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Summary
Obesity and type 2 diabetes arise from a set of complex
gene–environment interactions. Explanations for the
heritability of these syndromes and the environmental
contribution to disease susceptibility are addressed
by the ‘‘thrifty genotype’’ and the ‘‘thrifty phenotype’’
hypotheses. Here, the merits of both models are
discussed and elements of them are used to synthesize
a ‘‘thrifty epigenotype’’ hypothesis. I propose that: (1)
metabolic thrift, the capacity for efficient acquisition,
storage anduse of energy, is an ancient, complex trait, (2)
the environmentally responsive gene network encoding
this trait issubject togeneticcanalizationand therebyhas
become robust against mutational perturbations, (3)
DNA sequence polymorphisms play a minor role in
the aetiology of obesity and type 2 diabetes—instead,
disease susceptibility is predominantly determined by
epigenetic variations, (4) corresponding epigenotypes
have the potential to be inherited across generations,
and (5) Leptin is a candidate gene for the acquisition of
a thrifty epigenotype. BioEssays 30:156–166, 2008.
� 2008 Wiley Periodicals, Inc.

‘‘. . ..we donot always bear inmind, that though foodmaybe

now superabundant, it is not so at all seasons of each

recurring year’’

Charles Darwin (The Origin of Species)

Heritability: the thrifty genotype hypothesis

At the beginning of the 21st century, obesity and type 2

diabetes reached pandemic proportions.(1–4) An increase in

the frequency of diabetes mellitus began to be noticed about

50 years ago. Why has a disease with an apparently heritable

component become more prevalent in our species?

Neel put forward the idea that many diabetics carry allelic

variations in a small number of genes that would make them:

‘‘. . .exceptionally efficient in the intake and/or utilization of

food’’. To describe this hypothetical set of alleles, he coined the

term ‘‘thrifty’’ genotype.(5) Physiologists did not distinguish

between type 1 diabetes (formerly termed juvenile or insulin-

dependent diabetes) and type 2 diabetes (formerly termed

adult diabetes) at the time Neel’s paper was published. The

thrifty genotype hypothesis is predominantly focused on type 2

diabetes and obesity. Obesity, in particular abdominal obesity,

often precedes type 2diabetes and is stronglyassociatedwith,

and predictive of this metabolic disease.(6)

Neel speculated that rapid environmental changes caused

the rising incidence of diabetes.Dietaryand cultural conditions

of the developed, ‘‘western world’’ are the factors putting

individualswith a thrifty genotype at a higher diabetes risk. The

abundant and cheap supply of energy in the developed world

has created an environment where calorie-dense foods are

constantly available, and the requirement for physical activity

has been greatly reduced.

Food and energy, however, have been and continue to be

limited commodities for much of the world’s population.

Keeping our evolutionary history in mind, Neel noted that:

‘‘. . . it must be remembered that during the first 99 percent or

more of man’s life on earth, while he existed as a hunter and

gatherer, it was often feast or famine’’.(5) Under these

environmental conditions, thrifty alleles could certainly confer

selective advantage. Carriers of a thrifty genotype would

amass energy stores more efficiently during periods of

abundant food supply and have: ‘‘. . .an extra pound of adipose

reserve. . .’’ to increase the odds of survival during a period of

starvation.(5) While beneficial in times of recurrent famine, a

thrifty genotype would be a liability in an environment typical of

westernized societies.(5)

The thrifty genotype hypothesis has generated continued

attention over the years, and is attractive from a medical

perspective.(7–12) Identification of thrifty allele variants could

provide new targets for therapeutic intervention of type 2
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Reinhard Stöger, Department of Biology, University of Washington,

Department of Biology, Box 351800, Seattle WA 98195-0002.

E-mail: stoeger@u.washington.edu

DOI 10.1002/bies.20700

Published online in Wiley InterScience (www.interscience.wiley.com).

