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ABSTRACT Popular media reports concerning the
causes of the current global obesity pandemic and its
related sequelae—the cardiometabolic syndrome—are
often couched in terms of dramatic changes in diet and
lifestyle around the world; namely, drastically increasing
dietary intakes of high energy foods and plummeting lev-
els of daily physical activity—the hallmarks of the so
called “nutrition transition.” Far less attention is generally
drawn to the important role phenotypic plasticity during
early life (i.e., “developmental programming”) plays in the
cardiometabolic health crisis. Recently, however, research-
ers working within the field of the developmental origins
of health and disease (DOHaD) and epigenetics have
extended our understanding of the role played by these

A recent study describing the shifting global burden of
disease from 1990 to 2010 reports that global mortality
due to malnutrition and infectious diseases, such as
tuberculosis, had fallen sharply during the report’s
twenty year study period, while death from diseases
that typically strike in older age and wealthier societies,
such as heart disease, showed dramatic increases (Loz-
ano et al., 2012). The report cites improvements in sani-
tation, childhood immunization programs, and access to
food as largely responsible for the shift. As infant mor-
tality and infectious diseases have fallen around the
world, however, deaths due to obesity-related diseases
have risen sharply; diabetes mortality, for example,
doubled during the study period. This, even as malnutri-
tion (due to poor quality diets) remains an intractable
problem in much of the economically developing world
(FAO, 2012), often existing side by side with (energy)
over-nutrition, a situation commonly referred to as the
“dual burden of malnutrition” (Doak et al., 2004). These
recently identified shifts in mortality reflect, in part, the
health consequences of the two co-existing patterns asso-
ciated with the global “nutrition transition” (Popkin,
2006): one characterized by low quality/low variety diets
consisting of starchy, low fat, high fiber foods, and
coupled with labor intensive physical activity and stunt-
ing (Fig. 1 [Stage 3]); the other by diets and lifestyles
marked by highly processed inexpensive foods—high in
energy, simple sugars, and saturated fat, while low in
fiber—coupled with sharply declining levels of physical
activity in both work and leisure settings, and increas-
ing levels of obesity (Fig. 1, [Stage 4]). While the mortal-
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“cardiometabolic syndrome”; epigenetics; multigenerational; transgenerational

developmental processes and capacities in health and dis-
ease even further by investigating the transmissible
nature of developmentally programmed cardiometabolic
traits to subsequent generations. In this review, after
briefly revisiting the fundamental discoveries of first-
generation DOHaD research, I consider how recent discov-
eries regarding the transmissibility of developmentally
acquired traits are providing new insights into the current
global cardiometabolic pandemic, and how a better under-
standing of developmental programming—including
transmissibility—are essential for the conceptualization
and implementation of public health initiatives aimed at
stemming this global health crisis. Am J Phys Anthropol
57:79-93, 2013.  © 2013 Wiley Periodicals, Inc.

ity risk associated with more modest levels of adiposity
(corresponding to the common body mass index classifi-
cations of “overweight/preobese” [BMI of 25-29.9] and
“class 1 obesity” [BMI of 30-34.9]) may have been over-
stated (Flegal et al., 2013), obesity remains a major risk
factor for Type 2 diabetes, cardiovascular disease, and
hypertension—the major components of the cardiometa-
bolic syndrome. This is problematic given that, according
to the World Health Organization, “an escalating global
epidemic of overweight and obesity—‘globesity’—is tak-
ing over many parts of the world” (WHO, 2013), in some
cases, paradoxically, even in contexts of “food insecurity”
(Velasquez-Melendez et al., 2011).

Obesity was first recognized as an important chronic
disease risk factor in the 1970s (Keys et al., 1972) when
its association with cardiovascular disease was first
noted, and by the late 1990s obesity-related metabolic
diseases like Type 2 diabetes were viewed as a major
threat to global health (King et al., 1998). In the earliest
stages of what would later become known as the global
obesity pandemic, many scientists believed that the
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Fig. 1.

Stages 3—5 of the nutrition transition. Stage 3 and Stage 4 currently characterize the two dietary, physical activity, and

morbidity patterns associated with the “dual burden” of malnutrition. (Reproduced with permission from Popkin, Am J Clin Nutr,

2006, 84, 289-2980 American Society for Nutrition).

propensity to accumulate excess body fat (among other
dysregulated “thrifty” metabolic features) was strictly
determined by the interaction of genotype and “lifestyle”
(i.e., dietary and physical activity) risk factors (Neel, 1962,
1982, 1999; Ritenbaugh and Goodby, 1989). The relative
frequency of the so called “thrifty genotype” in human pop-
ulations was thought to vary largely along racial/ethnic
lines, and was believed to reflect the different nutritional
histories and food economies of these groups over many
millennia. Natural selection, it was thought, would have
favored thrifty genotypes among human groups experienc-
ing regular and severe “feast or famine” cycles of food
availability, due to their hunter—gatherer food economies,
harsh local ecology, or lengthy and arduous migrations
(Diamond, 1992, 2003). As a result, by the 1980s, several
“thrifty genotype” populations including American Indi-
ans, Pacific Islanders, and Aboriginal Australians had
been identified, and their staggering and growing preva-
lence of obesity and Type 2 diabetes were seen by most
human biologists and geneticists as the direct consequence
of their common genetic predisposition for a thrifty metab-
olism that would preferentially “store fat and spare
glucose.” The genetic predisposition that once ensured
their ancestors’ survival, the theory suggested, now pre-
disposed their descendants to obesity and Type 2 diabetes
even as they transitioned to obesogenic western diets and
lifestyles (Neel, 1999). Twenty years after its original for-
mulation, the thrifty genotype hypothesis was embraced

At the same time, the shortcomings of the model have increasingly
become apparent. Although recent genomic research does provide
some evidence of population-specific and metabolically-based genetic
variants, as predicted by the model, these specific alleles have very
small effect sizes. Thus, while some findings from genomic analyses
have proven to be consistent with the thrifty genotype model, the
“thrifty genes” identified by genetics research appear to fall well short
of accounting for population-based differences in cardiometabolic func-
tioning and morbidity/mortality predicted by the hypothesis (see
Laland et al., 2010).
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by most members of the scientific and medical commun-
ities, and it remains widely cited today".

Beginning in the late 1980s, an alternative view to the
narrowly construed genetic predisposition model of the
thrifty genotype hypothesis emerged, one that could bet-
ter account for the extent and pace of shifts in global
morbidity and mortality patterns that would eventually
be recognized as the global obesity/cardiometabolic pan-
demic. This was the “thrifty phenotype hypothesis,”
which, by recognizing the importance of critical windows
of growth and development in human health and disease
during adulthood, offered an alternative explanation for
what may only have appeared to be a (genetically) herit-
able component to obesity and cardiometabolic health
problems among the highest risk populations. This ulti-
mately opened the door for a new paradigm for under-
standing chronic disease risk that moves beyond
simplistic (and inadequate) genetic or lifestyle explana-
tions, and instead offers a more integrated approach
that incorporates genetic heritability and lifestyle factors
such as diet and activity levels into the analysis of
human health, but that also recognizes the role played
by a powerful capacity in nature—developmental plastic-
ity—the ability of a gene to generate a range of possible
phenotypes depending on environmental experience.

THE DEVELOPMENTAL ORIGINS OF
CARDIOMETABOLIC DISEASE

Although the relationship between deprivation in
childhood and increased adult mortality had been noted
decades earlier (see Kermack et al., 1934; Forsdahl,
1977), the association between poor maternal diet during
pregnancy (expressed as low birth weight offspring) and
adult cardiometabolic dysfunction (especially when diet
had improved in adulthood) was only being discovered at
this time by researchers in England. Drawing on sup-
portive data from both retrospective epidemiological
studies and experimental animal research, Hales and
Barker’s (1992) “thrifty phenotype” hypothesis offered
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an alternative explanation for the population-based (i.e.,
ethnic/race/class) differences in incidence and preva-
lence of Type 2 diabetes, cardiovascular disease (and
other cardiometabolic disorders [Weiss et al., 1984]) that
could not be explained by differences in diet and lifestyle
risk factors alone. According to the thrifty phenotype
hypothesis, at least some population differences in sus-
ceptibility to adult cardiometabolic disease could now be
seen as the downstream effect of a fetal developmental
response to inadequate nutritional conditions in utero—
an example of a phenomenon often referred to today as
“developmental programming”®. The thrifty phenotype
hypothesis focused attention on bio-physiological capaci-
ties, processes, and consequences associated with pheno-
typic or developmental plasticity, already well known to
life history theorists in evolutionary ecology and compara-
tive biology (Stearns, 1992; West-Eberhard, 2003)—but
largely ignored in biomedicine.

This awakening of interest in human developmental
plasticity within a biomedical context, a paradigm now
referred to as the Developmental Origins of Health and
Disease (DOHaD), includes researchers from a broad
range of disciplines, and has been especially informative
in understanding the etiology of obesity and related car-
diometabolic disorders.

The developmental origins of obesity-related
cardiometabolic disease: Human cohort studies
and experimental animal models

Since the thrifty phenotype hypothesis was first pro-
posed, an impressive number of human cohort and
experimental animal studies have confirmed the associa-
tions between low birth weight, which is generally
viewed as a proxy for the quality of maternal diet during
pregnancy/nursing (i.e., the “early” nutritional environ-
ment), and offspring growth, body composition, and car-
diometabolic  capacity/functioning under varying
postnatal (e.g., adult) nutritional conditions. Maternal
undernutrition has been investigated in the form of total
energy (i.e., global undernutrition), macronutrient (e.g.,
protein), and micronutrient (e.g., iron) deficiencies in
both experimental animals (including mice, rats, guinea
pigs, rabbits, sheep, pigs, and non-human primates) and
humans cohort studies (see Armitage et al., 2004; Alfar-
adhi and Ozanne, 2011; Li et al., 2011). It has since been
noted, however, that while birth weight continues to
serve as an easily identifiable proxy for poor maternal
nutrition, some forms of prenatal undernutrition do not
result in low birth weight offspring (Eriksson, 2006;
Morton, 2006). The same can be said for the timing of
the maternal dietary restriction. Offspring whose moth-
ers experienced severe dietary restrictions during the
Dutch “hunger winter” during early (rather than mid or

2It should be noted that while the quality of the “early environment”
most often refers to maternal nutrition during the prenatal /nursing
period in DOHaD-oriented studies (as it does for the current review), a
steadily expanding list of other early life conditions associated with
developmental programming have been identified and investigated,
including early exposure to toxicants (e.g., tobacco smoke), geography
(e.g., high altitude environments), seasonality, and maternal stress,
among others (Gluckman and Hanson, 2006). Nutrition, across the life
course, however, remains the primary focus of DOHaD research, not
only because of its obvious relevance in the era of the global nutrition
transition, but to the essential role food availability and diet has
played in shaping human evolution.

late) gestation were shown to be at increased risk for
cardiovascular disease in adulthood, even though birth
weight was unaffected in this group (Roseboom et al.,
2001). Indeed, in epidemiological and animal studies the
effects of maternal undernutrition on cardiometabolic
capacity and function can be seen in adult offspring
across the full range of birth weight (Armitage et al.,
2004; Morton, 2006). The extremes of the birth weight
continuum, however, remain reliable indicators of rela-
tive increased risk of adult cardiometabolic dysfunction
(Eriksson et al., 2003; Eriksson, 2011).

