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ABSTRACT

Type 2 diabetes (T2D) represents a growing global public health challenge driven by complex interactions
between genetic, environmental, and lifestyle factors. Advances in epigenomic profiling, particularly DNA
methylation and chromatin modifications offer new opportunities for precision public health by enabling improved
risk stratification, early detection, and targeted prevention strategies. This paper synthesizes current evidence on
the application of epigenomic data to T2D, highlighting its potential to identify high-risk individuals and inform
tailored interventions at the population level. Epigenomic markers capture cumulative environmental exposures
and biological susceptibility, thereby extending traditional epidemiological models and enhancing predictive
accuracy. However, the translation of epigenomic insights into public health practice remains constrained by
methodological limitations, including issues of causal inference, data harmonization, and reproducibility.
Significant equity concerns also arise, as underrepresentation of diverse populations in epigenomic datasets risks
exacerbating existing health disparities. Ethical challenges related to privacy, consent, and potential
stigmatization further complicates implementation. In addition, health-system integration barriers, workforce
capacity gaps, and resource constraints limit scalability, particularly in low- and middle-income settings. Despite
these challenges, precision public health approaches leveraging epigenomic profiling hold promise for improving
prevention strategies, optimizing resource allocation, and reducing the burden of T2D. Strategic investment in
research, inclusive data generation, robust governance frameworks, and implementation science is essential to
bridge translational gaps and ensure equitable deployment of these innovations.
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INTRODUCTION

The current epidemiology of type 2 diabetes (T2D) stems from a growing burden of incidence and prevalence
worldwide, and links between both increased environmental exposure and genetic risk factors, coupled with
widespread adoption of unhealthy lifestyles continue to escalate cases [1-5]. New models to define and classify the
histological and molecular characterisation of T2D have been developed to optimise precision-held and adapted
stratified care without awaiting long-term trials covering long-term glycaemia control [6-137. The stratification
of patients remains through various methods and health systems worldwide that differ widely in ethnic
characteristics and disease burden [14-187. The anatomical pathophysiology and drivers of T2D are still
incompletely are further confounded by the dynamic, heterogeneous, and progressive characteristics of T2D under
the influence of multiple over-environmental and physiological variables [19-267. In diabetes epidemiology,
international systematics and macro-organisation cover the establishment of at-risk cohorts and the micro-
operators that encompass conditioning and educational pressures around patient retention among various
population cohorts, conditions, and across culturally diverse countries [27-337.
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Background and Context
Type 2 diabetes is a complex metabolic disorder characterized by chronic hyperglycemia and insulin resistance
[34-387. Epidemic and disproportionate increases in incidence and prevalence have been documented worldwide,
necessitating urgent action to mitigate population-level impacts [39-437. A better understanding of the aetiology
and progression of type 2 diabetes offers the potential to improve secondary and tertiary prevention. Precision
approaches, such as the stratification of asymptomatic individuals into low, moderate, and high risk, enabling
tailored prevention programmes targeting the highest risk have emerged as viable alternatives to primary
prevention strategies targeting entire populations [44-487. Epigenomic profiles acquired during adulthood enable
additional risk stratification beyond systemically circulating phenotypic measures, similar to the behaviour of
other engineered risk models in which the signals are temporally—separated from the outcomes [49-547]. Non-
reference CpG methylation and chromatin accessibility marks are proposed as intermediate phenotypes conferring
elevated susceptibility to type 2 diabetes [55-597. Epigenomic interventions, such as targeted lifestyle
modifications, have also been demonstrated to reverse the otherwise progressive disease, further supporting the
infectious hypothesis of the disease [60-667].
Epigenomic Profiling In Type 2 Diabetes
Early-stage type 2 diabetes (T2D) is heightening concern worldwide, with 537 million affected in 2021, nearly one
in ten adults projected to increase to 643 million by 2030 and 783 million by 2045 [2, 87. Long-term
hyperglycemia contributes to complications leading to reduced quality of life and increased premature mortality,
necessitating early diagnosis to mitigate disease progression and facilitate prompt intervention [47]. Retinal and
urine spot tests show promise, but a blood-based test accessible in community settings remains ideal, yet lacking a
suitable biomarker [57. Epigenomic profiling, measuring DNA methylation and other chemical modifications
regulating gene expression, is one of the most promising avenues for a T2D biomarker, with evidence
accumulating for several blood-based profiles linked to the disease [67. Since the 1980s, the number of adults
diagnosed with diabetes due to the rise in obesity, inactivity, and adoption of unhealthy lifestyle and dietary habits
has accelerated dramatically. Diabetes complications reduce life expectancy and impair quality of life, while
screening remains scarce [7]. The ability to identify a high-risk group for targeted prevention and lifestyle
modification advice is necessary to avoid reaching the epidemic-like phase [87. The diabetes epidemic is fuelled by
rapid changes in lifestyle, which have led to a dramatic increase in the number of adolescents and young adults
with Type 2 diabetes, particularly in low- and middle-income countries. A blood-based epigenomic marker for
Type 2 diabetes has consequently great public health significance [97.
