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ABSTRACT:
In this review article, the genetics of size at birth, prenatal metabolic programming and the endocrine and
metabolic consequences of abnormal size at birth are discussed. In addition, the relevance of fetal origin of
adult disease in developing countries and the public health implication as well as future perspectives are
also discussed. Being born either small- or large-for-gestational age affects such children and adults in
several ways. These include increased risk of type 2 diabetes mellitus, metabolic syndrome, oxidative
stress, persistent reduction in growth, cardiovascular disease, osteoporosis and premature pubarche as
well as adrenarche. Individuals with abnormal size at birth who experienced rapid growth in the first three
years of life have the greatest risk for future metabolic abnormalities. The mechanisms involved in prenatal
(fetal) metabolic programming in infants with abnormal size at birth are just beginning to be explored. Both
the “thrifty genes” and the “thrifty phenotype” could result in adverse health consequences later in life on
exposure to plentiful nutrition. The most important epigenetic reactions affecting genetic transcription are
acetylation and methylation. However, the major challenge at this point in time is to link such alterations
with modifications in gene expression and ultimately, with metabolic abnormalities encountered in adult life.
Thus, developmental origins of health and disease (DOHaD) represent a relatively new frontier of research
and with time, some of the discrepancies may be resolved.
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Submitted January 2014; Accepted March 2014

33

Pacific Journal of Medical Sciences Vol. 12, No. 2, April 2014

ISSN: 2072 – 1625

INTRODUCTION:

respective receptors in regulating fetal growth

Size at birth is defined by measurement of

and ultimately, size at birth [6-8].

weight, length or both and is influenced by the
quality of nutrition during fetal life [1,2]. Several

Prenatal (fetal) metabolic programming:

decades ago, concerns over abnormal size at

The term “programming” refers to a permanent

birth centered on survival and health of the

change in the structure and function of an

offspring in the immediate neonatal period.

organism as a result of a transient stimulus or

Today, the emphasis has shifted to long-term

insult occurring at a critical or sensitive period of

consequences of such abnormal fetal growth,

development [9]. The mechanisms by which

and ultimately size at birth. In man, diseases in

programming could occur at a tissue or cellular

adulthood are increasingly associated with

level may be categorized into structural changes

growth patterns in early life, implicating early

or changes in cellular homeostatic process. An

nutrition as an underlying mechanism [3].

example of a structural change which has been
described in low birth weight infants is reduction

Genetics of size at birth:

in pancreatic beta cell mass, which could

Birth size is influenced by genetic and

increase disease risk later, if it persists [10].

environmental

from

Growth-restricted human fetuses have an altered

epidemiological studies indicate that genetic

endocrine profile. For instance, they have low

factors account for 38 to 80 percent of birth

circulating insulin and insulin-like growth factor

weight variance with environmental influences

(IGF) concentrations [11]; an example of

accounting for the remainder [4,5]. The relative

changes

contributions of genetic and environmental

Programming is well described in endocrine

factors vary, not only from individual to individual,

systems. Some examples include (i) female rats

but also between populations [1]. Fetal genes

given testosterone in the first 4 days of life fail to

have a greater influence on birth size variance

develop normal pattern of female sexual

(18% - 69.4%) than parental genes (3 % - 20%)

behaviour [11]; (ii) vaginal adenocarcinoma in

[4,5]. Several animal knockout experiments have

young women has been linked to a transient

identified the important role played by insulin-like

intrauterine exposure to diethylstilbesterol and

growth factor 1 (IGF-I), IGF-II, insulin and their

shown to have a long latent period between

factors

[1].

Reports

in

cellular

homeostatic

process.

exposure and disease [12]. Thus, both represent
34
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The

detrimental on exposure to plentiful nutrition

hypothalamus has been implicated as the key

[12,16]. This idea is widely accepted and is a

site that is programmed by transient changes in

source of concern for societies undergoing a

prenatal endocrine status [13].

transition from sparse to better nutrition [17].
Risk factors of thrifty phenotype include

The

existence

of

prenatal

metabolic

advanced

maternal

age

and

placental

programming is captured in the concept

insufficiency [18]. The gestational age at which

represented by the terms “thrifty phenotype”

the nutritional deprivation occurred influence the

coined by Hales and Barker [14] and “thrifty

metabolic consequences. For instance, if fetal

genotype” coined by Neel [15]. Neel suggested

exposure to nutritional deprivation occurs during

that type 2 diabetes is caused by „thrifty‟ genes

early pregnancy it will affect lipid metabolism

which

man‟s

(associated with higher LDL/HDL cholesterol

phylogenetic evolution when food supply was

concentrations and (in women) higher BMI and

precarious, but became diabetogenic in a

waist circumference), but if it occurs in late

modern setting of plentiful nutrition. In contrast,

pregnancy, it will affect glucose metabolism

the thrifty phenotype hypothesis (also called the

(associated with glucose intolerance, insulin

small-baby-syndrome) describes the metabolic

resistance and some increase in type 2 diabetes)

adaptations adopted as a survival strategy by an

[19]. In most cases, programming is beneficial for

under-nourished fetus. In later life, such a

health and survival of the organism. However,

phenotype must be thrifty and help affected

the problem of “mismatch” occurs when

individuals to cope better with conditions of food

individuals developmentally adapted to one

shortage. However, under conditions of abundant

environment are exposed to another, resulting in

food intake and decreased energy expenditure,

detrimental effects on health [20]. The effects of

this advantage turns into a disadvantage, leading

fetal under-nutrition on structure and metabolism,

to metabolic syndrome, type 2 diabetes and

which may lead to later disease is illustrated in

cardiovascular diseases. Thus, both the thrifty

figure 1.

were

selected

for

during

genes and the thrifty phenotype could become

35
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Fig 1: The effects of fetal under-nutrition on structure and metabolism, which may lead to later disease.
Source: Fall CHD [11]
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Today, there is emerging evidence that

model of intrauterine growth restriction (IUGR).

epigenetic mechanisms are involved in such

When

“programming” of offspring to either maintain

diminishing uterine blood flow, they develop

health or develop disease in adults [21]. A clear-

diabetes as adults due to reduced β-cell mass

cut “cause and effect” can be seen in rodent

[22]. This occurs because the expression of

fetal

rats

are

growth-retarded

by

36
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pancreatic and duodenal homeobox 1 (PDX 1); a

associated with the pathogenesis of maturity

transcription factor involved in pancreatic islet

onset diabetes of the young, type 1. Several

development) is compromised as a result of

studies using different methods, have identified

specific alteration in DNA methylation and

regions of differential DNA methylation in the

histone acetylation.