To date, a tremendous amount of DOHaD research
has investigated the life course nutritional sequence
identified with the various iterations of the global nutri-
tion transition in developing and developed countries.
Most of the early DOHaD research investigated what
has been characterized as the “famine” developmental
pathway to cardiometabolic disorders, one of two pri-
mary pathways associated with the developmental ori-
gins of cardiometabolic disease; the other being the
“feast” pathway (Benyshek, 2007). The “famine” pathway
is characterized by poor nutritional conditions in early
life (e.g., maternal undernutrition during pregnancy and
while nursing), followed by calorically adequate (or more
than adequate) offspring diets years later in adulthood.
This life course diet sequence has been noted in rapidly
developing and urbanizing countries such as India (Pop-
kin, 2006), and among a wide array of disadvantaged
minority populations in developed countries (Benyshek,
2007). The growth and adult phenotype hallmarks of the
famine developmental pathway include low birth weight
(especially < 2.5 kg), “catch-up” growth and an earlier
adiposity rebound in childhood, abdominal obesity, dys-
lipidemia, hypertension, insulin resistance, and glucose
intolerance in adulthood (Eriksson, 2006; Benyshek,
2007).

As the global obesity epidemic has worsened in recent
years, more research has also been brought to bear on
the “feast” developmental pathway to cardiometabolic
disorders, typified by early life environments associated
with  nutritional excess (e.g.,, maternal high
fat/sugar/energy diets) followed by a high energy/low
fiber “western” diet among offspring in adulthood (Beny-
shek, 2007; Alfaradhi and Ozanne, 2011; Rkhzay-Jaf
et al., 2012). Indeed, recent research has shown that the
critical factors that comprise the “early” nutri-
tion/metabolic environment for this pathway extend far
beyond maternal nutrition during pregnancy and nur-
sing/formula feeding (Dewey et al., 1993; Singhal et al.,
2004; Stettler et al., 2005) that have been known for
some time. For example, prepregnancy obesity has now
been shown to be an independent risk factor for off-
spring overweight and abdominal obesity (Pirkola et al.,
2010). In further support of these findings, a recent clin-
ical study by Guénard et al. (2013) found that, as adults,
children born to women after gastrointestinal bypass
surgery were less obese with fewer cardiometabolic risk
factors compared to siblings born before maternal bypass
surgery. Other studies have shown an independent rela-
tionship between maternal BMI and offspring BMI, adi-
posity, and insulin resistance (Whitaker, 2004; Koupil
and Toivanen, 2008; Mingrone et al., 2008), and between
weight gain during pregnancy and greater offspring adi-
posity (Reynolds et al., 2010). Obesity during pregnancy
has also long been linked to increased risk for develop-
ing gestational diabetes, which is itself independently
associated with a greater risk of diabetes and obesity
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among the offspring of mothers with gestational diabetes
(Dabelea, 2007; Vohr and Boney, 2008; Poston, 2010).

The nutrition transition sequence associated with the
“feast” developmental pathway (pre- and postnatal over-
nutrition) is increasingly evident in both urban popula-
tions in developing countries, and across social strata
and minority ethnic boundaries in developed countries
(Popkin, 2006), although populations affected concomi-
tantly by the “dual burden” of both under- and overnu-
trition are being increasingly identified (Grijalva-
Eternod et al., 2012). The growth trajectory and adult
phenotype associated with the feast developmental path-
way includes both low and high birth weight (especially
> 4.0 kg), adolescent and adult obesity, dyslipidemia,
hypertension, insulin resistance, and glucose intolerance
(Boney et al., 2005; Benyshek, 2007; Cnattingius et al.,
2012; Yu et al., 2013). In both the “feast” and “famine”
developmental pathways, developmentally programmed
adjustments to early nutritional conditions represent
pathological cardiometabolic traits in the context of their
adult nutritional environments, and represent key fac-
tors in recent world-wide epidemiological shifts that are
not explicitly acknowledged in the “nutrition transition”
model, or in current, mainstream efforts to stem the tide
of the global obesity epidemic (Gluckman et al., 2011).

Over the course of the last decade, DOHaD research
has moved beyond simply identifying the links between
maternal under- and overnutrition during pregnan-
cy/nursing, with prenatal/postnatal growth, and the
subsequent risk of cardiometabolic dysfunction in the
context of a “western” diet and lifestyle. Today, most
research investigates the possible causal mechanisms
and processes behind these well-established associations.
Literature reviews in peer-reviewed journals and edited
volumes are now dedicated to developmental origins
research which aim to identify any number of regulatory
systems, organs, and tissues effected by developmental
programming and which play important roles in cardio-
metabolic functioning, including: hormone regulatory
systems (e.g., the secretion and action of key hormones
such as insulin and leptin and their neurotrophic actions
on appetite regulation and energy metabolism) (Breton,
2013); the hypothalamic—pituitary—adrenal axis (Sloboda
et al., 2006); adipose tissue signaling and metabolism
(Feng et al., 2013); cellular mitochondria (McConnel,
2006), the structure and function of the pancreas
(Reusens et al., 2006; Portha et al., 2011) and vascular
system (Napoli et al., 2006; Thompson and Regnault,
2011), and altered placental function (Myatt and Rob-
erts, 2006), among others.

Beyond these important studies, one of the most produc-
tive and exciting areas of research into the DOHaD is the
investigation of the mechanisms that provide the primary
basis for developmental programming: epigenetics.

While the fundamental principles of epigenetics were
first proposed by Waddington (1942) well over a half cen-
tury ago (he also coined the term), the importance of the
ideas he first formulated have only recently begun to be
fully appreciated. Today, epigenetics is the rapidly
maturing study of gene expression—the system that
turns genes on and off in plants and animals—and has
become a cornerstone in the study of the DOHaD.

Epigenetics works through a variety of mechanisms,
including modifications to chromatin (the complex of
nucleic acids and histone proteins that make up chromo-
somes)—such as DNA methylation and histone modifica-
tion. In addition, changes to noncoding RNAs have also
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recently been implicated in epigenetic effects (see Lim
and Brunet, 2013). While much currently remains
unknown, at present, one of the better understood epige-
netic mechanisms is DNA methylation (Suzuki and Bird,
2008). Methyl groups are organic compounds that attach
to DNA and tell a cell to either use or ignore a particu-
lar gene. The process whereby methyl groups adhere to
DNA (or to histone proteins that order and compact
DNA into structural units) is called methylation—which
effectively blocks the attachment of transcription factors
and other signaling proteins, thus keeping a gene turned
off (Bannister and Kouzarides, 2011). The process of
demethylation, by contrast, turns a gene on. Presently, a
tremendous amount of research is being focused on the
precise role of methylation, histone modifications, and
other epigenetic mechanisms in the DOHaD in particu-
lar, and phenotypic plasticity in general (see Burdge and
Lillycrop, 2010; Thayer and Kuzawa, 2011), and a
detailed account of this body of research is beyond the
scope of this review. The discussion of epigenetics that
follows is instead limited to the latest research implicat-
ing the transmission of developmentally programmed
traits to subsequent generations.

EPIGENETICS AND THE INTERGENERATIONAL
TRANSMISSION OF DEVELOPMENTALLY
ALTERED CARDIOMETABOLIC TRAITS

Recent research from both human and animal studies
suggests that the effects of developmentally programmed
traits are not limited to the directly exposed generation,
but may be transmitted to subsequent generations
(Francis et al., 1999; Drake and Walker, 2004; Drake
and Liu, 2010). In rodent models, many of these traits
(e.g., insulin resistance) are induced by direct exposure
to early environmental conditions (e.g., poor quality
maternal diet), and are then observed in the subsequent
“unexposed” (e.g., adequate maternal diet) generations of
offspring, although often steadily diminishing in magni-
tude (Benyshek et al., 2006, 2008). These characteristics
suggest a relatively stable and heritable phenotypically
plastic response (i.e., epigenetic), rather than one medi-
ated by changes in DNA sequence (i.e., genomic change).
Drake and Lui (2009) outline three possible mechanisms
that wunderlie these multigenerational observations:
those due to persistent environmental exposures (i.e.,
generation after generation) during early development; a
single “maternal environment” exposure that is never-
theless able to produce a multigenerational phenotype;
and epigenetic effects that are transmissible through the
germline.

Maternal exposure to persistent
environmental conditions

In some cases, developmentally programmed traits
may simply be the result of persistent or replicated expo-
sure during critical periods of development generation
after generation. Several researchers have suggested
that the history of severe socio-political disruptions, prej-
udice, and economic disadvantage suffered by ethnic/ra-
cial minority populations in the US and elsewhere,
represent such recurring, multigenerational environ-
mental insults (including chronic food insecurity) that
may have led to developmentally programmed traits
that contribute significantly to the cardiometabolic
health disparities seen in these populations (Wells, 2010,
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Fig. 2. Mechanisms for the intergenerational transmission of programming effects. (a) Persistence of an adverse external envi-
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F1 offspring following in utero exposure (e.g., programmed changes in maternal physiology or size) results in programmed effects
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Fig. 3. Multigenerational exposure to an environmental
effect. An environmental insult during pregnancy to a mother
(FO generation) might affect not only the developing fetus (F1
generation) but also the germ cells which will go on to form the
F2 generation. Reproduced with permission from, Drake AJ,
Liu L. 2010. Intergenerational transmission of programmed
effects: public health consequences. Trends in Endocrinology &
Metabolism 21:206-213.[Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

2012). Benyshek et al. have argued that the socio-
political marginalization, severe economic hardship, and
nutritional inadequacy common to many Native Ameri-
can communities in the US during the reservation era
reflect the environmental conditions consistent with the
developmental origins of cardiometabolic disease, and
may help explain the Type 2 diabetes epidemic among
Native Americans (Benyshek et al., 2001). Kuzawa and
Sweet (2009) similarly argue that the disproportionate
burden of cardiovascular disease among African-
Americans in the US may trace to similar longstanding,

adverse social and economic environmental conditions.
(Fig. 2a represents this mechanism schematically).
Thus, persistent, “external” (e.g., ecological, economic)
environmental conditions “program” the same develop-
mentally plastic traits in each successive generation.
These same authors have argued that this creates a
trend that looks heritable and, therefore, genetically
based, but which may be largely developmental and, as
a consequence, potentially preventable.

Comparable generational effects have also been demon-
strated in experimental animal studies in which environ-
mental stressors are reintroduced to offspring over
successive generations. In a multigenerational mouse
study, under persistent high fat diet feeding conditions,
the F2 male offspring of FO grandmother and F1 mothers
similarly fed a high fat diet during pregnancy and lacta-
tion were also shown to be especially susceptible to devel-
oping obesity and hepatic steatosis (Li et al., 2012). In
another animal study utilizing a rat model of neonatal
overfeeding, Plagemann et al. (2009) propose an epige-
netic model of obesity and the metabolic syndrome that is
underpinned by the developmentally programmed dysre-
gulation of hypothalamic body weight regulation. Based
on their findings, they suggest that if left unchecked (by
maternal diet modification during the nursing period),
the “vicious intergenerative circle” of obesity and cardio-
metabolic disorders remains closed (2009, p 4974).

