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ABSTRACT

Emerging evidence highlights the critical role of paternal nutrition in shaping the metabolic health of
offspring through epigenetic inheritance mechanisms. This review synthesizes recent advances (2015 to
2025) in understanding how paternal dietary patterns before conception modulate the sperm epigenome
and influence transgenerational metabolic programming. Central to this process are dynamic alterations
in DNA methylation, histone modifications, and Noncoding RNAs (ncRNAs), which serve as molecular
carriers of environmental information from father to offspring. High-fat or protein-restricted paternal diets
have been consistently associated with aberrant methylation of key metabolic genes, shifts in histone
acetylation and methylation, and changes in sperm-borne miRNAs, collectively predisposing offspring to
obesity, insulin resistance, and glucose intolerance. Advanced molecular tools, including bisulfite
sequencing, ChlP-seq, and RNA-seq, have enabled precise profiling of these heritable epigenetic
signatures. The review also examines experimental and human epidemiological studies that confirm the
persistence of these effects into adulthood, reinforcing the long-term implications of paternal nutritional
status. Importantly, emerging strategies such as nutritional supplementation, CRISPR-based epigenome
editing, and personalized preconception dietary interventions offer promising avenues to mitigate adverse
transgenerational outcomes. Furthermore, the review explores novel biochemical mediators, microplastics,
gut-derived metabolites, circadian disruptions, and phytochemicals that interact with sperm epigenetics
and highlights the future potential of artificial intelligence in predicting epigenetic inheritance patterns.
By integrating molecular, epidemiological, and computational insights, this review underscores the
underrecognized yet profound influence of paternal diet on offspring health and advocates for the
inclusion of paternal nutrition in public health discourse and preventive strategies. Addressing this gap
isimperative for curbing the intergenerational transmission of metabolic disorders and promoting lifelong
health across generations.
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INTRODUCTION

Epigenetics has emerged as a transformative paradigm in biomedical science, offering profound insights
into how environmental cues can modulate gene expression without altering the DNA sequence’.
Traditionally, the maternal environment has been the primary focus of studies examining developmental
origins of health and disease. However, recent advances have revealed the significant and often
underestimated role of paternal factors, particularly nutritional status before conception, in influencing
offspring phenotype and long-term metabolic health®. This expanding body of evidence suggests that
paternal dietary patterns can exert enduring biological effects through epigenetic modifications
transmitted via the male germline®’. The male gamete is now recognized as a dynamic vector of
environmental information, carrying molecular signatures such as DNA methylation marks, histone
posttranslational modifications, and diverse noncoding RNAs**. These epigenetic features can influence
early embryonic development, reprogram metabolic pathways, and increase susceptibility to chronic
diseases such as obesity, cardiovascular dysfunction, and type 2 diabetes’. Animal studies have
demonstrated that high fat or protein restricted paternal diets induce specific epigenetic alterations in
sperm, which are retained post fertilization and contribute to adverse metabolic phenotypes in offspring®.
Complementary epidemiological evidence in humans reinforces the association between paternal
nutritional status and intergenerational health outcomes®. Recent advances in epigenomic profiling
techniques, including bisulfite sequencing, Chromatin Immunoprecipitation Sequencing (ChlP-seq), and
RNA Sequencing (RNA-seq), have enabled high-resolution mapping of these heritable modifications**.
Additionally, unconventional biochemical and environmental factors such as phytochemicals, microplastics,
gut-derived metabolites, and circadian disruption have been proposed to modulate the paternal
epigenome’. These findings not only expand our understanding of paternal contributions to
developmental programming but also highlight opportunities for targeted preconception
interventions®. This review critically examines the molecular mechanisms by which paternal nutrition
modifies the sperm epigenome and explores the resulting implications for offspring metabolic health. By
integrating current findings from molecular, epidemiological, and computational studies, the paper
emphasizes the need to reposition paternal nutrition as a core focus in transgenerational disease
prevention strategies.

