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The Long Reach of History:
Intergenerational and
Transgenerational Pathways to
Plasticity in Human Longevity
Christopher W. Kuzawa and Dan T.A. Eisenberg

INTRODUCTION
In humans, evolution has produced a species with a lifespan several
 ecades longer than expected for a mammal or primate of its size. Evolud
tionary principles provide helpful clues to what likely facilitated this outcome (Hawkes et al., 1998; Kaplan et al., 2000). First, human ancestors
must have found ways to limit extrinsic mortality sufficient to make it less
risky to spread reproductive effort across a long adult life, thus favoring intensive investment in lifespan-extending maintenance effort (Kirkwood and
Rose, 1991; Stearns, 1992; Ricklefs, 2008). Second, humans’ social units
are unusual in the extent of the reliance upon intergenerational transfers of
energy and knowledge from older to younger generations, which selected
for increased longevity (Hawkes et al., 1998; Lee, 2003). Reduced mortality
relative to other great apes, and the increased reproductive value of later
human life stages, are among the forces that worked to favor a strategy of
maintaining relatively healthy, functional bodies several decades beyond the
ages of direct reproduction.
Although an unusually long lifespan is a defining characteristic of
Homo sapiens, prehistoric and historic evidence for trends in human life
expectancy, along with contemporary disparities in relation to ethnicity,
class, and race (Keppel et al., 2002), demonstrate the enormous impact of
environments as influences on heterogeneity in potential longevity among
members of the species. Large historical improvements in life expectancy
in Europe and elsewhere were due primarily to the control of common in65
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fectious diseases, which greatly reduced infant and child survival (Omran,
1971). As one example, increases in life expectancy occurred in the United
States as the germ theory of disease gained in acceptance and led to new
public health measures like boiling bottles and milk, hand washing, and
isolating sick children (Preston, 1996).
As early life infections are controlled in a population and individuals
begin living to advanced ages, chronic degenerative processes come to
predominate as determinants of mortality and life expectancy. Although it
was traditionally believed that such post-demographic and epidemiologictransition populations would eventually reach a ceiling in life expectancy,
long-term demographic data suggest that high-income human populations
are not yet approaching this ceiling, if in fact it exists (Oeppen and Vaupel,
2002). This is reflected in the fact that, despite pervasive disparities within
societies (Keppel et al., 2002), lifespan in many industrialized nations has
been consistently increasing, at a remarkably steady rate, for more than
a century (Oeppen and Vaupel, 2002; Tuljapurkar et al., 2000; Vaupel,
2010). These ongoing secular trends in population life expectancy have
generated much attention, and there is great interest in understanding their
underlying causes. Particularly because the most pronounced changes have
come about in a scant four generations, genetic change is an unlikely explanation for them (Burger et al., 2012).
Recent years have witnessed growing interest in a new potential explanation for some of these trends. An extensive literature now supports the
hypothesis that part of what determines late-life function and mortality are
experiences early in life, starting in utero, and potentially even tracing to
the experiences and behaviors of recent generations of ancestors (Gluckman
and Hanson, 2006; Kuzawa and Quinn, 2009). Early observational work
in humans reported an inverse relationship between birth weight (BW) and
future risk of cardiovascular and other chronic diseases, pointing to a likely
role of prenatal nutrition in risk for diseases associated with late-life aging
and mortality. Importantly, the elevation in cardiovascular disease (CVD)
risk is not limited to abnormally low birth weight individuals, but is found
in relation to increases in BW across the full BW spectrum, suggesting that
the overall quantity of nutrition that a fetus receives may be important. In
parallel, an extensive nonhuman literature has replicated many of these
findings in model species using experimental designs, demonstrating that
early environments, per se, are likely important drivers of many of these
effects.
Inspired by this work, research by economists and demographers has
been instrumental in demonstrating the likely causality of such relationships in humans (e.g., Almond, 2006; van den Berg et al., 2009). As a
result of this work, the idea that long-term health traces in part to earlylife experiences is increasingly accepted by researchers across many fields.
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While this work has clearly been important, basic scientific understanding of the effects of early environments is rapidly expanding and now
routinely demonstrates effects that linger not only into later life, but also
that are transmitted to two, three, or even more generations of offspring,
operating through several distinct biological inheritance pathways. For
biodemography, this work implies that a full understanding of the determinants of human life expectancy, including the vast heterogeneity across and
within societies, may require investigating not only the role of early rearing
environments, but also historical environments experienced by ancestors,
potentially extending back multiple generations.
In this paper, we begin by briefly tracing the history of scientific interest
in the early-life determinants of late-life health. Then we review some of
the mechanisms now understood to contribute to these relationships. This
serves as a backdrop for the second section, in which we explore newer
evidence that the effects of early environments can linger beyond adulthood
to impact offspring, operating not only through several distinct maternaloffspring pathways, but also through direct parent-offspring epigenetic
transfers. These emerging findings add new complexity to understanding of
the determinants of aging and life expectancy and inspire a new generation
of hypotheses. Our goal is to review the state of evidence for such effects
in humans and other species and to outline testable hypotheses for the
determinants of human health and life expectancy that emerge from this
literature. As we will argue, we believe that demography and related population research fields are well situated to help refine understandings of the
pathways for intergenerational transmission of environmental influences on
health, which are coming to light through animal model research but have
thus far proven challenging to evaluate in human populations.
DEVELOPMENTAL AND INTERGENERATIONAL PLASTICITY
History and Summary of Research Linking Gestational or
Infancy Conditions to Adult Health
The hypothesis that undernutrition or early deprivation could compromise adult health was proposed in the early work of Kermack, McKendrick,
and McKinlay (1934) documenting birth cohort effects on mortality in
England, Sweden, and Wales (see Doblhammer, 2004). In a 1934 Lancet
article, they noted that secular trends in mortality were predicted by year
of birth and concluded (Kermack et al., 1934, p. 700) that “the expectation
of life was determined by the conditions which existed during the child’s
earlier years.” Forsdahl (1977, 1978) later provided additional support for
this hypothesis from analyses of Norwegian demographic data.