Maternal environment effects

Research has also identified the effects of the maternal
(i.e., intrauterine) environment that are capable of
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producing effects in F1 and F2 generation offspring via
developmental programming in response to a single
maternal (F0) environmental exposure. Skinner (2008)
has proposed that when such developmentally pro-
grammed changes are observed only in the generations
of offspring that are exposed to the perturbed maternal
environment, they should be referred to as a
“multigenerational phenotype,” and should be distin-
guished from “transgenerational inheritance” that is
transmitted epigenetically via the germline (see below).
For example, when a pregnant mother is suffering from
a low protein diet, three generations are effectively
being exposed simultaneously to this dietary insult; the
pregnant mother (FO0), her fetal offspring (F1), and the
primordial germ cells (PGCs)—the precursors of sperm
and eggs—within the F1 fetuses (Fig. 3).

As discussed previously, the links between low birth
weight and subsequent adult risk for the cardiometabolic
syndrome have been well established in the experimental
animal and epidemiological literatures. Smallness at birth
has been shown to increase adult risk of cardiometabolic
disease, including hypertension/CVD, glucose intolerance,
and abdominal obesity (Gluckman and Hanson, 2006;
Benyshek, 2007). One of the first “maternal effects” to be
studied by researchers was “maternal constraint.” The
maternal constraint of birth weight has been described in
both maternal “supply” and “demand” terms (Gluckman
and Hanson, 2004a). Maternal constraint, due to limita-
tions of supply, may be due to decreased uteroplacental
blood flow, reduced blood volume, decreased oxygen carry-
ing capacity, prenatal nutrition, teratogens, and short
birth intervals; while the demand factors limiting fetal
growth include such things as multiple gestations (Hen-
drix and Berghella, 2008). In a classic crossbreeding study
utilizing artificial insemination techniques to cross
“miniature” Shetland horses and large, draft, Shire
horses, Walton and Hammond (1938) demonstrated that
offspring size at birth was primarily determined by the
size of the gestating mother; smaller Shetland mothers
gave birth to small foals irrespective of parental genotype.
Consistent with this experimental finding, a recent epide-
miological study analyzing birth weight in Norway
between 1967 and 2004 found that genetic factors
accounted for only 31% of birth weight variation (Lunde
et al., 2007), a finding consistent with other estimates of
the genetic heritability of for birth weight (Whitfield et al.,
2001). In addition, several other population based studies
have investigated the relative strength of the relationships
between maternal and paternal birth weight and offspring
birth weight, and have found a significantly stronger
maternal effect (Coutinho et al., 1997; Magnus et al.,
2001; Lunde et al., 2007; Kuzawa and Eisenberg, 2012),
although a minority of contrary findings have also been
reported (Agnihotri et al., 2008; Veena et al., 2004). Con-
sistent with other studies of intergenerational predictors
of birth weight, Kuzawa and Eisenberg also found a stron-
ger maternal effect between maternal and offspring birth
weight. Their study did not find that maternal intergen-
erational birth weight correlations were stronger among
taller women, however. As a result, they conclude, they
did not find any direct evidence that a history of nutri-
tional insufficiency—as reflected in reduced adult stat-
ure—led to increased constraint of offspring birth weight.
The authors go on to discuss several possible mechanisms
that might explain their findings, including sex-linked
genetic effects, indirect genetic, epigenetic, and shared
environmental/cultural effects, but emphasize that in
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every case the mechanism exerted its effect on birth
weight for both mother and child in utero (Kuzawa and
Eisenberg, 2012). Thus, maternal effects that dispropor-
tionately affect birth weight are complex, and are likely
influenced by a host of factors that extend well beyond
adult maternal size and stature.

Human cohort studies have also provided supportive
evidence for multigenerational maternal environment
effects. In the Dutch “hunger winter” studies mentioned
previously, researchers not only found that adult female
offspring of mothers exposed to the famine during preg-
nancy (when official rations fell to as little as 500 kcal/-
day), had dysregulated lipid profiles (i.e., cholesterol and
triglycerides) compared to unexposed siblings (Lumey
et al., 2009), but that their offspring exhibited higher
neonatal adiposity, and were nearly 2.0 times more
likely to suffer from cardiometabolic disease than the
unexposed controls (Painter et al., 2008).

A large number of experimental animal studies have
also demonstrated such multigenerational (i.e., F1, F2)
effects (see Drake and Liu, 2010). Primarily utilizing
rodent models, researchers have shown cardiometabolic
programming effects on F1 and F2 animals derived from
a single (F0) maternal exposure. Many of these studies
subjected (FO) mothers to protein and/or energy
restricted diets during pregnancy and/or lactation and
observed programmed effects in both F1 and F2 genera-
tion animals on insulin sensitivity and glucose tolerance
(Martin et al., 2000; Zambrano et al., 2005; Jimenez-
Chillaron et al., 2009), birth weight, blood pressure,
kidney structure (Harrison and Langley-Evans, 2009),
and obesity (Jimenez-Chillaron et al., 2009). Other stud-
ies exposed FO mothers to excess glucocorticoids (Drake
et al., 2005), or made surgical alterations to the placenta
(Anderson et al., 2006) and observed developmentally
programmed effects on birth weight, glucose tolerance,
and blood pressure.

Multigenerational effects due to prenatal diet expo-
sures are not exclusively found in restrictive maternal
diet models, however. As discussed above, many animal
studies investigating the effects of maternal overnutri-
tion and/or obesity prior to conception, during pregnancy,
and/or while nursing (i.e., the “feast” pathway) on cardi-
ometabolic structure and function have been conducted
(see Rkhzay-Jaf et al., 2012). In instances where the F2
generations have been included in the research design,
initial (FO) “excess” maternal nutritional environments
have been shown to lead to multigenerational effects on
obesity and other cardiometabolic traits. Animal studies
have shown that FO maternal high fat diets during preg-
nancy influence body size and insulin sensitivity in both
F1 and F2 offspring (Dunn and Bale, 2009). Gniuli et al.
(2008) report that in mice, a prenatal high fat diet, espe-
cially if followed by a maternal high fat diet during the
suckling period, induces a “Type 2 diabetes phenotype,”
which can be directly transmitted to their F2 progeny,
even in the absence of additional dietary insults. Indeed,
similar to single generation experimental animal studies,
the importance of the perinatal maternal nutritional
environment alone should not be underestimated. Srini-
vasan et al. (2008) found that female rat pups fed a high
fat formula diet during the suckling period became obese
as adults, as did their adult (F2) offspring, even though
the Flanimals had been maintained on a standard chow
diet after weaning.

The mechanisms responsible for the intergenerational
transmission of these developmentally programmed
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traits remain unclear. It is possible that, at least in
some cases, the multigenerational programming effects
of both the F1 and F2 generations, as in the studies
above, are not due to the same, single maternal intrau-
terine exposure (e.g., FO maternal low protein diet) (Fig.
3). Instead, it may be that cardiometabolic dysfunction
resulting from the early environment exposure of the F1
female gives rise to an altered intrauterine environment
during her own pregnancy that is distinct from the one
in which she was gestated (F0), but that also leads to
the same developmentally programmed trait in her (F2)
offspring. Indeed, some animal models of multigenera-
tional transmission of glucose intolerance from F1 to F2
generations point to such a sequence. Several rodent
studies have shown that glucose intolerant, adult F1
animals whose mothers (F0) were fed a low protein diet
during pregnancy are insulin sensitive but have insuffi-
cient insulin secretory capacity as adults, which in turn
results in glucose intolerance (Dahri et al., 1991). The
glucose intolerant adult (F2) offspring of these (F1)
females, on the other hand (whose F1 mothers consumed
a control diet during gestation/lactation), are insulin
resistant (rather than insulin sensitive) and hyperinsuli-
nemic (as opposed to insulin deficient) (Martin et al.,
2000). In this example, both F1 and F2 generational ani-
mals are glucose intolerant, but apparently due to differ-
ent developmental disruptions in glucose-insulin
metabolism, and due to distinct developmental program-
ming pathways in the intrauterine environment. In this
scenario, the intrauterine perturbation in one generation
causes a metabolic cascade that leads to another (similar
or dissimilar) cascade in the subsequent generation, and
so on (Fig. 2b).

Importantly, in most of the aforementioned multiple
generation animal studies, the research design did not
include an F3 generation. Of the two studies that did
include an F3 generation in their research design (Drake
et al., 2005; Harrison and Langley-Evans, 2009) no evi-
dence of transmission to F3 animals was found. The lack
of F3 inheritance might suggest that the observed F1
and F2 effects were due to direct exposure (of the F1
fetus and F2 PGCs) in the (FO0) intrauterine environ-
ment—lending some support to Skinner’s notion of a
“multigenerational phenotype” (Skinner, 2008). Both
types of developmental programming inheritance may
occur (Figs. 2b and 3).

Epigenetic, cardiometabolic traits transmissible
through the germline (F3 and beyond)

For developmentally programmed cardiometabolic
traits to be transmitted to the F3 generation and beyond
(i.e.,“transgenerational inheritance”), information about
paternal and/or maternal experience/exposure must be
transmitted through the germline, as no direct exposure
of the initial insult could exist for F3. Recent research in
the field of epigenetic inheritance is revealing how such
non-genomic inheritance may be possible in the germline
in the absence of alterations in genetic structure (i.e.,
base pairs of DNA).

While the epigenetic regulation of gene expression has
been recognized for some time (e.g., through the rela-
tively rare process of genomic imprinting discovered in
the 1980s [Reik et al. 1987]), the possibility and impor-
tance of the transgenerational inheritance of epigenetic
marks is only now beginning to be widely accepted—and
its mechanisms understood. The reason for the delay is

that the common understanding in developmental biol-
ogy and genetics has been that, in each generation, epi-
genetic marks are “reset” or erased in the PGCs. The
general rule of epigenetic germline “erasure” thus allows
the genetic regulatory system to be reestablished in each
generation, and, until recently, this well-known process
cast considerable doubt on the frequency and importance
of epigenetic inheritance. New research discoveries,
however, have begun to change the standard view.
Hackett et al. (2013) recently discovered not only how
methylation marks are erased in mouse PGCs (through
a process of chemical conversion and subsequent dilu-
tion during cell division), but also how some (rare)
methylation marks escape erasure, thus providing a
potential mechanism for true transgenerational epige-
netic inheritance. In another recent landmark study,
researchers showed that a small number (~1%) of his-
tone marks—Ilocated at key sequences with gene regula-
tory functions—remain in mouse sperm after cell
differentiation, furthering our burgeoning understand-
ing of the mechanisms underlying epigenetic inheri-
tance (Erkek et al., 2013).

Discoveries such as these may provide clues to under-
standing several epidemiological research findings that
appear to reflect such processes at work in human popu-
lations. In one fascinating recent study, three birth
cohorts born in northern Sweden in the late 1800s and
early1900s who experienced a fluctuating food supply
were analyzed to see if food availability during the slow
growth phase (8-12 years of age) of paternal grandfa-
thers and grandmothers was associated with the risk of
diabetes, cardiovascular disease, and longevity in their
children and grandchildren. Analysis revealed that low
food intake by fathers during their slow juvenile growth
phase was associated with the reduced risk of diabetes
and cardiovascular disease of sons, while increasing food
availability during the paternal grandfather’s slow
growth period was associated with increased risk for dia-
betes among grandsons (Kaati et al., 2002, 2007). Pater-
nal grandfathers’ food supply during the slow growth
phase was associated with longevity in grandsons, while
paternal grandmothers’ food supply during fetal/infant
life or the slow growth period was associated with
granddaughters’ longevity (Pembrey et al., 2006).