156 BioEssays 30.2 BioEssays 30:156–166, � 2008 Wiley Periodicals, Inc.

Problems and paradigms



diabetes and obesity, because they are considered likely

culprits of this metabolic syndrome.(12)

Uncertainties of the thrifty genotype hypothesis

Neel re-evaluated his evolutionary model 36 years after the

original 1962 publication.(13) Acknowledging the complexity of

non-genetic and genetic factors contributing to the metabolic

disorder, he suggested a broadening of the original concept,

but concluded: ‘‘. . . that the concept of a thrifty genotype

remains as viable as when first advanced. . .’’.(13)

Yet, thrifty alleles remain: ‘‘. . .inherently speculative and

difficult to prove’’(12) andarewidely perceivedas: ‘‘. . .littlemore

than a nebulous concept ’’.(14) Convincing examples of thrifty

allelic variants have not been reported. In other words, and to

paraphrase Thomas Huxley:(15) is this beautiful hypothesis

slain by an ugly fact?

The validity and general applicability of Neel’s hypothesis

has been disputed. Reasonable doubt has been cast on the

fundamental assumption that food security was commonly

lower in prehistoric and ancient societies that practiced a

hunter-gatherer lifestyle.(16,17) The hypothesis does not

provide strong arguments to explain sudden changes in

disease incidence that occur over short periods of time

and affect large population fractions. Moreover, it has been

argued that, during the short history ofHomosapiens, famines

would not have provided sufficient selective advantage for

the penetration of a thrifty genotype in modern populations,

culminating with the suggestion that it may be time to stop

the search for thrifty alleles.(18)

Why has the search for variations in genes conferring

metabolic thrift so stubbornly refused to yield any results

supporting Neel’s hypothesis? The answer may be surpris-

ingly simple: we all bear thrifty alleles.

The old trait ‘‘metabolic thrift’’—only thrifty

genotypes exist

Limited food supply is a fact of life. Most animal species

populating the Earth both past and present, experience

fluctuations in food supply and at times famine. Thus, there

has been ample time and selection pressure during evolution

tomold genomes robust against environmental heterogeneity.

The struggle for food and existence is much older than

humankind. Starvation and famine are probably two of the

oldest and strongest forces driving natural selection.(19)

Encoding into genomes the trait of ‘‘metabolic thrift’’—the

capacity to efficiently acquire, store and expend energy—

almost certainly began at the root of the tree of life. Because

energyefficiency is sovital for survival and fitness, it is possible

that a window of opportunity never opened for the establish-

ment of ‘‘unthrifty’’ alleles during life’s history.

It is likely that all human genotypes are thrifty and encode

only small differences in energy efficiency—rare, monogenic

disorders and uncommon Mendelian forms of type 2 diabetes

are probably the exception, not the rule. As a species,we carry

nothing but thrifty genotypes and are maladapted for the

environment created by modern industrialized societies. The

prototype for this environment is found in North America,

whose population is composed of a broad diversity of

genotypes.

According to the National Center for Health Statistics,

65.2% of adults in the USA were overweight or obese in

the year 2002.(20) For women, aged 20–74, the survey found

that race and ethnicity influences the occurrence of obesity.

We do not know why African American women (50%) have a

higher prevalence of obesity than Mexican women (39%)

and white women (31%).(20) A simple genotype–phenotype

correlation would make these ethnic differences evident also

among adult males. But it does not. In the USA, male obesity

rates (28–29%) are the same, independent of African

American, Mexican or European genetic backgrounds.(20)

This suggests, for males at least, that a wide range of different

genotypes encode a very similar potential to store and burn

energy. The trait ‘‘metabolic thrift’’ is deeply rooted in our

genomes.

A robust trait: genetic canalization

Within our 3-billion-base genome, single base differences are

found, on average, every 100–300 nucleotides.(21) We expect

that certain combinations of these single nucleotide poly-

morphisms (SNPs) would render some genotypes thriftier

than others. We would also expect that the human genome be

selected for the presence of safeguards that protect genetic

networks encoding important traits.

Extreme sequence conservation would indicate strong

purifying selection acting in parallel on diverged lineages. On

the other hand, mechanisms described as ‘‘canalization’’ may

stabilize polygenic traits. The classic concept of canalization

was conceived to explain the constancy of a wild-type

phenotype in natural populations of a single species, regard-

less of abundant environmental and genetic heterogene-

ity.(22,23) Canalization is a helpful metaphor. It illustrates how a

specific cell type or trait is formed and guided during ontogeny;

a deep and narrow canal would produce a very stable and

robust phenotype that displays minimal variability.