Precision Public Health Paradigms
Precision public health paradigms [10, 117. Traditional public health interventions are implemented broadly,
lacking individualization or tailored strategies. Recent advances in biomedical research have underscored the
potential of measuring an individual’s biological risk factors to inform who would benefit from specific prevention
or intervention strategies [127]. Precision public health applies this rationale at a population scale; epigenomic
profiles indicate whether specific behavioral exposures such as unhealthy diet, sedentary lifestyle, and stressful life
events have occurred or continue to accumulate beyond the time frame captured by standard epidemiological
methods [127. The human genome is not static [137]. Throughout life, chemical modifications termed epigenetic
marks, which govern gene expression and have profound effects on complex traits and diseases, are added or
removed in response to environmental cues. These marks are not just responses to stimuli but can also reflect an
individual’s fundamental biological susceptibility to environmental exposures [147]. Epigenetic alterations can
therefore provide insight into the timing and nature of biological exposures that influence the risk of type 2
diabetes and other complex diseases; generate a more complete picture of the biological, environmental, and
behavioral factors contributing to incidence; and enhance the ability to identify at-risk individuals and allocate
resources for preventive interventions [157.
Evidence Base for Epigenomic Applications in Type 2 Diabetes
Type 2 diabetes is a major public health concern, but the evidence base for epigenomic applications remains
limited; requirements outlined by 1 have yet to be met [167]. Epigenetic modifications that arise in adulthood
contribute to the acquisition of type 2 diabetes risk, but the current public health burden is well characterised.
Several population-based DNA methylation signals derive from cohorts where sampling occurred before type 2
diabetes onsets and are therefore unlikely to represent causal influences [177]. The materials and methods for
primary, harmonised, and secondary epigenomic studies of type 2 diabetes are set out for discussion and
implementation [18, 197.
Biomarkers and Risk Stratification
T2D is a major leading cause of death and disability worldwide, which is steadily increasing Graph [17.
Inheritance of T2D has an estimated heritability of 30-70%, and T2D itself is caused by the unbalanced interaction
of multiple influential factors: genetic, life style, and environmental factors [57. Biomarkers that stratify for T2D
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risk and guide intervention are required to optimize the timing and precision of treatment. A direct causal
biomarker for T2D remains elusive, but early modification of lifestyle risk factors can postpone progression
probably several decades [67]. Many studies suggest that the integration of genomic information into clinical
phenotypes may yield subtypes with distinct pathophysiology and prognosis. These subtypes can be used for
guiding therapy [7]. A novel classification of T2D subtypes is developed that utilizes widespread clinical and
genetic information. Biomarkers that stratify for T2D risk and guide intervention are required to optimize the
timing and precision of treatment [87. A direct causal biomarker for T2D remains elusive, but early modification
of lifestyle risk factors can postpone progression probably several decades [97]. Many studies suggest that the
integration of genomic information into clinical phenotypes may yield subtypes with distinct pathophysiology and
prognosis. These subtypes can be used for guiding therapy [10].

Mechanistic Insights and Causal Inference
Epigenomic marks measured in tissues to type 2 diabetes and associated with exposures modifiable across the life
course provide crucial mechanistic insights into the aetiology of the disease and its risk factors [117]. Studies
conducted in human populations and animal models establish causal links between DNA-methylation changes and
type 2 diabetes or its related traits (e.g. body-mass index, insulin resistance, fasting plasma glucose) through
transcriptional changes of target genes [127. The body of work points toward hypermethylation of the gene
ATF5 in skeletal-muscle tissue and hypomethylation of the gene NCOAS in adipose tissue as epigenetic events
involved in type 2 diabetes pathogenesis [137. Anticipated modest population-attributable fractions for most
epigenomic biomarkers underscore the need for further mechanistic research to identify high-potential applications
in prevention [147]. Nonetheless, available evidence satisfies criteria for bench-to-population consideration,
supporting public health framing of epigenomic profiling and progression toward implementation analysis [157].

Population-Level Data and Study Designs
The population-level robustness of also extends to discovery and validation across diverse cohorts, datasets, and
settings, positioning epigenomic profiling as a tractable tool for precision public health and population health
genomics to mitigate type 2 diabetes [167. Typology studies classify populations according to epigenetic features
without assessing the underlying biology, yet are useful for establishing baseline exposure and genomic integrity.
Cohort studies interrogate epigenetic determination of prediabetes progression, obesity probability, and ageing
vulnerability [177]. Meta-analyses synthesize two independent collections to extend the reach of the signal [187.