Epigenetic factors, by

placenta of IUGR infants [26-28], supporting this

different types of reactions, could mediate the

concept in human. Epigenetic modifications are

interplay between genes and the environment,

frequently tissue specific, so findings in the

resulting in activation or repression of genetic

placenta may not apply to muscle, adipose

transcription or even silencing the genetic

tissue, or the pancreatic β-cell. Despite these

transcription [23]. The most important epigenetic

limitations, this is an area of research that has

reactions affecting genetic transcription are

diagnostic,

acetylation and methylation. These reactions

implications [29].

prognostic

and

therapeutic

occur mainly in the tail of histones which are part
of the protein component in chromosomes [24].

A review of the literature suggests that impaired

Thus, epigenetic processes such as DNA

intrauterine growth and development are linked

methylation and histone modification allow the

to several diseases in adulthood. Some

developmental environment to modulate gene

examples include coronary heart disease,

transcription and many of these changes may

hypertension, and type 2 diabetes [30]. There is

then be stable throughout the individual‟s life

also emerging evidence that mitochondrial

time. A report by Einstein et al [25] identified

dysfunction and oxidative stress play important

epigenetic alterations that could provide a

role in the pathogenesis of the Fetal Origin of

mechanism linking IUGR with type 2 diabetes

Adult Disease (FOAD) [30,31]. It is believed that

later in life. In that animal model study, they

oxidative stress is the primary link between

identified 56 candidate loci and performed

adverse fetal growth and later risks of the

detailed analyses on a subset. They found

metabolic syndrome and type 2 diabetes [30].The

consistent differences in loci near genes

fetus is entirely dependent on the nutrients from

controlling growth such as those involved in cell

the mother and adapts to an inadequate nutrient

cycle. Of particular interest was the observed

supply in a number of ways: (i) prioritization of

reduction in DNA methylation in the hepatocyte

brain growth and metabolism at the expense of

nuclear factor-4-α (HNF4 A) promoter. It is has

other tissues such as abdominal viscera; (ii)

been established that mutation in HNF4 A is

reduced secretion of and sensitivity to the fetal
37
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growth hormone, insulin and IGF-I; and (iii) up-

the events occur in response to a transient

regulation of the hypothalamic-pituitary-adrenal

phenomenon (fetal under-nutrition), the resultant

axis [32]. This preferential distribution of nutrients

adaptation become permanent or “programmed”

to the brain impairs the growth of the liver and

because they occur during a critical period of

may underlie permanent abnormalities in the

early development [30]. Tissues and systems for

regulation of cholesterol and clotting factors [28].

which there is evidence of programming in

The FOAD hypothesis proposes that although

humans

are

summarized

in

Table

to

the

1.

Table 1: Tissues and systems for which there is evidence of programming in humans [32]
Tissue or system
Endocrine system

Reproductive system
Skeletal muscle
Bone
Liver
Kidney
Cardiovascular system
Immune system
Respiratory system
Central nervous system

Examples of programming
Hypothalamic-pituitary-adrenal axis
Glucose-insulin metabolism
Growth hormone-IGF-1 axis
Age at menarche
Polycystic ovary syndrome
Insulin resistance
Glycolysis during exercise
Bone mineral content
Cholesterol metabolism
Fibrinogen and factor VII synthesis
Renin-angiothensin system
Vascular compliance
Endothelial function
Thyroid authoantibodies
IgE concentrations
Lung volume
Schizophrenia

IGF-I = insulin-like growth factor I; Ig = immunoglobulin

Infants who are born large-for-gestational age

may,

therefore,

contribute

rising

(LGA) are at risk of long-term metabolic

prevalence rates of type 2 diabetes [12].

complications. The effects of fetal “over nutrition”

Plagemann et al [34-36], in three separate
38
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studies, using animal models suggested that

Postnatal growth pattern:

over-nutrition in prenatal period can lead to

The pattern of growth in the postnatal period is

alteration in DNA methylation patterns within the

also an important issue. Data from longitudinal

promoter regions of genes whose products are

studies have shown that after infancy, in

involved in the hypothalamic regulation of

individuals born small, crossing BMI centiles

appetite, body weight and metabolism. In the

upwards during childhood or adolescence is

promoter region of proopiomelanocortin (POMC),

strongly associated with adult disease [37,38].

the most important anorexigenic neurohormone,

The phenomenon of adiposity rebound (the point

neonatally

developed

in early childhood when BMI starts to rise, having

hypermethylation of activating transcription factor

fallen during infancy) plays an important role in

binding sites in parallel with hypomethylation at

subsequent glucose metabolism. Early adiposity

an inhibitory transcription binding site. The

rebound was a strong risk factor for impaired

promoter region of the hypothalamic insulin

glucose tolerance and development of type 2

receptor gene promoter was found to be

diabetes [38,39]. Rapid postnatal catch-up

hypermethylated. The findings of these studies

growth contributes actively to insulin resistance,

suggest that perinatal programming of long-term

at least during the first years of life [40]. There

increased obesity and diabetes risk due to

are a number of possible explanations for the

neonatal (by extension fetal) over-nutrition may

observation that weight gain in childhood in

occur via altered methylation patterns of the

individuals born small might be associated with

promoter regions of central nervous body weight-

disease. The process of catch-up may be

regulating neuropeptides and receptors [34-36].

disadvantageous in itself. Studies, using animal

St Jeor et al [37], reported that a higher birth

models have shown that compensatory growth

weight is associated with a higher BMI and an

can lead to adverse short- and long-term effects,

increase in prevalence of obesity in adulthood.

operating through a variety of mechanisms [41].

