well as 
future generations. Key institutions in our society, as well as individuals, must 
address different aspects of a shared responsibility to ensure a sustainable biotic 
community. This means we must have a better understanding of the effects of epi-
genetic changes over the lifetime of an individual.  

12.5      Corporate Responsibility 

 Under current  corporate   rules and regulations, the primary responsibility of a corpo-
ration is to make money for its shareholders. Corporate management’s primary 
responsibility is to increase the value of the corporation for its shareholders, which 
is accomplished by increasing revenue or product sales and by reducing or external-
izing costs. In 1994, an array of tobacco executives stood before the U.S. Congress 
Subcommittee on Health and the Environment and swore that nicotine was not 
addictive (Henningfi eld et al.  2006 ). This was clearly false, but they were protecting 

S.G. Gilbert



331

the interest of their corporations and shareholders to profi t at the expense of peo-
ple’s health. The health effects of tobacco are borne by the individual and collec-
tively through taxes and healthcare costs. The tobacco companies have a long 
history of externalizing the health costs of their product onto taxpayers while reap-
ing profi ts for the executives and shareholders, a point of criticism that is debatable 
and that could be applied to many corporations. 

 Other corporations have also externalized, or not accounted for, the costs of 
dumping chemicals into the air, water, or land, which result in disease and environ-
mental damage (Flores et al.  2011 ). Some corporations contaminate the environ-
ment because it is cost effective and our laws shield executives from personal 
responsibility. In other words, they operate this way because they can make larger 
profi ts by not investing in pollution control or adapting sustainable practices and 
they can get away with it. Of course not all corporations operate irresponsibly, but 
enough do that their behavior merits serious scrutiny. The challenge is to discuss the 
ethical responsibilities of corporations to protect and enhance human and environ-
mental health. What is the corporate responsibility to control the use of brominated 
fl ame retardants, BPA, and other EDCs found in products, which may have epigen-
etic effects that increase the probability of diabetes or obesity?   

12.6     Government Responsibility 

 The primary responsibility of the  government   is to protect and preserve common 
wealth for the greater good of the people. Government has a duty and responsibility 
to ensure the “integrity, stability, and beauty of the biotic community.” In essence, 
government must ensure that future generations have an environment in which they 
can reach and maintain their full genetic potential. The U.S. Government has made 
various attempts to control chemicals, while the governments of many developing 
countries such as China are just beginning to consider the problems of uncontrolled 
corporate exploitation of the environment and people. A failed effort by the 
U.S. Congress was the passage of Toxic Substances Control Act of 1976 (TSCA). 
This law was meant to empower the Environmental Protection Agency (EPA) to 
control the introduction of new chemicals into the environment. Unfortunately, cor-
porations are not required to generate or make available health effects data, which 
impedes the government and the public from making informed decisions on the 
safety of products. Our representatives in government must take seriously their 
responsibility to protect common wealth for the greater good of all. A fi rst step 
would be to fi x TSCA by requiring greater chemical testing and disclosure of this 
information. But even more challenging is how to incorporate new information 
such as on epigenetic changes into laws that protect human and environmental 
health. Should we require some form of epigenetic assessment that can be incorpo-
rated into risk assessment?  
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12.7      Media Responsibility 

 The primary responsibility of the  media   is to create an informed and engaged pub-
lic, not just to inform the educated public. The media has an obligation to produce 
socially responsible material that is fair, objective, and balanced. This does not 
mean giving equal time to minority views, as was the case with global warming. 
Most importantly, the media has a responsibility to be open and transparent about 
sources of information and to acknowledge any potential confl icts of interest. The 
burden and obligations of the media to be responsible must also be shared with the 
listeners, viewers, and readers. The media has great power to inform and infl uence 
people and with that comes a grave responsibility. It is essential that the media have 
people that understand and can explain epigenetics to not only the public but also to 
the political decision makers.   

12.8     Academic Responsibility 

 The  academic   community, particularly those engaged in issues related to public 
health, has a responsibility to be thoughtful public health advocates and to share 
their knowledge beyond narrow academic journals and conferences. Being a scien-
tist includes the obligation to seek the truth and question the facts, and there is also 
an obligation and responsibility to speak out on public health issues. Scientists and 
educators have tremendous amounts of knowledge that can be shared with K-12 
students, media, legislators, and the general public. Educators and researchers have 
a responsibility to help create an informed public by sharing their knowledge and 
being thoughtful public health advocates.  

12.9      Individual Responsibility 

  Individuals   have the greatest burden of responsibility because we must take into 
account not only the above responsibilities of our professional lives, but we must 
also address the responsibilities of our personal lives. We must confront individu-
ally and collectively that we have the power, and the means, to reshape or even 
destroy the world. Individually, it may seem as if we have little control over global 
warming, nuclear weapons, or food imported from other countries. But we have a 
responsibility to consider how our individual actions combine to collectively shape 
the world and society around us. This extends from whom we elect for offi ce to 
what we buy in the store, to the temperature in our homes, and the pesticides on our 
farms and lawns. We also have a responsibility to stay informed and demand that 
the media inform us. Democracy is a participatory sport and we must be well 
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informed to participate. Our corporations run on, and will respond to, what we 
 purchase. Our government and corporations will respond to our opinions and 
demands for a fair, just, and sustainable society. We must translate responsibility 
into action to create a just and sustainable world.   

12.10      Expanding the  Ethical Framework   

 Our expanding appreciation of the infl uence of epigenetic changes on development 
will have profound effects on risk assessment and strongly argues for a precaution-
ary approach to managing chemicals. Much of our basic ethical construct has been 
based on “do no harm.” But is this simple approach good enough now that we are 
aware of epigenetic changes? In rodents, maternal grooming or lack of grooming 
results in signifi cant epigenetic changes. This means that it is not just enough to 
have a developmental environment free of chemical contaminants but that there 
must be a loving and supportive environment during development. We must move 
beyond just “doing no harm” to “doing good.” The concept of epigenetics provides 
the scientifi c and biological foundation for the necessity of “doing good.” This con-
cept is called “epiprecaution” to signify the need to move above and beyond pre-
venting exposures to harmful material to creating an environment that is nurturing 
and supportive. Our expanding appreciation of the infl uence of epigenetics on 
development will have profound effects on our ethical thinking. We have an ethical 
responsibility to ensure that our children have an environment in which they can 
reach and maintain their full potential, not just free of exposure to chemicals but an 
environment that is supportive and nurturing. Epiprecaution moves beyond just 
doing no harm to one of creating a positive and supportive environment for our 
children. 

 The power of epigenetics is that it describes a plausible mechanism of action 
for the low-dose effects of chemicals and the onset of disease later in life. With 
this knowledge come other challenges, such as the potential for misuse of infor-
mation. Many of these issues are similar to ethical situations addressed in genom-
ics and gene therapy. These include issues of privacy and confi dentiality of 
epigenetic information. But all these issues must be considered within the frame-
work of taking responsibility for individual and community health. Epigenetics 
provides yet another layer of knowledge emphasizing individual vulnerability to 
disease. The high levels of uncertainty make cause and effect diffi cult to determine, 
but the critical aspect is understanding that stress and chemical exposure can undermine 
health and well-being. This means that some form of an epiprecautionary approach 
is necessary to ensure an individual can reach and maintain their full potential. 
Our ethical challenge or responsibility is to create an environment that is free of 
toxic agents and nurtures physical and emotional health, allowing all individuals 
to reach and maintain their full potential.      
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 Abbreviations 

   DOHaD    Developmental Origins of Health and Disease   
  EDCs    Endocrine disrupting chemicals   
  EPA    Environmental Protection Agency   
  TSCA    Toxic Substances Control Act of 1976    
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    Chapter 13   
 Child Obesity and Epigenetics                     

       Caroline     Hohensee      ,     Tricia     Varela      , and     Dustin     Harris     

13.1          Introduction 

 Childhood obesity is a preventable disease affecting millions of youth in the United 
States. Its prevalence is spreading throughout the world and has been declared one 
of the most serious health challenges of the twenty-fi rst century by the World Health 
Organization ( 2015 ). 

 Obesity in children is  defi ned   as  body mass index (BMI)   equal to or greater than 
the 95th percentile, while overweight is defi ned as the 85th to less than or equal to 
the 95th percentile (Kuczmarski et al.  2002 ). Approximately 17 % of children aged 
2–19 are obese in the United States. When overweight is included, an estimated 32 
% of children, or almost one-third, are affected by higher than normal BMI (Ogden 
et al.  2014 ). While the proportion of young children 2–5 years has decreased slightly 
from 13.9 % in 2004 to 8.4 % in 2012, the number of overweight and obese among 
6–19-year olds remains high (Ogden et al.  2014 ). When stratifi ed by ethnicity, obe-
sity prevalence was higher among Hispanics (22.4 %) and non-Hispanic black chil-
dren (20.2 %) than non-Hispanic white (14.1 %) and non-Hispanic Asian children 
(8.6 %) (Ogden et al.  2014 ). 

 The obesity  epidemic   is associated with major health consequences. The most 
common condition is cardiovascular disease, which involves high blood pressure, 
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elevated cholesterol, and abnormal glucose tolerance. One study of 5- to 17-year- 
olds demonstrated that 60 % of overweight children had at least one of the risk fac-
tors for cardiovascular disease (Freedman, Dietz, Srinivasan, and Berenson  1999 ). 
Other health conditions related to overweight that are equally serious include 
asthma, diabetes, cancers, orthopedic conditions, and cerebrovascular disease 
(Dietz  1998 ; Witmer 2007). 

   Social consequences of   obesity are also problematic. Overweight children are 
“targets of early and systematic social discrimination” (Schwartz and Puhl  2003 ). 
The effects of psychosocial stress can decrease self-esteem leading to lower aca-
demic performance and decreased social functioning (Reilly 2007). These effects 
can persist into adulthood and have economic repercussions.  

  Economic consequences of   obesity have the potential to be devastating to the 
nation. 

