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Abstract
Maternal	nutrition	during	pregnancy	and	lactation	plays	a	critical	role	in	shaping	fetal	development	and	long-term	
health	outcomes	in	offspring	through	processes	collectively	described	as	metabolic	programming.	Environmental	
and	 nutritional	 exposures	 during	 critical	 developmental	 windows	 in�luence	 organ	 development,	 metabolic	
pathways,	and	disease	susceptibility	later	in	life.	Both	maternal	under	nutrition	and	over	nutrition	are	associated	
with	 increased	 risk	of	non	 communicable	diseases	 such	as	obesity,	 type	2	diabetes,	 cardiovascular	disease,	 and	
metabolic	syndrome	in	adulthood.	Advances	in	developmental	biology,	epigenetics,	and	nutritional	sciences	have	
revealed	 mechanisms	 through	 which	 maternal	 diet	 alters	 gene	 expression,	 endocrine	 function,	 and	 metabolic	
regulation	across	generations.	This	review	summarizes	current	knowledge	on	maternal	nutrition	and	metabolic	
programming,	discusses	underlying	biological	mechanisms,	evaluates	evidence	linking	prenatal	nutrition	to	chronic	
disease	risk,	and	explores	strategies	to	improve	maternal	nutrition	for	promoting	lifelong	health.	Understanding	
these	relationships	is	essential	for	developing	preventive	strategies	aimed	at	reducing	the	global	burden	of	metabolic	
disease.
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1.	Introduction	
The prevalence of chronic non communicable 
diseases, including obesity, type 2 diabetes, 
cardiovascular disorders, and metabolic syndrome, 
has increased dramatically worldwide over recent 
decades. Traditionally, these conditions were 
attributed primarily to adult lifestyle factors such as 
diet ,  physical inactivity, and socioeconomic 
in�luences. However, growing scienti�ic evidence now 
indicates that susceptibility to many chronic diseases 
originates much earlier in life, particularly during 
fetal and early postnatal development. This paradigm 
shift is encapsulated within the Developmental 
Origins of Health and Disease (DOHaD) hypothesis, 
which proposes that environmental conditions 
during critical developmental windows permanently 
in�luence physiological and metabolic outcomes.
Among the various early-life in�luences, maternal 
nutrition during pregnancy and lactation plays a 
central role in determining fetal growth patterns and 
long-term metabolic function. The fetus relies 
entirely on maternal nutrient supply for organ 
development, hormonal regulation, and tissue 
differentiation [1].  When maternal nutrient 
availability is inadequate or excessive, the developing 
fetus undergoes adaptive changes aimed at survival 
under anticipated postnatal conditions. 

While these adaptations may confer short-term 
bene�its, they often predispose individuals to 
metabolic dysfunction when postnatal environments 
differ from prenatal  condit ions.  Historical 
observations, including studies of populations 
exposed to famine conditions, �irst revealed links 
between prenatal nutrition and adult disease risk. 
Subsequent research across diverse populations has 
reinforced the association between maternal 
nutritional status and offspring health outcomes [2]. 
Both nutrient de�iciency and maternal over nutrition 
are now recognized as critical factors in�luencing 
metabolic programming. As global rates of obesity 
and diabetes continue to rise, understanding how 
maternal nutrition shapes long-term health has 
become essential for designing preventive public 
health strategies.This review aims to provide a 
comprehensive overview of current evidence linking 
maternal nutrition with metabolic programming and 
lifelong health outcomes. It also explores the 
biological mechanisms involved and discusses 
implications for disease prevention across 
generations.