Data from the study also suggest rapid weight

Such mechanisms include (i) LBW babies

gain during infancy is associated with obesity

undergo catch-up growth in the postnatal period

later

a

and the rapidity of such growth may simply be a

combination of genetically determined catch-up

reflection of the severity of the growth

growth and postnatal environmental factors [37].

retardation; (ii)

in

overfed

childhood,

rats

perhaps

reflecting

rapid weight gain may be

disadvantageous in itself because of excess
demand on tissues that are not capable
39

Pacific Journal of Medical Sciences Vol. 12, No. 2, April 2014

compensatory

hyperplasia,

such

as

ISSN: 2072 – 1625

the

influence both birth weight and subsequent

pancreas; (iii) rapid weight gain may lead to

development of type 2 diabetes and could also

altered body composition; good nutrition in

explain transgenerational effects [46,47]. The

childhood may enhance the development of fat,

endocrine and metabolic effects of being born

which maintains the capacity for growth

SGA and LGA are summarized in Tables 2 and 3

throughout life, but may not restore muscle

respectively.

tissue, which may lose the capacity for cell
division early in life; (iv) it is

possible that

Endocrine and Metabolic Effects of Being Born

hormones driving catch-up growth have adverse

Small-For-Gestational Age:

cardiovascular and metabolic effects [42].

Alterations in endocrine axes/functions:

Endocrine and Metabolic Consequences:

Hypothalamic-pituitary-adrenal (HPA) axis:

Several longitudinal studies have demonstrated

Animal studies have shown that the early

that being born small-for-gestational age (SGA)

environment can permanently modify the HPA

is detrimental with adverse metabolic effects,

axis [60,61]. In most species, maternal stress

such as insulin resistance and dyslipidaemia as

during pregnancy leads to hyper-responsiveness

well as hypertension [43]. Together, these

of the HPA axis in the offspring, with increased

contribute to the “multimetabolic” syndrome

peak and prolonged duration of glucocorticoid

(Syndrome X); an association that is independent

secretion [12]. Different types and timings of

of obesity in later life and a family history of

maternal stress have different long-term effects,

metabolic problems [44]. In the literature, there

and there may be sexual dimorphism; for

is increasing evidence that has linked some

example, female rat fetuses are more susceptible

diseases in adulthood to being born SGA. Such

to HPA effects induced by maternal stress [12].

diseases result from fetal programming of certain

The placenta forms a partial barrier to

metabolic and endocrine systems, which may

glucocorticoids because of the enzyme 11β-

affect health in childhood and adolescence [45].

hydroxysteroid dehydrogenase (11β-HSD), which

There is also emerging evidence that epigenetic

converts cortisol and corticosterone to inactive

mechanisms are involved in such “programming”

metabolites. It has been observed that levels and

of offspring to either maintain health or develop

activity of 11β-HSD and thus fetal protection from

disease in adulthood [21]. In addition, genetic

glucocorticoid exposure, are reduced in animal

variations that affect the insulin axis might

models of intrauterine growth restriction and
40
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maternal under-nutrition [60,61] and in human

syndrome

pregnancies complicated by intrauterine growth

hyperinsulinaemia, precocious puberty, and

restriction [62]. Subtle programmed abnormalities

ovarian hyperandrogenism in girls has been

of the HPA axis may play a role in the

reported [64]. The mechanisms are unknown but

development of hypertension, insulin resistance,

the authors postulated that it might indicate either

and type-2 diabetes in humans and their link with

programming by the prenatal environment or

low birth weight [61]. Growth-restricted fetuses

genetic disorder of serine kinase activity, leading

have higher circulating cortisol concentrations

to

[63]. An association between LBW and a

receptors.

abnormal

of

exaggerated

phosphorylation

adrenarche,

of

hormone

Table 2: Summary of endocrine and metabolic effects of being born small-for-gestational age (SGA)
Organ/System involved
Growth, puberty and body
composition [47-51]
Adrenal function [46,52]

Gonadal function / Genitalia [47,53]

Bone metabolism [54]
Changes in other hormones [31,55]
Metabolic; Resetting of insulin-like
growth factor and insulin systems
[49-51]

Increased risk of adult disease
[30,56]

Biochemical abnormality or clinical disorder
Decrease in growth hormone (GH) action and secretion;
Short stature; Accelerated gain in fat mass
Increase in cortisol secretion; Increase in
dehydroepiandrosterone sulphate; Exaggerated
adrenarche
Polycystic ovary syndrome; Anovulation; Small ovaries
and uterus; Male subfertility; Cryptoorchidism; Precocious
pubarche
Reduction in bone mineral density; increase in risk of
osteoporosis and fracture in adulthood
Decrease in adiponectin and follistatin in children. Increase
in Prostaglandin factor-2α
Insulin resistance; Hyperinsulinism; Decrease in insulinlike growth factor-binding protein-1;
Hypercholesterolaemia; Increase in prevalence of
metabolic syndrome; Ketotic hypoglycaemia (accelerated
starvation) in childhood
Stroke; Heart failure; Type 2 diabetes; Obesity;
Hypertension
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Table 3: Summary of endocrine and metabolic effects of being born large-for-gestational age (LGA)
Organ/System involved
Growth, puberty and body
composition [57]

Metabolic [31,37,58]

Changes in other hormones
[31,59]

Biochemical abnormality or clinical disorder
At the age of 9-10 years and 23-25 years, individuals born LGA
remain heavier and taller than individuals born AGA. Young
adults born LGA present higher BMI, waist circumference and
blood pressure than controls
Insulin resistance
Increase in risk of obesity
Increase in risk of type 2 diabetes
Increase in prevalence of metabolic syndrome
Increase in risk of oxidative stress
Increase in risk of hypertension
Increase in levels of plasma IGF-1
Increase in levels of Prostaglandin factor-2α

AGA = appropriate for gestational age

Growth hormone (GH) and insulin-like growth

IGFBP-3 concentrations compared with non-

factors (IGF):