 Hammond and Levine ( 2010 ) found the total annual economic costs associated 
with obesity to be greater than $215 billion. The cost areas reviewed included (1) 
direct medical spending, (2) productivity costs such as absenteeism, presenteeism, 
or decreased productivity due to illness, disability, and premature mortality, (3) 
transportation costs, e.g., excess fuel costs of commercial jets due to excess weight 
of obese passengers, and (4) human capital accumulation, which include quantity 
and quality of educational attainment. The economic consequences of obesity are 
produced mostly by adults. However, because most obese children become obese 
adults (Freedman et al.  2005 ), it is important to keep in mind the long-term eco-
nomic consequences of child obesity.  

13.2     Epigenetics and Child Obesity: An Overview 

  Energy imbalance      is known to be the underlying cause of obesity. That is, obesity 
results when more energy, or calories, are consumed versus energy expended (Hall 
et al.  2011 ). However, science has shown the equation to be more complex. Excess 
adiposity gain for an individual involves a complex interaction of biochemical 
mechanisms, hormones, and most importantly genes (Choquet and Meyre  2011 ). 
Without a genetic predisposition to obesity, one is at low risk for excess weight gain. 

 Genes, or deoxyribonucleic acid (DNA), are the blueprint of our biological 
makeup. However, not all genes are fully expressed all of the time. When genes are 
not expressed they lie dormant and have  no  impact on our health (Campbell and 
Campbell  2006 ). Some  genes   remain dormant our entire life. This phenomenon of 
why genes are “turned on” is epigenetics. The role of epigenetics in the develop-
ment of poor health outcomes such as obesity is gaining increased attention. 

 In the China Study (Campbell and Campbell  2006 ), researchers found that peo-
ple of roughly the same ethnic background who likely had similar genes had large 
differences in disease rates, depending on their environment. Other research studies 
have similarly demonstrated that when people migrate, they most often assume the 
disease risk of the country to which they move (Koya and Egede  2007 ). Such stud-

C. Hohensee et al.



337

ies alongside the relatively short timeframe of our childhood obesity epidemic indi-
cate that the source of the problem is one of gene expression via environmental 
change and not one of a change in the genetic makeup of our society. Geneticists 
postulate that  genetic shifts   occur over a period of hundreds to thousands of years. 
So, what then causes child obesity related genes to turn on? 

 Scientists are fi nding that epigenetic markers on the DNA sequence trigger over-
weight and that the environment is causing these markers to activate. According to 
the  Center for Disease Control and Prevention (2013) , child obesity varies by  envi-
ronmental and behavioral factors   such as racial/ethnic group, level of education for 
head of household, and household income for preschool children. These research 
studies suggest that behavior and environment play a crucial role in turning “on” 
obesity genes in children.  

13.3       Prenatal Care   and Epigenetics 

 The number of studies conducted to date attempting to understand childhood obe-
sity is extensive. Many of these studies have provided irrefutable facts that parental 
obesity, specifi cally maternal obesity, has profound effects on a child’s body mass 
index. Recognizing that the mother is often the primary caregiver, as well as the 
primary grocery shopper and meal preparer in the home, the infl uence a mother has 
on a child’s exercise and nutrition is evident. A sedentary parent may encourage a 
sedentary lifestyle either consciously or indirectly through role modeling inactive 
choices. A mother who struggles with purchasing and preparing nutritious foods 
balanced with vitamins and minerals either due to budget constraints or lack of edu-
cation will develop a child’s palate for the foods often linked to childhood obesity. 
If these external infl uences were the sole sources for childhood obesity, then the 
myriad of community programs focused on getting children moving at least 60 min 
a day, or eating healthier surely should have an impact on childhood obesity, agree? 

 Another explanation for childhood obesity may be an epigenetic modifi cation in 
utero to the gene determined to infl uence obesity. Most people assume their DNA 
predetermines obesity. If this were the only infl uence then how does one explain an 
obese child when neither parent is obese? Studies suggest that mothers who limit 
their carbohydrate intake during their pregnancy, otherwise dieting to limit weight 
gain or through malnutrition, create an environment for the fetus in utero that will 
otherwise increase a child’s body fat in the fi rst 9 years of life (Godfrey et al.  2011a , 
 b ). Simply put, carbohydrates are fuel for the body. A portion of the carbohydrates 
consumed is used by the body immediately to create instant energy. The balance of 
the carbohydrates consumed becomes stored as glycogen in the body’s muscles and 
liver. Eliminating carbohydrates as a source of fuel forces the body into a fasting or 
starvation mode. This starvation mode becomes a learned behavior for the fetus. 
During pregnancy, researchers collected DNA samples from fetus’ umbilical cords. 
Nine years later researchers weighed and measured the children’s body fat. 
Researchers conducted this study with two separate groups of participants. In both 
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groups, there was a distinct corollary observed among mothers with decreased car-
bohydrate intake during pregnancy and their children who at age of nine shared a 
change, anomaly, or affect to the retinoid X receptor-α (RXR-α) gene that infl u-
ence’s a child’s body fat. 

 Godfrey et al.’s ( 2011a ,  b ) study suggested a cause and effect. What if the epi-
genetic change is in the translation of the message sent, then received? Gluckman 
and Hanson ( 2008 ) suggested that childhood obesity is the result of developmental 
plasticity resulting from epigenetics versus the effect of ketosis the child’s body 
learned in utero. The study suggested that children whose mothers experience a low 
nutrient prenatal diet, thus being born with a lower birth weight, have a greater risk 
at or predisposition for being obese children. There is no distinction as to whether 
the low birth weight was the result of socioeconomic factors, mothers who self- 
imposed prenatal diets with low nutrition in the effort to reduce weight gain during 
pregnancy or mothers who experienced severe morning sickness during pregnancy. 
By eliminating the varying hypotheses for the low birth weights, clinical evidence 
suggests that these children, instead of maintaining a natural appetite control, 
develop a preference for higher fat foods. 

 The studies available to date focus primarily on the possible physical effects that 
may manifest in childhood from documented low nutrient prenatal diets. No articles 
were found that tackle the emotional or psychological impact, or the reactance the-
ory, of withholding higher fat foods from children from birth to age nine and how 
this would infl uence a child’s food preference when offered a choice. However, an 
alternate perspective that is valid and remains to be explored is the epigenetic effect 
of a high-fat diet during pregnancy on childhood obesity. If a fetus is exposed to 
hyper nutrition, or overconsumption, in utero with no other mitigating factors such 
as gestational diabetes or maternal obesity present, would this translate into a higher 
satiety threshold during childhood resulting in obesity (Gluckman et al.  2008 )? 

 There is little research available linking a high-fat prenatal diet to childhood 
obesity in children born to otherwise normal weight mothers. Most studies focus on 
the effects of gestational diabetes during pregnancy or mothers whose body mass 
index already places her in the category of obese. These common themes present in 
the prenatal environment have been linked to higher birth weights that later trans-
lated into childhood obesity. Shapira ( 2008 ) reported that  hypernutrition  , or over-
consumption, does not necessarily ensure increased or even adequate nutrient 
intake—only higher fat or caloric intake. In fact, Shapira ( 2008 ) determined that the 
level of folic acid, iron, and vitamin D present in the women who reported overcon-
sumption during the prenatal period was comparable as low as the levels present in 
women who reported a poor quality prenatal diet, or malnutrition. 

 Based on the work of Gluckman et al. ( 2008 ) and Shapira ( 2008 ), the logical 
deduction is that both hypernutrition and  malnutrition   have similar epigenetic infl u-
ences on the RXR-a gene. Creating these conditions during pregnancy create an 
environment for the fetus in utero that translates into obesity during childhood. 
Therefore, the key to reducing childhood obesity, or uncrossing the wires, is to 
focus on the quality of the nutrients consumed during pregnancy and not the quan-
tity. Yajnik ( 2010 ) coined the term thin-fat. During his research, Yajnik ( 2010 ) rec-
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ognized that infants born to mothers who had low nutrient intake during pregnancy 
had babies with less lean mass and more fat mass. Low nutrient intake was deter-
mined by the low levels of vitamin B 12  and folate present. 

 Unfortunately, during pregnancy, and when the socioeconomic level of the 
mother is not a factor, food cravings often determine many of the calories consumed 
during the prenatal diet. Sweet, sour, salty, or spicy are the primary sensations of 
taste. During pregnancy, many women report overconsumption of foods such as 
chocolate, pickles, and ice cream. Although all provide high fat and high calories, 
none of these selections is a nutrient rich food source. Women who experience 
severe or long-term morning sickness during pregnancy often retreat to only con-
suming popsicles or crackers. Although these foods are low fat and low calorie, they 
also do not provide the fetus with a complex, rich nutrient diet in utero. 

 Identifying women during pregnancy who are experiencing the adverse nutrient 
effects of either  malnutrition   or overconsumption may be the key to unlocking the 
epigenetic predisposition to childhood obesity. Identifying fetuses while still in 
utero who are at risk of being obese children allows the medical community, nutri-
tionists, and parents a key indicator to determine which children require greater 
intervention and monitoring to ensure they maintain a healthy body mass index to 
puberty.   