The process whereby a trait becomes buffered against

allelic heterogeneity is termed ‘‘genetic canalization’’ (see

review in Ref. 27).(24–26) This reduced sensitivity to allelic

variations evolves under diverse conditions, as mathematical

models predict. For example, Kawecki demonstrated the

emergence of genetic canalization for quantitative traits in

response to a fluctuating environment, where the direction of

selection frequently alternates and affects the entire popula-

tion.(26) Such changes in the direction of selection could be

caused by fluctuations in food supply.

Evolution of genetic canalization may occur even in the

absence of selection for optimal phenotypes. It has been
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argued that canalization is tightly linked with the stability of the

developmental process of an organism.(28) That is, without

robust gene networks operating during development, selec-

tion for an optimal phenotype later in life could not proceed.(28)

Moreover, through their models of conditions leading togenetic

canalization, Siegal and Bergman showed that increasingly

complex gene networks also evolve a greater insensitivity

to mutations.(28) Metabolic networks fulfill the criteria of

complexity.(29,30)

I propose that metabolic thrift is subject to genetic cana-

lization and, as a result, this complex trait is relatively

insensitive to new allelic variants that appear in human

populations by chance. The complexity of the metabolic

system, together with historical selection, could account for

the evolution of a canalized genetic network (Fig. 1A). This

predicts that most polymorphisms identified in candidate

genes assumed to play a role in obesity and type 2 diabetes

will have a neutral or mild effect on the phenotype. Practically,

this means that genomic screens designed to detect genetic

variations are blunt tools in the search for the molecular basis

of these complex health conditions. After years of intense

work, allelic variants associated with type 2 diabetes have

been confirmed for only ten loci in the human genome.(31)

Genetic canalization of metabolic thrift may explain the

difficulty and limited success in identifying disease-predispos-

ing allelic variants, and why Neel described type 2 diabetes to

be: ‘‘. . .a geneticist’s nightmare’’.(32)

Pima and Nauruans

My proposition that all human genomes are almost equally

thrifty is incompatible with Neel’s original thrifty genotype

hypothesis. For this reason, it is worthwhile examining

examples in support of his theory. Pima Indians in Arizona

and Nauru people from the Micronesian South Pacific islands

appear to be carriers of thrifty genotypes (egRefs 33,34). Both

populations are thought to have endured repeated bouts of

food shortage and starvation. These conditions, paired with

relative isolation, likely created strong selective pressures,

thereby providing a classic situation for natural selection in

favor of thrifty alleles. Upon transitioning to a Western lifestyle

obesity and type 2 diabetes increased dramatically in these

people. Pima and Nauruans have one of the highest recorded

age–sex-adjusted incidence rates of type 2 diabetes

(�25 cases/1000 per year) among world population group-

ings.(35–38) These examples do seem consistent with Neel’s

idea of a thrifty genotype.

Rapid adjustment of Nauruans

The exceptionally high prevalence of type 2 diabetes in

Nauruans dropped somewhat in recent years, although their

Western lifestyle has not changed.(39) The decline of disease

incidence can be interpreted as the most rapid natural

selection-event documented in a human population.(9) How-

ever, the time frame appears suspiciously short for the

reduction or removal of extreme metabolic thrift from the

Nauruan gene pool by natural selection. Alternative explana-

tions for the rapid adjustment of Nauruans are ‘‘epigenetics’’

or ‘‘programming’’ in early life as proposed by the ‘‘thrifty

phenotype’’ hypothesis.(40)

Epigenetics

A current definition of epigenetics is ‘‘. . .the study of mitotically

and/or meiotically heritable changes in gene function that

cannot be explained by changes in DNA sequence’’.(41) These

changes determine a gene’s transcription potential, which can

range from high expression to complete gene inactivity. The

expression states of the two X chromosomes in somatic

cells of females exemplify mitotic epigenetic inheritance in

Figure 1. A:Developmental programs that establish the complex trait ‘‘metabolic thrift’’ (efficient acquisition, storage and use of energy),

have become resistant to genetic perturbations over evolutionary time and ‘‘canalized’’. In analogy to Waddington’s illustrations of

epigenetic landscapes, the segment of a virtual canal is shown. The trait (ball) is established as it rolls down the canal during development.

Large gene networks underlie these virtual ‘‘canals’’: bolts represent genes and the extending strings their interactions that form the canal.