In another recent study, researchers set out to investi-
gate the relationship between paternal obesity and DNA
methylation patterns for a known obesity susceptibility
gene. In this study, Soubry et al. (2013) sought to deter-
mine whether associations exist between parental obe-
sity and DNA methylation at the insulin-like growth
factor II (IFG-II) gene—known to play a role in the risk
for obesity, gestational diabetes, and some forms of can-
cer—in their children. DNA from the umbilical cords of
the newborn children was analyzed for its methylation
patterns and compared to information about parental
obesity before conception. The results showed that DNA
methylation at the IGF-II gene in the offspring of obese
fathers was significantly lower than in the children of
non-obese fathers, providing some additional evidence
for the paternal transmission of epigenetic effects associ-
ated with obesity, to offspring.

Similar transgenerational effects have also been mod-
eled in some, but not all, animal studies. Chewing betel
nuts (which contain nitrosamines—a known toxin) is a
popular practice throughout India, Southeast Asia, and
Polynesia, and is known to increase the risk for the car-
diometabolic syndrome (Lin et al., 2008). In an effort to
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A
Insult results in effects
on developing F1 fetus
Insult also has direct
effects on germline

B

Insult results in effects
on developing F1 fetus

Somatic induction

Fig. 4. Transmission of epigenetic effects through gametes.
(a) An environmental exposure affects the developing F1 fetus,
but also has direct effects on the developing germ cells which
form the F2 generation. (b) Alternatively, effects induced in the
developing F1 fetus can be transmitted to the germ cells which
will form the F2 generation (somatic induction). Reproduced
with permission from, Drake AdJ, Liu L. 2010. Intergenerational
transmission of programmed effects: public health consequen-
ces. Trends in Endocrinology & Metabolism 21:206-213. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

model the effects of betel nut consumption on blood glu-
cose across three generations of experimental animals,
Boucher et al. (1994) fed young mice betel nut in their
standard chow for 4-6 days. Glucose tolerance tests
were administered to the FO animals in adulthood. Betel
nut consumption was found to significantly increase the
risk of developing glucose intolerance in FO animals, and
in the F1 and F2 offspring of males that consumed betel
nuts in their chow before mating.

In another rodent study, researchers investigated the
effects of a (FO) maternal high fat diet on offspring body
size and glucose-insulin metabolism over three consecu-
tive generations through both the maternal and paternal
lines. Results of the study revealed that both Fland F2
generation animals were insulin resistant and had
increased body length, compared to control animals, even
though they were consuming control diets, and that these
effects were seen in both the paternal and maternal line-
ages. In the F3 generation, animals were no longer insu-
lin resistant, but females inherited increased body length
through the paternal line (Dunn and Bale, 2011).

In another three generational study with rats, Beny-
shek et al. (2006) found that feeding FO rat dams a low
protein diet throughout pregnancy and lactation resulted
in reduced insulin secretory capacity in F1 animals and
insulin resistance in their F2 offspring through the
maternal line. F3 generation males also exhibited insu-
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lin resistance compared to controls, although it was of
diminished severity compared to F2 animals. As in the
previous study, the alterations in glucose-insulin metab-
olism in the F1-F3 generations were the result of a sin-
gle maternal dietary manipulation in FO females. All
animals were fed control diets after weaning, and preg-
nant F1 and F2 dams were similarly maintained on
control diets throughout pregnancy and lactation, indi-
cating that at least some epigenetic alternations associ-
ated with insulin glucose metabolism survived germline
epigenetic mark erasure by the F3 generation.

Other experimental animal studies that have shown
evidence of inherited epigenetic effects in the F2 genera-
tion,have found no evidence of transgenerational effects
in F3 animals. These investigations have included stud-
ies that subjected pregnant FO females to glucocorticoid
overexposure (Drake et al., 2005), and low protein diets
during gestation (Harrison and Langley-Evans, 2009).

The presence of F3, transgenerational epigenetic
effects in some studies but not others requires explana-
tion. As mentioned previously, the lack of F3 effects in
some studies may reflect their modeling of Skinner’s
“multigenerational phenotype” (2008) that is due to
direct exposure (Fig. 3), while the experimental condi-
tions in other studies allowed researchers to capture
“transgenerational inheritance” through the germline,
due either to direct effects on the developing germ cells
in utero (Fig. 4a), or indirectly via “somatic induction” of
the developing fetus (Jablonka and Raz, 2009) (Fig. 4b).
Alternatively, it is possible that an epigenetic threshold
effect which calibrates to the type, intensity, duration,
and/or timing of the initial FO exposure determines the
durability of epigenetics marks undergoing intergenera-
tional epigenetic reprogramming, and in some studies
this threshold was reached, while in others it was not.
Relatedly, it may be that under some conditions, epige-
netic marks that initially accumulate in the F1 and man-
age to evade complete epigenetic erasure in F2, are
adequately “diluted” or erased in subsequent generations
such that the phenotypic traits are no longer identifiable.
This might explain the diminution of programmed effects
seen in some transgenerational studies from F2 to F3
(e.g., Benyshek et al., 2006). Whatever the reason(s), a
clear explanation of the mechanistic differences between
multigenerational phenotypes and epigenetic transge-
nerational inheritance awaits future, multiple (3+) gen-
eration studies, of which there are very few to date.

THE INTERGENERATION TRANSMISSION OF
DEVELOPMENTALLY PROGRAMMED
CARDIOMETABOLIC TRAITS: IMPLICATIONS
FOR INTERVENTIONS

In the context of the developmental origins of cardio-
metabolic disease reviewed here—including its intergen-
erational transmission—the rapidly shifting dietary
patterns world-wide (Popkin 2006), and the concomitant
global obesity pandemic (WHO, 2013) that exists along-
side persistent undernutrition and stunting (FAO, 2012),
are sobering realities indeed. The current global trends
unquestionably present major challenges to public
health professionals and policy makers. The question is;
can the principles and observed effects of the develop-
mental origins of cardiometabolic disease be leveraged to
slow or reverse the currents trends?

During the twenty years since the “thrifty phenotype”
hypothesis was first proposed, many researchers have
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seized on what the developmental programming of cardi-
ometabolic traits might mean for public health interven-
tions. If increased risk for Type 2 diabetes and
cardiovascular disease can be traced to the hijacked
capacity for developmentally programmed adjustments
made early life, then there may be great promise in
“reverse engineering” the same capacities (e.g., by opti-
mizing maternal nutrition during pregnancy) in order to
improve fetal growth and health outcomes via primary
prevention interventions (Benyshek et al., 2001; Gluck-
man and Hanson, 2004b; Forrester, 2006). Indeed, the
DOHaD literature is replete with references to the possi-
ble development of such intervention programs during
pregnancy and the early postnatal period as a means of
cardiometabolic disease prevention.

But evidence from dozens of observational studies
and randomized controlled trials supplementing mater-
nal diet during pregnancy with targeted macro- and
micronutrients in efforts to improve fetal growth and
maternal and child health outcomes have been mixed,
and with only very modest improvements in the suc-
cessful interventions (see Merialdi et al., 2003; Morton,
2006; Kramer and Kakuma, 2010; Stein et al., 2003).
While there is reason to believe some of these
approaches do hold some promise (Behrman et al.,
2009), one of the likely reasons for their limited and
modest successes thus far are due to the species-specific
timescales on which the developmental pathways
reviewed in this article, are calibrated. As Kuzawa and
Thayer point out, the “principles of evolutionary biology
and adaptation lead us to hypothesize that many short-
term interventions that trigger large biological changes
in short lived species will have comparably small effects
in humans” (Kuzawa and Thayer, 2011, p 229). The
authors go on to show that differences in body size, life-
span, and reproductive strategy of various mammalian
species (e.g., rodents, guinea pigs, sheep, and humans)
exert significant influence on the magnitude of develop-
mentally programmed effects due to early life environ-
ments (e.g., maternal dietary restrictions during
pregnancy).

Acknowledging these differences provides a serious
challenge to one of the central tenets of one of the most
influential concepts in developmental origins research,
the “predictive adaptive response” (PAR)—which posits
poor health outcomes when early life and adult environ-
ments are “mismatched” (e.g., poor maternal nutrition
during pregnancy followed by overnutrition in adulthood)
(Gluckman and Hanson, 2004c). Although there is a great
deal of epidemiological and experimental animal evidence
that is consistent with this PAR concept, several authors
have challenged the notion that environmental cues dur-
ing early life (e.g., maternal nutrition during gestation)
are reliable predictors of future adult environments for
long-lived species like humans (Kuzawa, 2005; Kuzawa
and Quinn, 2009; Wells, 2007). Instead, these authors
argue, the entire maternal phenotype—expressed as
nutrients, hormones, metabolites, and growth and
immune factors, communicates an integrated and aver-
aged signal of generations of matrilineal experience that
is transmitted to the developing offspring through the
placenta and lactation during critical periods of develop-
ment. If this view is correct, and the maternal/paternal
epigenomes, along with other aspects of the maternal
phenotype during critical periods of early life do transmit
longer term (i.e., multigenerational) information that
influences developmental programming, this in turn is

likely to have important implications on the structure
and content of interventions aimed at improving adult
health.

One possibility might have future interventions
designed to be sustained over longer periods of time
and/or target multiple ages across reproductive life in
order to gain more leverage for efforts to improve birth
weight and other neonatal and maternal health out-
comes that have proven to be so refractory to short-term
maternal diet supplement interventions. If, as Kuzawa
and others have suggested, an integrated signal that
reflects longer-term nutritional conditions is transmitted
to offspring during critical periods in early life (Kuzawa,
2005; Wells, 2007; Kuzawa and Thayer, 2011), perhaps a
more sustained intervention—possibly even targeting
multiple generations in high risk communities—may
prove effective. Precedents for this kind of approach do
exist, and have yielded promising results (Behrman
et al., 2009). In nutritional supplement interventions for
women, this might also include the period immediately
prior to conception, and during lactation, as well as
throughout pregnancy. Innovative interventions might
also consider targeting boys’ nutrition during the slow
growth phase of preadolescence, as well as interventions
aimed at nutrition and body weight/composition among
fathers in the preconceptual period. Other studies might
focus on critical elements of metabolism—energy
expenditure and physical activity during multiple sensi-
tive periods of development. Little is known about how
effective such interventions might be with humans, but
there is reason to believe they hold significant potential
based on recent animal modeling (Huber et al., 2009;
Miles et al., 2009).

Future efforts aimed at prevention might also seek to
intervene with exogenous hormones and growth factor
treatments that might provide shortcuts to the type of
long-term trend signals being transmitted to offspring
during critical periods of early development (Kuzawa and
Thayer, 2011). Research with animal models has provided
important insights on how this might be accomplished
(Vickers and Sloboda, 2012). Leptin is a protein hormone
secreted by adipose tissue that plays an especially critical
role in regulating long-term energy balance, appetite,
and metabolism. Research with rodent animal models
has shown that administration of leptin during neonatal
life normalizes many of the cardiometabolic abnormal-
ities associated with the maternal low protein, growth
restricted phenotype (Vickers et al., 2005), and in some
studies has been shown to protect offspring of normally
nourished dams from developing diet-induced obesity
(Stocker et al., 2007; Pico et al., 2011). Animal studies
have also provided evidence that maternal supplementa-
tion with methyl donors (e.g., folic acid and choline)
improves some features of developmentally programmed
cardiometabolic abnormalities associated with maternal
low protein diet restriction (Lillycrop et al., 2005; Bai
et al., 2012). Still other animal models have investigated
the effects of administering the glucagon-like peptide
analogue Exendin-4 on the diminution, resolution, and
prevention of developmentally programmed cardiometa-
bolic abnormalities, with some promising early findings
(Park et al., 2008; Raab et al., 2009). Whether or not the
findings from these animal model treatment studies will
provide the conceptual and empirical basis from which
analogous interventions might be developed for humans
remains an open question. The results of these studies do
provide some reason for optimism, however.
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Fig. 5. Developmental programming hypotheses. (a) PAR.