13.4     Postnatal  Environmen  t and Epigenetics 

  Monozygotic twins   will have the same genes; however, as they age they will behave 
differently, make distinct decisions, adapt their personalities, be affected by varia-
tions in health, and illustrate changes in appearance (Powledge  2011 ). These varia-
tions are called epigenetics, which is the study of changes in gene expression in 
organisms without affecting the genetic coding (Bollati and Baccarelli  2010 ). 
Postnatal epigenetic occurrences tend to cause variation amongst appearance, phys-
iology, cognition, and behavior; these occurrences are described as phenotypes 
(Powledge  2011 ). The epigenetic occurrences are dependent on  environmental fac-
tors   including social experience, nutrition, hormones, and postnatal and adult expo-
sure to toxins (Powledge  2011 ). These factors can affect the expression of genes that 
code for certain diseases, creation of proteins needed for proper bodily function, 
cellular function, and the levels of DNA methylation and histone modifi cations 
needed for learning and remembering (Powledge  2011 ). One example of this was 
shown in a study looking at the infl uences of social interactions with child rats with 
their mothers. It was shown that more nurturing mothers resulted in offspring that 
were less anxious than those with lethargic mothers (Powledge  2011 ). Another 
example shows where a human study illustrated higher levels of morbidity and 
mortality from cardiorespiratory disease when there was exposure to particulate 
matter air pollution (Bollati and Baccarelli  2010 ). The study showed that when 
levels of particulate matter increased there was a decrease in the methylation of the 
iNOS gene, therefore resulting in infl ammation and oxidative stress, which 

13 Child Obesity and Epigenetics



340

correlate to the mechanisms that link particulate matter inhalation to the aforemen-
tioned health effects (Bollati and Baccarelli  2010 ). Lastly, one of the most impera-
tive postnatal epigenetic factors is nutrition. 

  Early diets      play a vital role in child development and correlate with the future 
health of all organ systems (Amarasekera et al.  2013 ). This can be easily illustrated 
by the drastic rises in infant immune diseases, obesity, and allergens, which denote 
the fragility of the early postnatal immune system to environmental changes 
(Amarasekera et al.  2013 ). Epigenetic mechanisms are the likely pathway in 
explaining how early diets and nutritional metabolic introductions can affect fetal 
gene expression and the correlating disease risks (Amarasekera et al.  2013 ). One of 
the likely culprits in the rise of immune diseases and allergens amongst infants is the 
introduction of the “modern diet” (Amarasekera et al.  2013 , p. 175). The “ modern 
diet     ” contains more processed and artifi cial foods that are high in fats and refi ned 
carbohydrates (Amarasekera et al.  2013 ). Also, the “modern diet” contains less of 
the benefi cial nutrients that are found in fi ber, fresh fruit, fi sh, and vegetables 
(Amarasekera et al.  2013 ). The modern diet is correlated with changes in the gut 
microbiome and the immune functions of infants (Amarasekera et al.  2013 ). Dietary 
exposures have been shown to lead to variations in epigenetic regulation of immune 
gene expression (Amarasekera et al.  2013 ). This can result in severe effects on the 
function of the immune system and the likelihood of disease and illness (Amarasekera 
et al.  2013 ). The gut microbe plays a vital part in the overall health of infants; how-
ever, the overly hygienic environments are contributing to alterations in the gut 
microbe that is increasing the probability of immune disease, obesity, and allergens 
(Amarasekera et al.  2013 ). In addition, there is fundamental research that now dem-
onstrates that high-fat, low-fi ber diets modify the gut microbiome (Amarasekera 
et al.  2013 ). These modifi cations have been shown to increase the likelihood of the 
development of allergic diseases in infants due to the altered pattern of gut micro-
biota (Amarasekera et al.  2013 ). This indicates the pivotal role that the gut microbi-
ome plays in immune programming (Amarasekera et al.  2013 ). The gut microbiota 
has been shown to interact with immune pathways through epigenetic mecha-
nisms—one example is shown by the variations in the enzymes involved in the 
translation of histone proteins and gene expression by the byproducts produced by 
dietary fi ber (Amarasekera et al.  2013 ). 

 The “ modern diet     ” has also resulted in the rise in obesity and metabolic disease 
(Amarasekera et al.  2013 ). The “modern diet” affects the gut microbiome by infl u-
encing epigenetic variations in gut permeability, increase in systemic antigen load, 
and increases in serum levels of infl ammatory cytokines (Amarasekera et al.  2013 ). 
Human studies have shown that individuals that have been diagnosed as obese have 
detailed variations in gut microbiota compared to their lean, fi t counterparts 
(Amarasekera et al.  2013 ). This research highlights the complex interactions 
between the metabolic and immune programming in the gut, and how alterations to 
the gut microbiome can have systematic effects that result in obesity (Amarasekera 
et al.  2013 ). With obesity rates measuring at 35 % of the United States’ population 
(Amarasekera et al.  2013 ), we are left wondering what role pediatric physicians 
play in the control of epigenetics. 
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  Pediatricians have been well educated in the environmental factors that affect a 
child’s social development; however, there has been less emphasis placed on the 
importance of an infant’s diet and the need for documenting family medical histo-
ries (Hall  2014 ). Most troubling, there is research that states the environmental epi-
genetic changes can actually be passed generation to generation, thus resulting in 
generational shifts in unbenefi cial gene phenotype expression (Hall  2014 ). One of 
the most signifi cant policy changes needed by  pediatricians   is to study and record 
infant patient’s family medical records because this information may help future 
epigenetic therapies if and when they become available (Hall  2014 ). Other edifying 
information to note would be documented diet, assisted reproductive technologies, 
intrauterine growth, birth weight, stress and illness during pregnancy, and the pres-
ence of illness in early stages of infant development (Hall  2014 ). Future pediatri-
cians should look at the diet of their infant patients, while looking into the possible 
benefi ts of probiotics during infant development. Pediatricians should also design 
their practice to ensure they have the proper time needed to accurately and thor-
oughly document all of the aforesaid information that may provide epigenetic solu-
tions later in the patient’s life.  

 To illustrate the complexity epigenetics has on research we examined a study 
performed by Buchbinder et al. ( 2011 ) on the role epigenetics played in  phenotype 
variations   on a mutated gene sequence shared by a monozygotic twin pair (2011). 
The twin brothers were found to have missense mutations of the WAS gene, which 
equated to a reduced expression of the WAS protein (Buchbinder et al.  2011 ). This 
mutation causes two phenotypes: the less sever immunodefi ciency  X-linked throm-
bocytopenia (XLT)   and the most troublesome immunodefi ciency  Wiskott–Aldrich 
syndrome (WAS)   (Buchbinder et al.  2011 ). Both brothers were originally diagnosed 
with the less severe phenotype XLT and with the high possibly of being asymptom-
atic; however, a disputatious phenotype evolved in one of the twin brothers that 
resulted in the expression of the more severe phenotype WAS. 

 The authors believed that epigenetic alterations were conceivable, unrecognized 
mechanisms that could affect the variability of immunodefi ciency phenotypes 
(Buchbinder et al.  2011 ). The authors based this prediction on the fact that epi-
genetics’ role in alterations in transcriptional activity and gene expression 
(Buchbinder et al.  2011 ). The authors reviewed the medical histories of the twins. 
They found that through 8 years of age,  Twin B   remained asymptomatic XLT with 
no evidence of complications related to immunodefi ciency; however,  Twin A   devel-
oped a fever and severe respiratory distress at the age of seven. Twin B then devel-
oped arthritis and began corticosteroids at the age of 8 (Buchbinder et al.  2011 ). 

 The authors measured the levels of transcription and protein expression in the 
twin brothers. Twin B with XLT had 160 % more protein expression than Twin A 
with WAS (Buchbinder et al.  2011 ). The authors also found another epigenetic 
change in the levels of methylation, resulting in Twin A with WAS having higher 
levels of methylation than Twin B with XLT (Buchbinder et al.  2011 ). Despite the 
twins being raised in similar environments, there are vast differences in the WAS 
mutation in the monozygotic twin brothers, which lead the authors to suggest that 
one plausible explanation for these results are due to epigenetic changes resulting in 
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alteration in gene expression and variations in cellular differentiations and functions 
(Buchbinder et al.  2011 ). The authors conclude by stating that the “epigenetic phe-
nomenon may be able to fi ll the gap in our understanding of the phenotype varia-
tions” of certain diseases and gene expressions (Buchbinder et al.  2011 , p. 777).  

13.5     Challenges and Future Directions 

 The role of epigenetics in child obesity remains to be determined. While it is known 
that the environment affects the expression of certain genes associated with excess 
adiposity, the nature of the cause–effect relationship is not yet clear. In other words, 
it is not known whether obesity causes the epigenetic modifi cation or whether epi-
genetics causes obesity. Some epigenetic changes have been shown to occur in 
utero, yet research has demonstrated the ability of such changes to the epigenome to 
be modifi ed after birth. 

 The American government and the Department of Health and Human Services 
have carried out many interventions aimed at reducing child obesity with limited 
success (Hafekost et al.  2013 ). It is thus more effective to educate parents and moth-
ers on obesity prevention. The study of epigenetics sheds new light on prevention. 
 Unfavorable biomarkers   in the prenatal and postnatal phase can be reduced through 
optimum behaviors such as improved prenatal and infant nutrition and reduced 
exposure to environmental toxins such as smoking. Nevertheless, research points 
out that there is still potential after birth for unfavorable epigenetic markers to 
undergo modifi cation to more favorable epigenetic status through behavior-based 
interventions. Studies show that interventions during the fi rst year of life are most 
effective (Huh et al.  2011 ).     
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    Chapter 14   
 Children’s Exposure to Alcohol, Tobacco, 
and Drugs: Long-Term Outcomes                     

       F.     Elisa     Melvin        

14.1         Introduction 

 Epidemiological data increasingly provide evidence that suggests that respective 
individuals’ environmental exposures early in development have a role in sus-
ceptibility to disease in later life (Jirtle and Skinner  2007 , p. 253). Additionally, 
some of these environmental effects seem to be passed on to future generations 
(Jirtle and Skinner  2007 , p. 253). According to scholarly literature, modifi cations 
in epigenetic adaptations provide a credible link between the alterations in gene 
expression and the environmental entities that might lead to disease phenotypes. 
A cumulative body of evidence from animal studies supports the role of environ-
mental epigenetics in disease susceptibility and methods are now becoming 
accessible to examine the relevance of these genetic phenomena to human dis-
ease (Jirtle and Skinner  2007 , p. 253). 