Gene variations would have a trivial affect on the overall canal.B: The cross section of a canal is shown. Without environmental input, the

optimal phenotype of the trait would be fixed at the bottom of the canal. However, if the trait has potential for phenotypic plasticity, it will be

able to respond to environmental conditionswithin the range of a ‘‘canalized reaction norm’’. Famine and feast are two such environmental

extremes that have occurred repeatedly during the history of life.
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mammals. Genes stay transcriptionally active on one of the X

chromosomes, while the same genes on the second X

chromosome are silenced during embryonic development

and then remain transcriptionally inactive throughout a

female’s lifetime.

Known molecular components and processes underlying

the inheritance of epigenetic information include DNA meth-

ylation, histone modifications, remodeling of chromatin and a

variety of non-coding RNAs.(42) Cytosine methylation is the

best-understood epigenetic inheritance system (reviewed in

Ref. 43). In mammalian DNA, this epigenetic modification is

typically found on cytosines of 5
0
-CG-3

0
dinucleotides, but also

occurs at a low frequency on non-CG cytosines.(44) Dense

methylation of CG dinucleotides around the promoter region

is a very good indicator of long-term gene silencing (reviewed

in Ref. 43), and generally correlates with histone and

chromatin modifications of transcriptionally inactive loci

(reviewed in Ref. 45).

During critical stages of development, epigenetic informa-

tion can be established in response to both intrinsic and

environmental cues, (reviewed in Refs 46–48) which may

affect genomic loci in somatic cells, but also specific loci in

germline cells.(49) The view emerges that epigenetic mecha-

nisms are mediators between the environment and the

genome.

In the mouse, genomic DNA methylation patterns are

largely erased and reestablished during preimplantation

development; loci carrying parental-specific imprints are the

exception. Such reprogramming of the genome also takes

place during the course of germ-cell maturation, where ‘‘old’’

epigenetic marks are cleared, and replaced by gamete-

specific epigenetic marks.(50) The efficiency of these two

epigenetic reprogramming events lacks accurate estimates

for non-imprinted, autosomal loci, which comprise most of the

mammalian genome. That is, established histone modifica-

tions, DNA methylation patterns and other epigenetic marks

may not always be completely erased from the genome in

every cell during gametogenesis and embryogenesis. As a

result, tissue-specific cells of an individual can be epigeneti-

cally and functionally mosaic, even though their primary DNA

sequence is identical.

Essential for the ‘‘thrifty epigenotype’’ hypothesis advanced

in this essay is the distinct possibility of meiotic inheritance:

epigenetic variations that establish how genetic information is

used—or disused—can be transmitted through the germline to

subsequent generations (reviewed in Ref. 55).(51–54)

Epigenetics in obesity and type 2 diabetes?

A possible role for epigenetics in the etiology of obesity and

type 2 diabetes has been foreshadowed and documented in a

vast number of studies both in humans andanimalmodels. For

good reasons, most of the attention was, and still is, directed

towards somatic tissues in the fetus and early infant and how

environmental conditions influence their growth and function.

The intrauterine environment appears to be a considerable

determinant of the body fat mass of an individual later in life. A

classic example is the ‘‘DutchHungerWinter’’ study.(56) Ravelli

and colleagues examined the occurrence of obesity in about

300,000 19-year-old males that were born before, during or

after a severe eight-month famine in theNetherlands in 1944–

1945. A significantly higher incidence of obesity was observed

in the cohort of young adults whose mothers had been

exposed to famine during the first two trimesters of preg-

nancy.(56) This finding was interpreted in the context of

Dörner’s idea, whereby the future function of hypothalamic

centers regulating food intake is influenced by the amount of

calories available at crucial times of development.(57,58)

Environmental contribution: the thrifty

phenotype hypothesis

In 1992 Hales and Barker proposed a new hypothesis

concerning the causes and origins of type 2 diabetes,

emphasizing the nutritional conditions in early life.(40) Their

‘‘thrifty phenotype’’ hypothesis suggests that during gestation

and early postnatal life an individual becomes programmed for

nutritional thrift in order to adapt to and survive in an

environment of limited resources and poor nutrition. Once

established, this acquired metabolic phenotype is maintained

throughout the lifetime of the individual, and does not change.