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Subsequently, researchers in the United Kingdom observed that the
risk of dying from CVD, or of suffering from conditions that precede CVD
like hypertension or diabetes, is highest among individuals who were light
as newborns, thus linking these late-life outcomes with an early life proxy
of nutrition (Barker et al., 1989; Barker, 1994). Human studies have since
replicated similar findings relating lower BW to CVD risk factors and CVD
mortality in populations across the globe (Leon et al., 1998; Adair et al.,
2001; Law et al., 2001; Kuzawa et al., 2003; Yajnik, 2004; Tian et al., 2006;
Gupta et al., 2007; Huxley et al., 2007).
Although BW is a complex phenotype, there is considerable evidence
that the relationship between birth outcomes and adult chronic disease are
not simply due to genetic influences or the result of BW indexing environmental status, which also has persistent effects on chronic disease risk later
in life. For instance, among monozygotic twins, the twin born lighter has
been shown to have elevated risk for obesity, diabetes, and hypertension
later in life (Bo et al., 2000; Iliadou et al., 2004; but see Oberg et al., 2011,
for an alternate view), showing that differences in birth size predict adult
CVD risk among genetically identical siblings occupying the same postnatal environment. Animal model work provides true experimental tests of
the hypothesis that early-life experiences shape future adult health. Such
studies have replicated many of the disease outcomes found in relation to
lower BW in human populations (Symonds et al., 2003). For instance, restricting the nutritional intake of pregnant rats, mice, or sheep, or directly
restricting blood flow to the fetus, increases post-natal blood pressure,
cholesterol, abdominal fat deposition, stress reactivity, and diabetes risk
in offspring (Kind et al., 2003; Langley-Evans et al., 2003; McMillen and
Robinson, 2005; De Blasio et al., 2007).
Developmental and Epigenetic Pathways Linking
Early Environments with Adult Health
Several types of biological adjustment are made by the developing fetus
in response to prenatal stimuli that contribute to these long-term changes
in disease risk. All are examples of developmental plasticity, or the c apacity
of the developing body to modify its structure and function in response
to environmental or behavioral experiences. The most straightforward
mechanism of plasticity involves changes in growth of a tissue or organ
as reflected in size or cell number. For instance, the kidneys of prenatally
undernourished individuals tend to be smaller and have fewer nephrons,
a trait that increases risk of hypertension and renal failure in adulthood
(Lampl et al., 2002; Luyckx and Brenner, 2005). Similarly, changing the
number or type of muscle cells can modify the body’s ability to clear glucose
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from the blood stream, leading to changes in insulin sensitivity and diabetes
risk (Jensen et al., 2007).
One increasingly well-studied set of mechanisms linking early environments with adult health involves epigenetic changes, defined as chemical
modifications that alter gene expression in a specific tissue or organ without
changing the nucleotide sequences of the DNA (Jenuwein and Allis, 2001;
Waterland and Michels, 2007). Several epigenetic mechanisms have received
attention for their likely role as links between early environments and adult
health. Chemical modification of histone proteins that the DNA strands are
wound around in the cell nucleus can lead to tighter or looser DNA packing in the region of specific genes, reducing or enhancing gene expression
respectively. A second molecular mechanism of epigenetic marking involves
noncoding RNA (e.g., microRNA or miRNA). These DNA transcripts do
not code for proteins, but can influence biology and health by regulating
gene expression at other protein-coding genes (Fabian et al., 2010). To date,
most attention in human epidemiological studies has focused on a third
mechanism, methylation, in which methyl groups are attached to DNA in
regions adjacent to specific gene promoters. Although there are exceptions,
increased methylation in the vicinity of a gene impedes binding by transcription factors and thereby silences gene expression in that cell (Berger, 2007).
All three mechanisms of epigenetic marking are potentially responsive to
environmental stimuli and stable for varying timeframes, thereby potentially
helping link experiences across the lifecourse with altered biology and health.
Experimental animal model studies confirm that modifying nutritional
or other characteristics of early environments can lead to durable epigenetic
changes that persist into later life to influence biology and underlying
disease processes (Gluckman et al., 2007; Waterland and Michels, 2007).
Maternal experiences during or prior to pregnancy have similarly been
shown to predict altered epigenetic markings in human offspring, supporting a role for such effects on human biology and disease (Heijmans et al.,
2008; Waterland et al., 2010).
In summary, there is solid evidence that the widely documented relationships between early life measures such as BW and later CVD partly reflect
the effects of the gestational and infancy environments on the development
of biological systems, including effects on how the body manages glucose and
lipids, deposits fat, regulates blood pressure, and responds to stress. Each of
these is an important determinant of the pace of chronic disease development
and thus life expectancy. These effects typically reflect changes in the growth
and development of specific organs and tissues or modifications in the regulation of hormones, metabolism, or physiology. They are increasingly being
traced to durable, environmentally induced e pigenetic changes in the chromosomes that modify gene expression without modifying the DNA sequence.
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Pathways for the Intergenerational Transmission of Environmental Effects
There is mounting evidence that environmental effects may be transmitted to future generations operating through several pathways (Drake and
Liu, 2010; Daxinger and Whitelaw, 2012; Guerrero-Bosagna and Skinner,
2012; Benyshek, 2013). To date, these intergenerational effects have received little research attention among demographers, despite their potentially large impacts on patterns of health and life expectancy within and
between societies.
There are two primary biological pathways by which environmental
experiences or behaviors in one generation may impact health and lifespan
in future generations. The first involves phenotype-to-phenotype transmission in which the lingering biological effects of early experiences (e.g., fetal
programming leading to altered adult metabolism or physiology) impact the
next generation by altering the gestational environment or milk composition experienced by offspring (Benyshek et al., 2001; Kuzawa and Sweet,
2009; Drake and Liu, 2010).
As a second pathway, there is now a compelling body of research
documenting direct transmission of environmental influence across one
or more offspring generations transmitted by epigenetic factors packaged
in sperm or egg (Daxinger and Whitelaw, 2012; Guerrero-Bosagna and
Skinner, 2012). These studies show that environments can have biological
effects that linger across two, three, or more generations of offspring, while
also showing that such effects reflect not only maternal but also paternal
experience. Taken together, these intergenerational pathways greatly extend
the “reach” of past environments as influences on health and aging, and
provide new challenges and opportunities for researchers interested in explaining this heterogeneity.
