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Recipe for a lifetime: developmental plasticity and  
health in later life

Professor Keith Godfrey 

MRC Epidemiology Resource Centre 
& University of Southampton, UK

World Bank (March 2006)
Repositioning Nutrition as Central to Development
“The emphasis of any programs to combat poor nutrition should 
target pregnant women and children under two years of age.”

Around conception, during fetal life & in infancy/c hildhood
environmental variations within the normal range ha ve lasting 
effects on later health

• Incontrovertible 
experimental evidence

• Solid support from 
systematic reviews of 
epidemiological data
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Impaired early development increases the risk of:

• Coronary heart disease

• Raised blood pressure, cholesterol & clotting factors 

• Impaired glucose tolerance & type 2 diabetes

• Obesity

• Osteoporosis & bone fractures

Experimental studies indicate:

• Maternal nutrition & stress are major drivers

• Developmental effects act over several generations

• Epigenetic changes are a key mechanism

1. During early life, “developmental plasticity” enab les predictive 
adaptive responses, which evolved to tune the pheno type to 
the anticipated future environment

2. A “mismatch” between the developmentally induced phenotype & 
the subsequent environment increases susceptibility to adult
cardiovascular disease & type 2 diabetes

4. Birthweight is too crude an outcome to assess the impact of 
developmental exposures - maternal nutrition can influence the 
health of the offspring without necessarily affecting size at birth

3. Gene-early environment interactions alter epigenetic processes, & 
may underlie periconceptional & transgenerational influences on 
growth & development

Recipe for a lifetime: developmental plasticity and  
health in later life
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Developmental plasticity

• The ability of a single genotype to produce more than one 
phenotype in response to environmental conditions

• Gene-environment interactions of this kind are universal in 
the development of animals & plants

• Predictive Adaptive Responses made for adaptive advantage 
or fitness at a later phase in the life history (cue in prenatal
life, response in adulthood)

• Developmental plasticity has important implications for 
human health  (Nature, 2004)

Meadow Vole (Microtus pennsylvanicus)

10 hours light/day (late autumn)
- thick coat in offspring

14 hours light/day (late spring)
- thin coat in offspring

Maternal photoperiod before conception determines
coat thickness in offspring
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African Army Worm Moth (Spodoptera exempta)

1. During early life, “developmental plasticity” enables predictive 
adaptive responses, which evolved to tune the phenotype to the 
anticipated future environment

2. A “mismatch” between the developmentally induced 
phenotype & the subsequent environment increases 
susceptibility to adult cardiovascular disease & ty pe 2 diabetes

4. Birthweight is too crude an outcome to assess the impact of 
developmental exposures - maternal nutrition can influence the 
health of the offspring without necessarily affecting size at birth

3. Gene-early environment interactions alter epigenetic processes, & 
may underlie periconceptional & transgenerational influences on 
growth & development

Recipe for a lifetime: developmental plasticity and  
health in later life
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• Cardiovascular disease

• Metabolic syndrome

• Earlier puberty

• Impaired cognition

• Emotional problems

• Gestational diabetes

• Osteoporotic fracture

• Effects passed to future generations

Mismatch increases the risk of

Hertfordshire Cohort Study
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Coronary heart disease
Standardised mortality ratios (SMR) in 10141 men & 5585 women
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BMJ 1993;307:1519-24

Follow up of 60-year old men in Helsinki 
• ponderal index at birth below median: ­­­­ BMI age 11 associated with ­­­­ CHD

• ponderal index at birth above median: ­­­­ BMI age 11 unrelated to adult CHD

BMJ 2001
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Impaired glucose tolerance & type-2 diabetes
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1. During early life, “developmental plasticity” enables predictive 
adaptive responses, which evolved to tune the phenotype to the 
anticipated future environment

2. A “mismatch” between the developmentally induced phenotype & 
the subsequent environment increases susceptibility to adult 
cardiovascular disease & type 2 diabetes

4. Birthweight is too crude an outcome to assess the impact of 
developmental exposures - maternal nutrition can influence the 
health of the offspring without necessarily affecting size at birth