MATERIALS AND METHODS

This comprehensive review synthesizes findings from rigorous, peer-reviewed studies investigating the
intricate influence of paternal diet on offspring metabolism. The systematic data collection process
involved an exhaustive search across prominent biomedical databases, including PubMed, Scopus,
and Web of Science. The search strategy employed a combination of keywords and Medical
Subject Headings (MeSH) terms, such as “Paternal diet”, “Epigenetic inheritance”, “Offspring metabolism”,
“DNA methylation”, “Histone modifications”, “Non-coding RNA", “Transgenerational effects”,
“"Sperm epigenetics”, and “Metabolic programming”®. Inclusion criteria for selecting studies were stringent,
focusing exclusively on mammalian models (e.g., mice, rats, humans) that provided detailed evidence of
changes in specific epigenetic markers in response to variations in paternal nutritional intake®. Prioritized
studies published between 2015 and 2025 to ensure the inclusion of the most current and relevant
research, thereby reflecting the latest advancements in the field. Furthermore, studies were
selected based on methodological rigor, emphasizing those that employed robust molecular techniques
for analyzing epigenetic changes. These techniques included bisulfite sequencing for comprehensive
DNA methylation profiling, ChIP-seq for mapping histone modifications, and RNA-seq for quantifying
ncRNA expression profiles, particularly miRNAs®. Data extraction involved meticulous collection of
information regarding experimental design, dietary interventions, specific epigenetic marks analyzed,
and observed metabolic outcomes in offspring. The synthesis of these findings aimed to identify
consistent patterns and key mechanistic insights into the transgenerational effects of paternal diet on
metabolic programming®.
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Thematic synthesis

Fig. 1: Systematic review methodology: Data collection and analysis framework (self-generated, using
Canvas and DALL.E)

This flowchart details key stages: Database searching, keyword selection, study screening, data extraction, and thematic
synthesis and advanced molecular techniques (bisulfite sequencing, ChIP-seq, RNA-seq) were utilized

Figure 1 illustrates the systematic review methodology used in this study. The process begins with
database searches in PubMed, Scopus, and Web of Science, utilizing targeted keywords and MeSH terms™.
Inclusion criteriaemphasized mammalian models with documented epigenetic alterations due to paternal
nutritional intake’. After initial screening and eligibility assessment, relevant studies were selected for data
extraction, focusing on experimental design, dietary interventions, epigenetic modifications, and metabolic
outcomes’®. Thematic synthesis involved analyzing patterns in DNA methylation, histone modifications,
and ncRNA changes, ensuring methodological rigor in identifying transgenerational effects®.

RESULTS AND DISCUSSION
This section outlines key findings derived from empirical studies, systematically categorized based on
distinct epigenetic mechanisms through which paternal diet influences offspring metabolism.

DNA methylation modifications: The DNA methylation, a fundamental epigenetic mark, plays a pivotal
role in regulating gene silencing and expression, particularly at CpG islands within gene promoter regions.
Numerous studies elucidate that paternal dietary exposures can induce specific alterations in sperm DNA
methylation patterns, which are subsequently transmitted to offspring, influencing their metabolic
phenotype. For instance, a seminal study demonstrated that paternal high-fat diets in mice led to
significant hypermethylation of genes involved in lipid metabolism and insulin signaling in offspring’s liver,
contributing to impaired glucose tolerance and increased adiposity®. Similarly, another study revealed that
chronic paternal exposure to a Western-style diet in rodents resulted in altered DNA methylation profiles
in sperm for genes associated with metabolic pathways, correlating with increased susceptibility to obesity
and metabolic dysfunction in progeny'. Furthermore, paternal protein restriction caused distinct
hypomethylation patterns in promoter regions of gluconeogenesis-related genes in offspring pancreas,
leading to altered glucose homeostasis''. These findings collectively highlight DNA methylation as a
critical epigenetic conduit for paternal diet to program offspring metabolic health.