Intergenerational Pathway #1: Phenotypic-to-Phenotype Transmission
Perhaps the most straightforward phenotypic pathways for intergenerational effects involve biological systems that, when modified, directly alter
the gestational or lactational environments experienced by the developing
fetus or infant. The long-term effects of an adverse gestational environment
on traits like insulin resistance, high blood pressure, inflammation, or stress
reactivity can all negatively impact the gestational environment experienced
by the next generation. There are many such examples of mutually reinforcing early-life and adult biological change. For instance, not only does fetal
growth restriction or low BW predict higher adult blood pressure (Adair et
al., 2001), but also prepregnancy hypertension in turn leads to fetal growth
restriction and lower BW (Kramer et al., 1999). Similarly, inflammation
has been shown to be higher among individuals born with a lower BW
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(McDade et al., 2010), while adult inflammation is associated with more
adverse birth outcomes (Kuzawa et al., 2012).
One well-understood pathway for human phenotype-to-phenotype
transmission involves the intergenerational effects of maternal obesity and
metabolic dysfunction, which are increasingly important in societies faced
with rising obesity rates (see Benyshek, 2013). Fetal growth and fat deposition are under control of hormones that are driven by insulin (Gluckman
and Pinal, 2003). Because insulin is stimulated by circulating glucose and
other nutrients, maternal circulating glucose levels during pregnancy are
strong predictors of offspring BW and adiposity (Metzger et al., 2008).
Longitudinal studies have shown that maternal glucose during pregnancy
continues to be a strong predictor of adiposity and insulin sensitivity measured in childhood (Chandler-Laney et al., 2011), while adult obesity and
diabetes have been linked back to prenatal exposure to gestational diabetes
(Benyshek, 2013).
Evidence that maternal overweight can directly impact offspring
adiposity and metabolic disease risk is seen in the excess estimated heritability for body mass index observed through mother-offspring pairs compared to father-offspring pairs (Murrin et al., 2012). Although a range of
genetic (e.g., mitrochondrial DNA) or environmental explanations for such
an effect are possible (Kuzawa and Eisenberg, 2012), among obese mothers
electing for gastric bypass surgery to lose weight, offspring born after the
surgery have been shown to have dramatically reduced body fat and normalized metabolic parameters when compared to their siblings born prior
to the surgery (Smith et al., 2009). This suggests that the metabolic characteristics of the gestational environment associated with an obese mother, per
se, are important influences on offspring metabolism and metabolic disease
risk. These findings show how any change in glucose metabolism triggered
by the prenatal or early post-natal environments that a woman experienced
as a fetus or infant may also alter disease risk in her future offspring (Drake
and Liu, 2010; Benyshek, 2013).
The effects of the adult phenotype on offspring are by no means limited
to physiology and metabolism, and indeed, there are abundant oppor
tunities for parental behavior (itself reflecting a lifetime of experience and
development) to influence offspring epigenetic state and development, particularly during early periods of dependence and attachment. As a wellstudied example, stress physiology is responsive to social interaction and
stress, which can link early experiences with lasting changes in the stress
response and downstream traits, including metabolism, memory, and affect
regulation (Entringer et al., 2009; Flinn et al., 2011). In humans, maternal
exposure to stress during pregnancy predicts changes in stress hormone
regulation in early infancy (Lee et al., 2014) and adulthood (Entringer et
al., 2009).
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Experimental work in rats illustrates how epigenetic changes can contribute to the intergenerational perpetuation of the effects of stress on
offspring biology and behavior. In a well-known study, Meaney and colleagues reported that highly attentive rat mothers who exhibit a nurturing
grooming style raise pups that, as adults, exhibit changes in gene promoter
methylation and histone acetylation that modify hypothalamic–pituitary–
adrenal (HPA)-axis function (Weaver et al., 2004). These modifications
include heightened negative feedback sensitivity of the stress hormone axis,
lower stress hormone levels, and reduced anxiety. Intriguingly, in part as a
result of these epigenetic modifications, female offspring are biased towards
exhibiting the same style of maternal care that they experienced as pups,
thereby contributing to the intergenerational transmission of an environmentally induced behavioral phenotype.
Intergenerational Pathway #2: Direct Germ Line Epigenetic Inheritance
In a second class of nongenetic inheritance, a variety of epigenetic factors capable of directly regulating gene expression are modified in the parent in response to their experiences and then transferred via sperm or egg to
offspring (and potentially, grand and great-grandoffspring), among whom
they can have lasting impacts on biology and health. In these examples,
ancestral environmental experiences may be viewed as having direct access
to, and influence over, gene expression in future generations of offspring.
During early development, most epigenetic markings are erased during
the formation of gametes (sperm and egg) and again in the embryo prior
to implantation (Reik et al., 2001). This epigenetic resetting is believed to
be necessary to remove parent-of-origin imprinting at imprinted loci (in
which genes are only expressed in offspring if inherited from one or the
other parent) along with any accumulated epigenetic modifications or errors
(Reik et al., 2001). Early epigenetic reprogramming events are crucial to
establishing the cellular totipotency that allows the cells in the early embryo
to differentiate into any of the body’s hundreds of cell types. Nonetheless,
a growing body of work demonstrates that some environmentally induced
epigenetic markings are not erased, but may be maintained in the germ line.
This work links exposure to toxins, stressors, nutrients, or other factors to
altered epigenetic marking, gene regulation, and phenotypic state across one
or more generations of offspring (Daxinger and Whitelaw, 2012; GuerreroBosagna and Skinner, 2012).
Of particular interest in this literature are examples of “transgenerational inheritance” in which a phenotype is present despite that generation
not having been exposed as a fetus or even as a gamete. In pregnant females
(F0), environmental experiences during pregnancy potentially directly affect
both the in utero offspring (F1) and their developing gametic precursor cells,
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which will later form the F2 generation. Thus, clear evidence for trans
generational epigenetic inheritance in females (F0) requires demonstrating
that the phenotype persists to the great-grandoffspring (F3) of the pregnant
female. Because there is no male analogue to maternal-fetal phenotype-tophenotype inheritance, demonstrating an effect in grandoffspring (F2) of
males (F0) is evidence for transgenerational inheritance.
