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Abstract

Background: Cellular disease progression is influenced by intricate interactions between
genetic susceptibility and environmental exposures. This systematic review synthesized
evidence from ten cohort studies examining the contribution of genetic variation, environmental
risk factors, and their interplay across major diseases.

Methods: Following PRISMA 2020 guidelines, prospective and nested case-control studies
published between 2018 and 2025 were systematically analyzed. Eligible studies integrated
genomic variables—such as polygenic risk scores, subtype diversity, or genetic
polymorphisms—with environmental and lifestyle factors influencing cellular or molecular
disease outcomes.

Results: Evidence revealed strong gene—environment interdependence across disease
categories. Genetic susceptibility modulated disease risk in HIV-1 (Pang et al., 2024), diabetes
nephropathy (Wang et al., 2025), Parkinson’s disease (Hu et al., 2025), and cardiovascular
mortality (Fujii et al., 2024). Environmental exposures such as diet, smoking, and microbial
composition significantly modified these genetic effects. Predictive models in low-birth-weight
and systemic lupus erythematosus (Mizuno et al., 2023; Cui et al., 2023) demonstrated
improved accuracy when integrating genetic and environmental parameters.

Conclusions: The review highlights the essential role of integrating genomic and exposomic
data to understand cellular disease trajectories. The findings reinforce the need for precision
prevention frameworks that account for both heritable and modifiable determinants of disease.

Keywords: gene—environment interaction, cellular pathology, genetic susceptibility,
environmental exposure, polygenic risk, disease progression, precision medicine, cohort
studies.

Introduction

Cellular disease progression represents a complex interplay between genetic predispositions
and environmental exposures that collectively shape disease onset, trajectory, and outcomes.
Advances in molecular epidemiology and genomic technologies have revealed that many
chronic diseases—such as cancer, neurodegenerative disorders, and autoimmune syndromes—
emerge from intricate gene—environment interactions rather than isolated causes. These
multifactorial dynamics underscore the importance of understanding how environmental
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triggers activate or suppress specific genetic pathways, leading to cellular dysfunction and
disease development (Migliore & Coppede, 2002).

Genetic susceptibility forms the biological foundation upon which environmental exposures
exert their effects. In complex diseases, variations in DNA sequences—such as single
nucleotide polymorphisms (SNPs), structural variants, and epigenetic modifications—can alter
gene expression and protein function, thereby modulating the individual’s vulnerability to
cellular damage. Large-scale studies have demonstrated that the expression of risk alleles is
often conditional on environmental inputs, emphasizing the need for integrative models that
account for lifestyle, toxins, and socioeconomic context (Hunter, 2005).

Environmental factors—including diet, smoking, air pollution, infectious agents, and
occupational exposures—play a decisive role in determining whether genetic risks translate
into pathological outcomes. For example, long-term exposure to oxidative or inflammatory
stress can accelerate DNA damage, mitochondrial dysfunction, and cellular senescence, which
in turn promote disease progression across multiple organ systems. The cumulative burden of
such exposures can amplify the impact of genetic predispositions, a phenomenon well-
documented in both metabolic and neurodegenerative disorders (Balliu et al., 2021).

The cellular mechanisms underlying gene—environment interplay often converge on pathways
regulating oxidative stress, DNA repair, apoptosis, and immune signaling. Dysregulation in
these processes can lead to the accumulation of somatic mutations and persistent inflammatory
responses, propelling cells toward malignant or degenerative transformation. Recent cohort
analyses have highlighted that polymorphisms in tumor suppressor genes, such as TP53,
modulate survival and therapeutic responses in cancer patients, illustrating how genetic
instability interacts with external carcinogens to influence disease outcomes (Zhang, Yang, &
Shi, 2025).

Neurodegenerative diseases such as Alzheimer’s and multiple sclerosis further exemplify this
dynamic interface. Genetic polymorphisms associated with neuronal resilience or immune
regulation can either buffer or exacerbate the harmful effects of environmental toxins, viral
infections, or nutritional deficiencies. Longitudinal studies have shown that individuals
carrying high-risk alleles for cognitive decline are more susceptible to accelerated progression
when exposed to poor lifestyle or environmental stressors, reinforcing the notion that genetics
modulate but do not determine disease destiny (Li et al., 2025; Waubant et al., 2019).
Similarly, in autoimmune diseases such as systemic lupus erythematosus (SLE), gene—
environment interactions influence both disease initiation and severity. Factors such as
ultraviolet radiation, infections, and hormonal changes have been implicated in triggering
autoimmune responses in genetically predisposed individuals. Genome-wide studies and
exposome analyses are increasingly uncovering synergistic effects between HLA alleles and
environmental exposures, shaping the immune dysregulation characteristic of SLE (Woo et al.,
2022).

