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Abstract—Background: Early-life environmental
exposures during critical developmental windows can
induce long-term physiological changes through
epigenetic mechanisms. This concept, framed within the
Developmental Origins of Health and Disease (DOHaD)
hypothesis, explains how prenatal and early postnatal
conditions influence lifelong metabolic and reproductive
outcomes.

Objective: To review current evidence on epigenetic
programming in early life and its implications for
metabolic  disorders and reproductive health
dysfunction.

Methods: A narrative review was conducted using
secondary data from peer-reviewed journals, WHO
guidelines, and international cohort studies focusing on
fetal programming, epigenetics, metabolism, and
reproductive endocrinology.

Results: Maternal nutrition, stress, endocrine
disruptors, and infant feeding practices influence DNA
methylation, histone modification, and non-coding RNA
expression. These epigenetic alterations affect insulin
signaling, adipogenesis, hypothalamic-pituitary-gonadal
axis regulation, and ovarian function, increasing risks of
obesity, type 2 diabetes, polycystic ovary syndrome
(PCOS), infertility, and altered pubertal timing.

Conclusion: Epigenetic programming provides a
mechanistic bridge between early environmental
exposures and adult metabolic and reproductive
diseases. Strengthening maternal nutrition, antenatal
care, and optimal infant feeding practices may reduce
long-term disease burden.

Index Terms—Epigenetics, DOHaD, Fetal Programming,
Obesity, PCOS, Reproductive Health, DNA Methylation.
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I. INTRODUCTION

The concept of early-life programming gained
prominence through the work of Barker, who
demonstrated associations between low birth weight
and adult cardiovascular and metabolic diseases [1].
This led to the Developmental Origins of Health and
Disease (DOHaD) hypothesis, proposing that
intrauterine and early postnatal environments shape
lifelong health trajectories [2]. Epigenetics heritable
changes in gene expression without alteration of DNA
sequence offers the molecular basis for this
phenomenon [3].

During  embryogenesis, extensive  epigenetic
reprogramming occurs, making this period highly
sensitive to environmental cues such as maternal
malnutrition, stress, obesity, or hyperglycemia [4,5].
These exposures can permanently modify gene
expression patterns in metabolic and reproductive
tissues [6].

II. MECHANISMS OF EPIGENETIC
PROGRAMMING

Epigenetic programming refers to stable yet
potentially reversible modifications in gene expression
that occur without altering the DNA nucleotide
sequence. These mechanisms are particularly dynamic
during embryogenesis, implantation, placental
development, and early postnatal growth, when global
epigenetic reprogramming establishes tissue-specific
gene expression patterns [3,4].
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2.1 DNA Methylation

DNA methylation is the most extensively studied
epigenetic modification. It involves the addition of a
methyl group to the 5" carbon of cytosine residues
within CpG dinucleotides, mediated by DNA
methyltransferases (DNMTs). Increased methylation
at gene promoter regions generally suppresses
transcription, whereas hypomethylation can activate
gene expression [7]. During early embryonic
development, widespread demethylation is followed
by de novo methylation, establishing lineage-specific
patterns. Nutritional factors such as folate, choline,
methionine, and vitamin B12 influence one-carbon
metabolism and determine methyl donor availability,
directly affecting methylation status [9].

The Dutch Hunger Winter cohort demonstrated
persistent hypomethylation of the IGF2 gene among
individuals prenatally exposed to famine, even six
decades later, highlighting the long-term stability of
early-life epigenetic marks [12].

2.2 Histone Modifications
Histones are proteins around which DNA is wrapped
to form chromatin. Post-translational modifications

DNA Methylation

such as acetylation, methylation, phosphorylation, and
ubiquitination alter chromatin structure and gene
accessibility. Histone acetylation (via histone
acetyltransferases) typically enhances transcription,
while deacetylation represses gene expression [8].
Environmental exposures such as maternal stress,
inflammation, and endocrine disruptors can modify
histone patterns in metabolic tissues. For example,
altered histone acetylation in genes regulating
gluconeogenesis may predispose to hyperglycemia
later in life [13].