Real-world evidence also stems from preventative programmes targeting populations exposed to environmental
threats [197]. Workplace interventions guided by epigenetic surveys that correlate with age and chronic stress
assess proactive systems to stem prediabetes development; early epigenetic features at first screening forecast
influence on progression to type 2 diabetes; community initiatives for pregnant adolescents investigate safe
locations[27]. Guidance from construction cohorts that simultaneously monitor body mass index, waist
circumference, and epigenetic change pinpoint third-variable dependencies between prediabetes and chronic
disease evolution [17].

Equity, Ethics, and Social Determinants

Accessibility to epigenomic testing services, including comprehensive methylation analysis of clinical samples,
remains limited in many geographic locations and for underserved social groups [17]. Consequently, access may be
further obstructed for lower-socioeconomic populations due to the need for additional genetic tests, such as single
nucleotide polymorphism and whole-genome sequencing analysis [87]. Epigenomic research therefore gives rise to
social equity concerns and a risk that precision public health implementation may worsen existing disparities [97].
For equitable implementation of precision public health strategies that directly apply epigenomic information at
the population level to mitigate type 2 diabetes incidences and progression, it is crucial to assess potential
unforeseen consequences on disadvantaged populations [107]. Representation of diverse populations in epigenomic
data is essential for generalizability and population-specific context integration. Training and validation cohorts
for risk stratification models may not reflect ethnic diversity or the socioeconomic and environmental
determinants captured by health surveys [117. As a result, findings based on predominantly European cohort data
alone may not tolerate additional integration of other sources [127]. Fundamental epigenomic research models,
including discovery, mechanism elucidation, and causal influence assessment, may provide valuable insights for
populations or subpopulations lacking extensive epigenomic datasets. For example, ongoing adult epigenomic
studies across the human lifespan in environmental health sciences elucidate temporal dynamics in the influence of
social determinants on disease risk [187]. Such insights could motivate primary and secondary prevention actions
from a population-based perspective, irrespective of regional epigenomic datasets [14].
Informed consent and privacy protect and govern personal data, including genetic and epigenetic information.
Epigenomic data are inherently more sensitive due to the potential for tracing information directly back to
individuals through normative and participatory frameworks. Moreover, traditional two-dimensional genomic
information and progression-regression temporal data elicit different societal repercussions. Methylation
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modification, the most widely established epigenomic marker, tends to reflect past exposures and behaviours, but
public perception considers its predictive capability less alarming than a conventional temporal sequence. Detailed
elucidation of epigenomic science evolution, public consideration of how the analyses influence societal contexts,
and thoughtful engagement with stakeholders promote transparency, trust, and broader acceptance. The intricate
web of data sharing, data use agreements, governance, and impact on human rights and real-time risk accounting
underscores the complexity of these analyses across datasets, cohorts, and jurisdictions.
Access to Epigenomic Testing
For successful implementation of precision medicine in type 2 diabetes, widespread access to epigenomic tests is
vital [47. Despite significant technological advances in the generation, collection, and analysis of genomic big
data, the complexity of the disease and the lack of actionable treatment or prevention options mean that the
availability of epigenomic screening is not yet warranted [17]. Type 2 diabetes is a polygenic condition, making the
quest for clinically useful biomarkers particularly difficult. Fundamental uncertainties remain regarding the extent
to which information may be helpful for serious conditions such as cancer, cardiovascular disease, or Alzheimer’s
disease[27]. There are concerns about the potential for “spurious precision” and the risk that complex, ‘big data’
approaches may actually impede rather than assist clinicians’ ability to individualize treatment decisions[37].
Representation and Generalizability
From both scientific and ethical perspectives, the ability to apply epigenomic profiling for type 2 diabetes
prevention in specific groups and settings hinges on the representation and generalizability of underlying datasets
[17]. Epidemiological data indicate that epigenetic changes accumulate with age and are influenced by
environmental factors, yet considerations of equity and the social determination of health inform ongoing concern
regarding the socio-environmental diversity of populations studied in this field [17. Type 2 diabetes is
predominantly a non-communicable disease that generally emerges across the life course, and therefore
population-level interventions targeting high-risk groups typically prioritize the early detection of impending
hyperglycemia [27]. Greater representativeness of population cohorts would enhance the population-level
transferability of epigenomic findings and potentially support the adjunctive screening of adults across vector
settings, thereby permitting stratified, preventative action in pursuit of equity-oriented objectives [107]. Explicitly
accounting for between-population differences and incorporating datasets from geographies, cultures, and
communities long considered secondary to prioritization or scholarship would bolster the probability of fitting
high-risk profiles to the largest possible share of any given population and hence of detecting actionable signals
ready for integration into public-health approaches[117. Considerable systemic gaps and gradients, their very
existence and durability inequitable remain unaddressed [127]. The cumulative epidemiological and epigenomic
evidence on the dimension of disconnection between the interrogation of fundamental science and an
understanding of how its most stringent products might be translated into the amplifying, variable, both
regionally and temporally shaping socioclinicoeconomic determinants of public health gives explicit practical
purchase on an extremely general animating principle of necessity: the most urgent investment is one that routes
along the widest spectrum to the broadest audience[137.