3. Gene-early environment interactions alter epigen etic 
processes, & may underlie periconceptional & 
transgenerational influences on growth & development

Recipe for a lifetime: developmental plasticity and  
health in later life
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Nature, 6th November 2008

Epigenetics

• The genome is effectively not fixed through life

• Early environmental influences can have effects tha t persist for
life, and even into the next generation (Ped Res, 2007)

DNA methylation & 
histone deacetylation
result in the 
condensation of 
chromatin into a 
compact state

Gene promoters are 
then inaccessible to 
transcription factors 

RNA polymerase

Transcription factors

Acetylated histones
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DNA methyltransferase (DNMT)
Histone deacetylase

Chromatin remodelling 
proteins
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If I’m fat and 
lazy it’s my 
mother’s fault!

Courtesy of Liggins Institute
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PPARaaaa
methylation

A pregnancy low-protein diet induces endothelial dy sfunction, 
dyslipidemia & ­­­­ BP: a role for epigenetic processes?

Lillycrop et al. J Nutr. 

Compared to controls (C), 
rats of mothers fed a 
protein-restricted diet (R) 
had ¯̄̄̄ hepatic PPAR � gene 
promoter methylation

C R

0

200

400

600

800

1000

1200

1400 P<0.0001

Maternal dietary group

 m
R

N
A

 c
on

ce
nt

ra
tio

n 
co

m
pa

re
d

to
 c

on
tr

ol
 (

%
)

PPARaaaa
expression

¯̄̄̄ PPAR� gene promoter 
methylation led to ­­­­
PPAR� gene expression

Acyl CoA Oxidase
expression
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­­­­ PPAR� expression led 
to ­­­­ expression of acyl
CoA oxidase
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1. During early life, “developmental plasticity” enables predictive 
adaptive responses, which evolved to tune the phenotype to the 
anticipated future environment

2. A “mismatch” between the developmentally induced phenotype & 
the subsequent environment increases susceptibility to adult 
cardiovascular disease & type 2 diabetes

4. Birthweight is too crude an outcome to assess the  impact of 
developmental exposures - maternal nutrition can inf luence the 
health of the offspring without necessarily affecti ng size at birth

3. Gene-early environment interactions alter epigenetic processes, & 
may underlie periconceptional & transgenerational influences on 
growth & development

Recipe for a lifetime: developmental plasticity and  
health in later life

Maternal diet & body composition can influence long  
term health without necessarily affecting size at b irth

• High weight / adiposity :  insulin deficiency/type-2 diabetes, CHD
(Finland, India)

• Low weight / body mass index :  insulin resistance, ­ lipids
(Aberdeen, Motherwell, Holland, Finland, China, Philippines)

• Severe caloric restriction : obesity, ­ lipids, insulin resistance, CHD
(Holland)

• Dietary balance, low protein density : ­ BP
(Aberdeen, Holland, Philippines)

• Dietary balance, high protein density : ­ BP, IGT/insulin deficiency
(Aberdeen, Motherwell)
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“SPECIAL DIET FOR ALL EXPECTANT MOTHERS”

“1. MEAT One pound of red meat should be eaten every day of gestation.
Quantity is more important than quality.  It will b e necessary to eat
it between meals as well as at meals.

Sometimes nausea or even vomiting is apparently caus ed by eating meat.
Please do not stop eating it on this account but rep ort the complaint and
keep on eating.

When hungry between meals eat meat .”