2.3 Non-Coding RNAs

MicroRNAs (miRNAs) and long non-coding RNAs
regulate gene expression post-transcriptionally. Early-
life stress and nutritional imbalance can alter miRNA
expression patterns affecting insulin signaling,
adipogenesis, and ovarian steroidogenesis [16].
Together, these epigenetic processes create a
molecular memory of early environmental exposures
that influences disease susceptibility across the
lifespan.
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II1. EPIGENETIC PROGRAMMING AND
METABOLIC HEALTH

Metabolic diseases such as obesity, type 2 diabetes
mellitus (T2DM), and metabolic syndrome are
increasingly recognized as developmental disorders
with epigenetic origins [2,5].

3.1 Fetal Undernutrition and Thrifty Phenotype
Barker’s hypothesis proposed that fetal undernutrition
induces metabolic adaptations favoring energy
conservation (“thrifty phenotype”), which become
maladaptive in calorie-rich environments [1].
Epigenetically, genes regulating insulin sensitivity and
glucose transport may undergo methylation changes
that reduce pancreatic B-cell mass and impair insulin
secretion [6].

Low birth weight followed by rapid catch-up growth
has been consistently associated with increased
adiposity and insulin resistance in adulthood [20].

3.2 Maternal Obesity and Gestational Diabetes

Altered gut microbiome profiles in fetus

Maternal hyperglycemia exposes the fetus to elevated
glucose levels, stimulating fetal hyperinsulinemia.
This hormonal milieu can epigenetically modify genes
involved in lipid metabolism and adipocyte
differentiation [14]. Studies have shown altered
methylation patterns in adipose tissue of offspring
born to obese mothers, affecting genes involved in
mitochondrial function and oxidative phosphorylation
[16]. Gestational diabetes is associated with increased
risk of childhood obesity and early-onset T2DM,
likely mediated by intrauterine epigenetic alterations
in insulin-signaling pathways [15].

3.3 Inflammation and Oxidative Stress

Maternal inflammation increases cytokine exposure
(IL-6, TNF-a), which can alter fetal chromatin
structure and mitochondrial gene expression.
Oxidative stress affects DNA methylation machinery,
potentially accelerating metabolic dysfunction [13].
These findings underscore the importance of WHO
antenatal recommendations focusing on nutritional
optimization and metabolic screening during
pregnancy [17].

Maternal diets / ‘ \
* Maternal HFD/undernutrition 1 Crosstalk T Genheregulaﬂon Influence obesity
* Dietary methyl donors ':“;:”o" outcome in adult life
il \ Altered DNA methylation and histone modification /
during early development
‘ Adult
Zygote Blastocyst Embryo/fetus R, .
Sperm DNA methylation i ,.\x
Fertilzation pattern maintenance /\5{ ;1
— O > | T\ —
X/ /\ X\
Oocyte g A e W '
3
c
-
k-4
Ll
s
£
v
E
<
z
[
g r 0\ Histone methylation/HMT
z 0 4 X <
g £ ¥ Histone demethylation Differential gene
5 J y expression patterns by
g A histone modifications
Histone acetylation/HAT
§ L Histone deacetylation/HDACs
I
1JIRT 193535 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 964



© March 2026 | IJIRT | Volume 12 Issue 10 | ISSN: 2349-6002

Maternal 3 ' ’ P

O

Undernutrition S Qo

Placental

Dysfunction

Alterations in
maternal nutritional
supply
Maternal
Diabetes
=
8
Maternal ; 3
Obesity
f,'],'h'/ll‘ll
Status

Intrauterin€é

it i
Environmen offspring Pre disp

to Future Diseast

IV. EPIGENETIC PROGRAMMING AND
REPRODUCTIVE HEALTH

Reproductive health is closely integrated with
metabolic status. The hypothalamic—pituitary—gonadal
(HPG) axis is highly sensitive to early-life
environmental signals.

4.1 Programming of the HPG Axis

Early-life stress or metabolic imbalance can alter
GnRH pulsatility via epigenetic modulation of
hypothalamic genes. Changes in methylation of genes
regulating kisspeptin and leptin signaling may
influence pubertal timing [18]. Low birth weight girls
have been shown to experience earlier menarche and
increased risk of menstrual irregularities [20].

4.2 Developmental Origins of PCOS
PCOS is characterized by hyperandrogenism,
ovulatory dysfunction, and insulin resistance. Animal
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models demonstrate that prenatal androgen exposure
induces PCOS-like features, partly through epigenetic
modifications in ovarian tissue [19]. Maternal obesity
may predispose female offspring to hyperinsulinemia,
enhancing ovarian androgen production. Epigenetic
alterations in steroidogenic enzymes may persist into
adulthood [21].