Privacy, Consent, and Potential Stigmatization
Technical progress continues to expand the types of data available for analyzing population health at scale. Efforts
to establish a robust data governance framework for health-related information systems seek to safeguard
individuals from the potential harms associated with data release while maximizing the societal benefits of data
sharing [117. Concerns persist that insufficiently governed datasets could lead to unauthorized disclosure and
stigmatization, particularly when detailed information about vulnerable groups is made accessible [127]. Increasing
public scrutiny of efforts to extract knowledge from human omics datasets has highlighted the importance of
privacy and the need for comprehensive policies to delineate appropriate ethical conduct [127. Countries are
adopting diverse strategies to provide data protection and inform individuals about the management of their
personal information [137]. Privacy may be defined in several ways; this work focuses on the individual’s capacity
to maintain control over their personal data, encompassing rights to access, rectification, objection, erasure, and
the ability to provide or withdraw consent for data processing [147]. Such policies assume that individuals wish to
exert control over their data; people in more egalitarian societies may prioritize societal welfare over their own
privacy, potentially limiting their concern about the extent of knowledge shared with other community members
[157]. While individuals may accept limited information about their own health, less collective willingness to share
models of social stigma could deter wide uptake of an initiative to implement a tool on epigenomic profiling [157].
Implementation Science and Translational Pathways
Much needs to be learned before epigenomic data can move from research to public health practice. Numerous
hurdles impede implementation at scale and this wills, inevitably, delay population-level health benefits [17.
Health-system integration remains a daunting challenge, requiring concurrent adaptation of core clinical
workflows and infrastructures for data management and exchange [17]. Gaps in the workforce, technical
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capabilities, and governance frameworks further constrain progress [27]. Precision public health thinking should
therefore be brought to bear on translation pathways. The aim is to ensure that research advances can be
harnessed fully while minimising the high cost of excessive innovation and premature adoption [87. Translational
gaps from discovery to public health practice can be assessed in terms of enablers factors that make
implementation easier and barriers that impede it[47]. Epigenomics for type 2 diabetes, viewed through this lens,
illustrates both the opportunities and the potential drawbacks of a precision approach. The aspiration to engage
precisely with a rich body of evidence on epigenetics, molecular interactions, and disease causation and to focus
attention on high-risk individuals prioritises what in many contexts would be termed the ‘demand side’ of health-
service provision[5]. At the same time, it suggests several readily identifiable elements of implementation that
merit further attention.

From Bench to Population: Translational Gaps
Owing to the urgency of the diabetes challenge and the promise of epigenomic data, considerable research effort is
directed towards bench-to-population translation via precision public health [67. The field remains at an early
stage, as opportunities for applied research, practice, and further interaction with the discovery paradigm have yet
to be fully realized [7]. Distinct translational gaps persist between the availability of epigenomic data and public
health applications. Translational opportunities, some already underway are outlined to accelerate integration into
practice [87]. Unprecedented progress has been made recently in generating large-scale epigenomic data and in
improving understanding of the role of epigenetic modification in common complex diseases [97]. Moreover,
substantial effort has been dedicated to knowledge synthesis for establishing evidence bases across a variety of
areas, including the epidemiology of type 2 diabetes; the role of epigenomic perturbation in biological age,
longevity, and metabolic health; and the systemic effects of environmental exposures on the epigenome [17].

Health Systems Integration and Workflow Considerations

Implementation of epigenomic profiling to support precision public health hinges on successful integration of the
requisite processes into health systems and clinical workflows [127]. The availability and accessibility of data
resources, analytic pipelines, and decision-support systems in practice settings are critical to translating discovery-
based knowledge into practice-oriented interventions at population scale [1387. Institutional support, workforce
capacity, and training opportunities further enable the operationalization of evidence-based hypotheses in diverse
contexts. The establishment of such infrastructure is vital in consideration of the national and global
epidemiological burden associated with diabetes and the anticipated opportunity to inform population-based
interventions through clinically actionable, epigenomic profiles linked to lifetime risk [147]. Public health genomic
applications typically remain within established individual- or population-based pathways throughout analysis,
intervention-selection, and decision-support processes, generating distinct, yet interdependent, perspectives [137.
