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Abstract 

Background: Problematic digital use in adolescents and young adults has emerged as a 

relevant exposure for mental health and neurobiological vulnerability. However, its rela-

tionship with peripheral DNA methylation differences in neurobiologically relevant 

genes remains poorly synthesized. Objective: This systematic review and exploratory 

multilevel meta-analysis aimed to synthesize available scientific evidence on associations 

between phenotypes of problematic internet or smartphone use and DNA methylation 

differences in neurobiologically relevant genes, and to quantitatively explore the average 

magnitude of these associations from available data. Methods: Primary human studies 

were identified through a search strategy with no initial publication-year restriction; the 

eligible studies retrieved and included in the review were published between 2018 and 

2024. The review followed PRISMA criteria and a broad, predefined eligibility strategy to 

capture both direct and indirect evidence. Seven studies were included in the systematic 

review; four provided quantifiable data for statistical synthesis, from which 41 effect sizes 

were harmonized. Analyses were performed in R using multilevel meta-analysis and 

meta-regression models with REML estimation, supplemented by sensitivity analyses 

with robust variance estimation. Results: The main meta-analysis revealed a significant 

positive association between problematic digital exposure and DNA methylation differ-

ences (Fisher's z = 0.2957; r = 0.287; 95% CI [0.1146, 0.4769]; p = 0.0020), with high hetero-

geneity (total I² = 93.15%). Meta-regression indicated that the type of effect and the bio-

logical direction of the finding explained a substantial proportion of the observed hetero-

geneity (total R² ≈ 97.4%). Significance: These findings should be interpreted as explora-

tory evidence of a biologically plausible association between problematic digital exposure 

and peripheral DNA methylation differences in neurobiologically relevant genes, rather 

than as causal or clinically validated biomarker evidence. The available evidence remains 

methodologically heterogeneous, preliminary, and dependent on a small number of in-

dependent studies, underscoring the need for larger, longitudinal, and more methodolog-

ically rigorous research in this field. 
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1. Introduction 

The rapid expansion of digital technologies has profoundly transformed social, cog-

nitive, and emotional environments, especially during adolescence and early adulthood, 

stages characterized by high neurobiological plasticity [1–4]. Heavy or problematic use of 

the internet, social media, and mobile devices has been identified as an emerging psycho-

social stressor associated with anxiety, depression, impulsivity, sleep disturbances, and 

difficulties in emotional regulation [5–10]. These effects are explained, at least in part, by 

the chronic activation of neurobiological systems involved in the stress and reward re-

sponse, such as the hypothalamic-pituitary-adrenal (HPA) axis, the dopaminergic system, 

and socio-emotional circuits, which are particularly sensitive to environmental influences 

during critical periods of development [1,2,11–13]. However, the molecular mechanisms 

that mediate the relationship between problematic digital use and vulnerability to mental 

disorders are not yet fully understood. 

Epigenetics, and in particular DNA methylation (DNAm), is one of the main biolog-

ical mechanisms by which environmental exposures can modulate gene expression with-

out altering the DNA sequence [14–17]. DNAm plays a central role in the regulation of 

genes involved in stress response, neurotransmission, and emotional regulation, includ-

ing genes for the HPA axis (NR3C1, FKBP5), the dopaminergic system (SLC6A3, also 

known as DAT1), serotonergic (SLC6A4, also known as SERT), and oxytocinergic (OXTR), 

all of which are linked to vulnerability to psychiatric disorders and behavioral alterations 

[18–20]. Evidence suggests that these epigenetic systems act as molecular interfaces that 

translate environmental exposures into long-lasting functional changes in gene expression 

and neuronal function, thereby modulating individual susceptibility to mental disorders 

[21]. 

Consistent with this model, recent studies have begun to show direct associations 

between problematic digital use and DNA methylation differences. Annunzi et al. [22] 

demonstrated that different levels of internet use are associated with differential methyl-

ation patterns in key genes such as OXTR, SLC6A3 (DAT1) and SLC6A4 (SERT), in addi-

tion to observing direct correlations between the severity of internet use and DNAm levels, 

suggesting an epigenetic effect dependent on digital exposure. In addition, Annunzi et al. 

[23] reported significant associations between methylation of the OXTR gene and the se-

verity of internet addiction. Likewise, Li et al. [24] showed that methylation of the circa-

dian PER3 gene moderates the association between problematic mobile phone use and 

chronotype, indicating that DNAm may act as a biological modulator of susceptibility to 

problematic digital use. These findings are consistent with the environmental epigenetic 

programming model, according to which psychosocial exposures can induce long-lasting 

epigenetic changes in genes involved in emotional regulation and stress response [25–27]. 

Beyond its role as an adaptive mechanism, evidence indicates that environment-in-

duced epigenetic modifications may reflect persistent and potentially transmissible bio-

logical processes. Yehuda et al. [20] demonstrated that FKBP5 gene methylation is associ-

ated with the clinical course of post-traumatic stress disorder (PTSD) and can be modified 

in response to therapeutic interventions, confirming the dynamic nature of epigenetic pro-

cesses. Subsequently, Yehuda et al. [28] showed that traumatic exposures can be associ-

ated with persistent epigenetic patterns with intergenerational implications, suggesting 

that environmental experiences leave lasting molecular imprints [26,27]. These findings 

provide a robust conceptual framework for investigating whether problematic digital use, 
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as an emerging form of chronic environmental stress, can induce epigenetic modifications 

with long-term implications for mental health. 