IUGR children of normal stature [50,66] but

Cord blood IGF-I concentrations are low in

higher concentrations than non-IUGR short

growth-restricted

and

newborns,

children, suggesting that they may be resistant

growth

hormone

for both IGF and GH. Infants affected by IUGR

resistance [12]. On the other hand, insulin-like

have low concentrations of insulin and IGF-I at

growth

(IGFBP-I)

birth and normalization of these parameters

concentrations are increased in such fetuses and

occur in the postnatal period [67]. It is thought

newborns. GH deficiency is associated with

that tissues chronically depleted of insulin and

osteoporosis [12]. Data from follow-up studies of

IGF-I throughout fetal life and then suddenly

children with IUGR and subsequent short stature

exposed to increased concentrations of the two

indicate that they have persistent abnormalities

hormones shortly after birth may counteract the

of the GH-IGF axis with low-amplitude GH peaks

actions

and high baseline GH secretion [50,65]. In

resistance. Thus, in this proposed scenario,

addition, they have low serum IGF-I, IGF-II , and

insulin resistance is serving as a metabolic

suggesting

a

factor

fetuses
possible
binding

protein-1

of

insulin

by

developing

insulin

42
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defense mechanism to protect the organism

and an increased risk of osteoporosis and

against hypoglycaemia [68].

fracture in adulthood, particularly in those born
short [54]. It has been postulated that fetal

Puberty and reproductive function:

programming of bone mass may be mediated

Report of some studies indicate that girls born

through the effects of environmental stressors

SGA have earlier menarche [69,70], particularly if

during intrauterine or early postnatal life on the

they experienced accelerated growth in infancy

sensitivity of the growth plate to growth hormone

and accelerated BMI gain from birth to 7 years of

and cortisol [45]. The consequences of such fetal

age [71]. Data from Nordic countries indicate that

programming might be to reduce peak skeletal

the risk of cryptoorchidism and hypospadias was

size

higher in babies born SGA than babies born AGA

predisposing to an accelerated rate of bone loss

[72,73].

during later life.

Body composition and obesity:

Metabolic abnormalities:

In a study involving Danish conscripts, the

Obesity, type-2 diabetes and the metabolic

prevalence of obesity, defined as a BMI of

syndrome:

30kg/m2 or more, rose from 3.5% in those with

Several

birth weight of 2.5 kg or less to 11.4 % in those

demonstrated the long-term impact of being born

with birth weight greater than 4.5kg [74].

SGA on metabolic health in adulthood. For

However, there is good evidence that the positive

instance, increased risk of type 2 diabetes and

correlation between birth weight and adult BMI

metabolic syndrome have been demonstrated in

reflects increased lean and muscle mass rather

such individuals, both during childhood and

than adiposity [13]. In a small study involving 22

adulthood

young Korean men, no association was observed

demonstrated that rapid weight gain during the

between birth weight and visceral fat area

first 3 months of life in individuals born SGA was

measured by computed tomography [75].

associated with reduced insulin sensitivity, lower

and

perhaps,

mineralization,

epidemiological

[77-79].

studies

Leunissen

et

thus

have

al

[80]

HDL-cholesterol, and higher serum triglycerides.
Bone metabolism and osteoporosis:
Fetal growth has been linked to osteoporosis

Endocrine and Metabolic Effects of being Born

later in life [76]. Being born SGA has been

Large-For-Gestational Age:

associated with reduced bone mineral density

Endocrine function:
43
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Glucose homeostasis and lipid metabolism:

polycystic ovarian syndrome:

Exposure to fetal over-nutrition, resulting in LGA

At the age of 9-10 years and 23-25 years,

at birth is associated with increased risk of type 2

individuals born LGA were found to remain

diabetes and obesity (additional to any inherited

heavier and taller than individuals born AGA [56].

predisposition) [82]. This is often referred to as

In the same study, the authors also found that

the “fuel-mediated teratogenesis hypothesis”.

young adults born LGA present higher BMI, waist

Children who are LGA at birth are at increased

circumference and blood pressure than controls

risk of insulin resistance and oxidative stress

[57]. Some studies have shown that 30% of

[31,85]. There is a strong positive correlation

children born LGA had early adiposity rebound

between oxidative stress and obesity in

and is associated with a larger body size in

childhood [86]. In the beginning of adult life,

childhood [81]. There is evidence that prenatal

subjects born LGA, especially those who did not

factors play a role in the aetiology of polycystic

experience a catch-down of weight during

ovarian syndrome (PCOS). Cresswell et al [82]

childhood appear to be at increased risk of higher

observed that some women with high birthweight

BMI, central adiposity and higher blood pressure

and whose mothers were above average weight

[57]. Boney et al [58] have demonstrated that

in pregnancy were at increased risk of

children who were LGA at birth and were

developing PCOS. The authors linked it to an

exposed to an intrauterine environment of either

ovarian defect, either of genetic origin or resulting

diabetes or maternal obesity were at increased

from some effect of maternal obesity, leading to

risk of metabolic syndrome during childhood.

hypersecretion of androgens.
The Relevance of FOAD in Nigeria and Other
Hormone-related cancer:

Developing Countries:

Higher birth weight is associated with an

Worldwide, there is a linear and graded trend in

increased risk of breast cancer (relative risk 1.5 -

cardiovascular mortality in relation to birth weight

1.7 for birth weights > 4000g compared with

[87]. This observation suggests that majority of

normal birth weights 2500-2999 g) [83].

the world‟s population experience sub-optimal
fetal growth, particularly in developing countries;

Metabolic abnormalities:

also referred to as “resource-limited countries”.

