
Epigenetic Drift in Human Oocytes during Ovarian Aging and its Consequences
for Embryo Development in Assisted Reproduction

Helena Varga*

Department of Reproductive Epigenomics, Central European Institute of Fertility Sciences, Budapest, Hungary

DESCRIPTION
Ovarian aging is a progressive biological process characterized 
not only by a decline in oocyte quantity but also by deterioration 
in oocyte molecular quality. Among the most important 
molecular changes observed with advancing maternal age is 
epigenetic drift, a phenomenon describing gradual and 
cumulative alterations in epigenetic marks such as 
Deoxyribonucleic Acid (DNA) methylation, histone 
modification, and chromatin organization. In assisted 
reproductive cycles, these changes are increasingly recognized as 
significant contributors to reduced embryo developmental 
potential, altered implantation rates, and increased risk of 
developmental abnormalities.

Epigenetic regulation plays a fundamental role in oocyte 
development, beginning during fetal life and continuing through 
follicular maturation. DNA methylation patterns are established 
during oogenesis and are essential for proper genomic 
imprinting, gene silencing, and developmental regulation after 
fertilization. These epigenetic marks ensure that genes are 
expressed in a parent-of-origin-specific manner and that early 
embryonic development proceeds in a coordinated fashion.

With increasing maternal age, the stability of these epigenetic 
marks becomes compromised. Epigenetic drift refers to the 
gradual loss of precision in DNA methylation patterns, leading 
to aberrant gene expression profiles. This may result in improper 
activation or silencing of genes involved in meiosis, spindle 
formation, mitochondrial function, and early embryonic 
development. Such alterations may not prevent fertilization but 
can significantly affect post-fertilization developmental 
competence.

Histone modifications also undergo age-associated changes. 
Histones are proteins around which DNA is wrapped, and their 
chemical modifications regulate chromatin accessibility. In aged 
oocytes, alterations in histone acetylation and methylation 
patterns have been observed, potentially affecting chromatin 
condensation and transcriptional regulation. These changes may 
impair the oocyte’s ability to properly organize its genetic 
material during meiotic division. Chromatin structure within

oocytes becomes increasingly unstable with age. This instability
can contribute to errors in chromosome segregation during
meiosis, leading to aneuploid embryos. Aneuploidy is a major
cause of implantation failure and early miscarriage in assisted
reproductive treatment. Epigenetic drift may indirectly increase
aneuploidy risk by weakening chromatin cohesion and spindle
assembly integrity.

Mitochondrial function is closely linked to epigenetic regulation.
Declining mitochondrial efficiency in aged oocytes can influence
the availability of metabolic substrates required for epigenetic
maintenance. Reduced adenosine triphosphate levels may impair
enzymes responsible for DNA methylation and histone
modification, further contributing to epigenetic instability. This
interaction between metabolism and epigenetics forms a
feedback loop that exacerbates oocyte aging. Environmental and
lifestyle factors also contribute to epigenetic drift. Exposure to
toxins, poor dietary habits, chronic stress, and metabolic
disorders can accelerate epigenetic alterations within oocytes.
These factors may interact with natural aging processes, leading
to earlier onset of molecular decline even in relatively younger
women. Assisted reproductive patients with such risk factors may
therefore exhibit oocyte quality variations independent of
chronological age.

During assisted reproductive stimulation, multiple oocytes are
retrieved, each potentially exhibiting different degrees of
epigenetic stability. This heterogeneity may explain variability in
embryo development outcomes within the same cycle. Some
oocytes may retain relatively stable epigenetic patterns and
support normal embryogenesis, while others may exhibit altered
developmental trajectories despite normal fertilization. Early
embryonic development relies heavily on maternal epigenetic
information until embryonic genome activation occurs. If
epigenetic drift is present in the oocyte, improper gene
regulation may persist into early cleavage stages. This may
manifest as delayed cell division, abnormal gene expression
profiles, or reduced blastocyst formation rates. Such effects are
often subtle and may not be detectable through standard
morphological assessment alone.
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However, the extent to which these approaches can reverse 
established epigenetic drift remains uncertain. Emerging 
research also explores whether epigenetic modifications in 
oocytes can be partially restored through in vitro maturation 
techniques or optimized culture conditions. While experimental 
data suggest some degree of epigenetic plasticity, clinical 
application remains limited and requires further validation.

CONCLUSION
Current evidence indicates that epigenetic drift in oocytes is a 
significant factor influencing reproductive aging and embryo 
developmental variability in assisted reproductive cycles. 
Alterations in DNA methylation, histone modification, and 
chromatin structure collectively contribute to reduced 
developmental competence and increased reproductive 
challenges with advancing maternal age. Continued research 
integrating epigenetics, reproductive biology, and clinical 
embryology may improve understanding of oocyte aging and 
support development of more effective fertility treatment 
strategies.
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Assisted reproductive technologies such as intracytoplasmic 
sperm injection bypass natural selection mechanisms, allowing 
fertilization of oocytes with varying epigenetic integrity. While 
this increases chances of fertilization, it also highlights the 
importance of understanding oocyte molecular quality beyond 
structural appearance. Epigenetic profiling has therefore become 
an area of increasing interest in reproductive medicine research. 
Single-cell epigenomic technologies have enabled detailed 
analysis of DNA methylation and chromatin states in individual 
oocytes. These methods have revealed that epigenetic variability 
increases with maternal age and is associated with changes in 
genes involved in developmental regulation and cellular 
metabolism. Such findings provide molecular evidence 
supporting the concept of epigenetic drift as a contributor to 
reproductive aging.

Interventions aimed at reducing oxidative stress and improving 
metabolic health have been investigated for their potential to 
stabilize epigenetic marks. Antioxidant supplementation, 
lifestyle modification, and metabolic regulation may indirectly 
support epigenetic maintenance by reducing cellular stress. 
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