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Abstract
Obesity and its sequelae may prove to be the greatest threat to human lifestyle and health in the devel-
oped world this century. The so called obesity epidemic has seen the incidence of obesity and over-
weight almost double in Western societies and the trend is mirrored in nations that are transitioning to
first world economies. There is no doubt that much of the rise in obesity can be attributed to lifestyle fac-
tors such as the excess consumption of energy-dense foods and the decline in physical activity.
However, the ‘fetal origins’ hypothesis, first proposed by Barker and colleagues and elaborated by several
groups over the past 15 years to be termed the ‘Developmental Origins of Adult Health and Disease’
(DOHaD), provides an alternative explanation for the rising rates of obesity. The DOHaD hypothesis states
that exposure to an unfavourable environment during development (either in utero or in the early post-
natal period) programmes changes in fetal or neonatal development such that the individual is then at
greater risk of developing adulthood disease. This chapter discusses the effects of maternal obesity on
fetal development and birth outcomes as well as the manner in which DOHaD may contribute to the
obesity epidemic. Copyright © 2008 S. Karger AG, Basel 

The Obesity Epidemic

Health care systems around the globe are beginning to recognise the risk that obesity

poses to human health and many programmes are now being put into place in an

effort to reduce the burden of obesity and its related diseases. Current definitions of

obesity are based on the ratio of bodyweight (in kg) and height squared (in m2) and

expressed as body mass index (BMI) with a normal BMI defined as 20–24.9, moder-

ate overweight between 25–29.9 and obesity as �30. In 2000, the World Health
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74 Armitage · Poston · Taylor

Organisation released the following statement: ‘Obesity is a chronic disease, prevalent

in both developed and developing countries, and affecting children as well as adults.

Indeed it is now so common that it is replacing the more traditional public health

concerns, including under-nutrition and infectious disease as one of the most signifi-

cant contributors to ill health’ [1]. At the turn of the millennium and the time of pub-

lication of the WHO report, the incidence of obesity in the United States was 30.5%

(compared with 22.9% in 1994) and 64.5% of the population were overweight (com-

pared with 55.9% in 1994) [2]. More recent statistics suggest that the incidence of

obesity and overweight is rising, not falling, in spite of the apparent efforts of govern-

ments and health care agencies. This shift in body mass has occurred over the past

one to two generations and as such it is unlikely that genetic drift is the cause of the

current obesity epidemic. Rather, a change in lifestyle, compounded by epigenetic or

developmental programming of an obese phenotype are the likely causative factors.

Obesity statistics from the United States are most often quoted, perhaps because

they give the greatest impact; however, scientific studies conducted in other nations

emphasise the fact that obesity is a worldwide problem. A study of cause of death in

South Korea illustrates this fact. In 1938, cardiovascular disease accounted for

approximately 1% of deaths in South Korea whilst infectious diseases were the cause

of approximately 23% of deaths. By 1993, this trend had reversed; approximately 30%

of deaths were attributable to cardiovascular disease whereas only 3% of deaths were

caused by infection. Certainly such statistics are affected both by the vast improve-

ments in anti-microbial medication and sanitation in that 60-year period; however,

the fact remains that obesity-related illness is the next public health hurdle.

Obesity may not, in itself, be a great risk to human health. Indeed, there are some

individuals who are overweight or obese but do not show any other signs of disease or

ill health. However, for the vast majority, increased body fat is associated with a range

of other, more serious conditions. These include increased blood pressure, insulin

resistance and diabetes mellitus, atherogenic plasma lipid profiles, and increased lev-

els of vascular inflammatory markers. Collectively, this spectrum of conditions is

termed the ‘metabolic syndrome’ and clinical diagnosis is based on the presence of 3

or more of the above signs. Endothelial dysfunction and leptin resistance are also

likely to contribute to the metabolic syndrome [3].

The rise of obesity is certainly due to the increased availability of food, and the

preponderance of energy dense (high fat and simple carbohydrate) foods that are reg-

ularly consumed in developing and developed societies. Moreover, the industrial era

has produced all manner of labour saving devices that has ultimately seen a reduction

in the physical activity quotient over time [4]. However, despite the obvious impor-

tance of food intake and energy expenditure during adulthood, there is now evidence

that adult lifestyle may not be the only factor at play in determining obesity [5]. The

environment encountered during the in utero and early postnatal periods may also

act to ‘programme’ an individual to have a greater risk of developing obesity and the

metabolic syndrome.
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The Consequences of Maternal Obesity 75

The Developmental Origins of Adult Health and Disease

The developing fetus and neonate orchestrates its growth and development to best

meet the environmental conditions encountered at any given period. Where environ-

mental challenges or stimuli span a period of organogensis or developmental plastic-

ity, the adaptations made may be permanent.