Infants who are born LGA are at risk of

In Nigeria and other developing countries, the

potentially long-term metabolic complications.

prevalence of low birth weight range from 17% to
44
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38% [88]. In addition, some developing countries

reversed during critical developmental windows.

are witnessing a rapid increase in incidence of

For example, the programming of diabetes in

obesity among children and adults because of

IUGR rats can be avoided by injection of a

economic development, nutrition transition and

glucagon-like peptide analogue at birth with

changing lifestyle [89,90]. Thus, the combination

restoration of β-cell mass [23]. Thus, with a clear

of high prevalence of fetal growth retardation and

understanding of how maternal conditions affect

rising incidence of obesity, create a potential

the pathway that lead to diabetes, obesity and

greater risk for adult cardiovascular disease and

the metabolic syndrome, we may one day be

type 2 diabetes mellitus, ultimately reducing life

able to “vaccinate” children to reverse potentially

expectancy. Studies have shown that within the

detrimental epigenetic alterations and thereby

same country, obesity-related health burden is

prevent the manifestation of adult disease [28].

disproportionately experienced by children from

Future research should focus on exploring the

low income and ethnic minority families and this

relationship

serves to perpetuate health disparities between

postnatal growth pattern on one hand and nuero-

rich and poor families [91,92].

endocrine and metabolic effects in later life on

between

prenatal,

natal

and

the other hand. In addition, studies focusing on
The Public Health Implications and Future

the mechanisms by which metabolism, body

Perspective:

composition and growth may be permanently

The knowledge that fetal growth retardation is

affected in individuals born either SGA or LGA is

linked to endocrine and metabolic disease later in

necessary. There are ongoing research projects

life, suggests that such diseases could be

in various institutions in India addressing these

prevented by improving fetal growth and

subjects [31].

development via improved maternal health and
nutrition. Data from the study by Boney et al [57]

CONCLUSIONS:

provided strong evidence that a mother‟s nutrition

Individuals born SGA are at increased risk of

programs the metabolism and growth of her

development of endocrine dysfunction and

offspring. Perinatal epigenetic analysis may have

metabolic abnormalities in later life. This

utility in identifying individual vulnerability to later

detrimental effect manifests as insulin resistance,

obesity and metabolic disease. The epigenetic

gonadal and somatotropic axes abnormalities

changes induced by maternal/fetal environment

and premature adrenarche. SGA birth has been

are not necessarily immutable, but they can be

linked to the escalating prevalence of type 2
45
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diabetes in the paediatric age group. Individuals
born LGA are at increased risk of metabolic
syndrome and obesity later in life. The rising
incidence of type 2 diabetes in childhood and
adolescence has been attributed to the rising
incidence of obesity in various populations. Thus,
the persistent rise in incidence obesity will result
in a perpetual increase in incidence of type 2
diabetes with the attendant adverse health
consequences in subsequent generations. Thus,
abnormal size at birth represents a significant
public health concern. This public health
importance of being born either SGA or LGA,
underlie the relevance of careful follow-up of
children born either SGA or LGA to detect the
development of metabolic abnormalities during
childhood. Health intervention strategies directed
at mothers and aimed at reducing the frequency
of delivery of babies with abnormal size at birth
will be beneficial, not only to the individual‟s
health but also the health of future generations.

REFERENCES:
1. Johnston L. The genetics of birth size: small
for gestational age. MIMS Advances: Short
children born small for gestational age.
London, Haymarket Medical Publications
Ltd, 2004:10-12.
2. Usha K, Sarita B. Placental insufficiency and
fetal growth restriction. J Obstet Gynecol
India 2011;61(5):505-511.
3. Barker DJP. Mothers, babies and health in
later life. Edinburgh, Brace and Co 1998.

ISSN: 2072 – 1625
4. Dunger DB, Petry CJ, Ong KK. Genetics of
size at birth. Diabetes Care 2007;30(Suppl
2):S150-S155.
5. Magnus P. Causes of variation in birth
weight: a study of offspring of twins. Clin
Genet 1984;25:15-24.
6. Barker J, Lin JP, Robertson EJ, Efstratiads
A. Role of insulin-like growth factors in
embryonic and postnatal growth. Cell
1993;75:73-82.
7. Woods KA, Camacho-Hubner C, Savage
MO, Clark AJ. Intrauterine growth retardation
and postnatal growth failure associated with
deletion of insulin-like growth factor I gene.
N Engl J Med 1996;335:1363-1367.
8. Abuzzahab MJ, Schneider A, Goddard A,
Grigoreseu F, Lautier C, Keller E, Kiess W,
Klammt J, Kratzsch J, Osgood D, Pfaffle R,
Raile K, Seidl B, Smith RJ, Chernausck SD.
IGF-I receptor mutation resulting in
intrauterine and postnatal growth retardation.
N Engl J Med 2003;349:2211-2222.
9. Lucas A. Programming by early nutrition in
man. Ciba Foundation Symposium
1991;156:38-50.
10. Waterland RA, Garza C. Potential
mechanisms of metabolic imprinting that
lead to chronic disease. Am J Clin Nutr
1999;69:179-197.
11. Nieto-Diaz A, Villar J, Materras-Weinig R,
Valenzuela-Ruiz P. Intrauterine growth
retardation at term: association between
anthropometric and endocrine parameters.
Acta O & G Scand 1996;75:127-131.
12. Fall CHD. Endocrine programming and the
fetal and early-life origins of adult disease.
In: Brooks CGD, Clayton PE, Brown RS eds.
Clinical Pediatric Endocrinology. 5th edition,
Oxford, Blackwell Pub Ltd 2005:396-409.
13. Hales CN, Baker DJP. The thrifty phenotype
hypothesis. Br Med Bull 2001;60:5-20.
14. Neel JV. The “thrifty genotype” in 1998. Nutr
Rev 1998;57(Part II):S2-S9.