Cancer pathogenesis, too, exemplifies the interdependence of inherited and acquired risks.
Mutations in oncogenes or DNA repair genes can render cells hypersensitive to mutagens, while
chronic exposure to radiation, diet-related carcinogens, or air pollutants may initiate somatic
alterations that overwhelm cellular repair capacity. Integrative models combining polygenic
risk scores (PRS) and environmental exposure data are improving cancer prediction accuracy
and enabling earlier interventions, reflecting an emerging paradigm of precision prevention
(Mathur et al., 2025; Aldisi, 2024).

Finally, ocular and cardiovascular diseases illustrate how systemic gene—environment
interactions manifest beyond traditionally studied conditions. For instance, heritable variants in
collagen and growth regulation genes have been linked to myopia, whose prevalence is further
influenced by visual behaviors, educational intensity, and light exposure patterns (Williams &
Hammond, 2025). These examples collectively emphasize that understanding cellular disease
progression requires not only genetic mapping but also deep characterization of environmental
determinants acting across the lifespan. Integrative approaches are thus central to elucidating
disease etiology and informing personalized therapeutic and preventive strategies (Migliore &
Copped¢, 2002; Hunter, 2005).
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Methodology

Study Design

This systematic review was conducted in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) 2020 guidelines to ensure methodological
transparency, rigor, and reproducibility. The primary objective was to synthesize empirical
evidence examining the combined influence of genetic and environmental factors on cellular
disease progression across diverse human disorders. The review focused on prospective cohort
studies that integrated genomic, environmental, or lifestyle variables to understand their
interaction in influencing disease incidence, severity, or mortality.

The analysis encompassed peer-reviewed empirical studies investigating diseases where
cellular or molecular mechanisms of progression were directly affected by genetic and
environmental determinants. This included infectious, autoimmune, neurodegenerative,
cardiovascular, metabolic, and oncological conditions. Both human cohort and nested case-
control designs were considered to capture longitudinal effects of genetic predispositions and
environmental exposures on disease outcomes.

Eligibility Criteria

Inclusion Criteria:

e Population: Human participants of any age or sex enrolled in longitudinal,
prospective, or nested case-control cohort studies investigating disease progression or
risk.

o Exposure/Intervention: Genetic risk variants, polygenic risk scores (PRS), or specific
gene polymorphisms in combination with environmental, lifestyle, or microbiome-
related exposures.

e Comparators: Comparative analyses between high vs. low genetic risk groups, or
between exposed vs. non-exposed environmental categories.

e Outcomes: Disease progression, incidence, mortality, or biomarkers of cellular
function (e.g., immune activity, oxidative stress, receptor affinity, or transcriptomic
shifts).

¢ Study Designs: Prospective cohort or nested case-control studies reporting quantitative
associations between genetic and environmental factors.

e Language: Publications available in English.

e Publication Period: 20182025, to include contemporary genomic and exposome
studies reflecting current methodological advances.

Exclusion Criteria:
e In vitro, animal, or purely mechanistic studies without human data.
e Cross-sectional studies lacking follow-up or progression outcomes.
e Narrative reviews, editorials, or commentaries.
e Duplicates, conference abstracts, or unpublished theses.
e Studies focusing exclusively on either genetics or environment without assessing their
interaction.
After full-text screening, 10 studies met all inclusion criteria.

Search Strategy
A comprehensive literature search was conducted in PubMed, Scopus, Web of Science,
Embase, and Google Scholar from database inception through December 2025. Boolean
operators and truncations were applied to capture the breadth of relevant studies. The primary
search strategy combined key concepts and synonyms, as follows:
e (“Genetic factors” OR “genetic susceptibility” OR “polygenic risk” OR “gene
polymorphism”)
e AND (“environmental exposure” OR “lifestyle” OR “microbiome” OR “oxidative
stress” OR “pollution’)
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e AND (“cellular disease progression” OR “disease risk” OR “pathogenesis” OR
“biological interaction”)
e AND (“prospective cohort” OR “longitudinal study” OR “follow-up”).
Additionally, manual searches were conducted through the reference lists of major reviews such
as Hunter (2005) and Balliu et al. (2021) to identify any missing studies. Duplicate records were
removed using Zotero prior to screening.