 Prior to the recognition of epigenetic mechanisms, traditional research exam-
ined the combined cascade of genetics and respective environments of individu-
als in addition to investigating disease, health, and the correlation between one’s 
susceptibility to disease and respective environmental exposures (Dolinoy et al. 
 2006 , p. 298). Emerging evidence depicts a paradigmatic shift from the afore-
mentioned concepts to the actual study of epigenetics.   Epigenetics   is defi ned as 
“the study of the heritable changes in gene expression that occur without a 
change in DNA sequence, including epigenetic mechanisms of gene regulation 
such as the modifi cation of DNA methylation and chromatin remodeling,” which 
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are also infl uenced by the environment and play a very important role in the fetal 
basis (early origins) of adult disease susceptibility (Dolinoy et al.  2006 , p. 297). 
 According to scholarly literature, the original concept of a fetal basis of adult 
disease has more recently evolved to that of  Developmental Origins of Health 
and Disease (DOHaD)  , as adverse effects may already develop in childhood and 
adolescence and disease states are an integral part of a continuum of outcomes in 
response to  risk factors   (Barouki et al.  2012 , p. 4). The aforementioned mecha-
nisms are sensitive to environmental stimuli other than physiological factors 
such as drugs, industrial chemicals, tobacco smoke, and other environmental 
exposures that ultimately lead to long-term adverse consequences such as 
increased disease risks later in life (Barouki et al.  2012 , p. 1). Experts continue 
to postulate that environmental factors during prenatal and early postnatal devel-
opment infl uence developmental plasticity, thereby altering susceptibility to 
adult chronic diseases (Dolinoy et al.  2006 , p. 298).  

14.2     Epigenetic Programming 

 According to Rothstein et al., epigenetics is “one of the most scientifi cally impor-
tant…cutting edge subjects of scientifi c discovery (Rothstein et al.  2009 , p. 1).” 
Conceptually, epigenetics link genetic and environmental infl uences that can inevi-
tably affect the future development and health of an individual and their respective 
offspring based on the fact that the epigenome is highly receptive to toxic and 
environmental exposures (Rothstein et al.  2009 , p. 1). Weaver et al.’s fi ndings pro-
vided the fi rst evidence that  maternal behavior   yields stable modifi cations of DNA 
methylation and chromatin structure, which ultimately provides a mechanism for 
the long-term effects of maternal care on gene expression in their respective off-
spring (Weaver et al.  2004 , p. 847). Epigenetic changes can be transmitted from 
one generation to the next (Rothstein et al.  2009 , p. 1). These studies offer an 
opportunity to clearly defi ne the nature of  gene–environment interactions   during 
development and how such effects result in the sustained mechanism of environ-
mental programming of gene expression and function over the lifespan (Weaver 
et al.  2004 , p. 852). Conceptually, it is important to note that maternal effects on the 
expression of defensive responses, such as increased HPA activity, are a common 
theme in biology among mammals, and natural selection may have shaped off-
spring to respond to subtle variations in parental behavior as a prognosis of the 
environmental conditions they will inevitably face once they become independent 
of the parent (Weaver et al.  2004 , p. 852). Epigenetic modifi cations of targeted 
regulatory sequences in response to even reasonably subtle variations in environ-
mental conditions might then serve as a major source of  epigenetic variation   in 
gene expression and function and ultimately as a process mediating such maternal 
effects (Weaver et al.  2004 , p. 852). 
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 According to   Impact on Genetic and Epigenetic Factors   , there is suffi cient 
evidence that long-term prenatal and infant cardiovascular development can be 
predicted by events that transpire during an individual’s early-life experiences 
especially as it pertains to children categorized as lower socioeconomic status 
delivered by mothers who smoke throughout pregnancy (Tremblay and Hamet 
 2008 , p. 27). These children, who have physiologically acquired toxins derived 
maternally, are more susceptible to hypertension in the long term. This “mis-
match” that occurs during early exposure to toxic environments and adult envi-
ronments increases the risk of the long-term consequences of adult diseases 
(Tremblay and Hamet  2008 , p. 28).  

14.3      The Effects of Maternal  Smoking   

 According to Knopik ( 2009 ), mothers’ smoking during pregnancy continues to be a 
signifi cant public health concern with at least half of all females who present as 
smokers continuing to smoke throughout their respective pregnancies. According to 
Rothstein et al. ( 2009 ), exposure to toxic pollutants in tobacco smoke has been 
found to infl uence the development and health of subsequent generations. Moreover, 
another study found that grandchildren of grandmothers who smoked during the 
fetal period had an increased risk of developing asthma (Rothstein et al.  2009 , p. 7). 
Additionally, tobacco use during pregnancy adversely affects not only prenatal but 
also postnatal growth and signifi cantly increases the risk of behavioral and develop-
mental defi cits in children and adolescents (Vaglenova et al.  2004 , p. 167). 
Additionally, previous studies have concluded a direct correlation between the fol-
lowing: prenatal smoke exposure with reduced birth weight, increased risk for dis-
eases and behavioral disorders later in life, and poor developmental and psychological 
outcomes (Knopik et al.  2012 , p. 1). Prenatal nicotine exposure throughout preg-
nancy produced offspring that had a marked impact on their cognitive abilities, 
physical maturation, kinetic movement, and anxiety levels which extended from 
birth through early adulthood (Vaglenova et al.  2004 , p. 165). Also noted within the 
literature, there is a direct correlation between male nicotine-exposed offspring and 
later growth retardation, with most of the signifi cant differences seen during the 
adolescent period (Vaglenova et al.  2004 , p. 165). Scholarly literature also states 
that prenatal nicotine exposure would be expected to act primarily through its direct 
actions at neuronal nicotinic acetylcholine receptors. In addition, alterations in the 
functional activity of nicotinic receptors could have unique long-term consequences 
because of their potential role in brain development and as presynaptic modulators 
of numerous neurotransmitter systems (Vaglenova et al.  2004 , p. 165). Additionally, 
Knopik et al. found in regard to brain and neurodevelopmental outcomes that prena-
tal exposure to maternal cigarette smoking is directly associated with a higher 
degree of DNA methylation in the BDNF exon 6 in adolescents whose mothers 
smoked during pregnancy, which further suggests that exposure to cigarette smoke 
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while in utero may have long-term consequences that are still measurable in the 
adolescent stage of life (Knopik et al.  2012 , p. 9). 

 Furthermore, scholarly literature states that there is a direct link between devel-
opmental nicotine exposure and the clear exertion of a variety of effects on the 
developing nervous system. Experts also found that these modifi cations, which 
encompass changes at all levels of analysis, from individual molecules to neuronal 
structure, can clearly continue into adulthood and may underlie the behavioral, 
cognitive, and attentional variances observed in humans and animals that are devel-
opmentally exposed to the aforementioned toxins (Heath and Picciotto  2009 , p. 10).   

14.4      Epigenetics and the Effects of  Alcohol   

 According to Perkins et al. ( 2013 ), although treatment regimens for fetal alcohol 
spectrum disorder remain in the formative stage, research shows that there are defi -
nite changes in the epigenome, and in the brain following developmental alcohol 
exposure these epigenetic changes are long-lasting. Although experts have studied 
four decades of clinical and preclinical research documenting the teratogenicity of 
ethanol, knowledge of the epigenetic changes induced by prenatal ethanol exposure 
is only recently developing (Krishnan et al.  2014 , p. 2). Scholars also state that 
research into long-term epigenetic changes caused by developmental alcohol 
exposure is paramount and very much needed (Perkins et al.  2013 , p. 10).   

14.5     Additional External Factors and Effects 
on the Epigenome 

 According to the literature,  external factors   such as chemical, social, and nutritional 
exposures are noted as predictors of disease risk in later life (Roberts et al.  2014 , 
p. 7). The literature also states that the developmental origins of health and disease 
hypothesis (postulates) that gene–environment interactions during early life result 
in long-lasting effects and points to epigenetic inheritance as a prime underlying 
mechanism (Roberts et al.  2014 , p. 7). Rothstein et al. ( 2009 ) state it is possible that 
prenatal and early-life exposures to environmental toxins with epigenetic impacts 
could manifest in behavioral modifi cations later in life. Moreover, literature states 
that the concept of “lifestyle” includes not only factors such as behavior, stress, and 
physical activity but also smoking and alcohol consumption (Alegria-Torres et al. 
 2011 , p. 1). In addition, studies show that lifestyle and environmental factors may 
have a direct link that infl uences epigenetic mechanisms which include DNA meth-
ylation, microRNA expression, and histone acetylation. In other words, the lifestyle 
factors that might modify epigenetic patterns include tobacco smoking and alcohol 
consumption (Alegria-Torres et al.  2011 , p. 2).  
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14.6     Implications and Challenges 

 The  developing systematic approach   to understanding various long-term effects of 
developmental exposures adds a new dimension to the importance of preventing the 
deleterious effects of environmental chemicals (Barouki et al.  2012 , p. 8). This new 
research paradigm is challenging as it requires a multidisciplinary team of collab-
orative scientists that includes toxicologists, clinicians, and epidemiologists, etc., to 
scrutinize viable external contributing factors in the past, as far back as each indi-
vidual’s intrauterine life; the life of their parents and/or grandparents; prospective 
studies to defi ne and identify early-life exposures to chemicals and nutrients and 
provide a new emphasis on multigenerational studies (Barouki et al.  2012 , p. 8). 
This ideal  multidisciplinary team   can identify applicable epigenetic predictive 
changes in order to help mitigate long-term health consequences and promote dis-
ease prevention. Unfortunately, because all human development “involves a plastic 
element,” the mere presence of epigenetic modifi cation may not predict a signifi cant 
effect on health in later life (Barouki et al.  2012 , p. 8). 

