
In 1944 food supplies were cut off to western Holland
by the Nazis, in retaliation for a railway strike

Over 10,000 people died from starvation and cold, 
the first such localized event in a literate, 
developed country

Dark areas 
high infant mortality 
rate (1901-1910) 
and high death 
rate from 
coronary artery 
disease (1959-78)
  

The early ‘Barker 
Studies’ in the UK

Systolic pressure (mmHg) according to placental weight and birth weight.



Evidence of Programming in Human Populations
Hertfordshire population
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The Barker Hypothesis

Fetal origins of adult disease hypothesis

Fetal programming:
Adverse environments in fetal life and
early childhood lead to increased risk of
disease in adult life

Programming

The process through which a stimulus or
insult establishes a permanent response

Exposure during a critical period in
development may influence later metabolic
or physiological functions in adult life



Adult Phenotype

Developmental plasticity
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Development sequential, cascading

The Barker Hypothesis- basic version

Maternal Undernutrition

Fetal Growth Retardation

Structural Change 
within Organs

Disease In Later Life

Poor Childhood 
Growth

Metabolic and 
Endocrine

 Dysfunction 

Disproportionate Size at Birth (thin-ness) is also
Implicated in Programming

 Disproportion Predicts Cardiovascular Dysfunction
Blood pressure in 4yr olds in Salisbury, UK
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Low Birthweight/Disproportionate size at
birth are associated with:

♦ Coronary artery disease

♦ Hypertension

♦ Glucose intolerance

♦ Asthma in childhood

♦ Immune dysfunction

♦Chronic renal failure

♦ Raised cholesterol

♦ Raised cortisol

♦ and whether men get
married or not

Birth Weight (kg)

% Never
married
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Etiology of Intrauterine
Growth Restriction (IUGR)
Maternal

– Impaired nutrient delivery- Maternal diet
and body composition both before AND
after conception are very important

Placental
– Impaired nutrient uptake

Fetal
– Impaired fetal uptake

Ten Principles of Programming

(1) During development, there are critical periods of
vulnerability to suboptimal conditions.  Vulnerable periods
occur at different times for different tissues.  Cells dividing
rapidly are at greatest risk. Factors that increase risk
include:

-too much of normal chemicals such as hormones,
critical nutrients or vitamins

-deficiency of normal materials, chemicals such as
nutrients, hormones, or vitamins

-abnormal chemicals such as alcohol or nicotine
-abnormal physical forces, such as high blood pressure

2. Programming has permanent effects that alter
responses in later life and can modify susceptibility to
disease

3. Fetal development is sequential and activity
dependent.  Normal development is dependent on
continuing normal activity of developing systems.  Each
phase of development provides the required conditions
for subsequent development.

Ten Principles of Programming

(4) Programming involves several different structural
changes in important organs.

- The absolute numbers of cells in the organ
may increase or decrease.

- The relative proportions and distribution of
different types of cells within the organ may 
be unbalanced.

- The normal blood supply to the organ may not
form.

- Too many or too few hormone receptors may
form with a resultant resetting of feedback and
other control mechanisms.

Ten Principles of Programming Ten Principles of Programming

5. The placenta plays a key role in programming.

6. Compensation carries a price.  In an unfavorable
environment, the developing baby ‘makes attempts’ to
compensate for deficiencies.  Following compensation,
birthweight may be normal or only slightly decreased.
However, the compensatory effort carries a price.

7. Attempts made after birth to reverse the
consequences of programming may have their own
unwanted consequences.



Ten Principles of Programming
8. Fetal cellular mechanisms often differ from adult

processes.  Fetuses react differently to suboptimal
conditions that do newborn babies or adults.

9. Programming can have different
effects in males and females.

10. The effects of programming may pass across
generations by mechanisms that do not involve changes in
the genes - involves physiological effects and
epigenetic changes (eg heritable changes to gene expression
patterns mediated by methylation and histone modifications)
that are poorly understood

Transgenerational effects of programming:

Poor fetal development

Poor development of organ systems,
including reproductive systems

Poor ability to nourish own fetus -> poor
fetal development

Mechanisms of Programming?

Nutritional Influence 

Reorganisation of organ structure
Abnormal early cell-cell interactions?

Altered Cell Number or
intracellular organization 

Metabolic Differentiation 
DNA Control?

(altered cell specific gene regulation)
DNA Environment?

(altered DNA binding proteins)
Altered DNA methylation?

Evolutionary basis of fetal programming

Relevant ideas:

-Mismatches between Ancestral &
Modern Environments with regard to Food

-Adaptation, Tradeoffs and Maladaptation
in Development and Life History

‘Thrifty genotype’ hypothesis (Neel 1962):
periodic famines in past selected for alleles
that maximize metabolic efficiency, lipid
storage,and food-searching behaviors.
In modern environments, these
alleles are maladaptive as they
lead to diabetes and obesity.