As depicted in Fig. 2, comparative methylation profiles show differential CpG methylation levels in key
gene regions among offspring of fathers consuming control, high-fat, or protein-restricted diets. Paternal
high-fat diets result in hypermethylation of genes involved in lipid metabolism and insulin signaling™,
while paternal protein restriction induces hypomethylation at loci linked to gluconeogenesis'. The stability
of these methylation marks suggests a robust mechanism for transgenerational metabolic programming™.
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Fig. 2: Comparative methylation profiles in offspring of fathers with distinct diets (self-generated, using
canvas and DALL.E)

Heatmaps and bar graphs contrast CpG methylation levels across key metabolic genes. Elevated methylation (high-fat diet
fathers) correlates with increased adiposity and impaired glucose tolerance. Hypomethylation (protein-restricted fathers)
potentially affects glucose homeostasis
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Fig. 3: Graphical representation of histone modification sites affected by paternal nutrition (self-generated,

using canvas and DALL.E)
Nucleosomes depict key histone marks (acetylation: H3K9ac, H3K27ac; methylation: H3K4me3) regulating chromatin
accessibility and gene expression

Histone modifications and chromatin remodeling: Beyond DNA methylation, dietary components exert
profound effects on histone modifications, altering chromatin accessibility and gene transcription. Histone
acetylation, methylation, phosphorylation, and ubiquitination are dynamic processes regulating gene
expression. Emerging experimental evidence suggests paternal nutritional status can induce specific
histone modifications in sperm, transmitted to the zygote, and influence offspring development. For
example, Wei et al. found paternal folate deficiency in mice led to widespread histone hypoacetylation
(particularly H3K9ac and H3K27ac) in sperm, associated with altered gene expression in offspring liver and
impaired glucose homeostasis®. Paternal high-fat diet exposure increased H3K4me3 (active chromatin
mark) at specific metabolic gene promoters in sperm, correlating with offspring metabolic dysregulation™.
These findings suggest that alterations in paternal germline histone marks profoundly impact offspring
metabolic programming by influencing the accessibility of crucial metabolic genes. The dynamic nature
of histone modifications provides a flexible mechanism for integrating environmental signals into the
epigenetic landscape'. It is important to note that while these marks can be inherited, extensive
epigenetic reprogramming occurs during early embryogenesis, which can potentially erase or modify
some paternal marks; however, evidence indicates certain environmentally-induced modifications escape
this reprogramming.

Figure 3 highlights specific lysine and arginine residues on histone tails undergoing epigenetic
modifications in response to paternal diet. Paternal folate deficiency leads to widespread histone
hypoacetylation, while paternal high-fat diet exposure enhances H3K4me3 at metabolic gene promoters®.
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Fig.4: miRNA expression differences in offspring under varied paternal diets (self-generated, using canvas

and DALL.E)
Heatmaps and plots highlight upregulation/downregulation of specific miRNAs (e.g., miR-21, miR-103, miR-107) in sperm
and offspring tissues

Non-coding rna and transgenerational effects: Non-coding RNAs, particularly miRNAs, are crucial
regulators of gene expression stability and play a significant role in mediating transgenerational epigenetic
effects. These small RNA molecules modulate gene expression by binding to target mRNAs, leading to
degradation or translational repression. Research indicates paternal nutritional status significantly alters
the miRNA cargo of sperm, delivered to the oocyte upon fertilization, influencing early embryonic
development and offspring metabolic programming. Paternal undernutrition in mice significantly
increased sperm miR-21 expression, linked to altered fatty acid oxidation pathways and increased lipid
accumulation in offspring liver'”. Paternal obesity changed sperm miRNA profiles, including
elevated miR-103 and miR-107, associated with impaired insulin signaling and glucose intolerance in
offspring'®. These findings highlight the critical role of sperm ncRNAs as carriers of epigenetic information,
providing a rapid mechanism for transmitting environmental signals. The unique packaging and delivery
of miRNAs during fertilization suggest direct involvement in shaping offspring metabolic landscape™.

Figure 4 illustrates differential miRNA expression in offspring based on paternal dietary exposures.
Paternal undernutrition increases miR-21 expression, while paternal obesity elevates miR-103 and miR-107
levels®.

Experimental models and longitudinal observations: The transgenerational effects of paternal diet on
offspring metabolism have been extensively studied using various experimental models, predominantly
rodents, alongside emerging human epidemiological investigations. Rodent models provide a controlled
environment to systematically analyze underlying molecular mechanisms. Preconception paternal
exposure to high-fat or protein-restricted diets significantly alters hepatic gene expression in offspring,
influencing glucose and lipid metabolism®’. These metabolic disruptions often manifest as increased
adiposity, insulin resistance, and impaired glucose tolerance, mimicking metabolic syndrome features.
Longitudinal studies confirm these metabolic phenotypes persist into adulthood, reinforcing the lasting
impact of paternal nutritional exposures®.