Despite biological plausibility and emerging empirical evidence, there is still no sys-

tematic and quantitative synthesis that integrates the available evidence on the association 

between problematic digital use and methylation differences in humans. The current lit-

erature presents considerable heterogeneity in terms of population, type of digital expo-

sure, biological tissue analyzed [29–31] and reported statistical estimation. This method-

ological diversity requires robust meta-analytic approaches capable of integrating multi-

ple dependent estimates within the same study, such as multilevel models or robust esti-

mation of variance (RVE) models, which allow estimating global effects without violating 

the assumptions of statistical independence [32,33]. Therefore, a systematic review and 

meta-analysis is necessary to quantify the global magnitude of these associations, assess 

their consistency across neurobiological systems, and identify relevant moderating factors, 

thus contributing to understanding the biological mechanisms by which the digital envi-

ronment influences youth mental health. Consequently, this study sets out to answer the 

following question: what evidence is there on the associations between problematic digital 

use phenotypes and peripheral DNA methylation differences in neurobiologically rele-

vant genes in adolescents and young adults, and what is the average magnitude of these 

associations from the available data?  

2. Objectives 

2.1. General Objective 

To synthesize the available scientific evidence on the associations between problem-

atic digital use phenotypes and peripheral DNA methylation differences in neurobiologi-

cally relevant genes in adolescents and young adults, in the context of an emerging line of 

research, and to quantitatively explore the average magnitude of such associations and 

their potential moderators from the available data. 

2.2. Specific Objectives 

1. Identify and characterize primary studies evaluating DNA methylation differences 

in neurobiologically relevant genes in relation to problematic digital use phenotypes, 

including problematic internet use, problematic mobile phone use, internet addic-

tion, internet gambling disorder, or other empirically operationalized stressful digital 

exposures.  

2. To classify methylation findings according to the neurobiological system involved, 

including dopaminergic, serotonergic, oxytocinergic, circadian or other relevant sys-

tems, and to describe their relationship with internalizing and externalizing psycho-

pathological symptoms, traits or dimensions when these have been evaluated or re-

ported by the included studies.  

3. To estimate the average magnitude of associations between phenotypes of problem-

atic digital use and DNA methylation differences, based on studies that report quan-

tifiable measures susceptible to harmonization in effect sizes. 

4. To evaluate the heterogeneity of the synthesized associations and to identify possible 

sources of variability associated with the type of digital exposure, the genetic system 

involved, the biological direction of the finding, the type of effect measure, the bio-

logical tissue analyzed, and the characteristics of the population studied. 

5. To explore, through meta-regression and sensitivity analysis, the possible moderat-

ing role of the type of biological sample on the synthesized association estimates. 
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3. Methodology 

To achieve this objective, the study employs a retrospective systematic review and a 

meta-analysis, which allows theoretically integrating the most relevant scientific literature 

in the field and quantitatively synthesizing results on a specific topic [34,35], while iden-

tifying conceptual categories and their possible associations. 

The protocol for this review was pre-registered with PROSPERO (registration num-

ber CRD420261431295). 

3.1. Procedure 

This systematic review and meta-analysis were developed in accordance with the 

guidelines of the PRISMA 2020 statement (Preferred Reporting Items for Systematic Re-

views and Meta-Analyses) to ensure transparency, reproducibility and methodological 

rigor in the identification, selection and synthesis of scientific evidence [36]. We systemat-

ically searched Scopus, PubMed/MEDLINE, Web of Science, Dimensions, Lens, and Sci-

enceDirect, selected for their broad interdisciplinary coverage and relevance in biomedi-

cal sciences, neurosciences, and mental health, as well as for their ability to index the epi-

genetic literature and emerging studies on digital behavior [37–40]. 

The search strategy was structured using Boolean operators OR, to expand sensitivity 

by incorporating conceptual synonyms, and AND, to restrict the results to the thematic 

intersection of interest. The terms were organized into three main conceptual blocks: (1) 

epigenetics and methylation, (2) digital stressors and technological behaviors, and (3) 

young target population. In the first block, the terms methylation, DNA methylation, RNA 

methylation and epigen were included to capture studies related to quantifiable epige-

netic modifications. The second block integrated terms widely used in the literature on 

digital exposure and mental health, such as problematic internet use, internet addiction, 

problematic smartphone use, social media addiction, internet gaming disorder, cyberbul-

lying, online victimization, technostress, digital stress, fear of missing out, screen time and 

related concepts, selected because they represent the most frequent denominations in re-

search on problematic digital use and its psychological and neurobiological correlates 

[8,10,41]. Finally, the third block included population terms (adolescent, teen, youth, 

young adult) to limit the search to developmental stages characterized by high neurobio-

logical plasticity and environmental vulnerability [3,4] (Table 1). 

In this review, problematic digital use was used as an umbrella term for problematic 

or addictive patterns involving internet use, smartphone or mobile-phone use, social me-

dia, online gaming, cybervictimization, and related digital stressors. The term was used 

to reflect how exposures were operationalized in the primary studies, not to imply that 

personal-computer-based internet use and smart-device use are equivalent. A separate 

device-specific analysis was not feasible because the included studies did not consistently 

report harmonizable methylation effect sizes by device type. 

Table 1. Search expressions used in the databases queried. 

Database Search Strategy 

 

(TITLE-ABS-KEY (methylation* OR “DNA methylation*” OR “RNA methylation” OR 

epigen*) AND TITLE-ABS-KEY (“problematic internet use” OR “internet addiction” OR 

“internet use disorder” OR “problematic smartphone use” OR “smartphone addiction” OR 

“problematic social media use” OR “social media addiction” OR “internet gaming disor-

der” OR “cyberbullying” OR “online victimization” OR “online harassment” OR “digital 

peer victimization” OR “technostress” OR “digital stress” OR “fear of missing out” OR 

“social media” OR “social comparison” OR “problematic social network* use” OR “prob-

lematic use of social networking sites” OR “addictive social media use” OR “social media-
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related stress” OR “social media fatigue” OR “online social overload” OR “cell phone” OR 

“mobile phone” OR “smartphone” OR “technology addiction” OR “mobile application*” 