Here the adult environment changes in relation to levels of a
particular parameter, e.g. food resource low to food resource
high. Lines are shown for individuals developing at the low and
high ends of the environmental spectrum. For those developing
in both good and poor environments, fitness is the highest when
the adult and developmental environments “match”. (b) Silver
spoon effects. Here there is no environmental matching. Fitness
always improves with improvement in the adult environment,
and those born in poor conditions always have lower fitness
than those born in good conditions. (¢) Thrifty phenotype. Fit-
ness always increases with resources in the adult environment,
but when these are low, those born in such an environment
have a fitness advantage over those not born in such conditions.
(d) A combination of the silver spoon and PAR. For both those
born in the good environment, fitness improves as the quality of
the adult environment improves; for those born in the poor
environment, fitness declines as the resources in the adult envi-
ronment increase; however, whatever the adult environment,
those born in the good environment always have higher fitness.
(Reproduced and modified with permission from Monaghan,
Philos Trans R Soc Lond B Biol Sci 2008, 363:1635—-1645; ©The
Royal Society.) [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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The need for research capable of
discriminating between competing
developmental programming hypotheses

The ultimate success of DOHaD-oriented interventions
will also depend on gaining a better understanding of the
fundamental evolutionary principles on which develop-
mental programming rests. Beyond continuing efforts to
refine existing primary prevention efforts and develop
new interventions based on encouraging animal models
as outlined above, there is also a need to produce clinical,
epidemiological, and experimental (animal) data that
can help distinguish between competing hypotheses, as
DOHaD researchers strive to gain a clearer understand-
ing developmental programming evolutionary underpin-
nings. Currently, there is no shortage of evolutionary
hypotheses that provide testable and predictive frame-
works with which such an understanding might be
achieved. One of the most influential and widely cited of
these is the PAR hypothesis, mentioned above.

The PAR hypothesis, like its predecessor, the thrifty
phenotype hypothesis, proposes that the cardiometabolic
abnormalities associated with global obesity pandemic
are actually misplaced adaptations. For example, for
most proponents of the thrifty phenotype hypothesis,
developmentally programmed traits are adaptations
made by the fetus that are variously identified with
improved survival during fetal life (Hales and Barker,
1992), infancy (Kuzawa, 2005) or childhood (Wells, 2003,
2007), but which, under altered adult conditions, lead to
increased cardiometabolic morbidity and mortality. PAR
hypothesis proponents also assume adaptations are made
by the fetus, but these adaptations that are calibrated to
“forecasted” or expected conditions in adulthood (Gluck-
man and Hanson, 2004c) that do not materialize. But as
Ellison (Ellison, 2005; Ellison and Jasienska, 2009) has
astutely asked: “how do we know ‘thrifty’ cardiometabolic
developmentally programmed traits represent
adaptations?” It is also possible they reflect nothing more
than the effects of throttled development (i.e.,
“constraint”), or broken physiology (i.e., “pathology”). To
be sure, there are several hypotheses capable of account-
ing for the bulk of DOHaD-oriented epidemiological, clin-
ical, and experimental animal study findings—Ilargely
because nearly all of this research has focused on the
original “thrifty phenotype” sequence—poor conditions in
early life followed by good or “rich” environments in
adulthood (Fig. 5). These include the “PAR hypothesis”
(Fig. ba), the “silver spoon hypothesis” (Fig. 5b), the
“thrifty phenotype hypothesis” (Fig. 5¢), and a combina-
tion of the PAR and silver spoon hypotheses (Fig. 5d).
The silver spoon hypothesis, for which there is consider-
able evidence from studies in evolutionary biology, is a
“constraint” hypothesis (Monaghan, 2008). Alternatively,
Figure 5d might conceptually represent a “pathology”
hypothesis. As can be seen in Figure 5, these hypotheses
make very different predictions regarding “fitness” (i.e.,
morbidity /mortality) based on early life and adult condi-
tions. Indeed, the few studies that have tested these
alternative hypotheses—especially those investigating
the effects of poor conditions in both early and later life
among human populations—have provided conflicting
results (Forrester et al., 2012; Hayward et al., 2013).
Until more work is done, and researchers are able to
devise additional new and innovative ways of explicitly
testing these alternative models, the evolutionary basis
of the developmentally programmed traits associated
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with the cardiometabolic pandemic will remain unknown.
And until we have a better understanding of the evolu-
tionary basis on which developmental programming
rests, devising and implementing interventions capable
of reversing the global cardiometabolic health crisis will
likely remain out of reach.

New sources of DOHaD data

Generating the data necessary to distinguish between
current (and future) hypotheses that might illuminate
the fundamental evolutionary principles that shape
developmental programming will also require fresh and
refined methods and data sources. There are now likely
important new opportunities to study captive primates
(and perhaps even household pets), as the same obesity-
related health problems facing humans are increasingly
evident in zoos and among other captive animal popula-
tions (Natterson-Horowitz and Bowers, 2013). These cap-
tive zoo populations—especially primates—may present
unique opportunities to track and study the intergenera-
tional transmission of obesity-related, cardiometabolic
disorders among these animals and subsequent genera-
tions of their offspring in captivity.

While laboratory animal studies can also provide pro-
found insights into the DOHaD, too many questions
remain about precisely how, and under what circumstan-
ces, developmental programming differs in humans com-
pared with other animal species. As a consequence,
better methods and new data sources are needed to fur-
ther explore the unique dimensions of the developmental
programming of cardiometabolic abnormalities in
humans, and its intergenerational transmission.

Currently, much of what we know about the develop-
mental programming of cardiometabolic disease in
humans come from marginalized populations suffering
from recent or ongoing social and economic disruptions
and/or undergoing rapid lifestyle transitions (Benyshek,
2007; Kuzawa and Sweet, 2009; Wells, 2010). This
presents significant challenges to DOHaD researchers
working in these populations and communities. While
longitudinal, prospective cohort studies remain an
incredibly powerful research design for DOHaD
research, vital information about developmental pro-
gramming is also rooted in the past. New and refined
(already-established) methods to assess developmental
program retrospectively are currently needed.

One critical challenge to retrospective DOHaD studies
is growth assessment. Birth weight records and recall
have been used extensively and to great effect in devel-
opmental programming studies, but more detailed and
comprehensive markers of early growth are required.
Several innovative approaches have recently been devel-
oped and utilized, and might be extended and refined
further. Kahn et al. have pioneered an early growth
measure that utilizes finger-tip ridge counts differences
to assess human growth in the first weeks of pregnancy
(Kahn et al., 2001, 2008) in the service of developmental
programming studies, and several researchers have used
leg length and body proportion to retrospectively assess
childhood growth (see Bogin and Varela-Silva, 2010).

As the field of epigenetics matures, there may also be
new opportunities to do retrospective studies with
“banked” epigenomic information, much the same way
that birth weights and other measurement records have
been utilized in DOHaD research in the past. Guthrie
cards are a potential resource for retrospectively analyz-

ing epigenetic marks established in utero in regions found
to be associated with disease in affected individuals
(Beyan et al., 2012) and that may change over the course
of person’s lifetime. Once routinely collected by hospitals
in the US and UK, Guthrie cards contain dried blood
spots from newborns taken shortly after birth which were
originally used to screen for preventable diseases, and
remain kept in storage in many hospitals today (Pollitt,
2009). According to a study conducted by McEwen and
Reilly (1994), at least eight states in the US have a policy
of storing Guthrie cards for over 10 years, three states
between 20 and 25 years, and, based on the results of
their research, 17 out of 50 US states would potentially
grant access to researchers, provided IRB approval and
informed consent are obtained. Although there are many
potential challenges with using Guthrie cards for retro-
spective epigenetic research (e.g., controlling for differen-
ces in collection methods and storage conditions, as well
as informed consent issues, etc.) this remains a potentially
viable research method strategy and data source. Assum-
ing proper informed consent can be obtained, Guthrie
cards, like other biological materials that may have been
saved and stored since birth (e.g., cord blood, dried blood
spots, and encapsulated placenta by women engaging in
the practice of placentophagy [Selander et al., 2013]) may
offer new possibilities to DOHaD researchers despite hav-
ing been originally collected and stored with a different
purposes in mind (Benyshek, 2010).

Finally, although biomarkers offer a potentially rich
source of information on some aspects of the early life
environment, they stand weak on their own. Because of
this, there exists a need for retrospective information
from adult subjects on experiences and habits over the
course of their (and possibly their parents’ and grand-
parents’) lifetimes. One of the most important (and sur-
prisingly least-studied) types of data in this category is
retrospective dietary information—particularly during
and around the time of pregnancy. Even though a hand-
ful of studies have addressed the reliability of remote
recall of diet (> 10 years) and found correlation coeffi-
cients to be at least as good as recall of diet from the
recent past (<10 years) in some cases (see Friedenreich
et al., 1992 for a review), very few studies have specifi-
cally addressed the ability of women to recall diet from a
past pregnancy (Bunin et al., 2001; Bosco et al., 2010).
While more validation studies are required, the potential
value of a reliable means to retrospectively assess indi-
vidual diets (rather than relying on population based
diet data, such as historical crop yield records) is unde-
niable. Work in this area has predominantly been lim-
ited to nutritional scientists conducting studies with
general mixed-ethnicity populations in the US and UK,
with little input from DOHaD-oriented anthropologists
working in small-scale communities, many of which are
the very populations currently in the midst of the nutri-
tion transition suffering the most staggering increases
in obesity and cardiometabolic disorders. Future inter-
ventions, capable of breaking the intergenerational
transmission cycle of cardiometabolic traits associated
with the global obesity pandemic will likely only materi-
alize as new methods and sources of data in DOHaD
research are developed in service of this goal.

SUMMARY AND CONCLUDING REMARKS

Recent research in the field of the DOHaD has
revealed that there is much more to the global obesity/
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cardiometabolic syndrome pandemic than “thrifty gen-
es,” western diets, and sedentary lifestyles. We now
know that environmental cues acting during critical win-
dows of development can program physiology in ways
that predispose to cardiometabolic disease in the context
of the global nutrition transition. In addition, we are
now learning that some of these programmed effects can
be transmitted (non-genomically) to future generations
of offspring. Ultimately, devising and implementing suc-
cessful interventions to combat the growing health crisis
of cardiometabolic disease will require a better under-
standing of the role early life events and environments
play in the current pandemic. But it will also require a
more complete understanding of how the past experien-
ces and conditions of paternal and maternal ancestors
also shape—and even help perpetuate—the crisis
through “epigenetic memory.” Ironically, it may be that
the basis of the transgenerational developmental proc-
esses that help shape the current cardiometabolic health
crisis may also provide the means by which it can be
effectively prevented.

ACKNOWLEDGMENTS

The author would like to thank Celeste Giordano, Peter
Gray, Pierre Lienard, and Alyssa Crittenden for valuable
feedback on earlier drafts of this manuscript.

LITERATURE CITED

Agnihotri B, Antonisamy B, Priya G, Fall CHD, Raghupathy P.
2008. Trends in human birth weight across two successive
generations. Indian J Pediatr 75:111-117.