46

Pacific Journal of Medical Sciences Vol. 12, No. 2, April 2014
15. Mericq MV. Low birth weight and endocrine
dysfunction in postnatal life. In: Lifshitz F ed.
Pediatric Endocrinology, 5th edition, Vol 2,
New York, Informa Healthcare USA, Inc,
2007:251-260.
16. Robinson R. The fetal origin of adult
disease: No longer just a hypothesis and
may be critically important in South Asia.
BMJ 2001;322(7283):375-376.
17. Aiken CE, Ozanne SE. Transgenerational
developmental programming. Hum Reprod
Update 2013;20:63.
18. Ravelli ACJ, van der Meulen JHP, Michels
RPJ, Osmond C, Barker DJ, Hales CN,
Blecker OP. Glucose intolerance in adults
after prenatal exposure to famine. Lancet
1998;351:173-177.
19. Sebert S, Sharkey D, Budge H, Symonds
ME. The early programming of metabolic
health: Is epigenetic setting the missing link?
Am J Clin Nutr 2011;94:1953S-1958S.
20. Bateson P, Barker D, Clutton-Brock T , Deb
D, D‟Udine B, Foley RA, Gluckman P,
Godfrey K, Kirwood T, Lahr MM, McNamara
J, Melcalfe NB, Monaghan P, Spencer AG,
Sultan SE. Developmental plasticity and
human health. Nature 2004;430(6998):419.
21. Park JH, Stoffer DA, Nicholls RD, Simmonds
RA. Development of type 2 diabetes
following intrauterine growth retardation in
rats is associated with progressive
epigenetic silencing of Pdx 1. J Clin Invest
2008;118:2316-2324.
22. Pinney SE, Jaeckle Santos LJ, Han Y,
Stoffers DA, Simmons RA. Extendin-4
increase histone acetylase activity and
reverse epigenetic modifications that silence
Pdx 1 in intrauterine growth retarded rat.
Diabetologia 2011;54:2606-2614.
23. Negrato CA, Gomes MB. Low birth weight:
causes and consequences. Diabetol Metab
Syndrome 2013;5:49-56.
24. Einstein F, Thompson RF, Bhagat TD,
Fazzari MJ, Verma A, Barzilai N, Greally JM.

ISSN: 2072 – 1625

25.

26.

27.

28.

29.

30.

31.

32.

33.

Cytosine methylation dysregulation in
neonates following intrauterine growth
restriction. PLoS One 5:e8887.
Lambertini L, Lee TL, Chan WY, Lee MJ,
Diplas A, Wetmur J, Chen J. Differential
methylation of imprinted genes in growthretarded
placentas.
Reprod
Sci
2011;18:1111-1117.
Yuen RK, Penaherreva MS, von Dadelszen
P, McFadden DE, Robinson WP. DNA
methylation profiling of human placentas
reveal promoter hypomethylation of multiple
genes in early-onset pre-eclampsia. Eur J
Hum Genet 2010;18:1006-1012.
Banister CE, Koestler DC, Maccani MA,
Padbury JF, Houseman EA, Masil CJ. Infant
growth restriction is associated with distinct
pattern of DNA methylation in human
placenta. Epigenetics 2011;6:920-927.
Chenausek SD. Update: Consequences of
abnormal fetal growth. J Clin Endocrinol
Metab 2012;97(3):689-695.
Gera T, Choudhury P, Dubey AP. Fetal
origin of adult diseases. In: Dutta AK,
Sachdva A eds. Recent Advances in
Pediatrics. New Delhi, Jaypee Brothers
Medical Publishers Ltd, 2007:757-761.
Chiavaroli V, Giannini C, D‟Adamo E, de
Giorgis T, Chiarelli F, Mohn A. Insulin
resistance and oxidative stress in children
born small and large for gestational age.
Pediatrics 2009;124(2):695-702.
Khanna SB, Swasti KD, Dwivedee K. Fetal
origin of adult disease. JK Science
2007;9(4):206-210.
Godfrey KM, Barker DJP. Fetal nutrition and
adult diseases. Am J Clin Nutr
2000;71(suppl):1344S-1352S.
Plagemann A, Harder T, Brunn M, Harder A,
Roekpe K, Wittrock-Staar M, Ziska T,
Schellong K, Rodekamp E, Melchior K,
Dudenhausen
JW.
Hypothalamic
proopiomelanocortin promoter methylation
becomes altered by early over-feeding: an
47

Pacific Journal of Medical Sciences Vol. 12, No. 2, April 2014

34.

35.

36.

37.

38.

39.

epigenetic model of obesity and metabolic
syndrome. J Physiol 2009;587:4963-4976.
Plagemann A, Roekpe K, Harder T, Brunn
M, Harder A, Wittrock-Staar M, Ziska T,
Schellong K, Rodekamp E, Melchior K,
Dudenhausen
JW.
Epigenetic
malprogramming of the insulin receptor
promoter due to developmental overfeeding.
J Perinat Med 2010;38:393-400.
Plagemann A, Harder T, Schellong K,
Schulz S, Stupin JH. Early postnatal life as a
critical time window for determination of
long-term metabolic health. Best Pract Res
Clin Endocrinol Metab 2012;26(5):641-653.
St Jeor ST, Hayman LL, Daniels SR, Gillman
MW, Howard G, Law CM, Lewis CE,
Poehlman E, American Heart Association.
Prevention Conference VII: Obesity, a
worldwide epidemic related to heart disease
and stroke: group II: Age-dependent risk
factors for obesity and co-morbidities.
Circulation 2004; 110: 471- 475.
Erickson JG, Forsen T, Tuomilehto J,
Osmond C, Barker DJP. Early adiposity
rebound in childhood and risk of type 2
diabetes in adult life. Diabetologia 2003; 46:
190 - 194.
Bhargava SK, Sachdev HPS, Fall CHD,
Osmond C, Lakshmy R, Barker DJP, Dey
Biswas SK, Ramji S, Prabhakaran D, Reddy
KS. Relation of serial changes in childhood
body mass index to impaired glucose
tolerance in young adulthood. N Engl J Med
2004;350:865-875.
Cettour-Rose P, Samec S, Russell AP,
Summermatter S, Mainieri D, CarrilloTheander C, Montani JP, Seydoux J,
Rohner-Jeanrenaud
F,
Dulloo
AG.
Redistribution of glucose from skeletal
muscle to adipose tissue during catch-up fat:
a link between catch-up growth and later
metabolic
syndrome.
Diabetes
2005;54(3):751-756.