  Additionally, conceptual shifts are needed to understand the dynamic interac-
tions of genes, environment, epigenetics, social processes, and behavioral choices 
(Jackson et al.  2013 , p. 40). Moreover, health can no longer be discussed solely in 
the simple terms of individual responsibility alone; the causative factors of many 
chronic diseases occur earlier in life, and even in previous generations. Additionally, 
the  implications   that gene–environment interactions have upon our health cannot be 
truly understood or actually acted upon, unless key decision makers consider a 
holistic approach that involves environmental, genetic, and epigenetic factors that 
together drive our phenotypes (Jackson et al.  2013 , p. 40). This paradigmatic shift 
should lead to a more improved approach—the continuum of the implementation of 
a shift involving an epigenetic holistic approach in regard to the development of 
healthcare policies.   

14.7     Conclusion 

 Epigenetic modifi cations are dynamic and unlike genetic changes potentially revers-
ible, they hold promise for public health as targets for preventive and therapeutic 
interventions. Experts believe that persistent epigenetic adaptations occur very early 
in human development in response to maternal nutritional factors and are directly 
associated with increased disease susceptibility later in life among genetically identi-
cal mice (Roberts et al.  2014 , p. 7). A new approach toward disease prevention is 
needed with a new emphasis on early development. A rational approach is to improve 
maternal nutrition and reduce environmental chemical exposures pre-pregnancy, 
during pregnancy, and during the fi rst few years of life (Barouki et al.  2012 , p. 9). 
This change is likely to have a very large impact on reducing disease incidence and 
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the cost of health care, while at the same time  increasing the quality of life at a global 
level (Barouki et al.  2012 , p. 9). Future studies will also provide a more all-inclusive 
picture of epigenetic mechanisms regulated by alcohol in order to increase our 
understanding of overall genomic function in alcoholism. These early research fi nd-
ings clearly provide evidence that compounds that inhibit histone deacetylase 
(HDACs) inhibitors “may be promising future therapeutic agents in the treatment of 
alcoholism” (Starkman et al.  2011 , p. 4).  

   Abbreviations 

 DOHaD Developmental Origins of Health and Disease 
 HDACs Histone deacetylase   
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    Chapter 15   
 Epigenetics and Development                     

       Ankita     Das        

15.1         History of the Term Epigenetics and How It Relates 
to Development 

15.1.1     Coining of the Term and History of the Term 

 Epigenetics  stands for   information that can be inherited through cell divisions 
beyond what is coded in genetic information or DNA itself. It was coined by Conrad 
Hal Waddington in 1942 as an attempt to defi ne epigenesis (Van Speybroeck  2002 ), 
which involves understanding of the basis of how phenotypes arise by studying 
genotypes. In summary, at that time, the term epigenetics defi ned what we  understand 
today as embryology or development. In his efforts to explain processes for 
 development in an embryo, he emphasized on two key concepts in trying to 
 understand epigenetics or embryo development: one being “canalization” and the 
other “epigenetic landscape” (Van Speybroeck  2002 ; Hemberger et al.  2009 ). While 
cells in an embryo have the option to adopt fates based on their genetics, there exists 
a range of infl uences from the environment, known as the epigenetic landscape that 
infl uences the outcomes. These options can be thought of canals, but what drives 
canalization is the need for the embryo to adapt to their environment.  
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15.1.2      Relevance of Epigenetic Analysis in Understanding 
 Embryonic Development   

 It is well documented that developmental outcomes in cells in an embryo are not 
just an effect of the genetic factors but also a result of external environmental 
 infl uences. Therefore, understanding the epigenetic mechanisms that underlie 
developmental decisions will aid in gaining a complete understanding of the  process 
of development (Burdge and Lillycrop  2010 ). Furthermore, it is well accepted that 
the fi ne-tuning of the signals in the environment really infl uences and gives rise to 
very different outcomes in terms of cell lineages. More specifi cally, in the  paragraphs 
below, I have discussed the two key properties of developing embryos that are 
attributed by epigenetic mechanisms. These properties are robustness and plasticity 
(Bateson and Gluckman  2012 ). 

 The robustness of developmental outcomes is determined by epigenetic factors 
during development. In order to ensure proper embryonic development, it is often 
seen that there are multiple layers of epigenetic regulation, and upon perturbation of 
any of the processes, there are severe consequences in embryonic development. 

 The developmental plasticity of cell types is ensured by epigenetic mechanisms: 
In a developing embryo, whereas intrinsic genetic mechanisms and cross talk between 
tissues determine the fate choices that early cell types make, it has been found that 
there are various early cell progenitor cells that maintain the ability to switch lineages 
upon being given proper instructions (Le Douarin et al.  2004 ). It is rather amazing 
how rapidly these cells are able to respond to the signals in the  environment, which 
is attributed to the epigenetic makeup of the cells (Kim et al.  2010 ). In summary, vari-
ous epigenetic mechanisms in the embryo impart crucial developmental plasticity to 
cells (Boyer et al.  2006 ), thereby making it critical to understand these mechanisms 
to fully understand the developmental potential of the cells.    

15.2     Key  Cellular Concepts   in Development and the Role 
of Epigenetics 

  Specifi cation or Formation of Cell Types (Epigenetic States of Cells)     In a 
 developing embryo, cells of various lineages have distinct epigenetic marks on their 
chromatin, which defi ne their epigenetic states or developmental potential. In an 
embryo, epigenetic states have to be fi rst established and then maintained  throughout 
development to ensure maintenance and carry-over of the developmental identity of 
cells as the embryo develops. Whereas in most cases the epigenetic states are stable 
and maintained, they are also reversible, which then imparts developmental plastic-
ity to the cells that were discussed earlier in the chapter.   
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15.3     Key Determinants in Establishment and Maintenance 
of Epigenetic States 

15.3.1        Cis-Regulatory Elements   and  Trans-Acting Factors   

 The key determinants for regulators of epigenetic states can be separated into two 
categories, namely, the cis-regulatory elements and the trans-acting factors. Whereas 
the cis-regulatory elements provide cell-type-specifi c signatures during  development 
and can be used to predict cell states, the trans-acting factors are critical in 
 establishing those states and in some cases even maintaining them. For example, 
specifi c covalent modifi cations on the histone tails not only dictate the accessibility 
of the DNA for further modifi cations, it regulates where cell-type-specifi c factors 
can bind and regulate lineage decisions. In parallel to that, specifi c modifi cations of 
the histone tails dictate the states of the promoters and enhancers, which then dictate 
the genes that are expressed, and the cell identities. 

 Taken together, in order to drive proper development, proper establishment of 
epigenetic states by modifi cations of histones and binding of transcription factors to 
the promoters, also signals and modifi ers to the enhancers, is critical for normal 
development to proceed. These determinants comprise specifi c DNA sequences, the 
so-called cis-regulatory factors, and the trans-acting factors comprising of histone 
proteins, modifying enzymes, and cell-type-specifi c transcription factors. The 
 cis- regulatory elements can be further classified broadly into two categories, 
the  promoter elements  of genes and the distal-regulatory elements, the  enhancers . 
While the promoter elements govern the gene expression profi les of specifi c cell 
types, allowing for transcription of lineage-specifi c genes, the enhancers further 
fi ne-tune the establishment of identity by facilitating the cross talk between the 
transcriptional machinery and the upstream regulators like signals from the 
 environment. Recent studies have highlighted the importance of enhancer sequences 
in regulating the plasticity and adaptability of cells. These studies highlight the role 
of enhancer sequences as platforms for signal integration from the environment, 
pinpointing again to the importance of epigenetic regulation in determining cell 
fates (Buecker and Wysocka  2012 ). As a consequence of the dynamics of regulation 
of the epigenetic states of the chromatin in various cell types, there lies a possibility 
of regulation of the states, thereby leading to a completely different outcome 
(Buecker et al.  2014 ). 

 Whereas changes in the regulation can lead to various developmental disorders, 
these inherent mechanisms are also used for the evolution of natural variations in 
morphology and forms during development. A great example of that is what is 
thought to underlie the variation and formation of distinct craniofacial morpholo-
gies in humans (Rada-Iglesias et al.  2011 ). It has now been shown that alterations in 
the enhancer sequences of the DNA can lead to very distinct developmental 
outcomes. 

 In addition to the observed and well-documented consequences of epigenetic 
deregulation during embryo development, numerous studies in the fi eld of stem cell 
biology have suggested that the so-called epigenetic signatures of various stem 
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cells, both embryonic and adult derived, can be used to predict their developmental 
potential. These studies have documented specifi c epigenetic states and have been 
able to defi ne “signatures” for each cell type. Not only have these studies clearly 
demonstrated that embryonic and adult stem cell types have distinct epigenetic 
states and that again specifi c promoter and enhancer regions in the cell types can be 
used to defi ne cellular identities, they have also led to the idea that control of 
 epigenetic mechanisms by chemical and genetic modifi cations can lead to 
 “reprogramming” of the cell fates. Therefore,  simply by leveraging the known 
mechanisms of cellular and developmental plasticity regulated via epigenetic 
 mechanisms and by utilizing those mechanisms, one can precisely direct cell fates .    