Early evidence for such transgenerational epigenetic transmission of
environmental effects through the germ line came from animal models
involving exposure to toxins and chemical compounds. In rats, exposure
to endocrine-disrupting chemicals has been shown to impair the fertility of
offspring (F1), operating through both the matriline and patriline (Anway
et al., 2005; Nilsson et al., 2012). In the case of males exposed to the endocrine disrupter vinclozilin, male offspring show evidence for reduced sperm
quality, attenuated fertility, and a host of related disorders (e.g., pancreatic
cancer) for at least four generations (F4) (Anway et al., 2005). When female
rats were exposed to similar toxicants during the period of gonadal sex determination, offspring (F1) and great-grandoffspring (the F4 generation) had
impaired fertility and ovarian health as indicated by 35-60 percent reductions in primordial follicle counts along with symptoms of early polycystic
ovary syndrome (PCOS; Nilsson et al., 2012). Alterations in methylation
and gene transcription were found in ovarian cells in the F3 animals, pointing to an epigenetic basis to the phenotype. Because the phenotype persisted
to the great-grandoffspring (F3) of the exposed animal in both the male and
female experiments above, these studies provide strong evidence of transgenerational epigenetic inheritance, that is, expression of an environmentally
induced phenotype in a generation that was entirely unexposed.
In addition to transgenerational effects induced by chemical compounds,
a growing list of studies show that “natural” day-to-day exposures, such as
psychosocial stress or nutrition, can lead to similar patterns of epigenetic
inheritance across one or more generations of offspring. For instance, in
an experiment in mice in which maternal separation stress was imposed
during the first 2 weeks of post-natal life (Franklin and Mansuy, 2010),
methylation was modified in the vicinity of the cannabinoid receptor and
corticotrophin-releasing factor receptor in the sperm of the males exposed
to stress as newborn pups. A similar pattern of changed methylation and
downstream changes in mRNA levels was found in the neurons of female
offspring of the stress-exposed males, strongly suggesting direct germ line
epigenetic inheritance. Thus, in this example, a stressor experienced by one
generation modified the regulation of genes involved in modulating anxiety
and stress response in offspring neurons. Another similar study found that
chronic (6-week) exposure of male mice to stress either during puberty or in
adulthood led to reduced stress hormone (HPA axis) reactivity in offspring
(Rodgers et al., 2013), thus suggesting that exposures later in the lifecycle
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may also have intergenerational phenotypic effects. In the case of the second
mouse experiment, there were large changes in microRNA content in the
sperm of the exposed males, pointing to a possible molecular basis for the
inherited effect.
Other studies demonstrate epigenetic transmission of the effects of diet
on offspring operating through direct germ line inheritance. In one recent
experiment (Carone et al., 2010), among male mice fed a low-protein
diet, there were large reductions in cholesterol in offspring livers, along
with c oordinated changes in the expression of genes involved in lipid bio
synthesis. The authors found changes in methylation of the PPARa gene,
which encodes a transcription factor that regulates expression of multiple
genes involved in lipid biosynthesis. This study provides a strong p
 recedent
for the concept that diet among males may have intergenerational epigenetic effects on cholesterol and lipid metabolism (and, by extension,
cardiometabolic disease risk and longevity) in offspring. As another related
example of an intergenerational effect of paternal diet on offspring lipid
metabolism, male pigs fed a diet enriched in methyl donors (e.g., folate)
had grandoffspring with reduced body fat along with altered gene methylation and gene transcription in the liver (Braunschweig et al., 2012). In a
similar study, female offspring of male mice fed a high-fat diet were found
to be lighter but more insulin resistant and with reduced beta cell function,
contributing to heightened diabetes risk (Ng et al., 2010).
Human Evidence for Germ Line Epigenetic Inheritance of
Environmental Effects
Although animal experiments provide important biological precedents
illustrating how the environment can impact subsequent generations, the
relevance of these findings for understanding human biology and health
remains unclear. To date, only a handful of studies provide evidence for
possible intergenerational epigenetic environmental inheritance in humans.
In a series of well-known studies of a cohort born in 1905 in Överkalix,
Northern Sweden (for review, see Pembrey et al., 2013), lifespan was longer
when the paternal grandfather experienced poor nutrition during late childhood (9-12 years). Subsequent analyses expanded to three Överkalix birth
cohorts and stratified on gender found that paternal grandfather experiences only predicted mortality in grandsons, while paternal grandmother
experiences only predicted mortality in granddaughters (Pembrey et al.,
2006). They report that findings consistent with this interpretation were
present in two of the three cohorts. Specifically, mortality was increased in
grandchildren if the corresponding same-sex paternal grandparent was exposed to abundant nutrition during late childhood, compared to individuals
exposed to moderate nutrition. In addition, mortality was substantially
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reduced in grandoffspring of same-sex paternal grandparents who experienced favorable nutritional conditions from birth to 3 years of age, in this
case suggesting an intergenerational benefit of favorable early life nutrition
that is passed on to the next generation through sons. This set of findings,
which has not been replicated in other populations, provides the strongest
human evidence to date for germ-line epigenetic inheritance of nutritional
experiences on offspring mortality.
In the same paper (Pembrey et al., 2006), this group used data from
the ALSPAC cohort1 in Britain to demonstrate a possible intergenerational
effect of paternal smoking on offspring body mass index (BMI). Offspring
BMI showed a modest, but significant, graded relationship with the age
when the father first smoked, with earlier ages of smoking (all in late childhood) predicting higher BMI in male, but not female offspring. The authors
concluded that these findings, viewed alongside those of Överkalix, provide
evidence that the “slow-growth period” of late childhood is a critical period
in epigenetic programming in humans.
One additional study suggests an intergenerational effect of paternal
diet on offspring health. Studies have shown that chronic betel nut chewing
can increase risk for obesity, diabetes, and the metabolic syndrome. In a
study of more than 5,000 Taiwanese men, offspring of fathers who chewed
betel nut had increased risk of the metabolic syndrome (Chen et al., 2006).
The effects were dose-dependent and strong, and consistent with prior
findings of hyperglycemia in offspring of male mice fed betel nut (Boucher
et al., 1994).
Plasticity in Telomere Length as a Potential
Transgenerational Influence on Longevity?
The above examples involve transfer of epigenetic marks that modify
gene expression without modifying the DNA sequence itself. Recent findings point to an unusual mechanism of plasticity in which experiences and
behaviors in prior generations—in particular, mortality and reproduction—
alter the length of telomere DNA that offspring inherit. Telomeres are repeating sequences of DNA found at the ends of chromosomes that shorten
as cells divide, leading to a decrease in telomere length (TL) with age.