OR “time perception” OR “selective dissemination of information” OR “social media expo-

sure” OR “anxiety” OR “social network*” OR “social media” OR “impulse control disor-

ders” OR “emotional regulation” OR “media exposure” OR “screen time” OR cyberbully-

ing) AND TITLE-ABS-KEY (adolescent* OR teen* OR youth* OR “young adult*”)) 

 

(methylation* OR “DNA methylation*” OR “RNA methylation” OR epigen*) AND (“prob-

lematic internet use” OR “internet addiction” OR “internet use disorder” OR “problematic 

smartphone use” OR “smartphone addiction” OR “problematic social media use” OR “so-

cial media addiction” OR “internet gaming disorder” OR “online victimization” OR 

“online harassment” OR “digital peer victimization” OR “technostress” OR “digital stress” 

OR “fear of missing out” OR “social media” OR “social comparison” OR “problematic so-

cial network* use” OR “problematic use of social networking sites” OR “addictive social 

media use” OR “social media-related stress” OR “social media fatigue” OR “online social 

overload” OR “cell phone” OR “mobile phone” OR “smartphone” OR “technology addic-

tion” OR “mobile application*” OR “time perception” OR “selective dissemination of in-

formation” OR “social media exposure” OR “anxiety” OR “social network*” OR “social 

media” OR “impulse control disorders” OR “emotional regulation” OR “media exposure” 

OR “screen time” OR cyberbullying) AND (adolescent OR teen OR teenager OR youth OR 

“young adult”) 

 

(methylation OR “DNA methylation” OR “RNA methylation” OR epigenetics OR “CpG” 

OR Histones) AND (“problematic internet use” OR “internet addiction” OR “internet use 

disorder” OR “problematic smartphone use” OR “smartphone addiction” OR “problem-

atic social media use” OR “social media addiction” OR “internet gaming disorder” OR 

“cyberbullying” OR “online victimization” OR “online harassment” OR “digital peer vic-

timization” OR “technostress” OR “digital stress” OR “fear of missing out” OR “social me-

dia” OR “social comparison” OR “problematic social network use” OR “problematic use of 

social networking sites” OR “addictive social media use” OR “social media-related stress” 

OR “social media fatigue” OR “online social overload” OR “cell phone” OR “mobile 

phone” OR “smartphone” OR “technology addiction” OR “mobile application” OR “time 

perception” OR “selective dissemination of information” OR “social media exposure” OR 

“anxiety” OR “social network” OR “social media” OR “impulse control disorders” OR 

“emotional regulation” OR “media exposure” OR “screen time”) AND (adolescent OR 

teen OR teenager OR youth OR “young adult”) 

 

(methylation* OR “DNA methylation*” OR “RNA methylation” OR epigen* OR CpG OR 

Histones) AND (“problematic internet use” OR “internet addiction” OR “internet use dis-

order” OR “problematic smartphone use” OR “smartphone addiction” OR “problematic 

social media use” OR “social media addiction” OR “internet gaming disorder” OR cyber-

bullying OR “online victimization” OR “online harassment” OR “digital peer victimiza-

tion” OR technostress OR “digital stress” OR “fear of missing out” OR “social media” OR 

“social comparison” OR “problematic social network* use” OR “problematic use of social 

networking sites” OR “addictive social media use” OR “social media-related stress” OR 

“social media fatigue” OR “online social overload” OR “cell phone” OR “mobile phone” 

OR smartphone OR “technology addiction” OR “mobile application*” OR “time percep-

tion” OR “selective dissemination of information” OR “social media exposure” OR anxiety 

OR “social network*” OR “social media” OR “impulse control disorders” OR “screen 

time” OR “emotional regulation” OR “media exposure”) AND (adolescent* OR teen* OR 

youth* OR “young adult*”) 

 

(methylation* OR “DNA methylation*” OR “RNA methylation” OR epigen*) AND (“prob-

lematic internet use” OR “internet addiction” OR “internet use disorder” OR “problematic 

smartphone use” OR “smartphone addiction” OR “problematic social media use” OR “so-

cial media addiction” OR “internet gaming disorder” OR “online victimization” OR 

“online harassment” OR “digital peer victimization” OR “technostress” OR “digital stress” 
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OR “fear of missing out” OR “social media” OR “social comparison” OR “problematic so-

cial network* use” OR “problematic use of social networking sites” OR “addictive social 

media use” OR “social media-related stress” OR “social media fatigue” OR “online social 

overload” OR “cell phone” OR “mobile phone” OR “smartphone” OR “technology addic-

tion” OR “mobile application*” OR “time perception” OR “selective dissemination of in-

formation” OR “social media exposure” OR “anxiety” OR “social network*” OR “social 

media” OR “impulse control disorders” OR “emotional regulation” OR “media exposure” 

OR “screen time” OR cyberbullying) AND (adolescent OR teen OR teenager OR youth OR 

“young adult”) 

 

(Find articles with these terms):(epigenetics OR epigenomics OR methylation OR “DNA 

methylation” OR “RNA methylation”) AND (Title, abstract or author-specified key-

words):(“Problematic Internet Use” OR “Internet Addiction” OR “Internet Use Disorder” 

OR “Problematic Smartphone Use” OR “Smartphone Addiction” OR “Problematic Social 

Media Use” OR “Social Media Addiction” OR “Internet Gaming Disorder” OR “Cyberbul-

lying”) AND (adolescent OR teen OR teenager OR youth OR “young adult”) 

Note. The asterisk (*) is a truncation wildcard used in search queries to include multiple word end-

ings. For example, searching for ‘disorder’ retrieves records containing ‘disorder’ and ‘disorders’, 

and adolescent* gets ‘adolescent’, ‘adolescents’, and ‘adolescence’. 

Among the six databases, 2950 records were identified, with no initial time restriction. 