Figure 5 demonstrates the pathway through which paternal diet influences sperm epigenetics
(DNA methylation, histone modifications, ncRNAs). These alterations are transmitted to the zygote,
affecting offspring gene expression and metabolic phenotype. Rodent model studies confirm persistent
metabolic consequences from high-fat or protein-restricted paternal diets. Epidemiological studies
support correlations between paternal dietary habits and metabolic health outcomes in human offspring®.
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Fig. 5: Trans generational impact of paternal diet on offspring metabolism (self-generated, using canvas
and DALL.E)

Schematic showing paternal diet affecting sperm epigenetics, transmission to the zygote, and resulting offspring gene
expression/metabolic phenotype
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Fig. 6: Impact of paternal diet on offspring metabolism through epigenetic mechanisms (self-generated,
using canvas and DALL.E)

Schematic showing paternal diet influencing sperm epigenetics and subsequent effects on zygote and offspring metabolism

Complementing animal studies, human epidemiological research provides compelling evidence linking
paternal diet quality to offspring metabolic health. A prospective cohort study found poor paternal
preconception dietary quality, characterized by high processed food consumption and low fruit/vegetable
intake, as associated with elevated risk of childhood obesity and type 2 diabetes**. A systematic review
synthesizing human cohort data identified consistent correlations between paternal metabolic status and
offspring health outcomes, emphasizing paternal diet as a determinant of long-term metabolic
trajectories®.

Nutritional interventions to mitigate epigenetic effects: The role of paternal diet in shaping offspring
metabolism through epigenetic inheritance has gained significant attention. Epigenetic modifications
serve as molecular mediators transmitting environmental influences across generations. Sperm epigenetics
is a crucial mechanism through which paternal nutritional status affects offspring phenotypes?®.

As illustrated in Fig. 6, paternal diet affects sperm epigenetics through DNA methylation, histone
modifications, and ncRNAs, impacting zygote and offspring metabolism. Altered nutritional environments
modify sperm epigenetic markers, leading to metabolic reprogramming in offspring®®. Histone
modifications regulate chromatin structure and gene accessibility*®. ncRNAs, particularly miRNAs, facilitate
transmission of epigenetic information?’.
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Fig.7: Conceptual diagram of future interventions targeting paternal dietary effects (self-generated, using
canvas and DALL.E)

Framework integrating nutritional supplementation, epigenetic editing, and personalized dietary interventions

Studies reveal paternal dietary interventions directly influence sperm DNA methylation and histone
modifications, altering offspring gene expression. Differential CpG methylation in sperm from fathers
exposed to altered nutritional environments contributes to offspring metabolic programming®’?.
Modifications to histone tails regulate chromatin accessibility and transcriptional activity?®. These
mechanisms underscore the transgenerational impact.

Additionally, ncRNAs, particularly miRNAs, are key factors in paternal epigenetic inheritance. miRNAs in
sperm modulate gene expression post-fertilization, shaping offspring metabolic traits. Dietary-induced
variations in sperm miRNA content correlate with offspring susceptibility to metabolic disorders®.

Integrating molecular epigenetic insights highlights the importance of paternal preconception health in
determining offspring metabolic trajectories. A deeper understanding may pave the way for targeted
interventions.

Future directions in epigenetic research: The field of paternal epigenetic inheritance is rapidly evolving.
One crucial focus is the reversibility of paternal diet-induced epigenetic modifications, holding significant
therapeutic potential. Advanced genome-wide methylation techniques provide deeper insights, while
CRISPR-based epigenetic editing tools may enable precise modifications®.

Figure 7 presents an integrative framework for interventions: nutritional supplementation modulating
sperm epigenetics®®, CRISPR-based editing reversing germline changes®, and personalized dietary
recommendations tailored to paternal metabolic profiles. Validation through large-scale human cohort
studies is essential®.