When TL becomes too short, the cell lineage is no longer able to replicate,
which is thought to contribute to senescence. Correspondingly, individuals with shorter TL in immune cells show compromised immune function
and increased mortality rates (Cawthon et al., 2003; Cohen et al., 2013).

1 ALSPAC

(Avon Longitudinal Study of Parents and Children), see http://www.bristol.ac.uk/
alspac/ [June 2014].
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Telomere-based constraints on cell proliferation likely contribute to functional decline in cell-proliferation dependent tissues throughout the body.
Contrary to the telomere shortening that occurs with age in somatic
cells, older men have longer sperm TL than younger men, and as such
offspring of older fathers inherit longer TL (Kimura et al., 2008). This
is believed to result from a high level of a telomere-lengthening enzyme
(telomerase) in the testes. We recently demonstrated that this paternal age
at conception effect persists across at least two generations: the paternal
grandfather’s age at conception of the father predicts the TL of grand
children, independent of and additive to the effect of the father’s age at his
own conception (Eisenberg et al., 2012). These findings raise the intriguing
and testable hypothesis that societal trends toward delayed age at male
reproduction may themselves lead to the transmission of longer telomeres
that contribute to a lengthening of late-life function and life expectancy—
and conversely that earlier ages at male reproduction will lead to shorter
telomeres (Eisenberg and Kuzawa, 2013).
Evolutionary Significance of Intergenerational Inheritance:
Damage or Design?
The above examples show that the biological and health impacts of
environments often do not end in adulthood, but may be passed on to
offspring generations. These findings thus link the patterns of biology and
aging-related chronic disease processes in today’s adults to the environments,
experiences, and behaviors of their recent ancestors. This leads to two important questions: Why do these effects exist, and do they have a function?
Some of the lingering effects of early experiences on adult health simply
reflect a failure of the mother’s body, or the placenta, to fully buffer the
developing body from nutritional or other forms of stress, which can lead
to impaired function (Ellison and Jasienska, 2007). For example, babies
born smaller tend to have nephron-deficient kidneys that elevate risk for
kidney disease and hypertension in adulthood (Lampl et al., 2002; Luyckx
and Brenner, 2005). Fetal life is also marked by rapid brain development,
and fetal growth restriction can lead to lasting cognitive impairments as
reflected in lower childhood or adolescent school achievement (Low et al.,
1992). From the perspective of epigenetic inheritance, the transgenerational
disease impacts of exposure to artificial toxicants like vinclozilin in rats suggests an error in epigenetic marking that is passed across multiple offspring
generations (Anway et al., 2005), as are human examples of the infertility
and immune disorders seen in the children of women who were exposed in
utero to the synthetic estrogen agonist diethylstilbesterol (Titus-Ernstoff et
al., 2006). Whether scenarios such as these reflect maladaptive responses,
a shortage of resources leading to developmental “damage,” or adaptive
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responses made by the fetus to achieve short-term aims (like surviving gestation), they clearly illustrate that some of the post-natal or adult effects of
early environments are nonfunctional by-products that require no adaptive
explanation in their own right (Kuzawa and Quinn, 2009).
Other examples are not so straightforward, such as fat deposition,
which is a key link between early experience and adult health. Lower BW
individuals are more likely to develop CVD, but this is not because they
become obese. In fact, they tend to have lower BMIs as adults, but as they
gain weight, they preferentially deposit fat in the visceral (abdominal)
depot, which is metabolically active as a result of being innervated by sympathetic nerve fibers originating in the brain. When the body experiences
stress, these nerves rapidly secrete adrenaline in visceral fat cells, which
release fats for use as energy to help the body overcome the stressor. Not
only do low-BW individuals deposit more fat in this depot, but also their fat
cells mobilize more stored fats when exposed to the same adrenaline dose
(Boiko et al., 2005). These changes in fat metabolism are not suggestive
of damage. Rather, these findings suggest that the body has a capacity to
prioritize depositing fat in a rapidly usable depot in response to early life
nutritional stress (Kuzawa, 2010).
Many of the examples of transgenerational epigenetic inheritance discussed above exhibit a level of complexity that is similarly not easily recon
ciled with a model of simple impairment. Among the findings reviewed
was evidence that the diet a male consumes influences how his offspring
and grandoffspring metabolize and synthesize nutrients within the body
(Carone et al., 2010). Another study showed that the experience of early
post-natal separation stress leads to intergenerational epigenetic changes
that modify how offspring and grandoffspring respond to similar stressors
(Franklin and Mansuy, 2010). Although the specific pathways are only
partially understood, such findings are unlikely due to simple impairment
or error. In instances such as these, an experience must influence the body
and then be communicated in molecular form to the germ line. In cases of
transgenerational epigenetic inheritance, any induced changes must survive the normal erasing of germ line epigenetic marks that occurs during
gametogenesis and at implantation. In offspring generations, those marks
then alter a behavior or biological system that responds to that same environmental stimulus or stressor that initially triggered this cascade several
generations prior. The mechanistic basis for such effects is only partially
understood in animal models and has scarcely been investigated in humans.
But what seems clear is that such examples are improbable and also require
a complex multigenerational molecular cascade to sustain. They are unlikely due to chance or damage (Kuzawa and Thayer, 2011).
Because some of the biological changes induced by early-life cues appear to reflect a change in biological regulation, rather than developmental

Copyright © National Academy of Sciences. All rights reserved.

Sociality, Hierarchy, Health: Comparative Biodemography: Papers from a Workshop

78

SOCIALITY, HIERARCHY, HEALTH: COMPARATIVE BIODEMOGRAPHY

impairment, it has been speculated that early-life developmental plasticity
and epigenetic sensitivity could help the fetus prepare for conditions likely
to be experienced after birth (Bateson et al., 2004; Gluckman and Hanson,
2005; Kuzawa, 2005). Some of the adjustments made by the nutritionally
stressed fetus in utero, such as a tendency to deposit more abdominal body
fat and the glucose-sparing effect of muscle insulin resistance, could help
save scarce glucose for use in more essential functions like brain metabolism
and immunity (while also heightening risk for diabetes and CVD; Kuzawa,
2010). In addition, other systems that change biological settings in response
to early environments, such as stress reactivity (Weaver et al., 2004), immunity (McDade et al., 2010), and reproductive biology (Kuzawa et al., 2010),
also hint at capacities to use early-life cues to “fine-tune” how systems
function and are regulated. By this reasoning, nutrition, hormones, and
other gestational stimuli experienced by the developing fetus might convey
information about local ecological conditions, thereby allowing the fetus to
adjust priorities in anticipation of these future experiences.