Under the thrifty phenotype hypothesis, type 2 diabetes

and related symptoms arise if the metabolic program is set to

‘‘thrift’’ and does not match the westernized environment

that an individual may encounter later in life. Environmental

programmingofmetabolic pathwaysduringearly life is thought

to induce lasting changes in the structure and function of an

organism in response to certain stimuli.(40,59) The limited

period during which metabolic programming occurs suggests

that the evolution of this process was likely driven by selection

for optimal completion of prenatal and early postnatal develop-

ment, rather than by selection for adaptive capability during

adult life.

Epigenetics was not explicitly mentioned in the original

paper by Hales and Barker,(40) but it is now considered an

integral component of the thrifty phenotype hypothesis. A

considerable number of recent reviews suggest epigenetic

mechanisms to be the basis of fetal programming.(60–67)

Plasticity of epigenetic information

Rapid adjustment and optimization, at times necessary for

survival, require a type of plasticity that genomes encoding

highly complex traits can neither achieve nor afford.(68)

Epigenetic mechanisms may have evolved in part because

they provide solutions to this conundrum. Without harming

the integrity of the genome, epigenetic information enables the

interpretation of genetic information in response to a given

environment. Under extreme conditions such as famine, the
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epigenetic information superimposed on the genetic network

would enhance metabolic thrift encoded in the genes

themselves. When environmental conditions return to ‘‘nor-

mal’’ in the following generation, optimal fitness for the

population is maintained because genetic information was

not permanently altered. Under this prevailing view, the

evolutionarily valuable trait metabolic thrift is not compromised

and future generations get their own chance to re-interpret the

genotype in accordance with the environmental conditions

encountered during early life.

The decline of type 2 diabetes documented in Nauruans

could be explained by the thrifty phenotype hypothesis and, by

extension, epigenetic reprogramming of the genome. Ample

nutrition during gestation and early postnatal life, as experi-

enced by the younger generations of islanders, may have

reduced the very high prevalence for diabetes, as Hales and

Barker proposed.(40)

Canalized reaction norms

The trait metabolic thrift is proposed to remain sensitive to

environmental changes, while it continues to be relatively

insensitive to genetic changes. That is, genetic canalization of

a trait does not exclude phenotypic variability. A ‘‘canalized

reaction norm’’ defines the pattern of all possible phenotypes

expressed from a canalized gene network in response to a

range of different environments (Fig. 1B).(25,27) Famine and

abundant food supply are environmental conditions setting

the limits of the canalized reaction norm. Anywhere within

the boundaries of the canal, however, there is potential for

phenotypic development (Fig. 1B).

Without environmental input, the optimal phenotype of a

genetically determined and canalized trait would develop at

the bottom of the canal (Figs. 1B and 2). With environmental

input—during the metabolic programming phase(s)—epige-

netic modifications could promote phenotypic adjustment,

causing a shift in the position of the trait within the canal.

Extreme conditionswould lead to the establishment of the trait

furthest away from the genetically determined, phenotypic

optimum (bottom of the canal). Nevertheless, expression of

the trait at the established position within the canal would

provide the best-available response to these extreme con-

ditions during development (Fig. 2).

Under this model, the risk of developing metabolic dis-

orders later in life increases with the distance between the

phenotype optimal under a given set of environmental

conditions and the phenotype established early in life. Thus,

either famine or feast experienced during development may

cause an individual’s predisposition for type 2 diabetes and

obesity. The disease risk would be markedly heightened by a

mismatch between the environments encountered during the

metabolic programming phase and adult life, as the thrifty

phenotype hypothesis implies.(40)

Phenotype versus genotype

The thrifty phenotype hypothesis provides a compelling

alternative explanation for the aetiology of obesity and type 2

diabetes. The phenotype acquired during early life seems to

confer amuch stronger susceptibility to these syndromes than

the genotype.

Twentieth-century biology and medicine emphasized the

distinction between genotype and phenotype. Johannsen

introduced both terms in 1909 to describe two sources of trait

variation that he had observed while breeding genetically

‘‘pure’’ and mixed lines of bean plants: variation due to

environmental factors and variation due to heterogeneous,

genetic backgrounds.(69) He concluded that environmentally

induced trait variation is not heritable and thereby influenced

how we evaluate ideas about heredity.