15.3.2        DNA Methylation      as a Mechanism for Epigenetic 
Memory and Plasticity 

 In addition to the abovementioned modifi cations of DNA–histone complexes, the 
DNA sequences themselves can be modifi ed by methylation, which then regulates 
the accessibility of the DNA to various enzymes and the state of the chromatin. 
DNA methylation can further be classifi ed into two types, which encompasses 
methylation of the promoters and also the gene bodies themselves (Adrian  2002 ; 
Suzuki and Bird  2008 ; Jones  2012 ). The prevalence of DNA methylation at the 
promoters is more commonly studied in the context of understanding the role of 
mechanisms of regulation of gene transcription. In recent times, DNA methylation 
at gene bodies is also being investigated in the context of genome instability and 
cancer, but for the purpose of this review, I will discuss the processes of DNA meth-
ylation at the promoter of genes. DNA methylation has been shown to be important 
both for the establishment and maintenance of methylation states of specifi c cell 
types during development. Whereas the previously discussed mechanisms of epi-
genetic regulation are thought to be primary events in regulation of gene expression, 
DNA methylation is historically thought to be a secondary event regulating tran-
scription (Suzuki and Bird  2008 ). In most cases, it has been suggested that DNA 
methylation occurs on already repressed genes to further ensure irreversible repres-
sion.  Although most of the stretches of CG nucleotides called CpG islands typically 
remain unmethylated at the promoter regions of genes , there are specifi c regions in 
the genome that maintain methylated CpG islands. This phenomenon is thought to 
be important both in X-chromosome inactivation and also genome imprinting 
(Adrian  2002 ). The mechanism by which DNA methylation is maintained on 
genomes is by the activity of enzymes encoded by the Polycomb family of proteins 
that specifi cally maintain methylated histones at these regions (Ringrose and Paro 
 2007 ). Interestingly enough, it has also been observed that there are mechanisms of 
active demethylation occurring in the embryo. It has long been speculated that this 
“latter” mechanism might be important for tissue-specifi c activation of genes, 
although the evidence for that was not very conclusive. Recent loss of function 
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 studies of DNA methylation enzyme Dnmt1 has shown reduced methylation at 
tissue- specifi c promoters and aberrant activation of genes in other domains (Suzuki 
and Bird  2008 ; Jones  2012 ). These studies provide strong evidence for DNA 
 methylation being more than a secondary event in gene regulation and also are 
deterministic of cell lineages in an early embryo.    

15.3.3       Noncoding RNAs   as a Mechanism for Epigenetic 
Regulation 

 The other commonly studied mechanism of epigenetic regulation involves noncod-
ing RNA-mediated regulation. Noncoding RNAs can be divided into two catego-
ries, the long and short noncoding RNAs. For this review, I will focus on the 
functions of small noncoding RNAs to discuss their functions in establishing robust-
ness and developmental plasticity in early embryogenesis. Two major classes of 
small noncoding RNAs have been described to date, namely, the microRNAs (miR-
NAs) and the piwi-RNAs (pi-RNAs) (Stefani and Slack  2008 ). Extensive gene per-
turbation analyses of the microRNA pathways in various model organisms have 
revealed that in the majority of cases, these molecules function to modulate and 
fi ne-tune signaling activity in the embryos. In other cases, they regulate robustness 
by dampening active signaling by balancing expression levels of upstream regula-
tors of the signaling pathways. At the molecular level, miRNAs function by either 
 blocking the transcripts of various genes to degradation  or by blocking protein 
synthesis. It is to be noted that these mechanisms have been shown to be very 
important for the establishment of gradients of signaling and also for the formation 
of axis during embryo development. In summary, this mode of regulation is thought 
to be important for morphogenesis of very early embryos. In addition to the  function 
of this pathway in early embryogenesis, there are also several known functions of 
these pathways in tissue-specifi c developmental processes, namely, neuronal, 
 muscle, cardiovascular, and lymphatic system development. In addition to the 
 widespread activity and functions of the miRNAs, the pi-RNAs have been  implicated 
in germline development.    

15.4       Developmental Disorders   Due to Perturbations 
in Epigenetic Mechanisms 

 Epigenetic diseases can arise from defects or alterations in various aspects of the 
abovementioned epigenetic mechanisms. Defects in epigenetic processing can lead 
to defects both in embryonic development and in development of cancers. For the 
purpose of this chapter, I will focus the discussion on developmental disorders. 
These can arise from alterations in a single gene expression, as well as by alterations 
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of multiple genes at once due to changes in the global epigenetic landscape (Feinberg 
 2007 ). With regard to the types of disorders that can occur, one can think of 
 alterations in the epigenetic regulation of genes, such as changes in imprinting, or 
changes in the epigenetic machinery itself that can give rise to developmental 
 disorders. One feature that has been seen in epigenetic disorders is that the cell types 
in the embryo that are highly plastic early in development are preferentially affected 
by alterations in epigenetic machinery. There are several instances of changes in 
expression of chromatin-modifying enzymes like histone methyltransferases 
(Feinberg  2007 ), as well as chromatin-remodeling enzymes, which when mutated 
lead to severe neurocristopathies and craniofacial disorders. Another interesting 
feature of these diseases is that they present a very broad spectrum of phenotypes, 
even though the cells arise from similar kinds of cells in the embryo. This  observation 
again emphasizes the function of epigenetic mechanisms in establishing plasticity 
as well as maintaining robustness, such that when these mechanisms are perturbed, 
you get an imbalance or loss of plasticity or adaptability of the cells and  manifestation 
of a phenotype. Some of the well-documented cases of these kinds of disorders 
include CHARGE syndrome and Prader–Willi and Angelman syndromes amongst 
many others. In addition, recent studies have also revealed that factors like 
 environmental toxins can also alter the DNA and chromatin composition.      
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16.1  Introduction

The rapid industrial and technological advances from the nineteenth century to the 
present greatly improved human health and welfare, with the exception of systems 
applied by tyrannies. Biologically, the advances outpaced our understanding of their 
ecological genetic and epigenetic effects, which continue to remain incalculable due 
to the lack of controlled experimental studies to establish necessary and sufficient, 
cause-and-effect relationships (Freedman et al. 2015; Ioannidis 2005; Rothman and 
Greenland 1998). Nevertheless, the accumulating evidence that environmental tox-
ins have epigenetic effects during the life span indicates the need for research, health 
policy, research-based interventions, and both patient and clinician education to 
improve transgenerational health  (Bollati and Baccarelli 2010; Skinner et al. 2011). 
This observation is strongly supported by the prepubescent and perinatal nutritional 
stressors (Pembrey et al. 2006; Heijmans et al. 2008), dramatic cellular epigenetic 
controls over tissue differentiation throughout normal and aberrant development 
(Bonnin et al. 2011; Dixon et al. 2015; Maruyama et al. 2011; Parle-McDermott and 
Ozaki 2011; Waterland et al. 2009; Wilkins 2010), and tentative maternal stress 
(Yehuda and Bierer 2009).

16.2  Germline Versus Soma Epigenetics

The prepubescent nutritional stress effects of grandparents on same-gender grand-
children (Pembrey et al. 2006) implicate epigenetic reprogramming of sperm and 
egg, reproductive cells with high chromatin methylation protection compared to 
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somatic tissues. Singh et al. (2013) described two major phases of epigenetic remod-
eling events in mammals, the first occurring in the early embryo to establish the 
soma/germline separation and the second phase occurring mid-gestation in prosper-
matogonia and following birth for oogonia with large-scale demethylation and 
 differential prospermatogonia/oogonia methylation patterns. Loukinov et al. (2002) 
discovered that prospermatogonial demethylation corresponds with upregulation of 
the gene BORIS and downregulation of the gene encoding the CTCF zinc-finger 
protein. Manikkam et al. (2012) documented three-generation epigenetic effects 
and gene networks involved in the altered methylation of prospermatogonia and 
oogonia due to gestational endocrine disruptor exposure. Consequently, sperm and 
egg will be vulnerable to environmental insults at different times for the gestational/
perinatal period through early adolescence, as Pembrey et al. (2006) observed.

Furthermore, a third event, somatic aging, begins just before puberty and appears 
to be an epigenetic phenomenon (Georgieva et al. 2015; Hayflick 1994; Pogribny 
and Vanyushin 2010). Aging is thermodynamic in nature (Hayflick 2007a, b; 
Skulachev 2001, 2002; Sedivy et al. 2008) and will be discussed below.

Both gametic development and somatic aging involve dynamic spatiotemporal 
changes in chromatin methylation/demethylation. In prospermatogonia, histone 
H3K9ac, H3K4me, H3K27me3, H3K79me2, H3K79me3, and HK9me3 levels 
 elevate in tandem with methylation (Abe et al. 2011; Singh et al. 2013). Changes in 
chromatin methylation and especially global demethylation are similar between 
aging individuals and individuals with Hutchinson–Gilford progeria syndrome, the 
latter involving a homozygous splicing defect in Lamin A gene exon 11 (http://
omim.org/entry/176670; Sedivy et al. 2008). Lee et al. (2009) demonstrated a clear 
relationship between the one-carbon metabolism pathway and DNA methylation. 
The one-carbon pathway includes methionine, choline, and pyrimidine synthesis, 
disruption of which leads to metabolic disorders that are detected in newborn 
screening (Hollar 2012).

16.3  Waddington’s Model and Two Distinctive Epigenetic 
Pathways

Waddington’s (1957) epigenetic landscape model metaphorically described a given 
cell’s state as a ball rolling down hills and valleys, with its trajectory depending 
upon bumps (i.e., disturbances in epigenetic programming/reprogramming) along 
its journey (Fig. 16.1). Thom (1972) attempted to map cellular differentiation and 
tissue formation using catastrophe theory and following Waddington’s (1957) 
model. Whereas such attempts have incompletely explained tissue structures, they 
provide a theoretical approach to studying and interpreting epigenetic changes in 
children’s health and lifespan health.

The epigenetic state/phase of a cell is very relevant for the gene methylation/
histone chromatin acetylation events that occur with cell fate commitment/ 
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differentiation, including the early embryonic gametogenesis/somatogenesis division. 
The gametogenesis commitment adds genetic control protections that insure faithful 
transmission of genetic information and genetic controls to subsequent generations 
via sexual reproduction. In contrast, the disposable soma (i.e., nonreproductive 
body) (Kirkwood and Rose 1991; Tabatabaie et al. 2011) accumulates epigenetic 
dysregulation and chaos exponentially as aging. This point is not to say that gametes 
are impervious to epigenetic changes, just that such changes are more difficult, and 
they do occur (Pembrey et al. 2006; Heijmans et al. 2008; Skinner et al. 2011). 
Thus, epigenetics follows two tracks: (1) lifespan degradation from entropy/aging 
(Hayflick 2007a, b) and (2) transgenerational gene reprogramming affecting 
 morbidity/mortality and behavior, via gametes (Pembrey et al. 2006; Yehuda and 
Bierer 2009). Waddington’s (1957) model of epigenetic reprogramming is limited 
for gametes but global for the soma.