Intergenerational Phenotypic Inertia
One challenge to the hypothesis of long-term anticipatory adaptation
comes from the long duration of the human lifespan. Because humans typically live many decades, the ecological conditions experienced during a few
months of early development, such as gestation or early infancy, may not
serve as reliable cues of environments likely to be experienced in adult life
(Kuzawa, 2005). We have argued that it is precisely the brief and early timing of many of the body’s periods of heightened developmental sensitivity
that paradoxically helps the developing organism reliably predict its future
(Kuzawa and Quinn, 2009). Here the idea is that the mother’s biology
buffers the fetus against the vagaries of day-to-day, month-to-month, or
seasonal environmental fluctuations, while passing along integrative information about local conditions that is more stable and reliable. Because the
mother’s biology and behavior have been modified by her lifetime of experiences, the nutrients and hormones that she transfers to the fetus in utero, or
to her infant via breast milk, could correlate with her average experiences
more than what she is experiencing during any week or month of gestation
itself (Kuzawa, 2005; Wells, 2003).
Evidence for this capacity to convey average, rather than transient, ecological information comes from studies of the effects of a mother’s nutrition
on offspring BW (Kuzawa, 2005). While BWs tend to be lighter in populations in which nutrition has been marginal for multiple generations, supplementing the dietary intake of pregnant women often has minimal effects on
offspring BW (Kramer and Kakuma, 2003). In contrast, the mother’s body
composition and weight prior to conception, reflecting her energy balance in
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the years in the run-up to pregnancy, tends to be an important predictor of
BW (Institute of Medicine, 1990). Other studies show that the mother’s leg
length is among the strongest of predictors of her offspring’s BW (Lawlor
et al., 2003; Martin et al., 2004; Chung and Kuzawa, 2014). Because leg
growth is more sensitive than other stature components to infancy and childhood nutrition (Frisancho, 2007), this finding is evidence for an intergenerational effect of the mother’s cumulative nutrition during the early years of her
own development on the nutrients transferred in utero to her future offspring.
Thus, it appears that long-term nutritional history in an environment
may be an important influence on the resources transferred in utero in support of offspring growth, but that fluctuations in intake during pregnancy
itself—reflected, for instance, in dietary supplementation—have comparably modest effects. This “phenotypic inertia”—reflecting the lingering
biological but nongenetic effects of the mother’s average experiences in
the past—could allow the fetus to track those dynamic features of environments that are relatively stable on the timescale of decades or several
generations (see Figure 4-1; see Kuzawa, 2005).

FIGURE 4-1 The intergenerational phenotypic inertia hypothesis.
NOTE: Dots represent the fluctuating availability of a hypothetical ecological
resource (e.g., nutrition). The two lines are running averages calculated across
10 time units (thin line) and 100 time units (dark line). As the window of averaging
increases, an underlying long-term trend is uncovered. It has been hypothesized that
the intergenerational influences of maternal and grandmaternal nutritional history
on fetal nutrition help achieve a similar feat.
SOURCE: Kuzawa and Quinn (2009), used with permission.

FIGURE 4-1
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Above, we reviewed evidence for direct germ line epigenetic inheritance
reflecting experiences across multiple generations and through both the
matriline and patriline. Although their role in human populations is far less
understood, these findings hint at additional means by which the developing body takes multiple samples or assays of local ecological conditions
over time, when setting developmental trajectories and biological settings.
Because maternal physiology buffers the effects of transient, short-term
nutritional fluctuations, these deeper signals may serve as reliable bases
for adjusting characteristics such as growth rate, body composition, or
nutritional requirements as environmental conditions gradually shift across
decades or several generations (Kuzawa and Quinn, 2009). From an applied
perspective, the phenotype inertia model underscores the need to envision
the goal of interventions as not simply alleviating stress temporarily, but
finding creative ways to mimic cues of sustained environmental improvement in the recent past (Kuzawa and Thayer, 2011).
INTERGENERATIONAL PLASTICITY:
HYPOTHESES FOR BIODEMOGRAPHY
The pathways for phenotypic and epigenetic inheritance that we
reviewed could have substantial impacts on individual and population
heterogeneity in morbidity and mortality, including ongoing secular trends
in life expectancy documented in high-income populations. Specifically,
they suggest that improvements in living conditions, reflecting factors like
nutrition, control of infections, or reduced psychosocial stress, will have
complex relationships with patterns of health and disease in offspring generations. These pathways should be testable with demographic and cohort
databases in which phenotypes are available across two or more generations. To date, the majority of biodemographic research investigating these
effects has focused on the late-life effects of stressors experienced during
infancy or early childhood, or the role of maternal experience, particularly
during pregnancy, on offspring adult outcomes (e.g., Doblhammer and
Vaupel, 2001; Almond, 2006; van den Berg et al., 2009; Gagnon, 2012;
Gagnon and Bohnert, 2012). The evidence that we reviewed shows that
focusing on these lifecourse pathways alone underestimates the potential impact of developmental and epigenetic contributions to health and
aging, many of which may have intergenerational and transgenerational
components. Building on our review, we next outline testable hypotheses
for biodemography inspired by the literature on inter
generational and
transgenerational inheritance.
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Hypotheses: Phenotype-to-Phenotype
Transmission Across Two Generations
In some ways the most straightforward tests of intergenerational effects
include examples in which early environments influence adult characteristics that have similar downstream effects on fetal or infant development in
the next generation, which alters the gestational environment of offspring
and thereby increases risk of these same phenotypes in grandchildren.
In such cases, early-life and adult female phenotypes may reinforce each
other across generations (Drake and Liu, 2010). Environmental or lifestyle
change could thus drive not only phenotypic transmission, but also cumulative intergenerational phenotypic change (Benyshek, 2013). Although there
are other possible interpretations (see Kuzawa and Eisenberg, 2012), excess
estimated heritability of the phenotype through the matriline than through
the patriline would be evidence consistent with matrilineal phenotype-tophenotype transmission. In contrast to a conventional gene X environment
interaction model, in which each generation only inherits its genotype
from the prior generation, this model assumes that the phenotype is partly
heritable as well, and, thus, a different pattern of phenotypic development
within and across generations can be expected (see Figure 4-2).