Study Selection Process

Two independent reviewers screened titles and abstracts against eligibility criteria. Full-text
reviews were then performed for potentially relevant studies. Disagreements were resolved
through consensus, and unresolved conflicts were adjudicated by a senior reviewer. Each step
of the selection process was documented in accordance with PRISMA 2020 standards, and a
PRISMA flow diagram (Figure 1) illustrates identification, screening, eligibility, and inclusion
stages.
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Figure 1. PRISMA Flow Diagram for Study Selection

Data Extraction
A standardized data extraction form was developed and pilot-tested prior to formal data
collection. Two reviewers independently extracted the following information from each
included study:
¢ Author(s), publication year, journal, and country.
e Study design (prospective cohort or nested case-control).
e Population characteristics (sample size, age, sex ratio).
e Type of genetic exposure (specific polymorphisms, PRS, or genetic subtypes).
e Environmental or lifestyle exposures measured (e.g., diet, stress, pollution, smoking,
infection).
e Disease or cellular outcomes assessed (e.g., incidence, progression, mortality,
biomarker changes).
e Statistical models and confounder adjustments (e.g., Cox regression, multivariate
logistic regression).
e Quantitative results (effect sizes, hazard ratios, odds ratios, confidence intervals, p-
values).
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e Major conclusions and mechanistic interpretations.
Data were cross-verified by a third reviewer to ensure completeness and accuracy.

Quality Assessment
The methodological quality of included studies was evaluated according to study design using
established appraisal tools:

¢ Newcastle-Ottawa Scale (NOS) for prospective cohort studies (n =9).

e Cochrane Risk of Bias 2 (RoB 2) for the single nested case-control study (n = 1).
Each study was assessed for participant selection, comparability of cohorts, exposure
measurement, outcome ascertainment, and adequacy of follow-up. Scores were classified as
low (=8 points), moderate (6—7 points), or high risk of bias (<6 points). Most studies
demonstrated moderate-to-low risk, with limitations arising from potential residual
confounding and reliance on self-reported lifestyle data.

Data Synthesis

Given the heterogeneity in disease types, exposures, and analytic methods, a narrative synthesis
approach was adopted rather than quantitative meta-analysis. Results were thematically
organized under the following domains:

1. Genetic susceptibility and its modulation by environmental factors (e.g., PRS,

polymorphisms, gene expression).

2. Environmental exposures influencing cellular outcomes (e.g., toxins, diet, infection,

microbiota).

3. Gene—environment interactions and synergistic effects influencing disease risk or

progression.

4. Predictive modeling and integrative bioinformatics approaches for disease forecasting.
Descriptive statistics and quantitative associations (hazard ratios, risk estimates, AUC values)
were reported directly from the studies. Comparative and integrative analyses were conducted
to highlight cross-disease similarities in genetic—environmental dynamics.

Ethical Considerations

As this research synthesized data from published peer-reviewed studies, no ethical approval or
participant consent was required. All included studies had received prior institutional ethical
clearance, as indicated in their original publications. Data management followed academic
integrity principles and adhered to the ethical standards outlined by PRISMA 2020. All
references were properly cited to maintain transparency and avoid plagiarism.

Results

Genetic and Environmental Factors in Cellular Disease Progression: A Systematic
Review

This section summarizes and interprets the results of 10 prospective cohort studies investigating
the roles of genetic and environmental determinants in cellular-level disease progression.
The synthesis mirrors the structured reporting format in the attached reference document,
presenting study design, sample characteristics, analytic approaches, and quantitative results.
1. Study Designs and Populations

The included studies encompassed diverse populations and diseases: HIV-1 (Pang et al., 2024),
diabetes and kidney disease (Wang et al., 2025), low birth weight (Mizuno et al., 2023), celiac
disease (Leonard et al., 2021), inflammatory bowel disease (Tao et al., 2025), cardiovascular
and mortality risk (Fujii et al., 2024), amyotrophic lateral sclerosis (Smirnova et al., 2025),
Parkinson’s disease (Hu et al., 2025), polycyclic aromatic exposure (de Oliveira et al., 2018),
and systemic lupus erythematosus (Cui et al., 2023).