Epidemiological data from Norway provide the first of many reports that that

environment encountered in early life may affect later health outcomes with regard to

cardiovascular disease [6]. The concept of ‘programming’ was introduced by Lucas

[7] and provides a conceptual framework for the observations made by Barker and

Osmond [8] with regard to an individual’s birth weight and the later risk of disease in

United Kingdom cohort studies. These early Barker studies focused on the relation-

ship between the weight at birth, and subsequently fetal nutrition, with death from

coronary heart disease [9, 10].

The direct relationship between maternal nutrition and later offspring obesity

was revealed in a study of conditions encountered by a discrete population during

the Dutch Hunger Winter of 1944–1945. During the World War II military opera-

tions by Allied forces to liberate The Netherlands, the occupying Nazi forces block-

aded areas of Holland over the winter of 1944–1945 and official rations were cut to

300–500 kcal per day. Later study of adults (at 50 years of age) who were in utero

during this defined period of famine indicate that exposure to famine during the

first half of pregnancy predisposed individuals to the development of obesity [11]

and coronary heart disease [12] and that famine exposure later in gestation resulted

in glucose intolerance and insulin resistance [13]. This direct evidence for the role of

maternal nutrition in the programming of adulthood obesity and disease in the off-

spring was followed by studies from UK cohorts with several studies showing an

inverse association between birth weight and BMI in adulthood [14] as well as

insulin resistance. BMI is used as an indicator of obesity because of the simplicity by

which it can be measured in large trials or retrieved retrospectively from records.

However, use of the BMI parameter as an indicator of obesity has been challenged,

and there are suggestions that it is a measure of heaviness rather than obesity per se.

Consistent with this, studies of monozygotic twin pairs [15] found that lower birth

weight was associated with increased waist–hip ratio, skin fold thickness and

reduced muscle mass, but not necessarily BMI. Nonetheless, body fat measurement

by dual energy X-ray absorptiometry in adult men born of low birth weight shows

these individuals to have a 5% increase in fat mass compared with subjects born of

normal birth weight [16].

These studies formed the basis for various experimental animal models of mater-

nal undernutrition in which to study the Developmental Origins of Adult Health and

Disease (DOHaD) hypothesis and these models support the hypothesis that fetal or

neonatal undernutrition results in aberrant development of the endocrine pancreas,

liver, kidney and cardiovascular systems, such that the offspring born from protein or
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76 Armitage · Poston · Taylor

calorie deprived dams demonstrate many facets of the metabolic syndrome in adult-

hood [reviewed by 3, 17].

In the face of an obesity epidemic, it may be more useful to examine the maternal

factors that result in the developmental programming of obesity [18]. Although

maternal undernutrition is not manifest in many of the societies currently experienc-

ing the increase in obesity rates, one factor that may result in offspring programming

is maternal diabetes. Indeed, insulin resistance and alterations in the structure and

function of the endocrine pancreas is seen in offspring born to calorie or protein-

deprived mothers [reviewed by 3]. This is observed in humans, as evidenced by the

finding of insulin resistance in those that were exposed to the effects of the Dutch

Hunger Winter in the second half of gestation [13], as well as in experiential animal

models. Provision of a low protein diet (50% reduction in protein content but

isocaloric) to rats during pregnancy resulted in a reduction in pancreatic insulin con-

tent, reduced islet size and vascularisation and a reduction in cell proliferation in

term rat fetuses [19]. These animals develop frank insulin resistance later in life [19].

Uteroplacental deficiency, induced by ligation of the uterine artery, produced a simi-

lar phenotype of insulin resistance in adult offspring [20].

Consistent with the developmental programming hypothesis, maternal diabetes

appears to programme a similar offspring phenotype of insulin resistance and type 2 dia-

betes mellitus. This is observed in both human populations and in experimental animal

studies. One of the earliest, but most striking, studies of programming effects of mater-

nal diabetes was carried out in Pima Indian women. After accounting for confounds

such as paternal diabetes, age of diabetes onset in the parents and offspring BMI, Pettitt

et al. [21] observed that in this discrete population 45% of offspring born to diabetic

mothers went on to develop type 2 diabetes mellitus themselves by the age of 24. Only

1.4% of those born to non-diabetic mothers showed signs of type 2 diabetes mellitus

themselves at the same age. The authors conclude that those findings suggested that the

intrauterine milieu was an important determinant in the development of diabetes in the

offspring, and that the effects were additive with any genetic factors [21]. Macrosomia is

often observed in offspring of diabetic mothers, and there is supportive evidence for a

‘U-shaped’ relationship between birth weight and the development of adult obesity [22].