The first involves health systems integration of priority, epigenomic, diabetes profiles to establish clinically
relevant, actionable thresholds corresponding to lifetime risk [15]. The second centred on systematically
addressing the general applicability of, and anticipated public-health-impact from, alternative profiling,
intervention, and analysis approaches across diverse population segments, and delineating equitable considerations
and recommended best practices[167]. Such optimisation pathways engage different stakeholders and decision-
makers residing within distinct yet interconnected health systems echelon [177]. Implementation follows the
eligible biomarker phase, with the emphasis on the institutional strategies, challenges, and opportunities
influencing progress towards population-scale operationalisation of clinically actionable epigenomic-risk profiling
for type 2 diabetes [187. Diverse considerations affecting system integration, staffing, policy, and funding
situations delineate ecosystem characteristics, collectively participating in the determination of viable,
contextualised, and adaptable translational-blueprint outlines [197].

Policy, Reimbursement, and Governance
Benchmarking is an essential preparatory phase before an epigenomic test can be considered for reimbursement
and actual deployment on a systematic basis [87]. Numerous public and private funding agencies worldwide
routinely sponsor preliminary assessments of the scientific and clinical relevance of new testing approaches
through so-called “horizon scanning” initiatives before funding-related aspects can be considered [97. The focus of
such early assessments is increasingly shifting toward clinical and population nursing interventions expected at
the community level as a consequence of raising awareness of potential new tests within the public and health
professional domains [17]. Governance mechanisms are chiefly needed to reduce the complexity and stimulate
decision-making processes previously mentioned [107]. These mechanisms should ensure appropriate weighting of
input from various stakeholders and sectors and encouraging systems to develop epistemic impartiality when
evaluating public health strategies, whether in regard to emerging technologies or more established practice [14].

Methodological and Analytic Considerations
Epigenomic research faces specific methodological and analytic issues that must be be addressed to inform
precision public health applications for type 2 diabetes [47]. The complexity of the exposome, multidimensional
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nature of the epigenome, and the limits of the data-generating cohort increase the potential for confounding and
reverse causality [5]. Cohorts with exposure data that could be permissibly harnessed other than for epigenomic
profiling alone, and to which metadata from target cohorts could be aligned, might be prioritized in study design.
Approaches that distinguish between exposure-induced and exposure-eliminating modification of epigenomic
signatures should be preferred [67]. Epigenomic datasets should ideally be taxonomically co-analysed alongside
other omic information [17].Emergent insights on the order of magnitude of epigenomic variability induced by
unmeasured time-varying cohort-specific covariates underline the importance of data alignment across settings
[7]. Various annotation systems for eDNAm still lack interoperability; methods continue to be developed to rise
to this challenge [87]. The harmonization of pre-processing steps for expression data, promising the ability to
mobilise gene expression information generated in non-CED individually-identified cohorts without further access
or approvals, formed the focus of a different avenue of science [97].
Study Design and Causal Inference

Many studies of epigenomic profiles and type 2 diabetes (T'2D) rely on cross-sectional designs and statistical
approaches intended for establishing causal relationships in observational data [147]. Epidemiological and
statistical principles help guide choices of study designs, causal inference methods, and analysis strategies,
enabling researchers to maximize causal validity despite the limitations of their data [157]. These considerations
thus inform relevant research questions, specify data collection requirements, and shape the overall analytical
pipeline [167]. Based on the epidemiology of T2D in the population of interest and the expected roles of
epigenomic profiles, the analysis considers particular designs for studying causal effects and for assessing
biological pathways and quantitative causal relationships [177]. Recommendations complement discussion of the
general applicability of system-wide causal inference methods to T2D and other major public health challenges

[18].
Data Harmonization and Interoperability
Data harmonization, interoperability, standardization, and cross-cohort comparability are essential for the effective
dissemination of insights from epigenomic studies [5]. Though the growth of consortia and meta-analysis
approaches has expanded the data landscape, study-specific differences in data collection, processing, and analysis
can impede the cross-cohort comparability of collected profiles [67]. Addressing this challenge requires the
development of harmonization strategies that accommodate existing methodological diversity while satisfying the
specific requirements of epigenomic analyses [167]. The design of computational workflows continues to lag
behind the rapid expansion of epigenomic data generation and phenotypic characterization, posing additional
challenges for reproducibility, validation, and open science [17].
Analytical Pipelines and Reproducibility
The analytical pipelines used in epigenomic investigations markedly influence data interpretation and the
detection of biological signals at the national and population levels [127. Precise analytical pipelines for
methylation arrays and other forms of genomic and epigenomic information are essential to enable reliable
analysis of global and multi-tissular cohorts or cross-sections of national or mainland territories [137]. Analytical
pipelines need to be clearly documented and effectively validated in published studies to foster maximum
reproducibility. Cohort effects and spatial effects caused by the collection site or centre, along with systematic
disturbances appearing in the same location, require special consideration in large-scale studies involving analysis
pipelines [147]. Methylation array-based epigenomic profiles often serve as valuable indicators associated with
health and metabolic conditions, including type 2 diabetes. Methylation marks can exhibit a wide range of semi-
continuous values across multiple cohorts, and analytical pipelines should enable longitudinal tracking of
epigenomic marker states influencing such time-to-event conditions [157]. The implementation of upgrade-and-
scrap strategies greatly facilitates the configuration and examination of research test/molecular measurement
pipelines. Global tracking of health biomarkers governing chronic progressive conditions can assist machine-
learning semantic networks and similar tools in identifying, without prior knowledge, the health priority and/or
the disease-free survival time that longest correlates further down the road with profiles differing from those
measured at an earlier point in time [167].