Alfaradhi M, Ozanne S. 2011. Developmental programming in
response to maternal overnutrition. Front Genet 2:1-27.

Anderson CM, Lopez F, Zimmer A, Benoit JN. 2006. Placental
insufficiency leads to developmental hypertension and mesen-
teric artery dysfunction in two generations of Sprague-
Dawley rat offspring. Biol Reprod 74:538-544.

Armitage JA, Khan IY, Taylor PD, Nathanielsz PW, Poston L.
2004. Developmental programming of the metabolic syndrome
by maternal nutritional imbalance: how strong is the evi-
dence from experimental models in mammals? J Physiol 561:
355-3717.

Bai S, Briggs D, Vickers M. 2012. Increased systolic blood pres-
sure in rat offspring following a maternal low-protein diet is
normalized by maternal dietary choline supplementation. J
Dev Orig Health Dis 1:1-8.

Bannister AJ, Kouzarides T. 2011. Regulation of chromatin by
histone modifications. Cell Res 21:381-395.

Behrman J, Calderon M, Preston S, Hoddinott J, Martorell R,
Stein A. 2009. Nutritional supplementation in girls influences
the growth of their children: prospective study in Guatemala.
Am J Clin Nutr 90:1372-1379.

Benyshek DC. 2007. The developmental origins of obesity and
related health disorders—prenatal and perinatal factors. Coll
Antropol 31:11-17.

Benyshek DC. 2010. Use of dried blood spots: an ideal tool for
medical anthropology “in the field”. J Diabetes Sci Technol 4:
255-257.

Benyshek D, Johnston C, Martin J. 2006. Glucose metabolism
is altered in the adequately-nourished grand-offspring (f 3
generation) of rats malnourished during gestation and perina-
tal life. Diabetologia 49:1117-1119.

Benyshek DC, Johnston CS, Martin JF, Ross WD. 2008. Insulin
sensitivity is normalized in the third generation (F3) off-
spring of developmentally programmed insulin resistant (F2)
rats fed an energy-restricted diet. Nutr Metab (Lond) 5:26.

Benyshek DC, Martin JF, Johnston CS. 2001. A reconsideration
of the origins of the type 2 diabetes epidemic among Native

American Journal of Physical Anthropology

Americans and the implications for intervention policy. Med
Anthropol 20:25-64.

Beyan H, Down T, Ramagopalan S, Uvebrant K, Nilsson A,
Holland M, Gemma C, Giovannoni G, Boehm B, Ebers G,
Lernmark A, Cilio C, Leslie R, Rakyan V. 2012. Guthrie card
methylomics identifies temporally stable epialleles that are
present at birth in humans. Genome Res 22:2138-2145.

Bogin B, Varela-Silva MI. 2010. Leg length, body proportion,
and health: a review with a note on beauty. Int J Environ
Res Public Health 7:1047-1075.

Boney CM, Verma A, Tucker R, Vohr BR. 2005. Metabolic Syn-
drome in Childhood: Association With Birth Weight, Maternal
Obesity, and Gestational Diabetes Mellitus. Pediatrics 115:
€290-e296.

Bosco J, Tseng M, Spector L, Olshan A, Bunin G. 2010. Repro-
ducibility of reported nutrient intake and supplement use
during a past pregnancy: a report from the children’s oncol-
ogy group. Paediatr Perinat Epidemiol 24:93-101.

Boucher B, Ewen S, Stowers J. 1994. Betel nut (areca catechu) con-
sumption and the induction of glucose intolerance in adult cd1
mice and in their f1 and 2 offspring. Diabetologia 37:49-55.

Breton C. 2013. The hypothalamus-adipose axis is a key target
of developmental programming by maternal nutritional
manipulation. J Endocrinol 216:R19-31.

Bunin G, Gyllstrom M, Brown J, Kahn E, Kushi L. 2001. Recall
of diet during a past pregnancy. Am J Epidemiol 154:1136—
1142.

Burdge GC, Lillycrop KA. 2010. Nutrition, epigenetics, and
developmental plasticity: implications for understanding
human disease. Annu Rev Nutr 30:315-339.

Cnattingius S, Villamor E, Lagerros YT, Wikstrom AK, Granath
F. 2012. High birth weight and obesity—a vicious circle across
generations. Int J Obes (Lond) 36:1320-1324.

Coutinho R, David RJ, Collins JW. 1997. Relation of parental
birth weights to infant birth weight among African Ameri-
cans and whites in Illinois a transgenerational study. Am J
Epidemiol 146:804-809.

Dabelea D. 2007. The predisposition to obesity and diabetes in
offspring of diabetic mothers. Diabetes Care 30:S169-S174.
Dahri S, Snoeck A, Reusens-Billen B, Remacle C, Hote JJ.
1991. Islet function in offspring of mothers on low-protein

diet during gestation. Diabetes 40:115-120.

Dewey KG, Heinig M, Nommsen L, Peerson J, Lonnerdal B.
1993. Breast-fed infants are leaner than formula-fed infants
at 1y of age: the Darling study. Am J Clin Nutr 57:140-145.

Diamond J. 1992. Human evolution. Diabetes running wild.
Nature 357:362.

Diamond J. 2003. The double puzzle of diabetes. Nature 423:
599-602.

Doak CM, Adair LS, Bentley M, Monteiro C, Popkin BM. 2005.
The dual burden household and the nutrition transition para-
dox. Int J Obes 29:129-136.

Drake AJ, Liu L. 2010. Intergenerational transmission of pro-
grammed effects: public health consequences. Trends in Endo-
crinology & Metabolism 21:206-213.

Drake AJ, Walker BR. 2004. The intergenerational effects of
fetal programming: non-genomic mechanisms for the inheri-
tance of low birth weight and cardiovascular risk. J Endochri-
nol 180:1-16.

Drake AdJ, Walker BR, Seckl JR. 2005. Intergenerational conse-
quences of fetal programming by in utero exposure to gluco-
corticoids in rats. Am J Physiol Regul Integr Comp Physiol
288:R34-R38.

Dunn GA, Bale TL. 2009. Maternal High-Fat Diet Promotes
Body Length Increases and Insulin Insensitivity in Second-
Generation Mice. Endocrinology 150:4999-5009.

Dunn GA, Bale TL. 2011. Maternal high-fat diet effects on
third-generation female body size via the paternal lineage.
Endocrinology 152:2228-2236.

Ellison PT. 2005. Evolutionary perspectives on the fetal origins
hypothesis. Am J Hum Biol 17:113-118.

Ellison PT, Jasienska G. 2007. Constraint, pathology, and adap-
tation: how can we tell them apart? Am J Hum Biol 19:622—
630.



CARDIOMETABOLIC SYDROME: ORIGIN AND TRANSMISSION 91

Eriksson JG. 2006. Patterns of growth: relevance to develop-
mental origins of health and disease. In: Gluckman PD, Han-
son MA, editors. Developmental origins of health and disease.
Cambridge: Cambridge University Press. p 223-232.

Eriksson JG. 2011. Early growth and coronary heart disease
and type 2 diabetes: findings from the Helsinki birth cohort
study (HBCS). Am J Clin Nutr 94:17995-1802S.

Eriksson JG, Forsen T, Tuomilehto J, Osmond C, Barker DJP.
2003. Early adiposity rebound in childhood and risk of type 2
diabetes in adult life. Diabetologia 46:190—194.

Erkek S, Hisano M, Liang CY, Gill M, Murr R, Dieker J,
Schiibeler D, Vlag Jv, Stadler MB, Peters AH. 2013. Molecu-
lar determinants of nucleosome retention at CpG-rich sequen-
ces in mouse spermatozoa. Nat Struct Mol Biol 20:868-875.

FAO. 2012. The state of food insecurity in the world 2012: eco-
nomic growth is necessary but not sufficient to accelerate
reduction of hunger and malnutrition. Rome: Food and Agri-
cultural Organization of the United Nations.

Feng B, Zhang T, Xu H. 2013. Human adipose dynamics and
metabolic health. Annals of the New York Academy of Scien-
ces 1281:160-177.

Flegal KM, Kit BK, Orpana H, Graubard BI. 2013. Association
of all-cause mortality with overweight and obesity using
standard body mass index categories: a systematic review
and meta-analysis. JAMA 309:71-82.

Forrester T. 2006. Developmental origins of health and disease:
implications for primary intervention for cardiovascular and
metabolic disease. In: Gluckman PD, Hanson MA, editors.
Developmental origins of health and disease. Cambridge:
Cambridge University Press. p 436-445.

Forrester TE, Badaloo AV, Boyne MS, Osmond C, Thompson D,
Green C, Taylor-Bryan C, Barnett A, Soares-Wynter S,
Hanson MA, Beedle AS, Gluckman PD. 2012. Prenatal factors
contribute to the emergence of kwashiorkor or marasmus in
severe undernutrition: evidence for the predictive adaptation
model. PLoS One 7:e35907.

Forsdahl A. 1977. Are poor living conditions in childhood and
adolescence an important risk factor for arteriosclerotic heart
disease? Br J Prev Soc Med 31:91-95.

Francis D, Diorio J, Liu D, Meaney MdJ. 1999. Nongenomic
transmission across generations of maternal behavior and
stress responses in the rat. Science 286:1155-1158.

Friedenreich CM, Slimani N, Riboli E. 1992. Measurement of
past diet: review of previous and proposed methods. Epide-
miol Rev 14:177-196.

Gluckman PD, Hanson MA. 2004a. Maternal constraint of fetal
growth and its consequences. Semin Fetal Neonatal Med 9:
419-425.

Gluckman PD, Hanson MA. 2004b. The fetal matrix: evolution,
development and disease. Cambridge: Cambridge University
Press.

Gluckman PD, Hanson MA. 2004c. Living with the past: evolu-
tion, development, and patterns of disease. Science 305:1733—
1736.

Gluckman PD, Hanson MA, editors. 2006. Developmental ori-
gins of health and disease. Cambridge: Cambridge University
Press.

Gluckman PD, Hanson M, Zimmet P, Forrester T. 2011. Losing
the war against obesity: the need for a developmental per-
spective. Sci Transl Med 3:93cm19.

Gniuli D, Calcagno A, Caristo ME, Mancuso A, Macchi V,
Mingrone G, Vettor R. 2008. Effects of high-fat diet exposure
during fetal life on type 2 diabetes development in the prog-
eny. J Lipid Res 49:1936-1945.

Grijalva-Eternod CS, Wells JC, Cortina-Borja M, Salse-Ubach
N, Tondeur MC, Dolan C, Meziani C, Wilkinson C, Spiegel P,
Seal AJ. 2012. The double burden of obesity and malnutrition
in a protracted emergency setting: a cross-sectional study of
Western Sahara refugees. PLoS Med. 9:e1001320.

Guénard F, Deshaies Y, Cianflone K, Kral J, Marceau P,
Vohl M. 2013. Differential methylation in glucoregulatory
genes of offspring born before vs. after maternal gastrointesti-
nal bypass surgery. Proc Natl Acad Sci USA 110:11439-—
11444.

Hackett JA, Sengupta R, Zylicz JJ, Murakami K, Lee C, Down
TA, Surani MA. 2013. Germline DNA demethylation dynam-
ics and imprint erasure through 5-hydroxymethylcytosine.
Science 339:448-452.