Thus high birth weight may prove to be just as deleterious to later health and well-being

as low birth weight. Data from a Swedish birth cohort suggest that within the past decade

there has been a 25% increase in the incidence of large for gestational age babies and

regression analysis suggests that this increase is attributable to a 25–36% increase in

maternal BMI [23]. The association between maternal obesity and offspring macroso-

mia may be partially influenced by genetic factors; however, a recent study of 150,000

women suggests that weight gain between successive pregnancies is associated with

macrosomia in the second pregnancy [24]. Given the same maternal genetic transmis-

sion, this study suggests that, at least in part, large for gestational age birth weight is

attributable to maternal obesity. Given the link between maternal obesity and maternal

diabetes, a range of animal models of diabetes in pregnancy have been developed.
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The Consequences of Maternal Obesity 77

Experimental animal models of diabetes induced by streptozotocin (STZ, which

results in pancreatic �-cell death) have been used to dissect the contribution of

intrauterine environment from genetic factors. Aerts et al. [25] studied offspring of

STZ diabetic rats and found increased insulin secretion, plasma insulin concentra-

tion and decreased renal insulin uptake in these rats when compared with controls

[25]. A subsequent study by Holemans et al. [26] utilised euglycaemic hyperinsuli-

naemic clamp in the adult offspring of STZ diabetic rat dams to assess the develop-

mental programming of insulin resistance. This insulin resistance was characterised

by a reduction in insulin sensitivity in peripheral tissue and a reduction in hepatic

insulin sensitivity and responsivity [26]. Offspring of rats made mildly diabetic

by injection of STZ are born macrosomic, and develop insulin resistance and dia-

betes later in life [27]. Moreover when those first-generation females (that are dia-

betic as a result of maternal diabetes) are mated, they produce offspring that are also

diabetic [27].

Thus evidence from human and experimental animal models supports the

hypothesis that fetal undernutrition may result in programming of adulthood obesity

and metabolic syndrome. Fetal undernutrition is, in general, not manifest given the

current dietary status of many women of child-bearing age in westernised societies.

In an era where many women become pregnant whilst obese or overweight, consider-

ation of the effects of maternal obesity on pregnancy outcome and developmental

programming of offspring health are of great relevance and maternal diabetes may

prove to be a condition of great importance when considering the manner in which

the developmental programming of obesity may occur.

Pregnancy Outcomes Associated with Maternal Obesity and 
Gestational Diabetes

Given the overall rates of obesity within the general population of many societies, it is

not surprising that rates of maternal obesity are rising. A retrospective analysis of

287,213 pregnancies in the United Kingdom reports that 27.5% of pregnant women

in the cohort were moderately obese (BMI 25–29.5) and a further 10.9% were very

obese (BMI �30) [28]. This trend is also seen in the US population, where recent

studies estimate that between 18 and 35% of pregnant women are obese [29].

Maternal obesity is associated with a range of adverse effects that directly affect

maternal health and pregnancy outcome. These include, pre-eclampsia, post-partum

haemorrhage, hypertensive disorders and complications of delivery [30]. The finan-

cial cost of obesity is also an important consideration. As health systems have finite,

and often, constrained budgets with which to provide care, any increase in the burden

of cost will further limit the abilities of health care systems to cope with the obesity

epidemic. In the year 2000, a French study estimated that complications arising from

obesity in pregnancy (pre-gravid BMI �30) resulted in a 5.4- to 16.2-fold increase in
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78 Armitage · Poston · Taylor

the financial cost of prenatal care as well as a 4.4-day increase in the postnatal care

period than that required for women with a BMI of 18–25 [30].

In the context of developmental programming of adult disease, gestational diabetes

mellitus (GDM) may prove to be of long-lasting detriment to the fetus. GDM manifests

in approximately 8.8% of pregnancies in the developed world and the risk of GDM is

directly proportional to maternal BMI. This risk of developing GDM is reported to be

2.9-fold (95% CI 2.2–3.9) for women with a BMI �30 compared with women with a

BMI �20 [31], but may be as high as 20-fold [30]. In addition to the risk of obese indi-

viduals developing GDM, it is also established that being overweight predisposes the

development of type 2 diabetes, characterised by whole body insulin resistance and

higher plasma insulin concentrations. A study of New Zealand women, by Cundy et al.

[32] observed the rate of fetal or neonatal death in offspring of women with type 2 dia-

betes or GDM to be greater than that seen in non-diabetic controls. This was mainly

due to late fetal death. The authors highlight a strong relationship, observed in their

study as well as others, between the perinatal mortality rate and maternal obesity in

pregnancy women with type 2 diabetes [32]. This relationship between obesity and

complications of labour is also observed in a recent study of Jewish and Beduin popula-

tions in Southern Israel [33]. Major complications in obese women (pre-gravid BMI

�30, compared with controls pre-gravid BMI �30) were labour induction (OR 2.3,

95% CI 2.1–2.6), failure to progress to 1st stage of labour (OR 4.0, 95% CI 3.2–4.9),

meconium-stained amniotic fluid (OR 1.9, 95% CI 1.2–1.6) and malpresentation

(breech or shoulder dystocia) of the fetus (OR 1.6, 95% CI 1.3–1.9). The overall odds

ratio for caesarean delivery in that population was 3.2 (95% CI 2.9–3.5) [33].