Case Studies and Bench-to-Population Perspectives
Precision public health offers population-level applications of existing epigenomic profiling technologies to
identify individuals at high risk of type 2 diabetes and target tailored prevention initiatives[4]. These approaches
could complement existing risk models by extending the lead time for intervention and helping to prioritize the
allocation of often-scarce preventive resources. Three illustrative scenarios describe how epigenomic profiling
might enable precision public health initiatives targeting occupational groups, delivery via community
organizations, and intervention-design guidance under fully targeted or broader implementation strategies [67].
Individuals with type 2 diabetes contribute to substantial economic, social, and health burdens that continue to
escalate worldwide. The increasing incidence of the disease has highlighted the need for enhanced preventive
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measures [7]. Risk-stratification models based on conventional risk factors, genetics, and metabolomics are in
active use, yet opportunities remain to scale interventions on population and occupational grounds further
upstream [87]. Because initiatives generally require substantial investment in outreach, on-site engagement, and
follow-up, such profiling could also help improve uptake, feasibility, and determination of the most suitable
interventions through prototype designs that reflect population-specific characteristics [17].
‘Workplace and Community-based Screening
Implementing precision public health approaches requires consideration of specific delivery methods suited to the
target context [17]. An epigenomic profiling strategy aimed at informing health interventions could leverage
existing systems for workplace and community-based screening [27]. Several workplace and community-based
programs already target diabetes risk factors, and epigenomic screening could potentially fit within these
established practices [147]. Furthermore, studies conducted in similar environments have demonstrated the
capacity to identify epigenetic markers that correlate with obesity, blood pressure, glucose and insulin levels, and
biological age [37. Empirical experience has highlighted several fundamental challenges in delivering screening
programs, particularly when recruitment entails reaching youth from racially and ethnically diverse backgrounds
residing in low-income or historically underserved communities [47]. Effective strategies to enhance recruitment
and retention among such populations will be critical for informing designs of future screening campaigns [5].
Successful implementation of an epigenomic profiling approach may also facilitate the consideration of alternative
screening entry points targeting populations deemed at higher risk for developing the disease [67]. Although
direct screening among these high-risk groups could yield substantial population health benefits, both the
expected size of the intervention effect and the desired degree of equity would likely be diminished relative to a
universal implementation in the entire adult population [77]. Consequently, a second alternative practice at the
bench-to-population interface would involve deploying the intervention selectively among the broader adult
population who, based on demographic and behavioral characteristics, would be anticipated to derive the greatest
health impact [87.
High-risk Population Targeting
Substantial evidence indicates that precision public health approaches to screening, prevention, and resource
allocation for type 2 diabetes can be informed by epigenomic profiling [17]. Effective, equitable targeting of these
efforts warrants specific consideration [27]. The observed prevalence of epigenomic signatures implicated in the
disease within high-risk populations individuals with high body mass index and glucoregulatory signals, for
example offers an opportunity to target interventions to the people who are both at markedly elevated risk of
onset and yet potentially amenable to preventive action[37]. Enhanced efficacy and efficiency of action in these
groups would benefit both health equity and population health [47. Population risk profiles also indicate that
screening for other biological pathways beyond epigenomic signatures would simultaneously provide several high-
risk, lower-body-mass-index targets whose profiles reflect pathway enrichment relevant to glucose homeostasis.
Interventions that address risk and protective factors related to these pathways may therefore help mitigate
population inequalities, in addition to further improving the overall population profile [57].
Public Health Interventions Guided by Epigenomic Profiles
Type 2 diabetes (T2D) is a significant public health challenge, with the number of adults living with the disease
expected to exceed 700 million worldwide by 2045[47]. Fundamental changes in the underlying determinants of
health are needed to address the rising incidence of T2D [57]. Existing epigenomic profiling techniques could be
integrated into public health practice to deliver screening or test-and-treat interventions that target resources
towards high-risk populations and reduce disparities in T2D prevention and management [187]. T2D has multiple
well-characterized, non-genetic, and non-shared determinants such as a combination of an impaired metabolic
response to glucose and an inability of insulin to suppress gluconeogenesis [17]. It is associated with staggering
annual expenditures of approximately $673 billion in 2015, $849 billion in 2021, and projected to exceed $1
trillion by 2030. Early therapeutic interventions to address the disease process, when still in its pre-clinical phase,
are not yet undertaken at the population level [167].