Records that met the predefined inclusion and exclusion criteria underwent systematic 

data extraction (Table 2). Age-related inclusion criteria were defined as adolescents (12–

17 years, according to the WHO) and young adults (18–25 years), to encompass stages of 

high neurobiological plasticity and psychosocial vulnerability. We excluded studies con-

ducted exclusively in adults over 25 years of age, unless they reported disaggregated data 

for the age ranges of interest, as well as reviews, comments, exclusively animal studies, 

and research without empirical epigenetic measurements. 

Table 2. Inclusion and exclusion criteria for the review. 

Inclusion Criteria Exclusion Criteria 

Original article, case study, brief communications and 

structured abstracts (congress abstracts) with minimum 

extractable quantitative information. 

Non-original article, no case study or document without 

original data. 

Applicable to teens and young adults. Applied to another age group. 

Focused on digital stressors (problematic use of the inter-

net, mobile phone, or equivalent digital interaction). 

Not focused on problematic use of the internet, mobile 

phone, or equivalent digital interaction. 

Human studies. Studies in non-humans. 

Reporting of differences in DNA methylation differences 

associated with problematic digital use phenotypes or em-

pirically operationalized stressful digital exposures.  

No DNA methylation differences associated with pheno-

types of problematic digital use or empirically operational-

ized stressful digital exposures were reported. 

Written in English or another language with English trans-

lation available. 
No English translation available. 

Full access to the publication. No access to the full publication. 

A selection process was carried out to eliminate duplicates through automatic review 

and manual verification, as well as documents irrelevant to the line of research, based on 

the review of titles, keywords and abstracts, followed by the evaluation of the full text 

according to the inclusion and exclusion criteria. An audited record was maintained doc-

umenting eligibility decisions and reasons for exclusion, ensuring methodological tracea-

bility. Figure 1 presents the flowchart detailing the phases of the document selection pro-

cess, updated in accordance with the PRISMA 2020 standard. 
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Figure 1. Study selection based on the PRISMA 2020 flow diagram. Figure created by the authors 

using [42]. 

3.2. Quantitative Synthesis and Statistical Analysis 

The studies included in the quantitative synthesis reported heterogeneous measures 

of association, including between-group differences, correlations, regression coefficients, 

and estimates of interaction or moderation. To allow their quantitative integration, the 

extracted measures were harmonized into a common effect size metric, expressed as a 

correlation transformed to Fisher’s z when the available data allowed it. For each eligible 

study, reported measures of association between phenotypes of problematic digital use or 

empirically operationalized stressful digital exposures and peripheral DNA methylation 

differences in neurobiologically relevant genes were extracted. When primary studies di-

rectly reported effect sizes or statistics sufficient for conversion, they were transformed 

following standard harmonization procedures. In cases where the authors reported the 

main effect size but omitted parameters necessary to accurately estimate their variance, 

standard error, or confidence interval, conservative and prespecified statistical imputa-

tions were applied, aimed at avoiding overestimation of the accuracy of the associations. 

All imputations and assumptions were documented in the Supplementary Material S1, 

indicating the missing parameter, the assumption applied, and the corresponding justifi-

cation. 

Although seven primary studies met the inclusion criteria for the systematic review, 

only four provided numerical information that could be harmonized into a common ef-

fect-size metric. The meta-analysis was therefore limited to the quantifiable evidence 

available, while studies with relevant but non-harmonizable findings were retained in the 

qualitative synthesis and critical appraisal. This approach preserved reproducibility and 

avoided deriving pooled estimates from inadequately reported data. The concentration of 

evidence in a small number of countries and research groups was considered a limitation 

for generalizability. 

Because several studies provided multiple effect sizes derived from different genes, 

CpG sites, outcomes, or laboratory contrasts, statistical independence was not assumed 
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among all estimates. Consequently, multilevel meta-analysis models with random effects 

were used to model the dependence between effects derived from the same source and to 

estimate separately the variability between studies and the variability between effects 

within the study. As a primary sensitivity analysis, robust estimation of variance was also 

applied to evaluate the stability of the results under an alternative structure of depend-

ence between effect sizes. Additionally, a sensitivity analysis restricted to studies pub-

lished as full articles was performed, excluding effect sizes from structured conference 

abstracts when these were represented in the final meta-analytic table, in order to evaluate 

the stability of the combined effect against the inclusion of preliminary evidence. Results 

derived from imputed estimates were interpreted with caution and were considered 

within sensitivity analyses when methodologically relevant. Full statistical software out-

puts for the multilevel models, robust variance estimation, sensitivity analyses, moderator 

tests, and tissue-type bootstrap contrasts are provided in the Supplementary Materials S2 

and Supplementary Material S4 [43–46]. 

A sensitivity analysis restricted to studies with clear adjustment for major methyla-

tion-related confounders was considered but was not performed as a pooled model, be-

cause the number of eligible independent studies and comparable effect-size clusters 

would be too small for a stable estimate. Instead, confounder adjustment was incorpo-

rated into the risk-of-bias assessment and into the interpretation of the pooled effect. The 

meta-analytic estimate should therefore be read as exploratory rather than as a fully con-

founder-adjusted causal effect. 

4. Results 

4.1. General Characteristics of the Included Studies 

We included seven studies published between 2018 and 2024. Five corresponded to 

full articles and two to structured conference abstracts with minimum extractable quanti-

tative information. Six studies were conducted in adolescents or young adults recruited 

primarily in university or community youth settings, while one corresponded to a popu-

lation-based longitudinal cohort of young people assessed up to age 18 [22–24,47–50]. To 

improve transparency regarding study selection and the evidentiary basis of the synthesis, 

Table 3 presents a condensed characterization of the included studies, including sample 

characteristics, psychological or behavioral profile, biological tissue, genes investigated, 

the main findings, and the role in the synthesis. 

Table 3. Condensed characteristics of the studies included in the systematic review. 