In addition to the acute complications of delivery, maternal obesity and diabetes mel-

litus (either GDM or existing type 2 diabetes) are associated with long-term risks to fetal

and neonatal health. A Spanish study by Garcia-Patterson et al. [34], of 2,060 infants

born to mothers with GDM assessed the incidence of serious (life-limiting: requiring

surgery, or resulting in significant functional impairment) congenital abnormalities

involving the heart, renal/urinary or skeletal systems. By multiple logistic regression

analysis, these authors observed that pre-gravid obesity and the severity of GDM (also

related to BMI) predicted the increase in congenital malformations observed in the off-

spring [34]. Neural tube defects are also more common in offspring of obese mothers

(OR 1.9, 95% CI 1.1–3.4 for a maternal BMI �29) [35]. Notwithstanding the devastat-

ing impact of such congenital abnormalities, these are present in only 4% of births [34].

The programming of obesity and metabolic syndrome in the offspring of such pregnan-

cies has the potential to exact an even greater burden on future generations.

Programming Vectors – Factors That May Result in DOHaD

The factors present in the maternal or fetoplacental milieu that may instigate alter-

ations in organogenesis or induce morphometric changes in the fetus and thus result
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The Consequences of Maternal Obesity 79

in developmental programming of obesity or other diseases may be termed ‘program-

ming vectors’. Despite the strong association between maternal obesity, GDM and

subsequent offspring developmental programming of obesity and its related sequel-

lae, there is an incomplete understanding as to which vectors present in the maternal

milieu may be most deleterious to fetal growth and development.

A comprehensive assessment of the maternal milieu in a small cohort of otherwise

healthy obese (n � 23, median BMI � 31) and lean (n � 24, median BMI � 22.1)

pregnant women in the UK found that maternal obesity was associated with statisti-

cally significant elevation of plasma concentrations of triglycerides, very-low density

lipoprotein cholesterols, insulin, leptin and inflammatory markers (interleukin-6, C-

reactive protein) as well as decreased plasma high-density lipoprotein cholesterols.

Additionally, the obese group demonstrated a statistically significant elevation in sys-

tolic blood pressure and a reduction in endothelium-dependent and -independent

vasodilatation in the microvasculature [36]. This milieu, consistent with that of the

metabolic syndrome, is also observed in experimental animal models of maternal

obesity. Holemans et al. [37] fed rats a highly palatable cafeteria-style diet for 4 weeks

to induce obesity and then mated these obese rats, maintaining the same cafeteria-

style diet regimen. These rats, when pregnant, were insulin resistant (measured by

euglycaemic, hyperinsulinaemic clamp), and demonstrated elevated plasma leptin

concentrations compared with control-fed pregnant rats [37]. Taylor and Poston [38]

fed rats a lard-rich diet for 10 days prior to mating and during pregnancy.

Interestingly, consumption of the lard-rich diet did not change plasma leptin or lipid

concentrations in these animals; however, this may reflect the relatively short period

of time that the rats were obese. Despite the short period of fat feeding, when com-

pared with control-fed rats, fat-fed rats demonstrated significant increases in plasma

insulin and corticosterone concentrations, and blunted endothelium-dependent

vasodilatation in mesenteric but not uterine arteries [38].

Thus, the developing embryo and fetus are exposed to an altered maternal envi-

ronment in the presence of maternal obesity. These alterations are marked, and

despite the capacity that the placenta has to buffer these changes, it is quite likely that

the intra-uterine environment is altered. Interestingly, thus far unidentified culture

conditions used for embryo transfer and cloning also seem to programme the devel-

opment of obesity in the offspring, further highlighting the importance of under-

standing what factors are most important for ideal fetal or embryonic development

[reviewed in 39].

The mechanisms by which these programming vectors may drive changes in fetal

development are not established unequivocally; however, an emerging hypothesis of

alteration of DNA methylation status appears promising. The promoter regions of

many genes contain long repeat sequences of cytosine and guanidine residues and

these regions are prone to methylation. Simplistically stated, high levels of methyla-

tion in the promoter region decrease transcription of a gene [40]. Maternal diet and

the early post-weaning diet have both been shown to alter the methylation status of
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several genes in the fetus and neonate, including the insulin-like growth factor [41].

Although the hypothesis is in its infancy, and there are no reports of aberrant gene

methylation status in offspring of obese women, this remains an attractive candidate

mechanism.

The Role of Maternal Obesity and Fat Intake in DOHaD

The previous sections of this chapter have focussed on the effect of maternal obesity

and offspring exposure to obesity in the in utero period, and the following chapter

considers in detail the determinants of childhood obesity. Nonetheless, when consid-

ering the developmental origins of obesity, it is important to consider both in utero

and early neonatal environments as the hypothalamic appetite centres ultimately

responsible for the maintenance and determination of body weight set-points mature

in early life [5, 42]. This section will consider the role of maternal obesity and fat

intake in both the in utero and postnatal suckling periods on the developmental pro-

gramming of obesity.

The current dietary intakes in many Western populations are high in saturated

fatty acids, and clearly the intake of energy-dense and potentially pro-inflammatory

fats (those that are prone to becoming oxidised low-density lipoprotein cholesterols)

impacts on adult obesity. However, fat intake and obesity may also be of great impor-

tance in the developmental programming of disease. Despite the obvious reflection

on the food intake in Western societies, there is still a paucity of experimental animal

studies considering the role of maternal overnutrition in the developmental program-

ming of adult disease.