Challenges and Risks
Biological variability in epigenetic marks including spatial and longitudinal measurement variation, adjustment for
technical covariates, and other determinants of signal strength such as smoking, diet, and environmental
exposures limits the application of epigenomic information [77]. Non-persistent DNA methylation changes and
differential stability of epigenetic marks across tissues contribute to measurement error [87]. Epigenetic marks can
also become irrelevant as risk profiles evolve, with complex temporal dynamics affecting which markers remain
informative either through the life course or during the temporal window of intervention opportunities [97]. The
multiple precision public health use cases outlined involve pathways with varying biological premises about the
potential flexibility and lifespan of epigenomic signatures [147]. The widespread adoption of epigenome-based
screening calls for consideration of technology misuse, transparency of institutional motives, and assurance that
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information remains a collective benefit rather than an instrument for exclusion [157]. Concerns about privacy and
the ethical culpability arising from adverse health information amplification additionally threaten public
confidence. Facilitating cooperation among public health bodies in pursuit of these objectives remains essential
[17. Resource constraints play a pivotal role at every stage of the benchtop-to-population process. The demand for
simplicity, read speed, and affordability proportional to magnitude of health risks influences the specifications of
screening design options [27].
Biological Variability and Longitudinal Dynamics
Biological variability, longitudinal dynamics, and measurement error digitize type 2 diabetes dynamics
comprehensively across the life course and advancing personalized opportunities [10]7. Recent epigenomic
profiles highlight these intricate processes [17]. Adults relocate epigenetic signals into maintained three-cell state
remapping these lineages within published tissue landscape maps. Comprehensive epigenetic dynamics define
biological trajectories and multi-morbidity parallels [117]. Gains trajectory tracking brings greater need for
precise measurement, removes specification constants, permits imputation, augments mismeasurement correction,
and generates telomere length measures from sparse deep-sequencing data. Understanding epigenomic state,
combinatorial change, and information gain from available data enhances improvement potential [127]. Type 2
diabetes displays individual and population variability across the life course, within week-to-week variation, and
remains reversible underscoring diverse biological and environmental influences [137. Recent interpretation
studies raise implementation consideration, variate pooling across individuals diminishes generative
characterisation, and distribution-free continuity measures remain on unobserved variables [147. Although
Gaussian assumptions curve interference evaluation, monitoring points remain limited through accrued
longitudinal data, valence uncertainty arises during the pathway through different biological states, and
equilibrium offsets unclear stabilisation and constitutional framings demand both population multi-modelling and
individual tracking expansion into diverse co-morbidity interactions [157]. Type 2 diabetes incidence highly differs
globally from low-incident equatorial regions relating to economic and life-style factors. Multiple longitudinal
trajectories circulate normal HbA1c, pre-diabetes, diabetes, relative metabolic responses, and microbiome varieties
across tonic and perturbation constraints remain extensible, engendering mark-model advancement to interpret
variability [167].
Ethical and Societal Implications
Despite the potential value of public health applications of epigenomic profiling for type 2 diabetes (T2D), the
social, ethical, and political challenges associated with their use remain largely unexamined[77]. Such applications
hold the promise of extending the benefits of precision medicine to population-level disease prevention; however, if
they entail heightened risks of social stigma, discrimination, or misappropriation of already constrained human and
financial resources, they may not warrant further exploration[8]. Applied research is thus needed to assess
whether such approaches can be ethically deployed commensurate with the likely balance of harms and benefits
[17. Systematic reviews of the ethical, legal, and social implications of T2D and epigenomics have identified
relevant themes, issues, and framings [97].
Resource Constraints and Scalability
Personalized care, from prevention to intervention, is limited without efficient identification of at-risk individuals
and populations [117. Currently used information, informed by background and family history, is often
insufficient. Emerging evidence highlights areas where science can better illuminate underlying mechanisms.
Epigenomic processes, particularly DNA methylation, represent one such domain [167]. Although earlier
epigenetic changes in type 2 diabetes risk may affect weight gain and borderline glycemic indicators, later events
interact with long-term glycemia and other pathways that accelerate progression, often after many years of
undiagnosed prediabetes. Epigenomic portraits could therefore identity high-risk individuals before exposure to
other factors leads to disease onset, enabling the timely and efficient delivery of preventive interventions [17.
Population-level precision health initiatives can also be supported by epigenomic data, and the concept, originally
established for individuals, has broadened to include communities and population subgroups. Alongside the
accompanying refinement of public health practice, national and international scientific efforts have shifted
attention toward population-level, rather than individual, deployment and benefit [177].