Study 

Design/ 

Publication 

Type 

Sample and  

Recruitment 

Psychological/ 

Behavioral  

Profile Assessed 

Tissue/ 

Biological 

Sample 

Genes or  

Methylation 

Targets 

Main Findings 
Role in  

Synthesis 

De Nardi et 

al. [48] 

Cross-sec-

tional candi-

date-gene 

study; full ar-

ticle. 

Community youth sam-

ple from Italy; n = 79 (20 

males, 59 females), age 

range 18–34 years, mean 

age approximately 23 

years; three a posteriori 

analytic subgroups were 

derived: one vulnerable 

high-IAT/high-BIS sub-

group (n = 9) and two 

low-impulsivity control 

subgroups stratified by 

DAT1 genotype and se-

cure attachment pattern 

(n = 12 each). 

Internet Addiction 

Test, Barratt Im-

pulsiveness Scale, 

and attachment-

related relational 

quality. 

Buccal swab 

DNA. 

SLC6A3/DAT1, 

including 5′-

UTR methyla-

tion and 3′-UTR 

VNTR genotype. 

DAT1 methylation 

covariation patterns 

differed across vul-

nerability/control 

profiles, suggesting 

an interaction 

among dopaminer-

gic epigenetic archi-

tecture, impulsivity, 

attachment, and 

problematic inter-

net-use tendency. 

Included in quali-

tative synthesis 

and quantitative 

meta-analysis. 
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Li et al. [24] Cross-sec-

tional obser-

vational 

study; full ar-

ticle. 

Young adults recruited 

from two Chinese uni-

versities; 1179 selected, 

1135 valid question-

naires, and 744 blood 

samples for PER3 meth-

ylation assessment. 

Problematic mo-

bile phone use and 

chronotype; sex-

stratified analyses. 

Peripheral 

blood. 

PER3. Problematic mobile 

phone use was asso-

ciated with evening 

chronotype, and 

PER3 methylation 

showed a negative 

moderating role in 

this association, with 

sex-related differ-

ences. 

Included in quali-

tative synthesis 

and quantitative 

meta-analysis. 

Annunzi et 

al. [49] 

Structured 

conference 

abstract with 

extractable 

quantitative 

information. 

Young adult university 

sample; detailed age and 

sex distribution were 

limited by the abstract 

format. 

Internet Addiction 

Test/internet-ad-

diction severity. 

Peripheral 

DNA source 

reported in 

abstract-

level mate-

rial; limited 

methodolog-

ical detail. 

SLC6A3/DAT1. Preliminary evi-

dence of DAT1 

methylation differ-

ences in relation to 

high internet-addic-

tion scores. 

Included in quali-

tative synthesis; 

quantitative con-

tribution only if 

extractable effect-

size information is 

retained in the fi-

nal dataset. 

Annunzi et 

al. [22] 

Cross-sec-

tional candi-

date-gene 

study; full ar-

ticle. 

University students from 

Italy; n = 84, including 20 

males and 64 females; 

mean age 20.1 ± 2.09 

years. 

Internet Addiction 

Test, with groups 

defined as con-

trolled use, mild-

risk use, and mod-

erate/problematic 

use. 

Salivary 

DNA. 

OXTR, 

SLC6A3/DAT1, 

and 

SLC6A4/SERT. 

Mild-risk internet 

users showed signif-

icant methylation 

differences in OXTR, 

DAT1, and SERT, 

with direct or in-

verse correlations 

with IAT psycho-

metric dimensions 

depending on gene 

and CpG site. 

Included in quali-

tative synthesis 

and quantitative 

meta-analysis. 

Annunzi et 

al. [23] 

Structured 

conference 

abstract with 

extractable 

quantitative 

information. 

Young adult university 

sample; detailed age and 

sex distribution were 

limited by the abstract 

format. 

Internet Addiction 

Test/internet-ad-

diction severity. 

Salivary or 

peripheral 

DNA source 

described in 

abstract-

level mate-

rial; limited 

methodolog-

ical detail. 

OXTR. Preliminary evi-

dence of increased 

OXTR CpG4 methyl-

ation among partici-

pants with elevated 

IAT scores. 

Included in quali-

tative synthesis 

and quantitative 

meta-analysis if 

the single effect 

remains in the fi-

nal harmonized 

dataset; evaluated 

in sensitivity anal-

ysis restricted to 

full articles. 

Marzi et al. 

[50] 

Population-

based longi-

tudinal co-

hort/epige-

nome-wide 

study; full ar-

ticle. 

Environmental Risk 

Longitudinal Twin 

study; 2232 twins born 

in England and Wales 

and assessed repeatedly 

from childhood to age 

18; blood methylation 

available at age 18 after 

quality control. 

Developmental 

victimization 

stress, including 

cybervictimiza-

tion, and other 

forms of child-

hood/adolescent 

adversity. 

Peripheral 

blood. 

Epigenome-

wide DNA 

methylation plus 

candidate stress-

related genes, 

including 

NR3C1, FKBP5, 

BDNF, AVP, 

CRHR1, and 

SLC6A4. 

Evidence for robust 

victimization-related 

DNA methylation 

differences was lim-

ited; candidate-gene 

analyses did not 

support predicted 

associations after ad-

ditional controls. 

Included in quali-

tative synthesis as 

a counterbalanc-

ing longitudi-

nal/stress-expo-

sure study; not in-

cluded in pooled 

meta-analysis if 

no harmonizable 

digital-use effect 

was available. 

Cerniglia et 

al. [47] 

Exploratory 

cross-sec-

tional study; 

full article. 

Community youth sam-

ple from Rome, Italy; n = 

71 (15 males, 56 females), 

median age 23 years (M 

= 22.67, SD = 0.359); ana-

lytic methylation sub-

group included 32 par-

ticipants with DAT1 

10/10 genotype. 