The advent of molecular biology introduced a mechanistic

understanding of the nature and heritability of the genotype.

The enthusiasm inspired by this revolution in biology continues

to resonate today and, as a result, genetic variation in our

nuclear andmitochondrial genomes are widely assumed to be

the only cause of heritable diseases. By contrast, the environ-

ment is thought to be relevant only insofar as it may modulate

mutation rates and influence the penetrance of disease-

promoting genotypes. Hence, the outcome of environmentally

induced phenotypic variation is always perceived to be

somatic and thus not heritable. Ever since the genotype has

been equatedwith the primaryDNA sequence of an organism,

heritability of an acquired phenotype has been deemed an

implausible proposition.

Slowly, this notion is changing. Jablonka and Lamb, for

instance, have discussed how the heritable component of a

trait is not always confined to the base composition of the

genome (eg Refs 70,71). Heritable effects induced by

environmental factors have been documented in humans

and rodents, some of which have been attributed to epigenetic

changes and span at least two generations (reviewed in Ref.

47).(65,72–78) Dietary variations change the epigenetic state at

a specific genomic locus in the germline and affect the

phenotype in offspring.(49)

Solid evidence for transgenerational epigenetic inheritance

in mammals is still slim. This idea has been lingering at the

periphery of biology, in part because it is difficult for geneticists

to detect this phenomenon in genetically heterogeneous,

outbred populations. Nevertheless, epigenetics has been

suggested to form part of an alternative, ‘‘soft inheritance’’

system.(79)

Transgenerational inheritance of a

‘‘thrifty epigenotype’’

I have argued above that genetic variants play amodest role in

the aetiology of type 2 diabetes and obesity, as a result of

genetic canalization. Therefore, heritability of these metabolic

syndromes must have a strong, non-genetic component.
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Figure 2. Hypothetical effects of either famine or feast during various stagesof human life. (1) Thegenotypeencoding the trait ‘‘metabolic

thrift’’ is shownprior to environmental input (shapeof canal). Thedotted ball indicates the developmental potential of the trait (positionwithin

the canal), if all epigenetic information has been erased. (2) The metabolic gene network is responsive to environmental conditions during

certain periods of gestation and early postnatal life (fetal programming); epigeneticmodifications promote programming and adjustment of

the trait to the existing conditions (shift of ball from the bottomof the canal)—this is to ensure progression of development. However, the risk

to develop metabolic disorders in adult life increases with the distance between the optimal phenotype (bottom of the canal) and the

established phenotype. An individual may have acquired a ‘‘thrifty epigenotype’’ if his or her metabolic phenotype was established during

a time of famine or malnutrition. (3) During adult life, the phenotype and the underlying epigenetic settings are firmly established. The

established phenotype of the trait cannot adjust to newconditions; disease risk is further increased, if environmental conditions that existed

during theprogrammingphasehave changed from famine to foodabundance, or vice versa. (4) A particular epigenotype could occasionally

be transmitted to offspring if epigenetic information is not erased in germ cells, or if environmental conditionswould either reinforce or newly

impose a particular epigenotype in the parental germ line. Transgenerational inheritance of an acquired trait may, therefore, occur and

predispose to obesity and type 2 diabetes.
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An acquired phenotype and the underlying epigenetic

modifications of the genome—the epigenotype—could be

passed down to subsequent generations. For example, a

‘‘thrifty epigenotype’’ is acquired under conditions of malnu-

trition or famine at a critical time of development. Theoretically,

gametes could carry the blueprint for this particular epigeno-

type and thereby transmit it through multiple generations

(Fig. 2). Repeated bouts of hunger during the reproductive

lifetime of an individual, or in successive generations could

(a) fail to erase, (b) reinforce, or (c) newly impose, epigenetic

marks in germline cells. This inherited thrifty epigenotype

would augment epigenetic marks established during the

metabolic programming phase in early life of an individual

in an unchanged, impoverished environment. In contrast, an

inherited thrifty epigenotype could diminish the impact of

epigenetic marks that would establish a metabolic trait in

response to abundant food supply, if these more agreeable

conditionswere to prevail during the programming phase of an

individual.