Dr J.F. Kerr Grieve
Motherwell Maternity Hospital, 1967

In men & women aged 30 years, salivary cortisol resp onses
to the Trier Social Stress Test are increased if their mother 

had high meat & fish consumption in late pregnancy

JCEM 2007
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Carotid artery intima-
media thickness (IMT) 
measurement
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Mother’s energy intake

late pregnancy (kcal/day)
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9 years (kg)

Carotid IMT 
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> 30.5

– 30.5

< 26.3

Carotid IMT age 9 years not related to size at birt h, but child’s 
IMT greater if the mother had a lower energy intake in pregnanc y

Adjusting for sex & BP: 
• mother’s energy intake P=0.005 
• child’s weight P=0.006

Gale et al. ATVB 2006.
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SOUTHAMPTON WOMEN’S SURVEY (SWS)

12,500 Southampton women aged 20-34 years 
• pre-pregnant diet, body composition & social influences 
• folate status & endocrine profile
• DNA from the woman & her parents

3,000 pregnancies & neonates
• ultrasound at 11, 19 & 34 weeks gestation
• diet, body composition, folate status & endocrine profile
• detailed neonatal measurements & infant cord blood/DNA
• paternal DNA, socio-economic status & height/weight

Infancy/pre-school (6,12,24,36 months)& early childhood (4,6,8 years)
• measurement of diet, growth & body composition
• cardiovascular risk factors & adiposity re-bound
• atopy, respiratory illnesses & cognitive function

Mother’s own fetal growth, dietary balance, body composition & endocrine status
Maternal & offspring genetic diversity & epigenetic effects

Vulnerability to coronary heart disease, type 2 diabetes, 
osteoporosis, atopy & obstructive airways disease

Amplification in childhood
• growth & body composition
• environment & lifestyle

Modification in infancy
• weight gain & catch-up growth
• nutrition & infection

Developmental plastic responses
• fetal/placental epigenetic changes 
• regional blood flow &  body composition

Early fetal growth trajectory
• determines fetal nutrient demand

Maintenance of the growth trajectory
• determined by materno-placental nutrient supply
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Selected Southampton Women’s Survey findings

• The mother’s pre-pregnant dieting behaviour, health  & 
age influence the early trajectory of fetal growth
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Crown-rump
length (mm) 

Fetal crown-rump length at 11 weeks gestation
Southampton Women’s Survey

Z-score fetal size at 11 weeks gestation vs fetal sex
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Fetuses with a smaller than expected early pregnancy  CRL have 
a 2-3 fold greater risk of being born small for ges tational age (SGA)

% SGA 
(less than the 
10th centile for 

gestational 
age)

Quarter of the distribution of crown-rump
length (CRL) Z-score at 11 weeks gestation
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SGA risk ratio per SD increase
in 11 week CRL = 0.69, P<0.001 

These effects question the now routine clinical 
practice of preferring ultrasound over menstrual dat a 
to establish gestational age in early pregnancy. 

Trajectories of fetal growth & clinical practice

� Human fetuses vary substantially in their rates of 
growth from early gestation onwards

� Environmental influences can alter the trajectory of fetal
growth in the first trimester
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Selected Southampton Women’s Survey findings

• The mother’s pre-pregnant dieting behaviour, health & age 
influence the early trajectory of fetal growth

• Maternal vitamin D insufficiency is common & has 
lasting effects on offspring bone development

How early does maternal vitamin D insufficiency act ?

High resolution 3D ultrasound at 19 & 34 weeks gestation to
measure the cross sectional area of the distal femoral metaphysis

In vitamin D insufficient mothers, splaying of the metaphysis, similar to 
that in childhood rickets, already present as early  as 19 wks gestation
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Maternal 25 (OH) Vit D
(late pregnancy) (ng/ml)

Lower maternal vitamin D status in pregnancy 
- reduced child’s skeletal mineralisation age 9 years

Lancet 2006

Bone mineral content
/bone area (kg/cm 2)

198 Southampton children;

Multicentre RCT of vitamin D supplements for pregna nt 
women with low vitamin D levels in early pregnancy
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Selected Southampton Women’s Survey findings

• In late pregnancy, the flow of blood through or 
bypassing the fetal liver determines resource 
allocation to the baby’s brain or to fat deposition

• The mother’s pre-pregnant dieting behaviour, health & age 
influence the early trajectory of fetal growth

• Maternal vitamin D insufficiency is common & has lasting 
effects on offspring bone development

Mother’s diet & thinness affects fetal liver develop ment

Thin mothers have adult offspring 
with ­ levels of cardiovascular 
risk factors controlled by the liver

­ fetal liver blood flow has long-
term implications for liver metabolism

Circulation Research 2005; 96:12-14.