Internet Addiction 

Test, Barratt Im-

pulsiveness Scale, 

and Adult Self-Re-

port for emo-

tional/behavioral 

problems. 

Buccal 

swab/saliva 

DNA. 

SLC6A3/DAT1 

methylation loci 

1–7. 

Internet addiction 

was associated with 

impulsivity and be-

havioral/problem 

profiles; met5 and 

met7 methylation 

loci correlated with 

DAT methylation 

scores, but direct ep-

igenetic prediction 

of psychopathologi-

cal variables was 

preliminary. 

Included in quali-

tative synthesis; 

not retained in 

pooled meta-anal-

ysis if effect-size 

information was 

not harmonizable. 
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Observational analytical cross-sectional designs predominated, with a single excep-

tion of longitudinal basis and epigenomic approach. Sample sizes ranged from 32 to 2232 

participants; however, direct molecular evidence was mainly concentrated in smaller bi-

ological subsamples. Most studies came from Italy, with additional input from China and 

the United Kingdom [22–24,47–50]. 

This geographic concentration limits generalizability and should be considered when 

interpreting the pooled findings, particularly for populations and digital-access contexts 

not represented in the included studies. 

The digital exhibition evaluated was heterogeneous, but conceptually convergent. 

Five studies focused on problematic internet use or internet addiction [22,23,47–49], one 

examined problematic mobile phone use and chronotype [24], and one assessed victimi-

zation throughout development, including cybervictimization, as a form of social stress 

with potential digital relevance [50]. In all cases, DNA methylation differences were ana-

lyzed in peripheral human samples: saliva [22,23,49], buccal swab [47,48], and peripheral 

blood [24,29–31,50]. 

4.2. Qualitative Synthesis 

Table 4 presents a synthesis of the main dimensions of finding identified in the in-

cluded studies, together with the associated epigenetic or biomolecular mechanisms and 

representative examples of the observed results. Overall, the literature was limited, pre-

dominantly candidate-genic, and focused on genes linked to dopaminergic, serotonergic, 

and oxytocinergic systems, circadian rhythmicity, and stress response [22–24,47–50]. 

Table 4. Synthesis of dimensions of finding, associated epigenetic mechanisms, and examples of 

results. 

Dimension of  

Finding 

Main Associated Epigenetic/ 

Biological Mechanism 
Example of Key Finding (Baseline Study) 

Problematic internet 

use/internet addiction 

Differential DNA methylation in neurotrans-

mission genes (OXTR, SLC6A3 (DAT1), 

SLC6A4 (SERT)), with a non-linear pattern 

according to the severity of the IAT. 

Mild-risk users (30 < IAT < 49) showed significant methylation increases in 

OXTR (CpG2-4), SLC6A3 (DAT1; CpG1/CpG5) and inverse changes in 

SLC6A4 (SERT) compared to controls and to the IAT group > 50 (Annunzi 

et al. [22]). 

Dopaminergic vulnerabil-

ity, impulsivity and at-

tachment 

Correlations between SLC6A3 methylation 

loci (DAT1) and structural patterns of CpG 

covariation influenced by 3′-UTR genotype 

and relational/behavioral variables. 

In a vulnerable youth sample, SLC6A3 (DAT1) methylation dynamics dif-

ferentiated the subgroup with higher impulsivity and higher IAT scores 

versus securely attached controls, highlighting genetic and behavioral con-

text-dependent CpG5-CpG6 and CpG3-CpG5 relationships [48]. 

Psychological and Behav-

ioral Correlates of Prob-

lematic Internet Use 

Association between methylation of specific 

sites of SLC6A3 (DAT1) and traits of impul-

sivity, rule-breaking, and behavioral with-

drawal. 

The met5 and met7 loci of SLC6A3 (DAT1) were positively correlated with 

internet addiction scores, and problematic internet use was further associ-

ated with impulsivity and behavioral problems in a sample of young peo-

ple with SLC6A3 (DAT1) genotype 10/10 [47]. 

Circadian rhythmicity 

and problematic 

smartphone use 

PER3 methylation as a biological moderator 

of the relationship between problematic mo-

bile phone use and evening chronotype. 

Problematic mobile phone use was associated with evening chronotype, 

and PER3 methylation showed a negative moderating effect on that associ-

ation in young Chinese adults [24]. 

Victimization stress, in-

cluding cybervictimiza-

tion 

Poor and poorly reproducible epigenetic sig-

nal in peripheral blood, both at the epige-

nomic level and in candidate genes related to 

stress. 

In a population-based cohort, developmental victimization, including 

cybervictimization, showed very limited associations with DNA methyla-

tion, with no robust or replicable evidence after additional controls [50]. 

Preliminary epigenetic bi-

omarkers in structured 

abstracts 

Selective modulation of methylation in OXTR 

and SLC6A3 (DAT1) in preliminary studies 

with university samples. 

A structured abstract showed increased methylation of OXTR CpG4 in stu-

dents with IAT > 50, while another described methylation elevations in 

CpG5 and CpG7 of SLC6A3 (DAT1) in subjects with high IAT scores, which 

preliminarily broadens the base of candidate biomarkers (Annunzi et al. 

[23]; Annunzi et al. [49]). 

Note. Although this section qualitatively summarizes the findings, four of the seven studies pro-

vided quantifiable effects that could be harmonized for quantitative synthesis. However, the evi-

dence was marked by substantial heterogeneity in the type of effect reported, the biological tissue 

analyzed, and the function assigned to methylation (outcome, correlate, moderator, or structural 

pattern of covariation), so the interpretation of the meta-analysis should be carried out with caution 
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and with special attention to the dependence between multiple effects from the same study [22–

24,47–49]. 