Developed from comparative evidence on human
groups, such as Pima Indians and South Seas
islanders.

J. Diamond  2003, Nature

One implication is genetically-based 
local adaptation to long-term nutritional 
conditions

Low prevalence in Europeans may 
result from history of past selection 
against highly thrifty genotypes



J. Diamond  2003, Nature

‘Thrifty phenotype’ hypothesis (Hale & Barker 1992):

Fetus in compromised prenatal nutritional environment 
adjusts organ growth to spare brain in utero,
at cost of later disease, such as type 2 diabetes and 
high blood pressure

-Type 2 diabetes: costs >100 billion$ 
annually in USA, expanding exponentially 
in developing world (esp. Asia),
considered an ‘environmental epidemic’; 
increasingly-prevalent in younger 
Individuals
-Part of ‘metabolic syndrome’ (obesity, hypertension, 
type 2 diabetes)

Evidence that ‘thrifty phenotype’ can be adaptive:

(1)  Lab rats with higher type 2 diabetes
risk survive starvation better

(2) Some wild species adapted to periodic food
scarcity develop type 2 diabetes when maintained
in lab on ‘western diet’

(3) Human populations with highest type 2 diabetes
rates (eg Nauruan islanders, Pima Indians) were subject
to periodic starvation in historical past - fattest tended to
survive (parallel to fat deposition, survival in human
babies)

Integrated suite of changes in fetus developing
under nutrient stress

(1) Reduced body size, brain relatively spared

(2) Reduced muscle mass as adults - reduction
in this insulin-sensitive tissue reduces overall
nutrient requirements and contributes to later
insulin resistance. Insulin resistance in muscle
shunts glucose to brain and other key organs

(3) Fat deposition enhanced,and stored in highly-
labile visceral deposits - can be rapidly
mobilized by has severe disease risks

ALTERNATIVE HYPOTHESES FOR THE ADAPTIVE 
SIGNIFICANCE OF FETAL PROGRAMMING

(1)  Predictive adaptive response

(2) More or less adaptive trade-off:   
(a) Barker -> fetal tradeoffs, with negative later effects
as consequences, not objectives
(b) Adaptive trade-off hypotheses-> see later effects 
as objectives that become maladaptive only in 
mismatched environment

(3) Maladaptive and pathological - traditional view, but now 
seen as unlikely, as response is complex and coordinated, 
and has some apparent adaptive components such as 
brain sparing

 



(1)Predictive adaptive response hypothesis

Idea that the fetal programming under nutrient 
stress optimally prepares the individual for poor 
conditions therefore predicted in later life. Thus:

Fetal Conditions Adulthood conditions Consequence
Poor Poor  Adaptive  
Good Good Adaptive
Poor Good Maladaptive
Good Poor Maladaptive

BUT degree of long-term predictability in humans is unclear, 
benefits from predictability may be shorter-term; evidence for 
adaptive outcomes is weak in humans Bogin et al. 2007

(2) Adaptive trade-off hypothesis
Idea that the fetal programming under nutrient 
stress involves an adaptive trade-offs between 
early survival and costs to health in later life

Nutritional stress is especially important around 
weaning, when brain growth and metabolism are 
high and food supply may be disrupted

-ability to store fat, mobilize fat fast, & spare glucose 
for brain via insulin-resistance, may be adaptive
to protect brain, and survive, especially during 
this high-risk childhood period

A life-history perspective on the adaptive significance 
of fetal programming

(1)  Growth, maintenance and reproduction are subject 
to trade-offs, which are more  severe under nutrient stress.  

(2) There are also tradeoffs within each of these three domains, 
such as between brain growth and somatic growth, or between 
current and future reproduction

(3) Trade-offs mean that health cannot be maximized simultaneously 
with respect to multiple criteria - need to choose between different 
risks, or better health (or survival) now vs better health later

A comprehensive
view of effects on 
human 
development, in 
which fetal 
programming 
plays a key role
in health
(Bogin et al. 2007)

  



Implications of fetal programming for public health

(1) To mitigate negative effects of fetal programming, best
strategy is to improve health of young women, via better
nutrition, reduced stress, more exercise - size and health of
baby depend in part on status of mother before & after conception

 (2) Populations at highest risk (evolved in low-nutrition
conditions, now in high-nutrition conditions) need to be
recognized and informed (espec. China, India)

 (3) Individuals at highest risk were born small and/or skinny but
underwent fast compensatory growth; interventions for low birth weight
should take account of these data

 (4) Birth and childhood weight are affected by the outcomes of
conflicts between mother and fetus; such conflicts require further
study

 (5) Transgenerational effects impose special urgency to act soon