DNA methylation may be one of the epigenetic modifica-

tions involved in response to environmental cues. Alterations

of cytosine methylation patterns have been detected in

germline cells two generations after male mice were exposed

to a fungicide.(80) Dietary methyl-supplementation during

pregnancy resulted in a change of the phenotype, which is

linked to theDNAmethylation state at theAvy andAxinFu loci in

the mouse genome.(81,82)

Consider the possibility that a thrifty epigenotype involves

promoter methylation of a gene or a gene network, thereby

increasing an individual’s odds of survival during famine.

Severe or prolonged energy constraints could cause a

complete transcriptional shutdown and hypermethylation of

an environmentally responsive gene(s). DNA methylation

could initiate additional epigenetic changes such as histone

modifications and chromatin remodeling—or vice versa—and,

in this way, promote and establish long-term gene silencing

(reviewed in Ref. 45).

Conceptually, inheritance of a thrifty epigenotype differs

from inheritance of a new allelic variation of a gene. The entire

gene network, or a large proportion of it, can be modulated

and fine-tuned simultaneously by epigenetic processes. To

achieve similar adjustment by classical mutations, many

random genetic changes would have to occur by chance

within the genome of a germ cell—an unlikely scenario.

Thus, in the case of inheritance of a thrifty epigenotype,

we may expect multiple genomic loci to be epigenetically

modified.

Epigenetic silencing of a normally active gene can pheno-

copy a genetic mutation and may be described as ‘‘epimuta-

tion’’.(83,84) Methylation and silencing of autosomal gene

promoters is thought to result from stochastic and random

events and is often deemed abnormal. The hypothetical

process described above implies that promoter methylation,

seemingly aberrant in nature, could represent an environ-

mental imprint that is maladapted for conditions of abundant

food supply; the term ‘‘epimutation’’ may at times be

misleading and not reflect the true basis of the epigenetic

modification.

Heritable epigenotypes and disease

Transgenerational inheritance of epigenetic states that cause

disease is not a new concept(83,85) and was first proposed to

result from incomplete erasure of epigenetic marks in germ

cells.(85) Support of this model comes from studies of human

imprinting disorders, where alleles of certain genes are not

expressed correctly because they carry a faulty parental-

specific epigenetic mark.(86,87) Incomplete epigenetic reset-

ting and silencing of retrotransposons during early develop-

ment could also lead to variations in disease risk and

‘‘nonMendelian’’ inheritance.(88) Aberrant silencing of the

human DNA mismatch repair gene MLH1 is the first

documented example of a heritable epimutation associated

with cancer susceptibility.(54,84) An intriguing study showed

how alterations of DNA methylation induced by the endocrine

disruptor vinclozolin can promote transgenerational dis-

ease.(75) These insights led to suggestions that heritability of

type 2 diabetes and obesity may also have an epigenetic

component.(38,89–92)

Genetic studies of type 2 diabetes and obesity are often

based on family histories. Because humans reproduce

relatively slowly, only two to three generations are typically

included in these studies. It is at least plausible that inheritance

of epigenetic marks affecting metabolic genes could persist

over this time span.

Implications and predictions

. The thrifty epigenotype is anticipated to be present at

significantly higher frequencies in populations experiencing

recurrent food shortages. Individuals exposed to these

conditions will have a characteristic epigenetic profile,

which could differ markedly from individuals native to rich,

developed countries.Whole-genomeassociation studies on

populations with a heritable predisposition for diabetes and

obesity will benefit by scanning for epigenetic variations.

The thrifty epigenotype may possibly leave an evolutionary

footprint on promoters of metabolic genes, if cytosine

methylation plays a role in fetal programming. Spontaneous

deamination of methylated cytosines in germline cells is

thought to be the main cause for the higher-than-expected

C to T base transition frequency observed in mammalian

genomes.(93,94) Intermediate levels of CG dinucleotides

could indicate occasional promoter methylation in the

germline and possible transgenerational inheritance of a
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variable epigenotype at a particular locus. ‘‘Sinking’’ CpG

islands may be a hallmark of environmentally responsive

genes, which become methylated only under certain

conditions, such as energy depletion and are passed in this

state through the germ line.

. The question then ariseswhich genes aremost likely to hold

epigenetic memories of the environmental past. Primary

candidates are genes directly associated with energy

acquisition, storage and utilization.