Hales CN, Barker DJP. 1992. Type 2 (non-insulin-dependent)
diabetes mellitus: the thrifty phenotype hypothesis. Diabeto-
logia 35:595-601.

Harrison M, Langley-Evans SC. 2009. Intergenerational pro-
gramming of impaired nephrogenesis and hypertension in
rats following maternal protein restriction during pregnancy.
Br J Nutr 101:1020-1030.

Hayward AD, Rickard IJ, Lummaa V. 2013. Influence of early-
life nutrition on mortality and reproductive success during a
subsequent famine in a preindustrial population. Proc Natl
Acad Sci USA 110:13886-13891.

Hendrix N, Berghella V. 2008. Non-placental causes of intrau-
terine growth restriction. Semin Perinatol 32:161-165.

Huber K, Miles J, Norman A, Thompson N, Davison M, Breier
B. 2009. Prenatally induced changes in muscle structure and
metabolic function facilitate exercise-induced obesity preven-
tion. Endocrinology 150:4135-4144.

Jablonka E, Raz G. 2009. Transgenerational epigenetic inheri-
tance: prevalence, mechanisms, and implications for the study
of heredity and evolution. Q Rev Biol 84:131-176.

Jimenez-Chillaron JC, Isganaitis E, Charalambous M, Gesta S,
Pentinat-Pelegrin T, Faucette RR, Otis JP, Chow A, Diaz R,
Ferguson-Smith A. 2009. Intergenerational transmission of
glucose intolerance and obesity by in utero undernutrition in
mice. Diabetes 58:460—468.

Kaati G, Bygren LO, Edvinsson S. 2002. Cardiovascular and
diabetes mortality determined by nutrition during parents’
and grandparents’ slow growth period. Eur J Hum Genet 10:
682-688.

Kaati G, Bygren LO, Pembrey M, Sjostrom M. 2007. Transge-
nerational response to nutrition, early life circumstances and
longevity. Eur J Hum Genet 15:784-790.

Kahn H, Graff M, Stein A, Zybert P, Mckeague I, Lumey L.
2008. A fingerprint characteristic associated with the early
prenatal environment. Am J Hum Biol 20:59-65.

Kahn H, Ravindranath R, Valdez R, Narayan K. 2001. Finger-
print ridge-count difference between adjacent fingertips
(dr45) predicts upper-body tissue distribution: Evidence for
early gestational programming. Am J Epidemiol 153:338-344.

Kermack WO, Mckendrick AG, Mckinlay P. 1934. Death-rates
in Great Britain and Sweden: expression of specific mortality
rates as products of two factors, and some consequences
thereof. J Hyg 34:433-457.

Keys A, Aravanis C, Blackburn H, Van Buchem F, Buzina R,
Djordjevic B, Fidanza F, Karvonen MdJ, Menotti A, Puddu V.
1972. Coronary heart disease: overweight and obesity as risk
factors. Ann Intern Med 77:15-26.

King H, Aubert RE, Herman WH. 1998. Global burden of diabe-
tes, 1995-2025: prevalence, numerical estimates, and projec-
tions. Diabetes Care 21:1414-1431.

Koupil I, Toivanen P. 2008. Social and early-life determinants of
overweight and obesity in 18-year-old Swedish men. Int J
Obes 32:73-81.

Kramer MS, Kakuma R. 2010. Energy and protein intake in
pregnancy. Cochrane Database Syst Rev 3:1-74.

Kuzawa CW. 2005. Fetal origins of developmental plasticity: are
fetal cues reliable predictors of future nutritional environ-
ments? Am J Hum Biol 17:5-21.

Kuzawa CW, Eisenberg DT. 2012. Intergenerational predictors
of birth weight in the Philippines: correlations with mother’s
and father’s birth weight and test of maternal constraint.
PLo0S One 7:e40905.

Kuzawa CW, Quinn EA. 2009. Developmental origins of adult
function and health: evolutionary hypotheses. Annu Rev
Anthropol 38:131-147.

Kuzawa CW, Sweet E. 2009. Epigenetics and the embodiment of
race: developmental origins of US racial disparities in cardio-
vascular health. Amer J Hum Biol. 21:2-15.

Kuzawa CW, Thayer ZM. 2011. Timescales of human adapta-
tion: the role of epigenetic processes. Epigenomics 3:221-234.

American Journal of Physical Anthropology



92 D.C. BENYSHEK

Laland, KN, Odling-Smee J, Myles S. 2010. How culture shaped
the human genome: bringing genetics and the human scien-
ces together. Nat Rev Genet 11:137-148.

Li J, Huang J, Li J-S, Chen H, Huang K, Zheng L. 2012. Accu-
mulation of endoplasmic reticulum stress and lipogenesis in
the liver through generational effects of high fat diets. J Hep-
atol 56:900-907.

Li M, Sloboda D, Vickers M. 2011. Maternal obesity and devel-
opmental programming of metabolic disorders in offspring:
evidence from animal models. Exp Diabetes Res 2011:1-9.

Lillycrop KA, Phillips ES, Jackson AA, Hanson MA, Burdge
GC. 2005. Dietary protein restriction of pregnant rats induces
and folic acid supplementation prevents epigenetic modifica-
tion of hepatic gene expression in the offspring. J Nutr 135:
1382-1386.

Lim JP, Brunet A. 2013. Bridging the transgenerational gap
with epigenetic memory. Trends in Genetics 29:176-186.

Lin WY, Chiu TY, Lee LT, Lin CC, Huang CY, Huang KC. 2008.
Betel nut chewing is associated with increased risk of cardio-
vascular disease and all-cause mortality in Taiwanese men.
Am J Clin Nutr 87:1204-1211.

Lozano R, Naghavi M, Foreman K, Lim S, Shibuya K, Aboyans
V, Abraham J, Adair T, Aggarwal R, Ahn SY, Alvarado M,
Anderson HR, Anderson LM, Andrews KG, Atkinson C,
Baddour LM, Barker-Collo S, Bartels DH, Bell ML, Benjamin
EJ, Bennett D, Bhalla K, Bikbov B, Bin Abdulhak A, Birbeck
G, Blyth F, Bolliger I, Boufous S, Bucello C, Burch M, Burney
P, Carapetis J, Chen H, Chou D, Chugh SS, Coffeng LE,
Colan SD, Colquhoun S, Colson KE, Condon J, Connor MD,
Cooper LT, Corriere M, Cortinovis M, de Vaccaro KC, Couser
W, Cowie BC, Criqui MH, Cross M, Dabhadkar KC,
Dahodwala N, De Leo D, Degenhardt L, Delossantos A,
Denenberg J, Des Jarlais DC, Dharmaratne SD, Dorsey ER,
Driscoll T, Duber H, Ebel B, Erwin PJ, Espindola P, Ezzati
M, Feigin V, Flaxman AD, Forouzanfar MH, Fowkes FG,
Franklin R, Fransen M, Freeman MK, Gabriel SE, Gakidou
E, Gaspari F, Gillum RF, Gonzalez-Medina D, Halasa YA,
Haring D, Harrison JE, Havmoeller R, Hay RJ, Hoen B,
Hotez PJ, Hoy D, Jacobsen KH, James SL, Jasrasaria R,
Jayaraman S, Johns N, Karthikeyan G, Kassebaum N, Keren
A, Khoo JP, Knowlton LM, Kobusingye O, Koranteng A,
Krishnamurthi R, Lipnick M, Lipshultz SE, Ohno SL,
Mabweijano J, MacIntyre MF, Mallinger L, March L, Marks
GB, Marks R, Matsumori A, Matzopoulos R, Mayosi BM,
McAnulty JH, McDermott MM, McGrath J, Mensah GA,
Merriman TR, Michaud C, Miller M, Miller TR, Mock C,
Mocumbi AO, Mokdad AA, Moran A, Mulholland K, Nair
MN, Naldi L, Narayan KM, Nasseri K, Norman P, O’Donnell
M, Omer SB, Ortblad K, Osborne R, Ozgediz D, Pahari B,
Pandian JD, Rivero AP, Padilla RP, Perez-Ruiz F, Perico N,
Phillips D, Pierce K, Pope CA, Porrini E, Pourmalek F, Raju
M, Ranganathan D, Rehm JT, Rein DB, Remuzzi G, Rivara
FP, Roberts T, DeLeun FR, Rosenfeld LC, Rushton L, Sacco
RL, Salomon JA, Sampson U, Sanman E, Schwebel DC,
Segui-Gomez M, Shepard DS, Singh D, Singleton J, Sliwa K,
Smith E, Steer A, Taylor JA, Thomas B, Tleyjeh IM, Towbin
JA, Truelsen T, Undurraga EA, Venketasubramanian N,
Vijayakumar L, Vos T, Wagner GR, Wang M, Wang W, Watt
K, Weinstock MA, Weintraub R, Wilkinson JD, Woolf AD,
Wulf S, Yeh PH, Yip P, Zabetian A, Zheng ZJ, Lopez AD,
Murray CJ, AlMazroa MA, Memish ZA. 2012. Global and
regional mortality from 235 causes of death for 20 age groups
in 1990 and 2010: a systematic analysis for the global burden
of disease study 2010. Lancet 380:2095-2128.

Lumey L, Stein AD, Kahn HS, Romijn J. 2009. Lipid profiles in
middle-aged men and women after famine exposure during
gestation: the Dutch hunger winter families study. Am J Clin
Nutr 89:1737-1743.

Lunde A, Melve KK, Gjessing HK, Skjerven R, Irgens LM.
2007. Genetic and environmental influences on birth weight,
birth length, head circumference, and gestational age by use
of population-based parent-offspring data. Am J Epidemiol
165:734-741.

American Journal of Physical Anthropology

Magnus P, Gjessing H, Skrondal A, Skjaerven R. 2001. Paternal
contribution to birth weight. J Epidemiol Community Health
55:873-8717.

Martin JF, Johnston CS, Han CT, Benyshek DC. 2000. Nutri-
tional Origins of Insulin Resistance: A Rat Model for Diabe-
tes-Prone Human Populations. J. Nutr. 130:741-744.

McConnell JML. 2006. A mitochondrial component of develop-
mental programming. In: Gluckman PD, Hanson MA, edi-
tors. Developmental origins of health and disease.
Cambridge: Cambridge University Press. p 75-81.

McEwen JE, Reilly PR. 1994. Stored Guthrie cards as DNA
“banks”. Am J Hum Genet 55:196-200.

Merialdi M, Carroli G, Villar J, Abalos E, Gilmezoglu AM,
Kulier R, Onis M. 2003. Nutritional Interventions during
Pregnancy for the Prevention or Treatment of Impaired Fetal
Growth: An Overview of Randomized Controlled Trials. dJ.
Nutr. 133:16265-1631S.

Miles J, Huber K, Thompson N, Davison M, Breier B. 2009.
Moderate daily exercise activates metabolic flexibility to pre-
vent prenatally induced obesity. Endocrinology 150:179-186.

Mingrone G, Manco M, Mora MEV, Guidone C, Iaconelli A,
Gniuli D, Leccesi L, Chiellini C, Ghirlanda G. 2008. Influence
of maternal obesity on insulin sensitivity and secretion in off-
spring. Diabetes Care 31:1872-1876.

Monaghan P. 2008. Early growth conditions, phenotypic devel-
opment and environmental change. Philos Trans R Soc Lond
B Biol Sci 363:1635-1645.

Morton SMB. 2006. Maternal nutrition and fetal growth and
development. In: Gluckman PD, Hanson MA, editors. Devel-
opmental origins of health and disease. Cambridge: Cam-
bridge University Press. p 98-129.