Early studies in baboons showed that overnutrition in the suckling period resulted in

permanent increases in plasma cholesterol concentrations [43] and adipocyte size [44].

Rats exposed to a lard-rich diet during gestation and suckling (via maternal diet),

then weaned onto a control diet, are obese, hypertensive, insulin resistant, dyslipi-

daemic, and demonstrate blunted endothelium-dependent vasodilatation [45–47].

Interestingly, the type of fatty acid predominating in the maternal diet impacts on the

programming of offspring disease. High-fat diets that are also rich in �–3 polyunsat-

urated fatty acids have been shown to result in a largely normal offspring phenotype

despite the increased total fat and caloric load of the diet [48, 49]. Moreover, neonatal

rat pups suckled by dams fed fat-rich diets supplemented with �–3 and �–6 essential

fatty acids show reduced adipose tissue weight and reduced plasma leptin concentra-

tions [50]. Therefore, it appears that exposure to maternal diets that are rich in satu-

rated fatty acids is deleterious to later offspring health, whereas even relatively high

essential �–3 and �–6 fatty acid intake in the diet results in a normal offspring phe-

notype. There is also emerging evidence in humans that lowering total fat intake

whilst increasing the proportion of �–3 and �–6 essential fatty acid may have benefi-

cial effects on offspring and maternal health [51].
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The Consequences of Maternal Obesity 81

Experiments utilising cross-fostering of pups between control and fat-fed dams sug-

gest that exposure to the maternal fat-rich diet during either the in utero or suckling

periods results in a metabolic syndrome-like phenotype [52]. Combined with other

studies of postnatal overfeeding [53] there is clear evidence that the first 21 days of

rodent life is a developmental critical period. Moreover, overfeeding during this period

can override genetic predisposition; obesity-resistant rats cross-fostered to obese moth-

ers during the suckling period develop diet-induced obesity later in life [54].

As previously discussed, maternal diabetes often accompanies obesity. Pups suck-

led by dams that are obese or diabetic demonstrate permanent alterations in the man-

ner by which hypothalamic appetite circuits respond to the peripheral signals that

normally instigate hunger and satiety. This is a bourgeoning area of research and war-

rants review in its own right [see reviews 5, 55]. However, briefly summarising a com-

plex neural circuitry model, it appears that exposure to the obese or diabetic milieu

during suckling programmes a selective neural leptin resistance at the level of the

hypothalamic arcuate nucleus [56]. The mechanism for such resistance is seen in a

reduction in synaptic integrity of neurons that normally inhibit appetite but not those

that stimulate appetite [56]. The net result of such synaptic plasticity is that normal

satiety signals are not attended and animals develop hyperphagia that persists

through life.

Thus, exposure to a saturated fat, diabetic or energy-rich environment in early life

may programme alterations in the hypothalamic neural circuitry that is ultimately

responsible for the establishment of growth trajectory and energy balance in young

humans and animals. It is most likely that alterations in the plasma concentrations of

peripheral appetite signals such as insulin, leptin and ghrelin are altered in the fetus

or neonate carried or suckled by obese or diabetic mothers. The developing neural

networks in the hypothalamus are then affected and because these changes occur

during a critical period of development, the changes to appetite and energy expendi-

ture circuits become permanent, thereby setting the scene for the subsequent devel-

opment of obesity in the next generation.

Conclusions

There are a myriad of socioeconomic, lifestyle and dietary behavioural factors that

have contributed and continue to add to the worldwide obesity epidemic.

Complications of maternal obesity or type 2 diabetes are summarised in table 1. The

developmental programming of adult disease appears to be one more factor that war-

rants serious consideration and one that should be tackled by public health initiatives.

Because of the alarming rate of obesity in young children across many societies, obe-

sity-related disease will not be eradicated in the near future; however, it is vital that

not only is the population informed of the risks and consequences of obesity to

maternal health, but also of the potential risks to the health of future generations.

D
ow

nl
oa

de
d 

by
: 

D
ea

ki
n 

U
ni

ve
rs

ity
12

8.
18

4.
13

2.
24

4 
- 

7/
7/

20
14

 6
:3

1:
11

 A
M



82 Armitage · Poston · Taylor

References

Pre-eclampsia
Post-partum haemorrhage
Hypertensive disorders
Complications of delivery

Labour induction
Failure to progress to 1st stage of labour
Meconium-stained amniotic fluid
Malpresentation

Financial cost
Fetal or neonatal death
Congenital malformations

Heart
Renal/urinary system
Skeletal systems
Neural tube defects

Developmental programming of adult health and disease 
of the fetus

Obesity
Type 2 diabetes
Hypertension
Atherosclerosis
Altered hypothalamic appetite circuitry

Table 1. Complications of
maternal obesity or gestational
diabetes

1 WHO: Obesity: Preventing and managing the global

epidemic. Technical Support Series 894. Geneva, World

Health Organisation, 2002, pp 1–4.