FIGURE 4-2 Conventional gene x environment model of phenotype and a cumulative phenotypic change model.

FIGURE 4-2
Copyright © National Academy of Sciences. All rights reserved.
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Hypotheses: Direct Germ Line Epigenetic Inheritance
Examples of germ line epigenetic inheritance do not involve a direct
effect of an altered phenotype on offspring and thus can be transmitted
through both the matriline and patriline. It is important to note that the
relative abundance of animal model studies reporting patrilineal inheritance
speaks more to the simplicity of demonstrating transgenerational epigenetic
inheritance in males (among whom gestational, lactational, and other direct
phenotype-to-phenotype pathways are not present) than to any inherently
stronger effects through the patriline.
As we reviewed above, there is now evidence for epigenetic inheritance
of phenotypes through both the matriline and patriline that is truly transgenerational, meaning that the phenotype is present in a generation that
was never exposed (even as germ cells in their in utero parents). Animal
model studies are providing some clues about the likely timing of critical
periods. In male and female rats, true transgenerational inheritance has
been demonstrated when the environmental factor is experienced during
gametogenesis (soon after conception), which is a critical period in the
establishment of epigenetic marks in both sexes. In contrast, exposures during spermatogenesis (adulthood) have been shown to only have effects on
the next generation (intergenerational inheritance). It is presently not clear
whether similar critical periods apply to humans, but these findings represent the best starting points for hypothesis testing with human databases.
These findings lead to the prediction that exposures or stressors around the
time of conception will have the potential to influence multiple generations
of offspring. If a pregnant woman experiences a stressor at this time, her
fetus and the fetus’s gametes (future grandoffspring) may also be exposed.
Thus, demonstrating the induced phenotype in great-grandoffspring of the
originally exposed pregnancy generation would be necessary to demonstrate transgenerational epigenetic inheritance of the phenotype with more
confidence. On the other hand, if a male is exposed in utero or after birth
and the phenotype persists to grandoffspring, this would be strong evidence
for transgenerational epigenetic inheritance.
Hypotheses: Replicating and Extending the Överkalix Findings
The Swedish Överkalix findings provide among the best evidence for
transgenerational epigenetic inheritance in humans. Despite this, this pattern of findings is limited to a single population, and we are aware of no
attempts to replicate them. The Överkalix findings lead to the prediction
that favorable nutrition during the prepubertal “slow-growth period” of
late childhood will increase risk for chronic disease, and reduce life expectancy, among same-sexed grandoffspring. In addition, if the paternal grand-
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mother (PGM) experienced favorable early life nutrition (birth ~3 years)
granddaughters had improved health and survival, pointing to possible
epigenetic transmission of early grandmaternal experience that is relayed
through her son to her granddaughter (i.e., is not phenotype-to-phenotype
transmission).
The sex-specificity of the Överkalix findings, wherein the childhood
experience of PGM only shows an association with granddaughters’ (GDs)
disease risk and paternal grandfathers’ (PGFs) late childhood experience
only show an association with grandsons’ (GSs) disease risk, is puzzling.
Extending the adaptive logic of intergenerational inertia (see above), it
is possible (although speculative) that same-sex ancestors’ environmental
experience is more predictive of the environment a descendant will experience than those of opposite-sex ancestors. This adaptationist perspective
leads to the prediction that maternal grandparents experience should similarly influence same-sex offspring but not opposite-sex offspring. To the
extent that this is true, the pattern might be more extreme in highly sexually
dimorphic species among whom each sex occupies more discrete ecological
niches and/or in which reproductive strategies differ more.
Pembrey and colleagues however suggest an alternative explanation for
the same-sex ancestors finding—mainly that they are mediated by X- and
Y-chromosome2 linked epigenetic mechanisms (Grossniklaus et al., 2013).
The unusual inheritance of the sex chromosomes (males are XY and inherit
one X chromosome from their mother and one Y chromosome from their
father, whereas girls are XX and inherit one X from each of their parents)
leads to some specific, testable hypotheses about the nature and strength
of transgenerational effects in humans. PGMs pass on ~50 percent of their
two X chromosomes (equivalent to one X chromosome) to their GDs and
none to their GSs. In contrast, PGFs do not pass on their X chromosomes to
their sons, GDs, or GSs at all, but do have a 100 percent certainty of passing on their Y chromosome to their sons and GSs and 0 percent certainty
of passing their Y chromosome along to their GDs.
On the matrilineal side, maternal grandmothers (MGM) pass on
~25 percent of their two X chromosomes (equivalent to half an X chromo
some) to their GS or GD, and maternal grandfathers (MGF) pass on 0 percent of their Y chromosomes to GS or GD but ~50 percent of their one X
chromosome to their GS or GD (see Figure 1 in Fox, 2009, for an illustration). These mechanistic peculiarities of the mammalian sex inheritance/
determination patterns, together with Pembrey and colleagues’ hypothesis,
lead to a very particular set of predictions about the magnitude of effects
if additively mediated via X-chromosomes: (1) MGM and MGF effects on
2 When

we refer to Y-chromosome here, we are only referring to the nonrecombining portion
of the physical Y-chromosome (which makes up ~ 95 percent of the physical Y-chromosome).
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grandchildren should be equal and (2) effect GS and GD equally; however,
(3) MGM/MGF effects on grandchildren will be half that of PGM effects on
GD, (4) PGM will have no effect on GSs, and (5) PGF will have no e ffect
on GSs or GDs.
We note that there is also some evidence that grandmothers provide care
to grandoffspring in a fashion predicted by their degree of sex-chromosome
relatedness (Fox et al., 2010). It is thus possible that differential grand
parental care is a mediator of the Överkalix findings. One test for this
hypothesis would involve an examination of whether the grandparent was
alive and living nearby the grandchild (e.g., same village or household) as
a marker of the potential provisioning of care. Care-mediated effects will
only be evident with grandparents who live nearby grandchildren, while
epigenetic effects should be invariant to this.3
Hypotheses: Intergenerational Phenotypic Inertia
The phenotypic inertia model, discussed above, leads to several testable
hypotheses. This model proposes that fetal development is buffered against
transient ecological fluctuations, allowing transfer of cues reflecting more
stable average trends. Focusing on the determinants of fetal nutrition and
growth, the model leads to the hypothesis that offspring birth outcomes
will be relatively refractory to the mother’s macronutrient nutrition during
pregnancy, but will relate to chronic nutrition as experienced across several
matrilineal generations.