2.	Concept	of	Metabolic	Programming	
Metabolic programming refers to the process by 
which environmental exposures during critical 
periods of development produce long-lasting or 
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3.	Maternal	Undernutrition	and	Offspring	Health	
Maternal undernutrition continues to affect millions 
of pregnancies worldwide, particularly in low- and 
middle-income regions where food insecurity, poor 
dietary diversity, and limited access to healthcare 
remain prevalent. Inadequate nutrient intake during 
pregnancy compromises fetal growth and increases 
the likelihood of intrauterine growth restriction 
(IUGR) and low birth weight. These conditions are 
associated with increased infant morbidity and 
mortality, as well as elevated risk of chronic disease 
later in life. Epidemiological studies provide 
compelling evidence linking prenatal exposure to 
famine and maternal malnutrition with adult 
metabolic disorders. Individuals exposed to severe 
maternal under nutrition during gestation have been 
shown to exhibit higher rates of obesity, type 2 
diabetes, hypertension, and cardiovascular disease in 
adulthood [5]. These outcomes are believed to result 
from developmental adaptations that conserve 
energy and prioritize essential organ function during 
fetal life but predispose individuals to metabolic 
dysfunction when food becomes abundant. Several 
physiological mechanisms contribute to these 
outcomes. Maternal under nutrition may impair 
pancreatic development, leading to reduced insulin 
production or impaired glucose regulation. 
Alterations in skeletal muscle development may 
reduce glucose uptake capacity, while changes in liver

permanent changes in physiology, metabolism, and disease susceptibility. During fetal and early postnatal life, 
organs and regulatory systems are still forming, rendering them highly sensitive to nutritional and hormonal 
in�luences. As a result, disturbances in nutrient supply during these critical windows may alter developmental 
trajectories with consequences extending into adulthood [3].The fetus exhibits remarkable plasticity, enabling it 
to adjust growth and metabolism in response to nutrient availability. For example, under conditions of maternal 
under nutrition, fetal adaptations may prioritize brain development at the expense of other organs such as the 
pancreas, kidneys, liver, and skeletal muscle. These adaptations can result in reduced organ size, altered hormone 
sensitivity, or impaired metabolic regulation later in life. Such responses are often described as “predictive 
adaptive responses,” in which the fetus prepares for an anticipated environment of limited nutrient availability 
after birth, problems arise when the predicted environment differs from actual postnatal conditions. If individuals 
programmed for nutrient scarcity are later exposed to calorically rich environments, they face increased risk of 
obesity, insulin resistance, and metabolic disease. Conversely, exposure to maternal over nutrition or gestational 
diabetes may program offspring toward increased fat accumulation and altered appetite regulation, increasing 
lifelong disease risk. Importantly, metabolic programming effects are not limited to metabolism alone but may 
in�luence cardiovascular, endocrine, renal, and immune functions [4]. These programming processes help explain 
how chronic diseases develop long before clinical symptoms appear, emphasizing the importance of early-life 
interventions to reduce disease burden.

Table.	Summary	of	Maternal	Nutritional	Exposures	and	Associated	Metabolic	Programming	Outcomes	in	Offspring

metabolism can in�luence lipid processing and energy 
storage. Furthermore, nutrient restriction can affect 
development of the hypothalamic appetite-regulating 
centers, potentially predisposing individuals to 
altered feeding behaviors later in life. Micronutrient 
de�iciencies during pregnancy also exert signi�icant 
programming effects. Iron de�iciency may impair 
oxygen transport and fetal growth, iodine de�iciency 
disrupts thyroid hormone production essential for 
neurodevelopment, and inadequate folate intake is 
associated with neural tube defects and altered 
metabolic regulation [6]. De�iciencies in vitamin D, 
zinc, and other micronutrients have likewise been 
linked to adverse pregnancy and long-term metabolic 
out comes. Although improving maternal nutrition 
remains a global priority, the persistence of under 
nutrit ion highl ights  the need for  targeted 
interventions, including maternal supplementation 
programs, improved food security policies, and 
enhanced prenatal healthcare access. Addressing 
maternal undernutrition not only improves 
immediate pregnancy outcomes but may also reduce 
the burden of chronic disease in future generations.