2 Ogden CL, Flegal KM, Carroll MD, Johnson CL:

Prevalence and trends in overweight among US chil-

dren and adolescents, 1999–2000. JAMA 2002;288:

1728–1732.

3 Armitage JA, Khan IY, Taylor PD, Nathanielsz PW,

Poston L: Developmental programming of metabolic

syndrome by maternal nutritional imbalance; how

strong is the evidence from experimental models in

animals. J Physiol 2004;561:355–377.

4 Choi BC, Hunter DJ, Tsou W, Sainsbury P: Diseases of

comfort: primary cause of death in the 22nd century.

J Epidemiol Community Health 2005;59:1030–1034.

5 Levin B: The obesity epidemic: metabolic imprinting

on genetically susceptible neural circuits. Obes Res

2000;8:342–347.

6 Forsdahl A: Are poor living conditions in childhood

and adolescence an important risk factor for arte-

riosclerotic heart disease? Br J Prev Soc Med 1977;31:

91–95.

7 Lucas A: Programming by early nutrition in man.

The childhood environment and adult disease. Ciba

Foundation Symposium 156. G. Bock and J. Whelan.

Chichester, John Wiley and Sons, 1991, pp 38–50.

8 Barker DJ, Osmond C: Childhood respiratory infec-

tion and adult chronic bronchitis in England and

Wales. Br Med J (Clin Res Ed) 1986;293:1271–1275.

9 Barker DJ, Gluckman PD, Godfrey KM, Harding JE,

Owens JA, Robinson JS: Fetal nutrition and car-

diovascular disease in adult life. Lancet 1993;341:

938–941.

10 Barker DJ: Fetal origins of coronary heart disease.

BMJ 1995;311:171–174.

11 Ravelli GP, Stein ZA, Susser MW: Obesity in young

men after famine exposure in utero and early infancy.

N Engl J Med 1976;295:349–353.

12 Roseboom TJ, van der Meulen JH, Osmond C,

Barker DJ, Ravelli AC, Schroeder-Tanka JM, van

Montfrans GA, Michels RP, Bleker OP: Coronary

heart disease after prenatal exposure to the Dutch

famine, 1944–45. Heart 2000;84:595–598.

D
ow

nl
oa

de
d 

by
: 

D
ea

ki
n 

U
ni

ve
rs

ity
12

8.
18

4.
13

2.
24

4 
- 

7/
7/

20
14

 6
:3

1:
11

 A
M



The Consequences of Maternal Obesity 83

13 Ravelli AC, van der Meulen JH, Michels RP, Osmond

C, Barker DJ, Hales CN, Bleker OP: Glucose toler-

ance in adults after prenatal exposure to famine.

Lancet 1998;351:173–177.

14 Sayer AA, Syddall HE, Dennison EM, Gilbody HJ,

Duggleby SL, Cooper C, Barker DJ, Phillips DI: Birth

weight, weight at 1 y of age, and body composition in

older men: findings from the Hertfordshire Cohort

Study. Am J Clin Nutr 2004;80:199–203.

15 Loos RJ, Beunen G, Fagard R, Derom C, Vlietinck R:

Birth weight and body composition in young adult

men – a prospective twin study. Int J Obes Relat

Metab Disord 2001;25:1537–1545.

16 Kensara OA, Wootton SW, Phillips DI, Patel M, Elia

M: Does body mass index reflect percentage body fat

and body fat distribution in low and high birth

weight subjects? Asia Pac J Clin Nutr 2004;13:S99.

17 McMillen IC, Robinson JS: Developmental origins of

the metabolic syndrome: prediction, plasticity, and

programming. Physiol Rev 2005;85:571–633.

18 Armitage JA, Taylor PD, Poston L: Experimental

models of developmental programming: conse-

quences of exposure to an energy rich diet during

development. J Physiol 2005;565:3–8.

19 Dahri S, Snoeck A, Reusens-Billen B, Remacle C,

Hoet JJ: Islet function in offspring of mothers on

low-protein diet during gestation. Diabetes 1991;40

(suppl 2):115–120.

20 Simmons RA, Templeton LJ, Gertz SJ: Intrauterine

growth retardation leads to the development of type

2 diabetes in the rat. Diabetes 2001;50:2279–2286.

21 Pettitt DJ, Aleck KA, Baird HR, Carraher MJ, Bennett

PH, Knowler WC: Congenital susceptibility to

NIDDM. Role of intrauterine environment. Diabetes

1988;37:622–628.

22 Curhan GC, Chertow GM, Willett WC, Spiegelman

D, Colditz GA, Manson JE, Speizer FE, Stampfer MJ:

Birth weight and adult hypertension and obesity in

women. Circulation 1996;94:1310–1315.

23 Surkan PJ, Hsieh CC, Johansson AL, Dickman PW,

Cnattingius S: Reasons for increasing trends in large

for gestational age births. Obstet Gynecol 2004;104:

720–726.