ISSN: 2072 – 1625
40. Metcalfe NB, Monaghan P. Compensation
for a bad start: grow now, pay later? Trends
Ecol Evol 2001;16:254-260.
41. Lever AF, Harrap SB. Essential
hypertension: a disorder of growth with
origins in childhood?
J Hypertens
1992;10:101-120.
42. Jaquet D, Gaboriau A, Czennichow P, LevyMarchal C. Insulin resistance early in
adulthood in subjects born with intrauterine
growth retardation. J Clin Endocrinol Metab
2000;85:1041-1046.
43. Morgan AR, Thompson JM, Murphy R, Black
PN, Lam WJ, Ferguson LR, Mitchell EA.
Obesity and diabetes genes are associated
with being born small for gestational age:
results from the Auckland Birthweight
Collaborative Study. BMC Med Genet
2010;11:125.
44. Zhao J, Li M, Bradfield JP, Wang K, Zhang
H, Sleiman P, Kim CE, Annaiah K,
Glaberson W, Glessner JT, Otieno FG,
Thomas KA, Garris M, Hou C, Frackelton
EC, Chiavacci RM, Berkowtiz RI,
Hakornarson H, Grant SF. Examination of
type 2 diabetes loci implicates CDKAL 1 as a
birthweight gene. Diabetes 2009; 58: 24142418.
45. Gregory JW. Metabolic consequences of
being born small for gestational age (SGA).
MIMS Advances: Short children born small
for gestational age. London, Haymarket
Medical Publications Ltd, 2004:13-15.
46. de Zegher F, Lopez-Bermojo A, Ibenez L.
Adipose tissue expandability and the early
origins of PCOS. Trends Endocrinol Metab
2009;20:418-423.
47. Saenger P, Czernichow P, Hughes I, Reiter
EO. Small for gestational age: short stature
and beyond. Endocr Rev 2007;28:219-251.
48. Hernandez MI, Merciq V. Impact of being
born small for gestational age on onset and
progression of puberty. Best Pract Res Clin
Endocrinol Metab 2008;22:463-476.
48

Pacific Journal of Medical Sciences Vol. 12, No. 2, April 2014
49. Boguszewski M, Bjarnason R, Jansson C,
Rosberg S, Albertson-Wikland K. Hormonal
status of children born small for gestational
age. Acta Paed 1997;(Suppl 423):189-192.
50. Cutfield WS, Hofman PL, Wickers M, Breier
B, Blum WF, Robinson EM. IGFs and
binding proteins in short children with
intrauterine growth retardation. J Clin
Endocrinol Metab. 2002;87:235-239.
51. Iniguez G, Ong K, Bazaes R, Avila
A,Salazar T, Dunger D, Merciq V.
Longitudinal changes in insulin-like growth
factor-1, insulin sensitivity, and secretion
from birth to age three years in small for
gestation age children. J Clin Endocrinol
Metab 2006;911:4645-4649.
52. Walker BR, Irving RJ, Andrew R, Belton NR.
Contrasting effects of intrauterine growth
retardation and premature delivery on adult
cortisol secretion and metabolism in man.
Clin Endocrinol 2002;57:351-355.
53. Ibanez L, Potau N, de Zegher F. Precocious
pubarche, dyslipidaemia, and low IGF
binding protein-1 in girls: relation to reduced
prenatal growth. Ped Res 1999;46:320-322.
54. Cooper C, Eriksson JG, Forsen T, Osmond
J, Tuomilehto J, Barker DJ. Maternal height,
childhood growth and risk of fracture in later
life: a longitudinal study. Osteoporosis Int
2001;12:623-629.
55. Ibanez
L, Lopez-Bermjo A, Diaz M,
Jaramillo A, Marin S, de Zegher F. Growth
hormone therapy in short children born small
for gestational age: effects on abdominal fat
partitioning and circulating follastatin and
high molecular weight adeponectin. J Clin
Endocrinol Metab 2010;95:2234-2239.
56. Barker DJ. Adult consequences of fetal
growth restriction. Clin Obstet Gynecol
2006;49:270-273.
57. Espineira AR, Fernandes-Rosa FL, Bueno
AC, de Souza RM, Moreira AC, de Castro M,
Barbieeri MA, Bettiol H, Antonini SR.
Postnatal growth and cardiometabolic profile

ISSN: 2072 – 1625

58.

59.

60.

61.

62.

63.

64.

65.

66.

in young adult born large for gestational age.
Clin Endocrinol 2011;75(3):335-341.
Boney CM, Verma A, Tucker R, Vohr BR.
Metabolic
syndrome
in
childhood:
Association with birth weight, maternal
obesity, and gestational diabetes. Pediatrics
2005;115(3):e290-e296.
te Velde SJ, van Rossum EF, Voorhoeve
PG, Twisk JWR, van de Waal HAD,
Stehouwer CDA, van Mechelen W, Lamberts
SWJ, Kemper HCG. An IGF-I promoter
polymorphism modifies the relationship
between birth weight and risk factors for
cardiovascular disease and diabetes at age
36. BMC Endocr Disorders 2005;5:5-14.
Matthew SG. Early programming of the
hypothalamo-pituitary-adrenal axis. Trends
Endocrinol Metab 2002;13:373-380.
Phillips DIW. Programming of adrenocortical
function and the fetal origin of adult disease.
J Endocrinol Invest 2001;24:742-746.
Secki JR, Cleasby M, Nyirenda MJ.
Glucocorticoids,
11β
hydroxysteroid
dehydrogenase, and fetal programming.
Kidney Int 2000;57:1412-1417.
Economides DL, Nicholaides KH, Linton EA,
Perry LA, Chard T. Plasma cortisol and
adrenocorticotrophin in appropriate and
small for gestational age fetuses. Fetal Ther
1988;3:158-164.
Ibanez I, Dimartino-Nardi J, Potua N,
Saenger P. Premature adrenarche – normal
variant or forerunner of adult disease?
Endocr Rev 2000;21:671-696.
Albertsson-Wikland K, Boguszewski M,
Karlberg J. Children born small-forgestational age: postnatal growth and
hormonal status. Horm Res 1998;49(Suppl
2):7-13.
Clanfarani S, Geremia C, Sctt CD, Germani
D. Growth, IGF-I system, and cortisol in
children with intrauterine growth retardation:
is
catch-up
growth
affected
by

49

Pacific Journal of Medical Sciences Vol. 12, No. 2, April 2014

67.

68.

69.

70.

71.

72.

73.