4.	Maternal	Over	nutrition	and	Obesity	
In contrast to maternal under nutrition, the global 
rise in maternal overweight and obesity has emerged 
as a major contributor to adverse pregnancy 
outcomes and long-term metabolic disease risk in
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offspring. Increasing rates of obesity among women 
of reproductive age have resulted in a growing 
number of pregnancies complicated by excessive 
maternal  adiposity,  insulin resistance,  and 
gestational diabetes mellitus (GDM). These 
conditions expose the developing fetus to an altered 
intrauterine metabolic environment characterized by 
elevated glucose, free fatty acids, in�lammatory 
mediators, and hormonal dysregulation [7].Excess 
nutrient availability during fetal development can 
stimulate increased fetal insulin production, 
promoting fat deposition and accelerated growth, 
often resulting in macro somia or high birth weight. 
While larger birth weight was once considered a 
marker of healthy pregnancy, evidence now indicates 
that excessive fetal growth is associated with 
increased risks of childhood obesity and later 
metabolic disorders. Maternal obesity also in�luences 
placental function, altering nutrient transport and 
in�lammatory signaling pathways that further affect 
fetal metabolic programming, maternal diets high in 
processed foods, saturated fats, and re�ined sugars 
may independently in�luence fetal metabolic 
development, regardless of maternal body weight. 
S u c h  d i e t s  c a n  i n d u c e  c h ro n i c  l o w- g ra d e 
in�lammation and oxidative stress, which may disrupt 
normal fetal organ development and metabolic 
regulation [8]. Animal and human studies suggest 
that exposure to excess maternal nutrients may 
program offspring toward increased appetite, altered 
energy expenditure ,  and impaired glucose 
metabolism. Intergenerational transmission of 
obesity risk is also increasingly recognized, as 
children born to obese mothers are more likely to 
become obese adults, perpetuating a cycle of 
metabolic disease across generations. Addressing 
maternal obesity through nutritional counseling, 
weight management before conception, and healthy 
pregnancy dietary practices is therefore critical in 
reducing long-term metabolic disease burden.

5. 	 Epigenet ic 	 Mechanisms	 in 	 Metabol ic	
Programming	
Epigenetic regulation has emerged as a central 
mechanism through which maternal nutrition 
in�luences long-term offspring health. Epigenetic 
modi�ications refer to heritable changes in gene 
expression that occur without alteration of the 
underlying DNA sequence. These modi�ications 
include DNA methylation, histone modi�ication, and 
regulation by non-coding RNAs, all of which in�luence 
how genes are expressed during development. 
During fetal development, epigenetic patterns are 
highly dynamic and responsive to environmental 
cues, including nutrient availability. Nutrients 
involved in one-carbon metabolism, such as folate, 
vitamin B12, choline, and methionine, directly 
contribute to DNA methylation processes that 
regulate gene activity. When maternal nutrition alters 
availability of these nutrients, gene expression 
patterns associated with metabolism, growth, and 
endocrine function may be permanently modi�ied 
[9].Experimental studies demonstrate that maternal 
dietary manipulation can produce long-lasting 
epigenetic changes affecting genes involved in 

glucose metabolism, lipid regulation, and appetite 
control. These epigenetic marks may persist into 
adulthood, in�luencing disease susceptibility long 
after the original nutritional exposure. Some 
evidence also suggests that epigenetic changes may 
be transmitted across generations, meaning maternal 
nutritional status could affect not only immediate 
offspring but also future descendants.
Understanding epigenetic programming mechanisms 
provides opportunities for developing interventions 
a i m e d  a t  reve r s i n g  o r  m i t i ga t i n g  a dve r s e 
programming effects. Improved maternal nutrition, 
targeted supplementation, and lifestyle interventions 
may help normalize epigenetic regulation and reduce 
disease risk.