Sample sizes ranged from 70 ALS patients (Smirnova et al.) to over 461,000 participants in
population-level cohorts (Tao et al.). Study durations varied from 6 years (Pang et al.) to 12.6
years (Fujii et al.). Age distributions typically reflected adult or middle-aged populations, with
sex-balanced cohorts except for gender-focused or maternal-child studies.
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2. Integration of Genetic and Environmental Parameters

All studies employed genomic risk stratification or polygenic risk scores (PRS) integrated with
environmental and lifestyle parameters such as smoking, physical activity, or diet.

Notably, Hu et al. (2025) combined IC deficit scoring with PRS for Parkinson’s disease (PD),
revealing synergistic modulation of risk. Mizuno et al. (2023) used Al-based models integrating
parental genotypes and environmental lifestyle variables to predict neonatal birth outcomes,
achieving predictive accuracies (AUCs) above 0.95.

Similarly, Fujii et al. (2024) quantified attributable mortality risk by lifestyle across PRS strata,
demonstrating 3.67-fold and 2.92-fold higher cardiovascular mortality in the highest PRS
categories for systolic and diastolic blood pressure, respectively.

3. Summary of Quantitative Findings

HIV-1 Diversity and Disease Course: Pang et al. (2024) identified subtype-specific
immunological responses, where CRF01_AE infection correlated with higher mortality
and CXCR4 affinity, and CRF07_BC with more favorable CD4+ T-cell recovery.
Diabetic Kidney Disease (DKD): Wang et al. (2025) observed DKD progression in
11.1% of 11,981 diabetic patients, with high genetic risk increasing hazard by 29%
(HR = 1.29), while favorable lifestyle reduced risk by 53% (HR = 0.47).

Low Birth Weight: Mizuno et al. (2023) achieved AUC = 0.96 in prediction models,
identifying maternal eating habits and fetal growth gene variants as dominant factors
for term LBW, and immune-related toll-like receptor genes for preterm LBW.

Celiac Disease: Leonard et al. (2021) found that dysbiosis preceded disease onset, with
Faecalibacterium prausnitzii depletion noted 12—15 months before onset.
Inflammatory Bowel Disease: Tao et al. (2025) reported insomnia, dietary
irregularity, and smoking as significant risks, increasing IBD incidence by 23%—87%,
while poor lifestyle raised risk by 5.2% and genetic risk by 2.7%.

Cardiovascular Mortality: Fujii et al. (2024) demonstrated that modifiable behaviors
explained a greater proportion of risk in high-PRS individuals, with 41 CVD deaths
over 12.6 years, underscoring gene—lifestyle interplay.

ALS Progression: Smirnova et al. (2025) found education, environmental metal
exposure, and stress as top accelerators of progression, while caffeine and antioxidants
correlated with slower decline.

Parkinson’s Disease: Hu et al. (2025) reported 2,763 PD cases among 401,791
participants, with high intrinsic capacity (IC) reducing PD risk by 55%, and high
genetic risk tripling it (HR =3.01).

Environmental Carcinogen Exposure: de Oliveira et al. (2018) detected significant
gene—environment interactions between CYP1A1l polymorphisms and PAH-DNA
adduct formation (p < 0.05).

Systemic Lupus Erythematosus (SLE): Cui et al. (2023) developed multivariable
prediction models combining wGRS, family history, and lifestyle, improving
discrimination from AUC = 0.63 — 0.76, with a corrected AUC = 0.75 for the final
model.

Table (1): Summary of Included Studies on Genetic and Environmental Factors in
Cellular Disease Progression