Further efforts are needed to elucidate molecular mechanisms governing dietary impact on epigenetic
inheritance. ldentifying key nutrient sensors and signaling pathways that translate dietary inputs into
epigenetic modifications is crucial. Emerging research emphasizes the need for human-centric studies
validating animal model findings®'. Novel in vitro models, such as three-dimensional (3D) testicular
organoids, enhance understanding of human spermatogenesis and offer new epigenetic research
platforms®'**,

Translating epigenetic research into policy and public health initiatives is paramount. The World Health
Organization's (WHO) global action plan highlights addressing non-communicable disease (NCD) risk
factors, including epigenetic inheritance®. Integrating epigenetic insights into nutritional guidelines could
enable evidence-based paternal interventions. Findings will inform strategies optimizing paternal diet to
mitigate long-term health risks for future generations.
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Fig. 8: Systems level diagram of paternal biochemical influences on epigeneticinheritance (self-generated,
using canvas and DALL.E)

This diagram illustrates how paternal exposures such as microplastics, phytochemicals, sleep patterns, and gut metabolites
modulate sperm epigenetic markers. Artificial intelligence platforms interpret these biochemical signals to predict
transgenerational health risks

Emerging biochemical horizons in paternal epigenetic inheritance: Recent advances in biochemical
and molecular biology have uncovered unconventional systems that may influence epigenetic inheritance
from fathers to their offspring. Notably, environmental particles such as microplastics have been shown
to disrupt endocrine and immune function through oxidative stress pathways, which may indirectly alter
sperm epigenetic markers and downstream transcriptional programs in embryos®. Additionally,
disturbances in sleep regulation, a function increasingly linked to the epigenome, may mediate
transgenerational metabolic imbalances, particularly when paternal circadian rhythms are chronically
disrupted®.

Biologically active metabolites derived from the gut microbiota also represent a novel biochemical
interface with potential for cross-generational communication. These metabolites can regulate
neurotransmission and immunity and are suspected to influence germline epigenetic status through
histone modification and DNA methylation®*. Furthermore, natural plant compounds traditionally used
for their therapeutic effects may possess specific molecular targets that interact with chromatin
remodeling complexes in sperm cells, suggesting a previously underexplored dimension of phytochemical
influence in inherited disease predisposition®.

Of particular future relevance is the integration of artificial intelligence in mapping these biochemical
interactions. Al-driven bioinformatics platforms can decode complex biological data and predict
multigenerational epigenetic trajectories from paternal biochemical inputs*’. This convergence of
computational and biochemical sciences holds promise for identifying predictive biomarkers of offspring
health rooted in paternal exposures.

Figure 8 presents a systems-level schematic illustration of paternal influences such as microplastics,
phytochemicals, sleep, and gut metabolites on sperm epigenetic machinery. These factors modulate DNA
methylation, histone modification, and noncoding RNAs. Al based tools are shown as downstream

predictors of intergenerational health outcomes®’.
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CONCLUSION

Paternal nutrition plays a pivotal role in shaping offspring’s metabolic health through epigenetic
mechanisms that include DNA methylation, histone remodeling, and noncoding RNA dynamics. Evidence
from animal models and human studies underscores that dietary exposures before conception can
reprogram the sperm epigenome and contribute to transgenerational disease susceptibility. These
heritable molecular imprints influence embryonic development and persist into later life, altering
metabolic trajectories. Advances in high-throughput epigenomic profiling and emerging intervention
strategies offer promising avenues to counteract adverse paternal influences. Recognizing the male
germline as a conduit of nutritional memory redefines preventive medicine, advocating for the inclusion
of paternal dietary assessment in reproductive health policies. Strategic focus on preconception paternal
health holds immense potential to reduce the burden of metabolic disorders across generations.

SIGNIFICANCE STATEMENT

This review highlights the emerging role of paternal diet as a determinant of offspring metabolic health
via epigenetic inheritance. It reveals how preconception nutritional exposures modulate the sperm
epigenome, influencing gene regulation in the next generation. Mechanistic insights into DNA
methylation, histone modifications, and noncoding RNAs underscore the molecular basis of this
transmission. Animal and human studies demonstrate consistent links between poor paternal nutrition
and metabolic disorders in progeny. The findings advocate for a paradigm shift in reproductive health that
includes paternal dietary evaluation and intervention. Incorporating these insights into public health
strategies may reduce the intergenerational burden of metabolic diseases.
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