. Leptin (LEP), is thought to be one of the best thrifty gene

candidates,(9,12) since it encodes a hormone regulating

appetite and energy homeostasis (reviewed in Ref. 95).

However, LEPmutations and allelic variants associatedwith

obesity are very rare in humans.(96,97) In Pima Indians, for

example, plasma leptin concentrations are reportedly lower

in individuals with a tendency to gain weight; yet allelic LEP

variants have not been identified.(97,98) Thrifty epigenetic

variants of LEP could possibly explain low plasma concen-

trations of this fat hormone. The promoter region of LEP is

methylated in somatic tissues of human and mouse and

displays epigenetic variation.(99,100) It is tempting to spec-

ulate that LEP is responsive to environmental cues and can

acquire a thrifty epigenotype.

. Epigenetic programming of the metabolic gene network

might also affect traits, which are indirectly associated with

energy homeostasis. An increased riskof schizophrenia has

been found in the cohort of individuals that were conceived

during the aforementioned Dutch Hunger Winter (reviewed

in Ref. 103).(101,102) Certain behavioral characteristics

could impart survival advantage during famine, as Prentice

and colleagues suggested in a recent and insightful

discussion of the thrifty genotype hypothesis.(14) The

tendency for physical activity or inactivity is possibly one

such trait.(10,14)

. The number of sequence polymorphisms identified to

be associated with type 2 diabetes and obesity is likely

to stay small; those few causative genetic variants, which

influence disease risk, are expected to modulate the

expression and epigenetic modification of the metabolic

gene network.

Conclusions

Unraveling the relationship between genotype and phenotype

continues to be a fundamental problem in Biology. It gains a

certain amount of urgency as we try to understand the causes

of obesity and type 2 diabetes—metabolic disorders that

have grown into a global health challenge. In this context,

I have considered three theoretical concepts: (i) the thrifty

genotype hypothesis, (ii) genetic canalization, and (iii) the

thrifty phenotype hypothesis.

. With the thrifty genotype hypothesis, Neel contributed the

pivotal insight that the history of the human genome might

stand in thewayof some individuals to live a healthy life in an

environment created by contemporary, technologically

advanced societies. In this essay, I propose that most

human genotypes are equally maladjusted for this wester-

nized lifestyle. The complex traitmetabolic thrift, encodedby

a highly connected gene network is optimized to meet

fluctuating conditions of famine and abundance.

. The trait has become refractory to allelic variations through

genetic canalization. Although not absolute, this proposed

insensitivity tomutations suggests that allelic variations play

only a small part in the aetiology of type 2 diabetes and

obesity. The precise molecular mechanisms underlying

genetic canalization are not known. Hence, the challenge

will be to provide empirical evidence that this type of process

indeed buffers the trait metabolic thrift.

. Phenotypic variation—the differences among individuals in

their tendency for type 2 diabetes and obesity—likely arises

from variations in programming events during critical stages

of development, according to the thrifty phenotype hypoth-

esis. Epigenetic mechanisms have the qualities needed for

this kind of programming.

Technology for the genome-wide detection of epigenetic

signals has been developed(42,104) andwecan expect awealth

of data to come frommetabolic studies that make use of these

research tools. It will be a formidable task to determine all

members of the epigenetically regulated, metabolic gene

network. Multiple cell types and tissues will have to be tested

and compared. A good proportion of these epigenetic studies

will make use of animal models; in such systems, conditions

for feast and famine can be controlled andmetabolic changes,

as well as temporal epigenetic changes, can be closely

monitored.

Identification of epigenetic signatures typical for the meta-

bolic gene network will provide a molecular entry point to

explore critical aspects of the thesis. For example, at which

developmental timepoint(s) isa thriftyepigenotypeestablished?

What are the signaling pathways that relay information on

environmental conditions to the metabolic gene network? Is the

epigenotype of an individual detected inDNAof peripheral blood

leukocytes suitable for diagnostic testing, or will the epigenotype

present in fat andmuscle cells provideclearer informationon the

environmental past? Is a particular epigenotype at all times

erased in the germline, or do children occasionally inherit their

epigenotype from their parents and grandparents?

Future generations may find our current way of life to be

reflected ‘‘on’’ their genes—as inherited epigenotypes, pre-

disposing them to obesity and type 2 diabetes.
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