16.4  “Quantum” Models and Molecular Instability

Davies et al. (2012) followed Hayflick’s (2007a, b) aging entropy model to impli-
cate cancer, a partial genetic/epigenetic cell transformation/dedifferentiation event, 
as a quantum metabolic phenomenon. They use the term “quantum” in the sense 
that biological structures such as mitochondria oscillate with the following bioener-
getics properties:

 1. Metabolic cycle time (measured in seconds)
 2. Metabolic rate (measures in Joules/kilogram second)

Fig. 16.1 Waddington’s 
(1957) epigenetic 
landscape model
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 3. Entropy production rate (measured in Joules/Kelvin seconds) corresponding to 
the thermodynamic properties of temperature

 4. Specific heat (measured in Joules/kilogram Kelvin)
 5. Gibbs–Boltzmann entropy (measured in Joules/Kelvin)

Furthermore, they state (Davies et al. 2012, pp. 011101–5) that “the rate of 
energy production in chemical reactions in cells satisfies a variational principle 
which is formally analogous to the minimization of the free energy in equilibrium 
statistical physics,” according to Einstein’s (1907) and Debye’s (1912) quantum 
theory of harmonic vibrations in crystalline solids (and their heat capacities). Davies 
et al. (2012) proposed the following equation of metabolic energy En stored by an 
enzymatic oscillator with frequency f:

 E n f nn 1 2 3, multiples= k , , , .= ¼  

This equation borrows from Einstein’s (1907) En = nhf, where h is Planck’s constant 
(6.63 × 10−34 J s). Estimating 3 × 104 ATP phosphorylations per mitochondrion per 
second, f = 1000 Hz, and a characteristic enzyme kinetic time scale of 10−3 s, Davies 
et al. (2012) estimated the biological equivalent of Planck’s constant h to be 
κ = 10−24 J s. This parameter is 1.8 × 1011 times larger than h, which is the upper 
energy limit for quantum events, although Davies et al. (2012) argued that 1.9 × 1014 
atoms/cell and approximately 1 × 103 mitochondria per cell yields 1.9 × 1011 atoms 
energized per mitochondria, assuming equal spacing but not considering optimum 
mitochondrial fission/fusion dynamics (Picard et al. 2013). Therefore, they are 
arguing that bioenergetic events within cells represent quantum-like phenomena 
and that these events are prone to atomic/molecular instability, as per Hayflick’s 
(2007a, b) thermodynamic aging model and Waddington’s (1957) perturbation 
 epigenetic landscape.

Numerical estimations notwithstanding, what has all of this to do with epi-
genetics? Davies et al. (2012) presented their quantum model of bioenergetics as a 
thermodynamic instability hypothesis for cancers, where cells bioenergetically 
shift from mitochondrial oxidative phosphorylation to anaerobic glycolysis. 
Additionally, we know that cancer occurrence goes beyond just genetic mutations 
in some instances to epigenetic reprogramming by methylation/demethylation, 
chromatin remodeling, lysogenic viruses, and transposable genetic elements. 
Returning to Waddington’s (1957) epigenetic landscape (Fig. 16.1) and Thom’s 
(1972) potential well catastrophe modeling of the landscape, environmental distur-
bances (e.g., stress, toxins, nutrition) thermodynamically alter gene regulation, in 
the process creating cellular molecular instability and/or gametic imprinted insta-
bility that further can lead to transgenerational effects. These events translate 
throughout cellular phenotypes or throughout the entire organism via gametes. 
This includes the energy- converting mitochondria, which function by generating a 
catastrophic potential well of Δp ~ 220 mV (i.e., the proton-motive force; Nicholls 
and Budd 2000) as a transmembrane potential across the inner mitochondrial 
membrane. Only recently have researchers turned their attention to the central role 
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of mitochondria in cellular and organismal development as well as mitochondrial 
epigenetics, given that approximately 1500 mitochondrial genes positioned in the 
mitochondrial DNA and in the nuclear genome regulate many critical biochemical 
pathways (Minocherhomji et al. 2012; Shaughnessy et al. 2014; Wallace and Fan 
2010). Within quantum models of epigenetic instability related to aging and 
Waddington’s (1957) landscape, the proton- motive force figures prominently given 
that each of the human body’s 5 × 1013 cells contains between 200 and 3000 mito-
chondria, cardiac myocytes  contain as many as 7000, sperm have 16, and oogonia 
can contain up to 100,000 (Brunk and Terman 2002; Gray 1989; Kurz et al. 2010; 
Nicholls and Budd 2000; Pieczenik and Neustadt 2007; Szewczyk and Wojtczak 
2002; Veltri et al. 1990).

16.5  Genomic and Epigenomic Stability/Instability

Hayflick (2007a, b) similarly discussed genomic instability and the entropic thermo-
dynamics of aging, although not with the general mathematical formalism of Davies 
et al. (2012). Genomic instability illustrates the thermodynamic pulsatility of all 
matter, living and nonliving, that Hayflick (2007b) emphasizes. From another quan-
tum perspective, Levy-Leblond and Balibar (1990, p. 103) described the well- known 
iterative stationary phenomenon, ad infinitum: “A harmonic time dependence, given 
by exp i(ωt + φ) corresponds to a phenomenon which is ‘always the same,’ or in other 
words, remains identical to itself in the course of time.” In this harmonic equation, 
similar to Davies et al. (2012), ω = 2πf is the pulsation or cyclic frequency, t is time, 
ωt is the phase or argument of the harmonic function, and φ is the original phase.

Epigenetic reprogramming is locked into genetic, maternal, egg, and mitochon-
drial controls and is reliably passed with generally minimal changes (“always the 
same”) from generation to generation. This gametic, early in utero development/
differentiation set of instructions maintains strong relative stability for maintenance 
of the species while allowing room for small changes (i.e., genetic mutation and 
epigenetic reprogramming) that create variation across individuals, variation that is 
selected for, against, or neutrally by the given environment in which individuals 
reside (i.e., Waddington’s epigenetic landscape). Post-reproduction, the somatic 
cells (i.e., the individual organism) experience logistic and then exponentially 
increasing epigenetic/genomic instability (Davies et al., 2012; Hayflick 2007a, b) in 
cellular/tissue functioning, mitochondrial bioenergetics, chromatin remodeling and 
methylation, telomere shortening, etc., eventually resulting in systemic catastrophic 
failure (Thom 1972) that is irreversible by the second law of thermodynamics 
(Prigogine 2002).

Thus, environmental exposures to stress, toxins, etc., impact transgenerational 
development of individuals, for good or for bad, and lifespan functioning, increas-
ingly bad over time. For both situations, early epigenetic reprogramming research 
offers the potential to moderate negative transgenerational epigenetic changes as 
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well as possible slowing of lifespan aging, using epigenetic control reprogramming 
to approximately earlier life phenotypes. This last possibility would be daunting, as 
every change could not be corrected or reversed, necessary gene functional cycles 
must not be interrupted, and the reprogramming will be different from cell to cell, 
tissue to tissue. This could be a next step for aging research as we gain improved 
understanding of the epigenome, a system vastly more complex than the Human 
Genome Project. Nevertheless, the epigenetics of aging would be realistic to explore 
in light of grounded biogerontological research, in contrast to the mostly fraudulent 
antiaging industry (Binstock 2003; Olshansky et al. 2002).

16.6  Trajectory Analysis and Epigenetics

Returning to Waddington’s (1957) epigenetic landscape and Davies et al.’s (2012) 
quantum model, the epigenetic state of all controls for a given cell’s nuclear DNA 
plus mitochondrial DNA can be represented by a spatiotemporal manifold or sur-
face Μ(fxi, ti) at a static, stable time point. Unfortunately, each cell of an organism 
is not isolated, as it interacts with neighboring cells, substances delivered in the 
bloodstream, heat transfer and electromagnetic radiation, waste products of cellular 
metabolism, reactive oxygen species (ROS) generated by cellular metabolism, 
global physiological changes, viruses, transposable genetic elements, billions of 
mutualistic bacteria, occasional bacterial pathogens, etc.

Consequently, the epigenetic phase state of the cell changes from an initial Μ(fxi, 
ti) to some future or temporally subsequent Μ′(fxi′, t + 1) (Fig. 16.2). We can math-
ematically map this dynamical phase transition for the epigenetic cell landscape. 
For Fig. 16.2, the expansion of the phase state due to epigenetic changes in the 
phase state genes (xi, yi two-dimensional coordinates) can be evaluated via the 
Jacobian matrix:

 

J = ( ) ( ) = [ ]
[ ]

d x, ,y x y x x x y

y x y y

/ / /

/ /

d d d d d
d d d d

0 0 0 0

0 0  

This represents a simplified equation for one gene. Each element (e.g., δx/δx0) rep-
resents the spatiotemporal effects of a previous variable onto a current variable. The 
determinant of the Jacobian matrix yields the eigenvalues, each of which measures 
the stretching or contracting of the phase space along a given dimension or direction 
(e.g., the x-axis). The real parts of the eigenvalues of the Jacobian matrix are termed 
Lyapunov exponents, again one per dimension of stretching/contracting. The 
Lyapunov exponents represent the shear or contraction/expansion of the phase 
space (Cvitanovic et al. 2004; Glass and Mackey 1988; Ruelle 1989; Tufillaro et al. 
1992). Positive Lyapunov exponents represent expansion, or instability, whereas 
negative Lyapunov exponents and exponents near zero represent contraction, or sta-
bility. Therefore, the Jacobian matrix and its Lyapunov exponents represent useful 
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mathematical tools for mapping the dynamical change of any information system, 
including the epigenetic gene regulatory networks.