74.

reprogramming of the hypothalamic-pituitaryadrenal axis? Pediatr Res 2002;51:94-99.
Leger J, Noel M, Limal M, Czernichow P.
Growth factors and intrauterine growth
retardation II. Serum growth hormone,
insulin-like growth factors (IGF-I) and IGFbinding protein 3 levels in children with
intrauterine growth retardation compared
with normal control subjects: prospective
study from birth to two years of age. Pediatr
Res 1996;40(1):101-107.
Clanfarani S, Germani D, Branca F. Low
birthweight and adult insulin resistance: the
“catch-up growth hypothesis.” Arch Dis Child
1999;81(1):F71-F73.
Voordouw JJ, van Weissenbruch MM,
Delamarre-van de Waal HA. Intrauterine
growth retardation and puberty in girls. Twin
Res 2001;4:299-306.
Luo ZC, Cheung YB, He Q, AlbertssonWikland K, Karlberg J. Growth in early life
and its relation to pubertal growth.
Epidemiology 2003;14(1):65-73.
dos Santos Silva I, De Stavola BL, Mann V,
Kuh D, Hardy R, Wasworth MEJ. Prenatal
factors, childhood growth trajectories and
age at menarche. Int J Epidemiol
2002;31:405-412.
Boisen KA, Main KM, Rajpert-de Meyts E,
Skakkebaek NE. Are male reproductive
disorders a common entity? The testicular
dysgenesis syndrome. Ann NY Acad Sci
2001;948:90-99.
Boisen KA, Chellakooty M, Schmidt IM, Kai
CM, Damgaard IN, Soumi AM, Toppari J,
Skakkebaek NE, Main KM. Hypospadias in a
cohort of 1072 Danish newborn boys:
prevalence and relationship to placental
weight, anthropometrical measurements at
birth, and reproductive hormone levels at
three months of age. J Clin Endocrinol
Metab 2005;90(7):4041-4046.
Sorensen HT, Sabroe S, Rothman KJ,
Gillman M, Fischer P, Sorensen TIA.

ISSN: 2072 – 1625

75.

76.

77.

78.

79.

80.

81.

82.

Relation between weight and length at birth
and body mass index in young adulthood:
cohort study. BMJ 1997;315:1137.
Choi CS, Kim C, Lee WJ, Park JY, Hong
SK, Lee MG, Park SW, Lee KU. Association
between birth weight and insulin sensitivity in
healthy young men in Korean: role of
visceral adiposity. Diabetes Res Clin Pract
2000;49:53-59.
Javaid MK, Cooper C. Prenatal and
childhood influences on osteoporosis. Best
Pract Res Clin Endocrinol Metab
2002;16:349-367.
Reinehr T, Kleber M, Toschke AM. Small for
gestational age status is associated with
metabolic syndrome in overweight children.
Eur J Endocrinol 2009;160:579-584.
Brufani C, Grossi A, Fintini D, Tozzi A,
Nocerino V, Patera PI, Ubertini G, Porzio O,
Barbetti F, Cappa M. Obese children with
low birth weight demonstrate impaired β cell
function during oral glucose tolerance test. J
Clin Endocrinol Metab 2009;94:4448-4452.
Meas T, Deghmoun S, Alberti C, Carreira E,
Armoogum P, Chvenne D, Levy-Marchas C.
Independent effects of weight gain and fetal
programming on metabolic complications in
adults born small for gestational age.
Diabetologia 2010;53:907-913.
Leunissen RW, Kerkhof GF, Stijnen T,
Hokken-Koelega A. Timing and tempo of
first-year rapid growth in relation to
cardiovascular and metabolic risk profile in
early adulthood. JAMA 2009;301:2234-2242.
Whitaker RC, Pepe MS, Wright JA, Seidel
KD, Dietz WH. Early adiposity rebound and
the risk of adult obesity. Pediatric
1998;101(1011):
Available
at
www.peditrics.org/cgi/content/full/101/3/e5.
Cresswell JL, Barker DJP, Osmond C, Egger
P, Phillips DIW, Fraser RB. Fetal growth,
length of gestation, and polycystic ovaries in
adult life. Lancet 1997;350:1131-1135.

50

Pacific Journal of Medical Sciences Vol. 12, No. 2, April 2014
83. Potischman N, Troisi R. In-utero and early –
life exposures to risk of breast cancer.
Cancer Causes Control 1999;10:561-573.
84. Plagemann A, Harder T. Fuel-mediated
teratogenesis and breast feeding. Diabetes
Care 2011;34:779-780.
85. Evagelidou EN, Kiortsis DN, Bairaktari ET,
Giapros VI, Cholevas VK, Tzallas CS,
Andronikou SK. Lipid profile, glucose
homeostasis, blood pressure and obesityanthropometric markers in macrosomic
offspring of non-diabetic mothers. Diabetes
Care 2006;29(6):1197-1201.
86. Ustundag B, Gungor S, Aygun AD, Turgut
M, Yilmaz E. Oxidative status and serum
leptin levels in obese prepubertal children.
Cell Biochem Funct 2007; 25(5):479-483.
87. Barker DJ, Osmond C, Golding J, Kuh D,
Wadsworth ME. Growth in utero, blood
pressure in childhood and adult life and
mortality from cardiovascular disease. Br
Med J 1989;298:564-567.

ISSN: 2072 – 1625
88. Ghosh S. Low birth weight babies. In: Udani
PM ed. Textbook of Pediatrics With Special
Reference to Problems of Child Health in
Developing Countries. New Delhi, Jaypee
Brothers Medical Pub Ltd, 1998:324-348.
89. Monteiro CA, Benicio MHD‟A, Conde WL,
Popkin BM. Shifting obesity trends in Brazil.
Eur J Clin Nutr 2000; 54:342-346.
90. Popkin BM. The shift in stages of the
nutrition transition in the developing world
differs from past
experiences. Public
Health Nutr 2002; 5:205-214.
91. Anderson S, Whitaker R. Prevalence of
obesity among US preschool children in
different racial and ethnic groups. Arch
Pediatr Adolesc Med 2009; 163(4):344-348.
92. Wang Y, Beydoun M. The obesity epidemic
in the United States – gender, age,
socioeconomic,
racial/ethnic,
and
geographic characteristics: a systematic
review and meta-regression analysis.
Epidemiological Review 2007;29:6-28.

51