From the integrated reading of the studies, four main axes of results emerged. The 

first was the association between problematic internet use and DNA methylation differ-

ences in genes related to neurotransmission and social-emotional regulation, especially 

OXTR, SLC6A3 (DAT1) and SLC6A4 (SERT), as reported by Annunzi et al. [23] and An-

nunzi et al. [22,49]. The second corresponded to behavioral vulnerability profiles, in which 

methylation or covariation between CpG sites of SLC6A3 (DAT1) was related to impul-

sivity, attachment, and psychosocial maladjustment [47,48]. The third brought together 

findings on circadian disruption, where PER3 methylation acted as a modulator of the 

association between problematic mobile phone use and evening chronotype [24]. The 

fourth axis was exposure to victimization, including cybervictimization, which showed 

considerably weaker and less consistent epigenetic evidence [50]. 

The direction of the findings was not uniform. In the Italian studies on internet ad-

diction, methylation differences were observed in OXTR, SLC6A3 (DAT1) and SLC6A4 

(SERT) in a relatively convergent manner; however, the changes did not always follow a 

linear pattern with the severity of the IAT. In fact, the study in greater molecular detail 

described an especially marked profile in users at mild risk of problematic use, with meth-

ylation increases at specific sites of OXTR and SLC6A3 (DAT1), as well as opposite mod-

ifications in SLC6A4 (SERT), suggesting that the epigenetic phenotype could reflect early 

or transitional states of vulnerability rather than a simple dose–response progression 

[22,23,49,51]. 

To organize and synthesize the findings, the psychopathological phenotypes linked 

to the methylation differences addressed in these studies were grouped within the con-

ceptual framework of internalizing and externalizing spectrums, a robust and empirically 

validated model that retains its relevance in contemporary psychopathology [52,53]. This 

dichotomous approach, central to dimensional models such as the Hierarchical Taxonomy 

of Psychopathology (HiTOP), classifies conditions according to the predominant direction 

of symptomatic expression: inwards (internalizing; e.g., depression, anxiety, suicidal ide-

ation) or outwards (externalizing; e.g., aggression, impulsivity, norm transgression). This 

classification is particularly relevant for analyzing the impact of problematic digital use, 

given that different digital dynamics, for example, social comparison versus cyberbully-

ing, can differentially predispose towards one or the other spectrum. 

4.3. Internalizing Dimensions 

The findings with an internalizing profile focused on processes of emotional regula-

tion, interpersonal sensitivity, social withdrawal, chronodisruption and stress response, 

rather than on formally established psychiatric diagnoses. This classificatory decision is 

methodologically reasonable because several studies linked problematic internet use with 

anxiety, depression, stress, mood disturbances or social concern in their theoretical foun-

dation and, in addition, evaluated genes with clear plausibility for emotional regulation 

and stress response, such as OXTR, SLC6A4 (SERT) and PER3 [22,24,48,50]. 

Within this dimension, the oxytocinergic system stood out for its relationship with 

sociability and the regulation of interpersonal interactions. The preliminary study by An-

nunzi et al. [23] showed a selective increase in methylation in OXTR CpG4 in students 

with elevated IAT scores, while the subsequent study by Annunzi et al. [22] identified 

methylation changes at several OXTR sites, particularly in the group with mild or prob-

lematic internet use. Since both studies framed OXTR in processes of social interaction 

and empathy, these findings can be interpreted as compatible with an internalizing 
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vulnerability related to social sensitivity and emotional regulation in the digital context 

[22,23]. 

The serotonergic system also provided signals compatible with internalizing pro-

cesses. Annunzi et al. [22] identified methylation differences in SLC6A4 (SERT), with in-

verse correlations with respect to psychometric properties of IAT and with a pattern op-

posite to that observed in OXTR and SLC6A3 (DAT1). Since the article itself links the reg-

ulation of SLC6A4 (SERT) to stress and to behavioral differences versus environmental 

stressors, these results are plausible in terms of emotional regulation and vulnerability to 

negative affective states, although they should be interpreted with caution due to the 

modest sample size and the absence of formal clinical diagnosis [22]. 

An additional internalizing dimension emerged in the study on chronotype and 

problematic use of the smartphone. Li et al. [24] showed that problematic mobile phone 

use was associated with a higher likelihood of evening chronotyping and that PER3 meth-

ylation negatively moderated this association. Although the main outcome was not an 

affective disorder, chronodisruption in young adults is a relevant marker for mental 

health, emotional regulation, and vulnerability to stress, and the article itself places this 

finding within the framework of the prevention of circadian rhythm disturbances in 

young people [24]. 

Finally, the longitudinal study by Marzi et al. [50] acted as a counterweight within 

the internalizing-stress dimension. Although it included cybervictimization among the 

adverse experiences analyzed, it found limited evidence for a robust association between 

victimization and DNA methylation in peripheral blood. This suggests that the epigenetic 

response to social or digital stress was not homogeneously detectable in that design and 

that the epigenetic signal probably depended on the tissue analyzed, the evolutionary 

moment, and the specificity of the exposure phenotype [50]. 

4.4. Externalizing and Behavioral Dimensions 

The externalizing dimension was better represented by studies focused on SLC6A3 

(DAT1), impulsivity, problem behavior, and compulsive internet use. In De Nardi et al. 

[48], the theoretical framework and discussion connected vulnerability to internet addic-

tion with impulsivity, dopaminergic dysregulation, reward-seeking, and attachment dif-

ficulties. Empirically, the study showed that the vulnerable subgroup, with high scores in 

IAT and BIS, presented different patterns of covariation between CpG sites of SLC6A3 

(DAT1) 5′-UTR versus controls, especially in the CpG3-CpG5 and CpG5-CpG6 relation-

ships, suggesting that the epigenetic architecture of the dopaminergic system could be 

linked to a behavioral profile of greater impulsivity and digital risk [48]. 