24 Villamor E, Cnattingius S: Interpregnancy weight

change and risk of adverse pregnancy outcomes: a

population-based study. Lancet 2006;368:1164–1170.

25 Aerts L, Sodoyez-Goffaux F, Sodoyez JC, Malaisse

WJ, Van Assche FA: The diabetic intrauterine milieu

has a long-lasting effect on insulin secretion by B

cells and on insulin uptake by target tissues. Am J

Obstet Gynecol 1988;159:1287–1292.

26 Holemans K, Aerts L, Van Assche FA: Evidence for

an insulin resistance in the adult offspring of pre-

gnant streptozotocin-diabetic rats. Diabetologia 1991;

34:81–85.

27 Oh W, Gelardi NL, Cha CJ: The cross-generation effect

of neonatal macrosomia in rat pups of streptozotocin-

induced diabetes. Pediatr Res 1991; 29:606–610.

28 Sebire NJ, Jolly M, Harris JP, Wadsworth J, Joffe M,

Beard RW, Regan L, Robinson S: Maternal obesity

and pregnancy outcome: a study of 287,213 pregnan-

cies in London. Int J Obes Relat Metab Disord 2001;

25:1175–1182.

29 Ehrenberg HM, Dierker L, Milluzzi C, Mercer BM:

Prevalence of maternal obesity in an urban center.

Am J Obstet Gynecol 2002;187:1189–1193.

30 Galtier-Dereure F, Boegner C, Bringer J: Obesity and

pregnancy: complications and cost. Am J Clin Nutr

2000;71:S1242–S1248.

31 Solomon CG, Willett WC, Carey VJ, Rich-Edwards J,

Hunter DJ, Colditz GA, Stampfer MJ, Speizer FE,

Spiegelman D, Manson JE: A prospective study

of pregravid determinants of gestational diabetes

mellitus. JAMA 1997;278:1078–1083.

32 Cundy T, Gamble G, Towend K, Henley P,

MacPherson P, Roberts A: Perinatal mortality in

type 2 diabetes mellitus. Diab Med 1999;17:33–39.

33 Sheiner E, Levy A, Menes T, Silverberg D, Katz M,

Mazor M: Maternal obesity as an independent risk

factor for caesarian delivery. Pediatr Perin Epidemiol

2004;18:196–201.

34 Garcia-Patterson A, Erdozan L, Ginovart G,

Adelantado J, Cubero J, Gallo G, de Leiva A, Corcoy R:

In human gestational diabetes mellitus congenital

malformations are related to pre-pregnancy body

mass index and to severity of diabetes. Diabetologia

2004;47:509–514.

35 Watkins M, Scanlon K, Mulinare J, Khoury S: Is

maternal obesity a risk factor for anencephaly and

spina bifida? Epidemiology 1996;7:507–512.

36 Ramsay JE, Ferrell WR, Crawford L, Wallace AM,

Greer IA, Sattar N: Maternal obesity is associated

with dysregulation of metabolic, vascular, and

inflammatory pathways. J Clin Endocrinol Metab

2002;87:4231–4237.

37 Holemans K, Caluwaerts S, Poston L, Van Assche FA:

Diet-induced obesity in the rat: a model for gesta-

tional diabetes mellitus. Am J Obstet Gynecol

2004;190:858–865.

38 Taylor PD, Khan IY, Lakasing L, Dekou V, O’Brien-

Coker I, Mallet AI, Hanson MA, Poston L: Uterine

artery function in pregnant rats fed a diet supple-

mented with animal lard. Exp Physiol 2003;88:

389–398.

39 Taylor P, Poston L: Developmental programming

of obesity. Exp Physiol 2006, in press, DOI: 2005/

032854.

40 Wolff GL, Kodell RL, Moore SR, Cooney CA:

Maternal epigenetics and methyl supplements affect

agouti gene expression in Avy/a mice. FASEB J 1998;

12:949–957.

D
ow

nl
oa

de
d 

by
: 

D
ea

ki
n 

U
ni

ve
rs

ity
12

8.
18

4.
13

2.
24

4 
- 

7/
7/

20
14

 6
:3

1:
11

 A
M



84 Armitage · Poston · Taylor

41 Fowden AL, Sibley C, Reik W, Constancia M:

Imprinted genes, placental development and fetal

growth. Horm Res 2006;65(suppl 3):50–58.

42 Elmquist JK, Flier JS: Neuroscience. The fat-brain axis

enters a new dimension. Science 2004;304:63–64.

43 Mott GE, Jackson EM, McMahan CA, McGill HC Jr:

Cholesterol metabolism in adult baboons is influ-

enced by infant diet. J Nutr 1990;120:243–251.

44 Lewis DS, Bertrand HA, McMahan CA, McGill HC

Jr, Carey KD, Masoro EJ: Preweaning food intake

influences the adiposity of young adult baboons.

J Clin Invest 1986;78:899–905.