In the SWS, thin mothers & those
eating an “imprudent” diet have 
fetuses with ¯ blood shunted through
the ductus venosus & ­ liver blood flow

Altered fetal liver blood flow was strongly
linked with the offspring’s adiposity
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Higher fetal liver blood flow is associated with greater 
neonatal % body fat , independently of the mother’s adiposity

JCEM 2003;88:3554-60

% neonatal 
body fat 

mass
(SDS)

Fetal liver blood flow
(36 weeks gestation)

Mother’s
adiposity

(pre-pregnant 
subscapular

skinfold thickness)

Liver blood flow P<0.001
Mother’s slimness P=0.008

“Intervention in early life generated the highest av erage impact 
across all scenarios .
Greatest success was achieved in scenarios where a long-term 
approach prevailed. 
It was in these scenarios where it was possible to implement and
sustain a life-course approach to prevention but also where society 
was prepared to measure success over longer timeframes.”

Of 17 different potential governmental policy responses across built, 
health, fiscal, research, educational, regulatory, social structure & 
family domains, the only one with a significant impact on obesity in 
all three scenario contexts explored was to:
"promote/implement a programme of early interventio ns at birth 
or in infancy ".

Foresight “Tackling Obesities: Future Choices”

Qualitative Modelling of Policy Options: Government  Office for Science, October 2007
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Selected Southampton Women’s Survey findings

• In late pregnancy, the flow of blood through or bypassing 
the fetal liver determines resource allocation to the baby’s 
brain or to fat deposition

• The mother’s pre-pregnant dieting behaviour, health & age 
influence the early trajectory of fetal growth

• Maternal vitamin D insufficiency is common & has lasting 
effects on offspring bone development

• The mother’s diet influences fetal adaptations & how 
she feeds her infant, & is itself influenced by edu cation , 
smoking & other children in the home 

‘Prudent diet score’ - average times per week food is  
consumed in the least & most ‘prudent’ diet quarters

Food Least prudent  Most prudent 
    

Sugar 21  0 
    

White bread 14  3 
    

Red meat and 
processed meat 

7  2 

    

Crisps and 
confectionery 

10  4 

    

Fruit and fruit juice 7  18 
    

Non-salad vegetables 9  17 
    

Salad vegetables 3  11 
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Young Southampton women with a lower level of educa tional
attainment are more likely to eat an unbalanced “im prudent” diet

% in the lowest 
quarter of

prudent diet 
score

Educational level
EJCN 2004; 58:1174-80 
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A mother’s lifestyle, diet & body fatness have impo rtant 
effects on the child’s vulnerability to later chall enges 

• Better diet – the right balance between protein, energy and 
vitamins / minerals

• Better vitamin / mineral status, e.g. vitamin D

• Better body fatness – not too thin or too fat

• Better nutritional education, esp. of women & young girls

The challenge is considerable, but the public healt h 
implications cannot be ignored
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1. Animal studies indicate that early life exposures can induce 
developmental plastic responses, with major long term consequences.

2. We need to define which exposures underlie the link between impaired 
human fetal development and susceptibility to adult
cardiovascular disease, type 2 diabetes & other chronic disorders.

3. Definition of the epigenetic & other mechanisms that underlie 
developmental effects on these disorders will aid characterisation of 
interventions.

4. We need a new vision of optimal early development, recognising that 
maternal lifestyle, diet & body composition have important effects on 
biological endowment that are of immense public health importance.

Recipe for a lifetime: developmental plasticity and  
health in later life

• International network promoting interdisciplinary research
• Preferential registration rates at World Congresses & workshops 
• A password-protected section of the website with members’

details and publications, and other DOHaD resources 
• Includes subscription to J DOHaD and regular newsletter 

highlighting hot topics & research initiatives across the field

Membership: 
Standard £45 
Student £20 
(~ HKD 540/240)

www.dohadsoc.org
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