Recommendations for Research and Practice
Prior to deployment, the proposed public health applications of epigenomic profiling for the assessment of type 2
diabetes risk require an additional research agenda to advance methodological, implementation science, equity, and
strategic knowledge and understanding[127]. Pending empirical examination, four priority questions related to
epigenomic profiling and population-level applications arise: [137] what epigenomic and non-epigenomic signals
inform population-level incidence, progression, and mortality trajectories of type 2 diabetes, how does epigenomic
profiling alter intervention optimisation, and what are the hypothetical effects of integration on targeted and an
equitable reduction of population-level incidence and socio-economically driven disparities, what are the
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moderating roles of social and structural determinants, and how do epigenomic signals modulate the population-
level associations between non-epigenomic drivers and incidence, progression, and mortality? [147]. Armed with
this knowledge, a series of implementation science best practices facilitate the responsible advancement of high-
quality scientific projects and initiatives [147. Planning stages ought to consider stakeholder engagement,
strategic and technical partnerships, population-specific resource availability, and additional genomic, epigenomic,
and non-genomic data sources [157]. Access to epigenomic services needs comprehensive evaluation against a full
range of geographical, infrastructure, material, and service delivery. Datasets should encompass adulthood-
longitudinal profiles of population-representative cohorts to elucidate the tissue-dependent buffering of
epigenomic signals. Formal, transparent metrics also establish equitable evaluation, monitoring, and targeting of
initiatives aligned with health systems and population objectives [17].
Priority Research Questions
Further research is needed to understand the full potential, limitations, advantages, and disadvantages of
epigenomic profiling for diabetes prevention [157. Priority questions include the specification of the scope and
target population of such applications, the study designs needed to establish the causal role of epigenomic
measures on type 2 diabetes beyond the state of the art, and the genotyping and study designs necessary to
ascertain the epigenomic, polygenic, and individual-specific contribution of environmental, biological, and lifestyle
factors beyond what is already known in relation to type 2 diabetes [17].
Implementation Best Practices
A promising avenue for accelerating the translation of bench science into population health practice involves
leveraging implementation science to identify pathways through which established risk factors can move from
discovery to use in public health settings [17. Successful pathways will be even more impactful if they lead to
population-wide incorporation of the risk factor into public health practice or routine clinical care something that
remains rare even for the world’s most important risk factors, including tobacco use, alcohol consumption, and
obesity. Such a stepwise approach is consistent with a gradual shift seen in the health policy community toward a
clearer definition of what constitutes precision population health or precision public health [177. The idea of
precision population health refers to the use of new technological advancements to change how society approaches
the reduction of morbidity and mortality through the identification of highly vulnerable populations. The overall
goal of regulation is to prevent risks from contaminating individuals [157]. Three sectors are described in the
workplace context: the front office, which has exposure to customers, the restricted area, where most materials are
kept, and the back office, which is completely removed from exposure and avoids contamination risks. Efforts to
eliminate sources of contamination have taken precedence over strategies to deal with contaminated individuals in
indoor public areas [167].
Metrics for Evaluation
Precision public health applications of epigenomic profiling for type 2 diabetes: evidence, equity, and
implementation challenges bench-to-population perspectives [167]. Evaluation of epigenomic applications for type
2 diabetes involves consideration of four core dimensions across the full discovery-to-impact pathway [177]. These
metrics facilitate systematic assessment of progress, transparency of expectations, and alignment of research and
practice with public health objectives [17]. The degree of connection to the target public health challenge
provides a high-level reflection of alignment with population-level burden, inequities, and feasible mitigation
strategies across the discovery-to-impact continuum. Indicators of functional impact encompass direct
contributions to alterations in population-level burden, inequities, and wider determinants through intended end-
user actions or decisions [187. Intermediary effects include indicators of research outputs, knowledge
dissemination effectiveness, and engagement of downstream stakeholders that facilitate decisions leading to
meaningful functional impact within public health systems [197].
CONCLUSION
Epigenomic profiling represents a transformative frontier in precision public health for type 2 diabetes, offering
the potential to move beyond generalized prevention strategies toward targeted, data-driven interventions. By
capturing the dynamic interplay between environmental exposures and biological processes, epigenomic markers
can enhance early risk identification, improve prevention timing, and support more efficient allocation of limited
public health resources. Nonetheless, the field remains in an early translational phase. Key challenges including
limited causal evidence, biological variability, and methodological inconsistencies must be addressed before
widespread implementation can be realized. Equally critical are the ethical and equity considerations surrounding
access, representation, privacy, and the risk of reinforcing existing disparities, particularly in underserved
populations. To fully realize the promise of epigenomic-informed precision public health, a coordinated,
multidisciplinary approach is required. This includes strengthening research designs, improving data diversity and
interoperability, investing in health system infrastructure, and developing clear policy and governance
frameworks. Ultimately, the success of these innovations will depend not only on scientific advancement but also
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on their equitable integration into real-world public health systems, ensuring that benefits are accessible to all
populations and contribute meaningfully to reducing the global burden of type 2 diabetes.
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