Myatt L, Roberts V. 2006. Placental mechanisms and develop-
mental origins of health and disease. In: Gluckman PD, Han-
son MA, editors. Developmental origins of health and
disease. Cambridge: Cambridge University Press. p 130-142.

Napoli C, Pignalosa O, Rossi L, Botti C, Guarino C, Sica V, de
Nigris F. 2006. The developmental environment and athero-
genesis. In: Gluckman PD, Hanson MA, editors. Develop-
mental origins of health and disease. Cambridge: Cambridge
University Press. p 300-309.

Natterson-Horowitz B, Bowers K. 2013. Zoobiquity: the aston-
ishing connection between human and animal health. New
York: Vintage.

Neel JV. 1962. Diabetes mellitus: A “thrifty” genotype rendered
detrimental by “progress” Am J Hum Genet 14:353-362.

Neel JV. 1982. The thrifty genotype revisited. Genet Diabetes
Mellitus 3:293.

Neel JV. 1999. The “thrifty genotype” in 1998. Nutr Rev 57:2-9.

Painter R, Osmond C, Gluckman P, Hanson M, Phillips D,
Roseboom T. 2008. Transgenerational effects of prenatal expo-
sure to the Dutch famine on neonatal adiposity and health in
later life. BJOG 115:1243-1249.

Park JH, Stoffers DA, Nicholls RD, Simmons RA. 2008. Devel-
opment of type 2 diabetes following intrauterine growth
retardation in rats is associated with progressive epigenetic
silencing of pdx1. J Clin Invest 118:2316.

Pembrey ME, Bygren LO, Kaati G, Edvinsson S, Northstone K,
Sjostrom M, Golding J. 2006. Sex-specific, male-line transge-
nerational responses in humans. Eur J Hum Genet 14:159—
166.

Pico C, Jilkova ZM, Kus V, Palou A, Kopecky J. 2011. Perinatal
programming of body weight control by leptin: Putative roles
of amp kinase and muscle thermogenesis. Am J Clin Nutr 94:
1830S-18378.

Pirkola J, Pouta A, Bloigu A, Hartikainen A-L, Laitinen J,
Jarvelin M-R, Vaarasmaki M. 2010. Risks of overweight and
abdominal obesity at age 16 years associated with prenatal
exposures to maternal prepregnancy overweight and gesta-
tional diabetes mellitus. Diabetes Care 33:1115-1121.

Plagemann A, Harder T, Brunn M, Harder A, Roepke K,
Wittrock-Staar M, Ziska T, Schellong K, Rodekamp E,
Melchior K. 2009. Hypothalamic proopiomelanocortin pro-
moter methylation becomes altered by early overfeeding: an



CARDIOMETABOLIC SYDROME: ORIGIN AND TRANSMISSION 93

epigenetic model of obesity and the metabolic syndrome. J
Physiol 587:4963-4976.

Pollitt R. 2009. Newborn blood spot screening: New opportuni-
ties, old problems. J Inherit Metab Dis 32:395-399.

Popkin BM. 2006. Global nutrition dynamics: the world is shift-
ing rapidly toward a diet linked with noncommunicable dis-
eases. Am J Clin Nutr 84:289-298.

Poston L. 2010. Developmental programming and diabetes—the
human experience and insight from animal models. Best
Pract Res Clin Endocrinol Metab 24:541-552.

Raab EL, Vuguin PM, Stoffers DA, Simmons RA. 2009. Neona-
tal exendin-4 treatment reduces oxidative stress and prevents
hepatic insulin resistance in intrauterine growth-retarded
rats. Am J Physiol Regul Integr Comp Physiol 297:R1785—
R1794.

Reik W, Collick A, Norris ML, Barton SC, Surani MA. 1987.
Genomic imprinting determines methylation of parental
alleles in transgenic mice. Nature 328:248-251.

Reynolds R, Osmond C, Phillips D, Godfrey K. 2010. Maternal
BMI, parity, and pregnancy weight gain: influences on off-
spring adiposity in young adulthood. J Clin Endocrinol Metab
95:5365-5369.

Ritenbaugh C, Goodby C. 1989. Beyond the thrifty gene: meta-
bolic implications of prehistoric migration into the new world.
Med Anthropol 11:227-236.

Rkhzay-Jaf J, O’dowd JF, Stocker CdJ. 2012. Maternal obesity
and the fetal origins of the metabolic syndrome. Curr Cardio-
vasc Risk Rep 6:487-495.

Roseboom TJ, van der Meulen JH, Ravelli AC, Osmond C,
Barker DJ, Bleker OP. 2001. Effects of prenatal exposure to
the Dutch famine on adult disease in later life: an overview.
Twin Res 4:293-298.

Selander J, Cantor A, Young S, Benyshek D. 2013. Human
maternal placentophagy: a survey of self-reported motivations
and experiences associated with placenta consumption. Ecol
Food Nutr 52:93-115.

Singhal A, Cole TJ, Fewtrell M, Lucas A. 2004. Breastmilk
feeding and lipoprotein profile in adolescents born preterm:
follow-up of a prospective randomised study. Lancet 363:
1571-1578.

Skinner MK. 2008. What is an epigenetic transgenerational
phenotype?: F3 or F2. Reproductive Toxicology 25:2—6.

Sloboda DM, Newnham JP, Moss TJM, Challis JRG. 2006. The
fetal hypothalamic—pituitary—adrenal axis: relevance to devel-
opmental origins of health and disease. In: Gluckman PD,
Hanson MA, editors. Developmental origins of health and
disease. Cambridge: Cambridge University Press. p 191-205.

Soubry A, Schildkraut JM, Murtha A, Wang F, Huang Z,
Bernal A, Kurtzberg J, Jirtle RL, Murphy SK, Hoyo C. 2013.
Paternal obesity is associated with igf2 hypomethylation in
newborns: results from a newborn epigenetics study (NEST)
cohort. BMC Med 11:29.

Srinivasan M, Mitrani P, Sadhanandan G, Dodds C, Shbeir-
Eldika S, Thamotharan S, Ghanim H, Dandona P, Devaskar
SU, Patel MS. 2008. A high-carbohydrate diet in the immedi-
ate postnatal life of rats induces adaptations predisposing to
adult-onset obesity. J Endocrinol 197:565-574.

Stearns SC. 1992. The evolution of life histories. Oxford: Oxford
University Press.

Stein AD, Barnhart HX, Hickey M, Ramakrishnan U,
Schroeder DG, Martorell R. 2003. Prospective study of
protein-energy supplementation early in life and of growth in
the subsequent generation in Guatemala. Am J Clin Nutr 78:
162-167.

Stettler N, Stallings VA, Troxel AB, Zhao J, Schinnar R, Nelson
SE, Ziegler EE, Strom BL. 2005. Weight gain in the first
week of life and overweight in adulthood a cohort study of
European American subjects fed infant formula. Circulation
111:1897-1903.

Stocker CJ, Wargent E, O’'Dowd J, Cornick C, Speakman JR,
Arch JRS, Cawthorne MA. 2007. Prevention of diet-induced
obesity and impaired glucose tolerance in rats following
administration of leptin to their mothers. Am J Physiol Regul
Integr Comp Physiol 292:R1810-R1818.

Suzuki MM, Bird A. 2008. DNA methylation landscapes: pro-
vocative insights from epigenomics. Nat Rev Genet 9:465—
476.

Thayer ZM, Kuzawa CW. 2011. Biological memories of past
environments: epigenetic pathways to health disparities. Epi-
genetics 6:798-803.

Thompson JA, Regnault TRH. 2011. In Utero Origins of Adult
Insulin Resistance and Vascular Dysfunction. Seminars in
Reproductive Medicine 29:211-224.

Veena S, Kumaran K, Swarnagowri M, Jayakumar M, Leary S,
Stein C, Cox V, Fall C. 2004. Intergenerational effects on size
at birth in south India. Paediatr Perinat Epidemiol 18:361—
370.

Velasquez-Melendez G, Schlissel MM, Brito AS, Silva AA,
Lopes-Filho JD, Kac G 2011. Mild but not light or severe food
insecurity is associated with obesity among Brazilian women.
J Nutr 141:898-902.

Vickers M, Gluckman P, Coveny A, Hofman P, Cutfield W,
Gertler A, Breier B, Harris M. 2005. Neonatal leptin treat-
ment reverses developmental programming. Endocrinology
146:4211-4216.

Vickers MH, Sloboda DM. 2012. Strategies for reversing the
effects of metabolic disorders induced as a consequence of
developmental programming. Front Physiol 3:242.

Vohr BR, Boney CM. 2008. Gestational diabetes: the forerunner
for the development of maternal and childhood obesity and
metabolic syndrome? J Matern Fetal Neonatal Med 21:149—
157.

Waddington CH. 1942. The epigenotype. Endeavour 1:18-20.

Walton A, Hammond J. 1938. The maternal effects on growth
and conformation in Shire horse—Shetland pony crosses. Pro-
ceedings of the Royal Society B 125:311-335.

Weiss KM, Ferrell RF, Hanis CL. 1984. A new world syndrome
of metabolic diseases with a genetic and evolutionary basis.
Am J Phys Anthropol 27:153-178.

Wells JCK. 2003. The Thrifty Phenotype Hypothesis: Thrifty
Offspring or Thrifty Mother? Journal of Theoretical Biology
221:143-161.

Wells JCK. 2007. The thrifty phenotype as an adaptive mater-
nal effect. Biol Rev 82:143-172.

Wells JCK. 2010. Maternal capital and the metabolic ghetto: an
evolutionary perspective on the transgenerational basis of
health inequalities. Am J Hum Biol 2010 22:1-17.

Wells JCK. 2012. The evolution of human adiposity and obesity:
where did it all go wrong? Dis Models Mech 5:595-607.

West-Eberhard Mary Jane. 2003. Developmental plasticity and
evolution. New York: Oxford University Press, USA.

Whitaker RC. 2004. Predicting preschooler obesity at birth: the role
of maternal obesity in early pregnancy. Pediatrics 114:e29-e36.

Whitfield JB, Treloar SA, Zhu G, Martin NG. 2001. Genetic and
non-genetic factors affecting birth-weight and adult body
mass index. Twin Res 4:365-370.

WHO. 2013. Controlling the global obesity epidemic. Available
from: http://www.who.int/nutrition/topics/obesity/en/. [Last
accessed March 12, 2013]

Yu Z, Han S, Zhu J, Sun X, Ji C, Guo X. 2013. Pre-pregnancy
body mass index in relation to infant birth weight and off-
spring overweight/obesity: a systematic review and meta-
analysis. PLoS One 8:€61627.

Zambrano E, Martinez-Samayoa P, Bautista C, Deas M, Guillen
L, Rodriguez-Gonzalez G, Guzman C, Larrea F, Nathanielsz
P. 2005. Sex differences in transgenerational alterations of
growth and metabolism in progeny (f2) of female offspring
(f1) of rats fed a low protein diet during pregnancy and lacta-
tion. J Physiol 566:225-236.

American Journal of Physical Anthropology


http://www.who.int/nutrition/topics/obesity/en/
http://www.who.int/nutrition/topics/obesity/en/
http://www.who.int/nutrition/topics/obesity/en/
http://www.who.int/nutrition/topics/obesity/en/
http://www.who.int/nutrition/topics/obesity/en/
http://www.who.int/nutrition/topics/obesity/en/