4.3 Fertility and Endometrial Programming
Epigenetic dysregulation of genes involved in
endometrial receptivity and implantation may impair
fertility. Histone modifications influence progesterone
receptor expression, which is critical for successful
implantation.

Thus, reproductive disorders such as infertility, PCOS,
and early pregnancy loss may have developmental
epigenetic components.
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V. EARLY INFANT FEEDING, MICROBIOME
AND LONG-TERM OUTCOMES

The first 1000 days of life represent a critical window
of epigenetic plasticity.

5.1 Breastfeeding and Epigenetic Regulation

Breast milk contains bioactive compounds including
hormones, growth factors, oligosaccharides, and
miRNAs that regulate immune and metabolic gene
expression. Breastfeeding has been associated with
favorable methylation patterns in genes linked to
obesity risk [24]. WHO recommends exclusive
breastfeeding for six months and continued
breastfeeding with complementary feeding up to two
years [23].

5.2 Gut Microbiome and Short-Chain Fatty Acids
The infant gut microbiome produces short-chain fatty
acids (SCFAs) such as butyrate, which acts as a histone
deacetylase inhibitor. This influences chromatin
structure and metabolic gene transcription [22].
Microbiome dysbiosis in early life has been linked to
increased risk of obesity and inflammatory disorders
later in life.
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5.3 Complementary Feeding and Nutritional
Programming

Early introduction of ultra-processed foods may
disrupt metabolic programming. WHO’s 2023
complementary  feeding guidelines emphasize
nutrient-dense, diverse diets to support optimal growth
and long-term health [23].
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Factors affecting the microbial colonization of the developing human
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Firmicutes Actinobacteria Actinobacteria Bacteroidetes
Enterococcus Bifidobacterium Bifidobacterium
Staphylococcus Collinselia Firmicutes
Streptococcus Bacteroidetes
Bacteroides Firmicutes
Proteobacteria Lactobacillus
Enterobacter b i "
E.coli Escherichia Veillonella

Appropriate  feeding practices may prevent
maladaptive epigenetic changes contributing to
metabolic syndrome and reproductive dysfunction.

VI. DISCUSSION

The present review highlights that early-life
environmental exposures during critical
developmental windows exert long-term effects on
metabolic and reproductive health through epigenetic
mechanisms. The DOHaD framework explains how
intrauterine  conditions  such  as  maternal
undernutrition, obesity, hyperglycemia, stress, and
inflammation induce stable alterations in DNA
methylation, histone modification, and non-coding
RNA expression. These epigenetic modifications
influence key pathways regulating insulin signaling,
adipogenesis, pancreatic B-cell development, and
energy metabolism, thereby increasing susceptibility
to obesity, type 2 diabetes, and metabolic syndrome in
later life. Both fetal undernutrition (thrifty phenotype)
and overnutrition create maladaptive metabolic
programming, particularly when there is mismatch
between prenatal and postnatal environments.

Reproductive health outcomes are similarly affected
by early epigenetic reprogramming of the
hypothalamic—pituitary—gonadal axis and ovarian
function. Developmental exposure to metabolic
imbalance or androgen excess may predispose to
menstrual irregularities, altered pubertal timing,
polycystic ovary syndrome, and subfertility. The
postnatal period, especially infant feeding and
microbiome establishment, represents an additional
window of epigenetic plasticity influencing long-term
endocrine and metabolic regulation. Although causal
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pathways require further longitudinal research, current
evidence strongly supports strengthening
preconception care, optimizing maternal nutrition,
preventing gestational metabolic disorders, and
promoting WHO-recommended breastfeeding
practices to reduce intergenerational transmission of
metabolic and reproductive diseases.

VII. CONCLUSION

Epigenetic programming during early life plays a
pivotal role in determining metabolic and reproductive
health outcomes. DNA methylation, histone
modifications, and non-coding RNA alterations
provide mechanistic explanations for how prenatal and
early postnatal environments shape disease
susceptibility. Integrating preventive maternal-child
health strategies can mitigate long-term metabolic and
reproductive disorders, aligning clinical practice with
global public health priorities.