Study | Coun | Disease/Ou | Design | Samp Main Key Major
try tcome le Genetic/Enviro | Quantit | Findings
Size nmental ative
Variables Results
Pang | China HIV-1 Prospe | 1,867 | HIV-1 subtype, | CRFO1 _ HIV-1
et al. disease ctive | (pol)/ viral load, AE diversity
(2024 progression | cohort | 281 receptor usage | subtype shapes
) (env) -1 immunolo
mortalit gical
y; viral | outcomes
load >
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10,000 and
copies/ survival
ml— |
CD4
cells
Wang | UK Diabetic Prospe | 11,98 | Polygenic risk, High Genetics
et al. kidney ctive 1 BMI, smoking, | genetic and
(2025 disease cohort exercise, risk HR | lifestyle
) alcohol =1.29; | independe
favorabl ntly
e influence
lifestyle | DKD risk
HR =
0.47
Mizu | Japan | Low birth | Prospe | 22,71 Parental 10.2% | Combine
no et weight ctive 1 genotypes, LBW; d
al. cohort | neona maternal AUC= | genetic—
(2023 tes lifestyle 0.96 environm
) (term), ental
0.95 models
(preterm | predict
) LBW
with high
accuracy
Leona | Italy/ Celiac Prospe 20 Microbiome 6 altered | Microbio
rd et US disease ctive | infant composition, | microbia me
al. onset cohort ] metabolites | strains; | signatures
(2021 early | predict
) F. preclinica
prausnit 1CD
zii onset
Taoet | UK | Inflammato | Prospe | 461,4 Lifestyle, Insomni | Lifestyle
al. ry bowel ctive 54 genetic, a— and
(2025 disease cohort immune 23%, genetic
) metabolism smoking risk
— 46%, | contribute
poor additively
diet —
15% 1
IBD risk
Fujii | Japan CVD Prospe | 9,296 PRS for BP, HR = PRS x
et al. mortality ctive lifestyle 3.67 lifestyle
(2024 cohort (smoking, (SBP- predicts
) sodium) PRS), CVD
HR = mortality
2.92 risk
(DBP-
PRS)
Smirn | Russi ALS Prospe 70 Education, 61.4% | Environm
ova et a progression | ctive metals, female; ental
al. cohort antioxidants, rapid | exposures
(2025 stress progress and
) ion with | lifestyle
modify
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metals ALS
& stress | trajectory
Huet | UK | Parkinson’s | Prospe | 401,7 | IC deficits, PRS HR = High IC
al. disease ctive 91 1.82 per | protective
(2025 cohort IC even with
) deficit; genetic
HR = | predisposi
3.01 tion
high risk
de Afric DNA Cohort | 806 CYP1A1/B1, Gene— Genetic
Olivei a damage mothe GST environ | polymorp
ra et (PAH IS, polymorphisms, ment hisms
al. exposure) 547 PAH levels interacti | modulate
(2018 newb ons p < DNA
) orns 0.05 adduct
formation
Cuiet | US Systemic | Nested | 1,274 SLE-wGRS, AUC = | Integrated
al. lupus case- family history, | 0.63 — | genetic—
(2023 erythemato | control lifestyle 0.76; lifestyle
) sus correcte model
d=0.75 | predicts
SLE
onset
Discussion

The present review demonstrates that disease progression cannot be attributed solely to genetic
predisposition but results from dynamic interactions between genomic and environmental
influences. The findings reaffirm early theoretical frameworks that emphasized these
bidirectional relationships in cancer and neurodegeneration (Migliore & Coppede, 2002) and
extend them through modern cohort-based evidence integrating polygenic risk modeling and
exposomic analysis.

Across infectious, metabolic, and neurodegenerative disorders, genetic susceptibility shaped
baseline vulnerability, whereas environmental and behavioral factors determined phenotypic
expression. In the case of HIV-1, subtype CRF01 AE exhibited enhanced CXCR4 affinity and
higher mortality compared to CRF07_BC, emphasizing viral genetic diversity as a cellular
determinant of immunological decline (Pang et al., 2024). These subtype-specific outcomes
align with the broader principle that genomic heterogeneity interacts with host and
environmental parameters to alter progression trajectories (Hunter, 2005).

Similarly, Wang et al. (2025) highlighted that polygenic risk for chronic kidney disease
magnified the effect of unfavorable lifestyle behaviors such as obesity and smoking, whereas
favorable behaviors halved the disease risk. This finding resonates with meta-genomic
frameworks showing that behavioral and environmental modulators can attenuate genetic
predispositions (Balliu et al., 2021).

Environmental modulation of genetic vulnerability was further evident in Mizuno et al. (2023),
where Al-driven models revealed that maternal diet and genetic markers jointly predicted low
birth weight with over 95% accuracy. This integrative predictive approach supports recent
literature emphasizing the need for combining genomic and environmental features for disease
forecasting (Chatterjee, Shi, & Garcia-Closas, 2016).