To illustrate, consider a single gene under epigenetic control. If the gene is meth-
ylated to be inactive (or demethylated to be active) during “normal” development, 
then partial or complete reversal of this condition would represent a disturbance to 
the phase state of the gene, such that its messenger RNA transcription and protein 
translation would be upregulated (or downregulated for a previously demethylated 
gene), barring other posttranscriptional or post-translation epigenetic controls. Such 
gene activity easily is evaluated using DNA methylation profiling and microarray 
analysis (Eckhardt et al. 2006; He et al. 2008; Lister et al. 2009; Meissner et al. 
2008). The degree change in gene expression as a function of time can be quantified 
using the Jacobian matrix of partial differential equation change from the resulting 
Lyapunov exponents.

If genes are epigenetically stable over time, there will be no change (Lyapunov 
exponent λ = 0). If the initial methylation or demethylation gene programming state 
is tightened, then the Lyapunov exponents would become negative. If their states are 
relaxed, the exponents become more positive. If the gene is central to a much larger 
network of gene activities and cell/tissue physiologies, then the sequential effects 
could be disruptive, and the overall Lyapunov exponents for system stability could 
diverge significantly more positively such that beyond λ ≥ +3, the system could 
become chaotic (Ruelle 1989; Tufillaro et al. 1992). One famous chaotic model is 

Fig. 16.2 Phase-state change in gene expression due to methylation or chromatin remodeling can 
be mapped for a temporally evolving genomic manifold Μ using the Jacobian matrix J Lyapunov 
exponents
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the often cited meteorological Lorenz attractor (Fig. 16.3; Lorenz 1963), where 
λ ≥ +1 as the system oscillates between two attractors/phases. As weather can be 
dynamic and chaotic between extremes of stability and instability, so can the intri-
cate molecular networks of the cell. The redundancy of these networks likely  
promotes stability, but increasing epigenomic instability with aging can push the 
Lyapunov threshold to λ ≥ +3 and chaotic dynamics (e.g., morbidity and mortality). 
This mathematical formalism relates directly to the Hayflick (2007b) and Davies 
et al. (2012) models. It further illustrates the critical importance of epigenetic stabil-
ity in utero, in the soma for transgenerational inheritance, and in healthy versus 
unhealthy aging/physical functioning with continuous bodily exposures to stress, 
radiation, and environmental toxins.

16.7  Epigenetic Reprogramming, Mitochondria, 
and the Waddington Model

Thom (1972) mathematically modeled Waddington’s (1957) epigenetic landscape 
to model developmental change. Thom’s (1972) seven catastrophe models described 
variations in parameters around critical points that could maintain stability or that 
could collapse the system to lower energy potentials. At the cellular level, the inter-
actions between gene products and other genes/gene products are staggering for 

Fig. 16.3 Lorenz attractor showing two periodic cycle attractors with even disparate distributions, 
F(x, y, z), parameters s = 10, r = 15, b = 2.667 computed using Enthought Canopy Python
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dozens of interacting biochemical pathways. Any change in epigenetic program-
ming can lead to a cascade of additional effects across multiple biochemical sys-
tems, although redundancies can buffer such changes to a certain extent. Whereas 
such systems tend to be very resilient, especially for the germline cells, they become 
increasingly chaotic with aging and infant metabolic disorders. The same situation 
holds with large blocks of genes that can be activated or deactivated by histone 
methylation/acetylation. For such complexity, the Jacobian matrix approach 
described above represents a robust measure to assess temporal changes in epigen-
etic programming activity.

With Hayflick’s (2007a, b) and Davies et al.’s (2012) molecular instability mod-
els of aging and cancer, the potential epigenetic reprogramming effects implicate 
mitochondrial bioenergetics, as described above (Brunk and Terman 2002; Kurz 
et al. 2010; Pieczenik and Neustadt 2007; Szewczyk and Wojtczak 2002). Pieczenik 
and Neustadt (2007) identified numerous vitamins and nutrients that are essential 
for electron transport/oxidative phosphorylation on the inner mitochondrial mem-
brane: vitamins B1, B3, B5, B6, and C and L-carnitine, ubiquinone, lipoic acid, iron, 
sulfur, copper, zinc, magnesium, and manganese. Nutrient deficiencies can impact 
pathologies across multiple body systems, including the central nervous system, 
heart, skeletal muscles, eyes, liver, and kidneys. Pathologies include mitochondrial 
diseases and disorders such as Kearns–Sayre syndrome, mitochondrial encephalo-
myopathy, Leber hereditary optic neuropathy, myoclonic epilepsy and ragged red 
fibers, neuropathies, and seizures (Pieczenik and Neustadt 2007).

Minocherhomji et al. (2012) noted that there are approximately 1500 mitochon-
drial genes scattered between the mitochondrial and nuclear genomes. They cited 
several research studies demonstrating mitochondrial methyltransferase activity and 
nuclear chromatin remodeling that impacts mitochondrial genes. Several breast, 
renal, and hematopoietic cancers are implicated, and they argued that epigenetic 
changes lead to molecular instabilities and mitochondrial diseases, including cancer 
(Minocherhomji et al. 2012).

Wallace and Fan (2010) similarly found that S-adenosylmethionine (SAM) and 
calorie-limited chromatin dephosphorylation and deacetylation are involved in 
environmental epigenetic reprogramming. They noted that mitochondrial diseases 
are similar to various epigenetic diseases such as Angelman, Rett, and fragile X 
syndromes as well as several cancers. They proposed a bioenergetics–epigenomic 
hypothesis for gene regulation. These findings directly impact research on 
 mitochondrial diseases and metabolic conditions that are diagnosed via newborn 
screening/tandem mass spectrometry (Hollar 2012).

Pogribny and Vanyushin (2010) related aging to DNA hypomethylation and the 
one-carbon pathway that is connected by amino acid and mitochondrial bioenerget-
ics. Their work supports the Sedivy et al. (2008) epigenetic model of aging, a fol-
low- up to Skulachev’s (2001, 2002) model. Shaughnessy et al. (2014) provided a 
comprehensive model linking environmental stressors to cellular biochemical path-
ways, nuclear and mitochondrial DNA methylation/reprogramming, calcium ion 
fluxes across the inner mitochondrial membrane, synthesis of lipids, pyrimidines, and 
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heme compounds, various metabolites, and cytokines/growth factors. Furthermore, 
mitochondria are structurally dynamic in relation to their function under these stress-
ors, with fusion or fission into larger or smaller units, representing a dynamic chon-
driome (Brunk and Terman 2002; Huang et al. 2011; Oka et al. 2012; Passos et al. 
2007; Picard et al. 2013).

The complexities of cellular and mitochondrial signals impacted by epigenetic 
programming are further magnified by the estimated 5 × 1013 cells in the adult human 
body and the intricate connections between many of these cells and tissues. The 
human cerebral cortex contains approximately 3 × 1010 neurons and the cerebellum 
1 × 1011 neurons, with approximately 5 × 1010 glial cells (Herculano-Houzel 2009). 
Most importantly, each neuron averages 7000 synaptic connections, resulting in a 
staggering 1 × 1015 connections for a single brain. Just from a neural perspective, 
epigenetic changes in single genes not only impact biochemical events within the 
cell but potentially thousands of directly or indirectly connected cells. The cascade 
of effects could transmit to body regions controlled by specific brain regions.

The situation is even more pronounced if the stressors or environmental toxins 
alter epigenetic reprogramming in utero during critical periods in brain develop-
ment. For example, neural tube folding, cell division, and folding of the encepha-
lons occur during the early weeks of gestation. Environmental exposures would 
affect more brain regions and body functions the earlier that the exposure occurred. 
This holds for mercury, lead, alcohol and other drug use, phthalates, etc. Folate 
intake has a profound impact on neural tube development and for other body func-
tions, hence its fortification in many foods. Consequently, early exposures have the 
strongest reprogramming effects that can impact the individual for their entire life 
and that can be transmitted to future generations via the germline. In utero epigen-
etic reprogramming affects the individual for the entire life span and, via the germ-
line, affects future generations. Neurologically, endocrine disruptors can permanently 
alter the hypothalamic–pituitary–adrenal (HPA) axis for physiological stress and 
allostatic load (Hollar 2013; Seeman et al. 2001, 2002; Yehuda and Bierer 2009). 
HPA axis effects impact cellular cytokines whose molecular effects include Th1/
Th2 immune responses as well as mitochondrial functioning (Hollar 2009; Salminen 
et al. 2012; Sternberg 1997).

16.8  Conclusions

Epigenetic programming and reprogramming enable proper sequential  development 
and differentiation of individuals from conception onward. Stress, radiation, envi-
ronmental stressors (e.g., endocrine disruptor), and other agents can alter/disturb 
normal development by reprogramming cells and tissues into unpredictable direc-
tions. Cellular metabolic pathways are intricate and resilient against many such 
changes, but many agents (e.g., alcohol, lack of important nutrients, organic sol-
vents) acting on genes at critical developmental periods create systemic instabilities 
that affect the individual via morbidity and increased risk for mortality across the 
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life span or that can be transmitted via the germline to future generations. The most 
susceptible critical periods are gestation for the unborn child, especially the first 
trimester when most organs form and brain development is established, the germ-
line/soma separation, and prepuberty, the latter two of which promote transgenera-
tional epigenetic inheritance.

Instability reprograms the epigenome, cumulatively so in aging (Hayflick 
2007a, b). Waddington’s (1957) model and Thom’s (1972) mathematical treatment 
illustrate how environmentally induced “change of pathways” drives cells to altered 
functioning and/or collapse. Epigenetic changes can be further mathematically 
described with specific measures, including Lyapunov exponents (Ruelle 1989) 
from Jacobian matrices, to inform research into epigenomic stability. From these 
approaches, researchers can examine possibilities for carefully reverse program-
ming the epigenome (Cakir et al. 2009; Morgan et al. 2005) to improve health and 
functioning, treat disease, and modulate aging processes.

Abbreviations

ATP Adenosine triphosphate
ROS Reactive oxygen species
DNA Deoxyribonucleic acid
SAM S-adenosylmethionine
HPA Hypothalamic–pituitary–adrenal axis
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