VIII. RESULTS

The reviewed evidence indicates that early-life
environmental exposures are strongly associated with
long-term metabolic and reproductive outcomes
through epigenetic mechanisms. Epidemiological
studies, including birth cohort and famine data,
consistently show that prenatal undernutrition,
maternal obesity, and gestational diabetes increase the
risk of obesity, insulin resistance, and type 2 diabetes
in later life, with supporting molecular findings
demonstrating  persistent alterations in DNA
methylation and histone modifications in genes
regulating insulin signaling, adipogenesis, and
mitochondrial function. Similarly, developmental
exposures to metabolic imbalance or androgen excess
have been linked to epigenetic reprogramming of the
hypothalamic pituitary gonadal axis, contributing to
altered pubertal timing, menstrual irregularities,
polycystic ovary syndrome, and subfertility. Evidence
also suggests that early postnatal factors, including
breastfeeding and gut microbiome establishment,
influence immune-metabolic gene expression through
epigenetic pathways. Overall, the findings collectively
support a significant association between early
developmental exposures and later metabolic and
reproductive dysfunction mediated by stable yet
modifiable epigenetic changes.

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 967



(1]

(2]

(3]

(4]

(3]

(6]

[7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

IJIRT 193535

© March 2026 | IJIRT | Volume 12 Issue 10 | ISSN: 2349-6002

REFERENCE

Barker DJP. Adult Lives from Childhood.
Oxford University Press; 1992. P. 15-38.
Gluckman PD, Hanson MA. Developmental
Origins of Health and Disease. Cambridge
University Press; 2006. P. 1-45.

Kuh D, Ben-Shlomo Y. A Life
Approach to Chronic Disease Epidemiology.
2" ed. Oxford University Press; 2009. P. 3-28.
Allis CD, Jenuwein T, Reinberg D. Epigenetics.
2" ed. Cold Spring Harbor Laboratory Press;
2015. P. 27-89.

Szyf M. Epigenetics, DNA Methylation and
Chromatin: The Biological Language of Health
and Disease. Springer; 2011. P. 45-102.

Bird A. DNA Methylation and Epigenetic
Regulation. Oxford University Press; 2012. P.
61-118.

Feinberg AP. Epigenetics at the Crossroads of
Genes and the Environment. Academic Press;
2018. P. 75-140.

Reik W. Developmental Epigenetics: Influence
of Early Life Environment. Garland Science;
2013. P. 12-54.

Waterland RA, Jirtle RL. Epigenetics and
Disease Origins. Springer; 2010. P. 33-76.
Godfrey KM, Barker DJP. Fetal Nutrition and
Adult Disease. Cambridge University Press;
2000. P. 101-158.

Catalano PM, deMouzon SH. Maternal and
Fetal Nutrition: Epigenetic Effects and Lifelong
Health. CRC Press; 2014. P. 89—-142.

Guyton AC, Hall JE. Textbook of Medical
Physiology. 14" ed. Elsevier; 2020. P. 955-978.
Melmed S, Polonsky KS, Larsen PR,
Kronenberg HM. Williams Textbook of
Endocrinology. 14™ ed. Elsevier; 2020. P. 520—
585.

Franks S. Polycystic Ovary Syndrome: A Guide
to Clinical Management. Wiley Blackwell;
2016. P. 25-68.

Plant TM. Puberty and Its Disorders.
Cambridge University Press; 2014. P. 11-47.
Chen E, Miller GE. Psychosocial Stress and
Disease: Mechanisms and Interventions.
Springer; 2009. P. 75-120.

Course

[17]

[18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]

Ross GN. Nutrition and Development: Lifelong
Consequences. Cambridge University Press;
2013. P. 52-99.

Gibney MJ. Public Health Nutrition and
Dietetics. Wiley Blackwell; 2014. P. 201-244.
Moore KL, Persaud TVN, Torchia MG. The
Developing Human: Clinically Oriented
Embryology. 11" ed. Elsevier; 2020. P. 98—146.
Spear BA. Adolescent Growth and
Development. Jones & Bartlett Learning; 2016.
P. 14-60.

Bernstein E, Allis CD. Chromatin and
Epigenetics: Fundamentals. Elsevier; 2014. P.
34-88.

Conti CJ. Principles of Endocrinology and
Hormone Action. Wiley; 2015. P. 120-176.
Bateson P. Mothers, Babies and Disease in
Later Life. BMJ Books; 2001. P. 44-90.
Slatkin M. Modern Genetic Analysis and
Evolutionary Medicine. Princeton University
Press; 2012. P. 101-149.

Dawson-McClure S. Child Development and
Human Diversity. McGraw Hill; 2017. P. 35—
82.

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 968