45 Khan IY, Taylor PD, Dekou V, Seed PT, Lakasing L,

Graham D, Dominiczak AF, Hanson MA, Poston L:

Gender-linked hypertension in offspring of lard-fed

pregnant rats. Hypertension 2003;41:168–175.

46 Taylor PD, McConnell J, Khan IY, Holemans K,

Lawrence KM, Asare-Anane H, Persaud SJ, Jones

PM, Petrie L, Hanson MA, Poston L: Impaired glu-

cose homeostasis and mitochondrial abnormalities

in offspring of rats fed a fat-rich diet in pregnancy.

Am J Physiol Regul Integr Comp Physiol 2005;288:

R134–R139.

47 Armitage JA, Lakasing L, Taylor PD, Balachandran

AA, Jensen RI, Dekou V, Ashton N, Nyengaard JR,

Poston L: Developmental programming of aortic and

renal structure in offspring of rats fed fat-rich diets in

pregnancy. J Physiol 2005;565:171–184.

48 Weisinger HS, Armitage JA, Sinclair AJ, Vingrys AJ,

Burns PL, Weisinger RS: Perinatal omega-3 fatty acid

deficiency affects blood pressure later in life. Nat

Med 2001;7:258–259.

49 Siemelink M, Verhoef A, Dormans JA, Span PN,

Piersma AH: Dietary fatty acid composition during

pregnancy and lactation in the rat programs growth

and glucose metabolism in the offspring. Diabeto-

logia 2002;45:1397–1403.

50 Korotkova M, Gabrielsson BG, Holmang A, Larsson

BM, Hanson LA, Strandvik B: Gender-related long-

term effects in adult rats by perinatal dietary ratio of

n-6/n-3 fatty acids. Am J Physiol Regul Integr Comp

Physiol 2005;288:R575–R579.

51 Hachey D: Benefits and risks od modifying maternal

fat intake in pregnancy and lactation. Am J Clin Nutr

2006;59:S454–S464.

52 Khan IY, Dekou V, Douglas G, Jensen R, Hanson

MA, Poston L, Taylor PD: A high-fat diet during rat

pregnancy or suckling induces cardiovascular dys-

function in adult offspring. Am J Physiol Regul

Integr Comp Physiol 2005;288:R127–R133.

53 Plagemann A, Harder T, Rake A, Voits M, Fink H,

Rohde W, Dorner G: Perinatal elevation of hypothal-

amic insulin, acquired malformation of hypothala-

mic galaninergic neurons, and syndrome x-like

alterations in adulthood of neonatally overfed rats.

Brain Res 1999;836:146–155.

54 Gorski JN, Dunn-Meynell AA, Hartman TG, Levin

BE: Postnatal environment overrides genetic and

prenatal factors influencing offspring obesity and

insulin resistance. Am J Physiol Regul Integr Comp

Physiol 2006;291:R768–R778.

55 Plagemann A: Perinatal nutrition and hormone-

dependent programming of food intake. Horm Res

2006;65(suppl 3):83–89.

56 Horvath TL, Bruning JC: Developmental program-

ming of the hypothalamus: a matter of fat. Nat Med

2006;12 (discussion 53):52–53.

James Andrew Armitage, MOptom, PhD
Department of Anatomy and Developmental Biology, Monash University
Building 13C Clayton Campus, Wellington Road
Clayton, Victoria 3800 (Australia)
Tel. �61 3 9905 2761, Fax �61 3 9905 2766, E-Mail james.armitage@med.monash.edu.au

D
ow

nl
oa

de
d 

by
: 

D
ea

ki
n 

U
ni

ve
rs

ity
12

8.
18

4.
13

2.
24

4 
- 

7/
7/

20
14

 6
:3

1:
11

 A
M


	Developmental origins of obesity and the metabolic syndrome : the role of maternal obesity

	Cit p_4: 
	Cit p_5: 
	Cit p_6: 
	Cit p_8: 
	Cit p_10: 
	Cit p_9: 
	Cit p_11: 
	Cit p_2: 
	Cit p_3: 
	Cit p_12: 
	Cit p_21: 
	Cit p_13: 
	Cit p_37: 
	Cit p_29: 
	Cit p_22: 
	Cit p_14: 
	Cit p_30: 
	Cit p_38: 
	Cit p_31: 
	Cit p_23: 
	Cit p_15: 
	Cit p_40: 
	Cit p_32: 
	Cit p_24: 
	Cit p_33: 
	Cit p_25: 
	Cit p_17: 
	Cit p_26: 
	Cit p_18: 
	Cit p_34: 
	Cit p_35: 
	Cit p_27: 
	Cit p_19: 
	Cit p_20: 
	Cit p_36: 
	Cit p_28: 
	Cit p_53: 
	Cit p_45: 
	Cit p_54: 
	Cit p_46: 
	Cit p_55: 
	Cit p_47: 
	Cit p_56: 
	Cit p_48: 
	Cit p_41: 
	Cit p_49: 
	Cit p_50: 
	Cit p_42: 
	Cit p_51: 
	Cit p_43: 
	Cit p_52: 
	Cit p_44: 