Because what is “transient” or “stable” for individual organisms is inherently relative, the model also leads to the prediction that species will vary
in the magnitude of response to similar maternal pregnancy stimuli depending on generation time or lifespan. Because humans typically live decades
rather than months or years, this implies that the types and magnitudes of
environmental change that are relevant when orienting an individual human
life will be different than for a member of a short-lived species. Consistent
with this prediction, we recently showed that offspring of longer-lived species tend to experience comparably small changes in BW and adult disease
risk in response to maternal diet restriction in pregnancy compared to offspring of smaller and shorter-lived species (see Kuzawa and Thayer, 2011).
Hypotheses: Paternal Age at Conception Effect on Telomere Length
The finding of cumulative, multigenerational increases in offspring
telomere length in relation to delayed paternal and paternal grandfather ages
3 Future

studies should also consider possible bias from nonpaternity or paternal/grandparental uncertainty.
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at conception leads to relatively straightforward and testable hypotheses
(Eisenberg et al., 2012): that telomere length and thus late-life function will
be positively and cumulatively related to age at conception of direct patrilineal ancestors. At present there is evidence from one small study that these
effects are cumulative across two generations (Eisenberg et al., 2012), but no
study has looked for effects beyond this. Historical databases would provide
an ideal means of testing these effects across multiple generations. Because
telomeres are believed to influence health primarily by limiting cell division,
it will be important to test this model using an appropriate endpoint that is
plausibly downstream of shortened telomeres, such as infectious disease or
cancer secondary to impaired immunity (Eisenberg, 2011).
Hypotheses: How Important Is Selection?
As we have emphasized in this review, there is compelling evidence that
a variety of nongenetic mechanisms can link early-life environments with
adult phenotype and the phenotypes of successive generations. However, to
date, few studies have considered the potential role of early-life m
 ortality/
selection effects, which may contribute to some of these findings. The probability of human conception under ideal circumstances is estimated at only
33 percent (Wilcox et al., 1995). After conception, pregnancy loss rates
(many silent) are estimated to be 55 percent for 20-year-old women and to
increase progressively with age to 84 percent at age 30 and 96 percent at
age 40 (Holman and Wood, 2001). Many of these fetal losses are believed
to arise from chromosomal abnormalities, which are unlikely to account for
the types of phenotypic variation seen in studies of early origins or intergenerational effects. However, environmental chemicals, endocrine factors
including stress hormone levels, infections, and other immunological causes
are also implicated in fetal loss (Holman and Wood, 2001; Nepomnaschy
et al., 2006). If there are genotypes that, under some environmental conditions, have a higher likelihood of being conceived and/or not aborted
and have pleiotropic effects on later-life health, this would be difficult to
distinguish from some of the postulated nongenetic inheritance patterns.
Evolutionary models point to the likelihood of selective fetal loss based
on the phenotype of the conceptus and maternal environment (reviewed
in Haig, 2008). Empirical evidence for conception/prenatal selection in
humans comes, for instance, from evidence that some genotypes vary depending upon season and photoperiod at birth (Lucock et al., 2010; Gonda
et al., 2012) and evidence for increased fetal loss of male conceptuses in
poor environmental conditions (Bruckner and Catalano, 2007). An expanding list of genes that pleiotropically influence early- and late-life phenotypes
and could lead to selection of this sort are being discovered. For instance,
alleles in the IGF1 and ADCY5 genes have been associated with both low
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BW and type 2 diabetes risk (Vaessen et al., 2002; Horikoshi et al., 2013).
Thus, selective mortality and survival as an influence on fetal loss should
be considered as a potential explanation in studies linking early environments with adult health outcomes. This is a potential issue not only in
observational research, but also in quasi-experiments and laboratory based
experiments. If such selection effects are found to mediate some of the
associations between parental experiences and offspring health, it will be
important to consider whether this reflects evolved adaptive mechanisms to
improve the reproductive success of the parent or nonadaptive constraints.
CONCLUDING POINTS
Among early biologists, including Darwin, there was a prominent
and uncritical assumption that environmental experience led to biological changes that were transmitted to offspring (now widely referred to as
“Lamarckian inheritance”). In response to these unsubstantiated assumptions, and in the wake of subsequent insights into the genetic basis of
heredity, mainstream biology adopted a firm view that environments do
not meaningfully influence the phenotype of descendants except via conventional genetic inheritance. The research that we review is posing important
challenges to these assumptions, for it illustrates a range of molecular pathways by which environments in one generation can impact the biology of
one or more generations of offspring (Jablonka and Lamb, 2005). There is
a long research tradition demonstrating the importance of phenotypic and
developmental plasticity to human adaptation (Lasker, 1969). Recent findings of inter- and transgenerational epigenetic inheritance are revealing new
levels of complexity in the nature of human developmental and epigenetic
adaptations to environmental change (Kuzawa and Bragg, 2012).
Despite these recent advances, much more is known about the n
 ature
and health effects of these responses in animal model species than in
humans, and indeed, there is only minimal evidence for transgenerational
epigenetic inheritance in human populations. As we emphasize in our
review, the likely pathways of environmental inheritance are not limited
to the better-studied effects linking early or gestational environments to
adult health, but can also include patrilineal and matrilineal effects that
linger across one or more offspring generations. These are inherently challenging to study in a long-lived species such as humans, for they require
information on environments and experiences across multiple generations,
with extreme care taken to minimize confounding and other factors that
constrain causal inference.
Given these challenges, biodemographic research, and population research more generally, is well situated to advance an understanding of the
basic biology of nongenetic inheritance and its impacts on human longevity.
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Strengths of this field, including access to historical databases and multigeneration cohorts, a focus on exogenous shocks and quasi-experimental
designs, and careful attention to issues of selection and endogeneity, will
be critical to better understand how current health reflects not only one’s
own experiences, but those recent ancestors. We hope that this review, and
the hypotheses that we outline, will help inspire new studies focused on
exploring these fascinating effects and their impacts on human aging and
longevity.
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