6.	Role	of	Lactation	and	Early	Postnatal	Nutrition	
Metabolic programming extends beyond prenatal 
development into early postnatal life, when 
nutritional exposures continue to shape metabolic 
and endocrine regulation. Breastfeeding plays a 
crucial role in supporting healthy infant growth and 
metabolic development. Human breast milk provides 
optimal nutrient composition and contains bioactive 
compounds, including hormones, growth factors, and 
immune components, that in�luence appetite 
regulation, gut microbiota development, and immune 
maturation. Breastfed infants tend to exhibit 
healthier growth patterns and reduced risk of obesity 
and metabolic disease later in life compared with 
formula-fed infants. Breast milk composition varies 
according to maternal nutritional status and 
metabolic  health,  further emphasizing the 
importance of maternal nutrition during lactation. 
Introduction of complementary foods and early 
childhood dietary patterns also in�luence long-term 
health outcomes [10]. Rapid weight gain during 
infancy and early childhood is associated with 
increased risk of obesity and metabolic disorders 
later in life. Diets high in sugar and processed foods 
during early development may reinforce unhealthy 
metabolic programming initiated during pregnancy. 
Promoting breastfeeding, encouraging appropriate 
timing and composition of complementary feeding, 
and supporting healthy early-life dietary practices 
represent important strategies for mitigating adverse 
metabolic programming effects and supporting 
lifelong health.

7.	 Long-Term	 Health	 Outcomes	 Associated	 with	
Metabolic	Programming	
Evidence accumulated over several decades now 
supports strong associations between early-life 
nutritional exposures and adult disease risk. 
Individuals exposed to suboptimal intrauterine 
environments exhibit increased susceptibility to 
obesity, type 2 diabetes, hypertension, cardiovascular 
disease, and metabolic syndrome. These conditions 
represent major contributors to global mortality and 
healthcare expenditure.Mechanisms underlying 
these outcomes include persistent alterations in 
insulin sensitivity, appetite regulation, lipid 
metabolism, endocrine signaling, and energy 
expenditure. For instance, impaired pancreatic 
development may reduce insulin secretion capacity, 
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while altered hypothalamic regulation may in�luence 
long-term appetite control and energy balance [11]. 
Importantly, early-life programming effects often 
interact with later environmental factors. Individuals 
programmed for energy conservation during fetal life 
may experience particularly high disease risk when 
exposed to calorie-dense diets and sedentary 
lifestyles in adulthood. Thus, chronic disease 
development re�lects interactions between early 
developmental programming and later lifestyle 
factors [12].Understanding these interactions 
highlights opportunities for preventive interventions 
at multiple life stages, emphasizing the importance of 
maternal and early-life nutrition in reducing long-
term disease risk.

8.	Conclusion	
Maternal nutrition exerts profound in�luence on fetal 
development and lifelong health through metabolic 
programming mechanisms that shape metabolic, 
endocrine, and physiological functions. Both 
maternal undernutrition and overnutrition 
contribute to increased susceptibility to chronic 
d i s e a s e s ,  i n c l u d i n g  o b e s i t y,  d i a b e te s ,  a n d 
cardiovascular disorders. Advances in developmental 
biology and epigenetics have clari�ied mechanisms 
through which nutritional exposures during 
pregnancy and early life produce lasting effects on 
gene expression and metabolic regulation, maternal 
nutrition represents a powerful opportunity to 
improve public  health  across  generations . 
Interventions aimed at ensuring adequate maternal 
n u t r i t i o n ,  p r e ve n t i n g  o b e s i t y,  p r o m o t i n g 
breastfeeding, and supporting healthy early-life 
dietary practices can reduce the long-term burden of 
metabolic disease. Future research integrating 
genetics, epigenetics, and population health studies 
will further clarify optimal strategies for preventing 
adverse metabolic programming, improving 
maternal nutrition is not only essential for healthy 
pregnancies but also represents a foundational 
investment in lifelong health and intergenerational 
disease prevention.
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