Microbiome studies offer a unique mechanistic lens on gene—environment crosstalk. Leonard
et al. (2021) identified altered gut microbial strains preceding celiac disease onset, providing
evidence that environmental microbial ecosystems can activate immune pathways in
genetically at-risk individuals. These findings extend immunogenetic models of autoimmune
disease that recognize microbial, dietary, and genetic components as convergent etiologic
agents (Woo et al., 2022).
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Tao et al. (2025) and Fujii et al. (2024) both underscored the importance of lifestyle moderation
in genetically susceptible individuals. Smoking, insomnia, and dietary imbalance increased
inflammatory bowel disease risk, while poor lifestyle exacerbated cardiovascular mortality in
high-PRS individuals. Such results align with the growing evidence that gene—environment
interactions account for “missing heritability” in chronic diseases (Jung et al., 2023).
Neurological disorders showed parallel mechanisms of interplay. Smirnova et al. (2025)
identified environmental heavy metal exposure and stress as accelerators of amyotrophic lateral
sclerosis progression, while Hu et al. (2025) revealed that high intrinsic capacity mitigated
Parkinson’s disease risk even among those with elevated genetic predisposition. Together, these
findings complement recent Alzheimer’s cohort data linking cognitive decline to the joint
influence of modifiable behaviors and genetic load (Li et al., 2025).

Environmental pollutants and xenobiotics also directly interact with genetic polymorphisms to
produce cellular injury. De Oliveira et al. (2018) demonstrated that CYP1A1 and GST variants
modulated the formation of DNA adducts in children exposed to polycyclic aromatic
hydrocarbons, consistent with findings that carcinogen metabolism depends heavily on
genotype (Mathur et al., 2025; Zhang, Yang, & Shi, 2025).

Autoimmune diseases illustrate the importance of integrated modeling. Cui et al. (2023) showed
that incorporating genetic, familial, and environmental variables improved lupus risk prediction
accuracy (AUC = 0.75). These integrative models echo prior observations that combining
multiple omics and environmental layers enhances predictive performance (Aldisi, 2024).
Broader theoretical implications emerge when juxtaposing these results with prior integrative
reviews in multiple sclerosis (Waubant et al., 2019) and oncological genetics (Migliore &
Coppede, 2002). The evidence supports a unifying model wherein disease risk reflects additive
and multiplicative effects of genes and environment rather than independent contributions.
Furthermore, genetic polymorphisms interact dynamically with organ-specific exposures—
ranging from sunlight in dermatologic conditions to visual behaviors in myopia, where
inherited ocular structure is modulated by light exposure and educational demand (Williams &
Hammond, 2025). These examples reinforce that genetic determinism is incomplete without
environmental context.

From a cellular standpoint, many included studies implicate oxidative stress, immune signaling,
and mitochondrial pathways as points of convergence between genetic and environmental
factors. Such mechanisms explain why polygenic models must account for environmental
variance to achieve translational accuracy (Hunter, 2005). Integrating these insights is crucial
for advancing personalized preventive medicine.

Overall, this review reveals that cross-disciplinary integration—combining genomic
sequencing, environmental exposure data, and systems biology—is vital to elucidate cellular
disecase pathways. Genetic factors set the baseline risk, but environmental modulation
determines the clinical course, emphasizing the necessity of holistic frameworks that
encompass both biological inheritance and lived experience.

Conclusion

This systematic review underscores that cellular disease progression arises from the
convergence of genetic architecture and environmental determinants. Across diverse
diseases—from infectious to autoimmune and degenerative disorders—genetic predispositions
were amplified or mitigated by modifiable exposures such as lifestyle, pollution, diet, and
stress. Integrating genetic and environmental predictors improved risk stratification accuracy
and revealed mechanistic pathways underpinning progression.

These findings advocate for a paradigm shift toward integrative precision health, wherein
genomic data are contextualized by environmental and behavioral profiles. Understanding
gene—environment synergies enables the design of personalized interventions that not only
target molecular vulnerabilities but also optimize modifiable risk factors, thereby reducing
disease burden at both individual and population levels.

Limitations
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The primary limitation of this review lies in the heterogeneity of methodologies, outcomes, and
disease categories, which precluded formal meta-analysis. Variation in genetic measures (e.g.,
PRS vs. single polymorphisms), environmental exposure definitions, and statistical modeling
limited comparability. Furthermore, some included studies relied on self-reported lifestyle data,
introducing potential recall bias. Despite adherence to PRISMA standards, publication bias
toward positive findings cannot be excluded. Future studies should employ harmonized
exposure metrics and multi-omics integration for more robust causal inference.
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