Cerniglia et al. [47] reinforced this behavioral axis by studying young people with 

the SLC6A3 (DAT1) 10/10 genotype and relating internet addiction, impulsivity, and be-

havioral problems. In that study, the most robust correlations were observed between IAT, 

BIS scores and behavioral profile variables, including norm transgression, social isolation, 

intrusiveness, aggressive behavior, anxiety-depression and thought disturbances. At the 

same time, met5 and met7 methylation loci were correlated with mean SLC6A3 methyla-

tion score (DAT1), but multivariate analysis did not demonstrate that SLC6A3 (DAT1) or 

its alleles significantly predicted psychopathological variables. Therefore, the study sup-

ports an externalizing-behavioral constellation associated with problematic internet use, 

although the direct epigenetic connection to these outcomes was preliminary and weak 

[47]. 

Together, these two studies suggest that the dopaminergic axis was the one that 

showed the greatest conceptual proximity to the externalizing phenomena in this review: 

impulsivity, reward seeking, control difficulties, relational conflict, and disruptive behav-

iors associated with problematic internet use. However, the evidence did not indicate a 

https://doi.org/10.3390/epigenomes10030050


Epigenomes 2026, 10, 50 13 of 26 
 

https://doi.org/10.3390/epigenomes10030050 

uniform or linear relationship between severity of problematic use and methylation, but 

rather relational and structural profiles of biological vulnerability [13,47,48]. 

4.5. Emerging Patterns and Underlying Mechanisms 

The qualitative analysis allowed us to identify several cross-sectional patterns. First, 

the evidence suggests that problematic internet and smartphone use is not associated with 

a single direction of epigenetic change, but with differential methylation profiles accord-

ing to gene, CpG site, and level of clinical severity. This heterogeneity was especially clear 

in OXTR, SLC6A3 (DAT1) and SLC6A4 (SERT), where groups with mild or intermediate 

use came to show more marked DNA methylation differences than groups with higher 

IAT scores, suggesting nonlinear trajectories of biological vulnerability [22,23,49]. 

Second, several findings suggest that methylation associated with digital risk may 

act not only as an outcome, but also as a relational or structural marker. This was observed 

in SLC6A3 (DAT1) CpG covariation patterns, in which the internal methylation architec-

ture differentiated subgroups defined by psychological vulnerability, genotype, and at-

tachment, rather than by a simple linear gradient of exposure [48]. Similarly, the study on 

PER3 showed that methylation can play a moderating role, modifying the strength of the 

relationship between digital exposure and chronotype, rather than simply reflecting it 

passively [24]. 

Third, the available literature suggests a functional convergence around neurobio-

logical systems linked to rewards, affective regulation, social interaction, and circadian 

rhythms. The results on SLC6A3 (DAT1) are consistent with dopaminergic mechanisms 

of impulsivity, reward deficiency and behavioral dysregulation; the findings on OXTR 

point to possible processes of social bonding and interpersonal sensitivity; the changes 

observed in SLC6A4 (SERT) align with emotional regulation and stress response processes; 

and findings on PER3 connect the digital environment with sleep–wake rhythms and be-

havioral chronodisruption [13,22,24,47,48]. 

In contrast, the population-based study on early victimization showed that the asso-

ciation between social adversity and methylation was not easily detectable in peripheral 

blood when assessed with a broad epigenomic approach and rigorous controls. This sug-

gests that the epigenetic signal associated with digital or social phenomena may critically 

depend on the phenotype analyzed, the biological tissue, the timing of development, and 

the degree of proximity between exposure and the biomarker evaluated [50]. 

4.6. Critical Evaluation of the Available Evidence 

The available evidence was methodologically limited and dominated by cross-sec-

tional studies, with modest sample sizes in biological subsamples and a marked depend-

ence on candidate-genetic approaches. In addition, several papers came from the same 

research setting, forcing caution to interpret the apparent convergence of findings, espe-

cially in relation to OXTR and SLC6A3 (DAT1) [22,23,48,49]. For the critical evaluation, 

the risk of bias was adjusted to the design of each study: AXIS was used as the main tool 

in the complete cross-sectional studies, as it was developed specifically for this type of 

design and allowed the design, measurement, selection, and quality of the report to be 

assessed [54]; ROBINS-E was applied to the longitudinal cohort of Marzi et al. [50], since 

its published version is primarily aimed at follow-up observational studies that estimate 

the effect of an exposure on an outcome [55]; and structured abstracts were evaluated with 

AACODS, as they are the gray literature with limited methodological information and are 

oriented to the assessment of authority, accuracy, coverage, objectivity, date, and signifi-

cance [56]. Study-level judgments, coding decisions, and the overall risk-of-bias appraisal 

are provided in supplementary material S3 [54–56]. 
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In global terms, the main strengths were the use of recognized instruments or scales 

for digital exposure and psychological variables in 100% of the studies, the availability of 

sufficient methodological information for a structured assessment in 71.4%, and the ex-

plicit declaration of ethical aspects in 71.4%; in contrast, clear control or adjustment for 

confounding factors were only present in 42.9% of the studies. The overall risk of bias was 

judged to be moderate, mainly due to non-probabilistic or university-restricted sampling 

in 85.7% of studies, the use of small or analytically reduced biological subsamples in 71.4%, 

insufficient or incomplete control for confounders in 57.1%, reliance on self-report-based 

exposure measures in 100%, and the methodological report necessarily incomplete in the 

structured abstracts in 28.6%. 

Because DNA methylation is sensitive to biological and environmental factors such 

as age, sex, smoking, alcohol consumption, stress exposure, diet, medication use, and cel-

lular composition, incomplete confounder control remains an important limitation. The 

available number of clearly adjusted studies was insufficient for a separate sensitivity 

meta-analysis. This issue was therefore handled through risk-of-bias assessment and cau-

tious interpretation of the pooled effect. 

Substantive heterogeneity was also observed in the definition of digital exposure and 

in the role assigned to methylation. In some studies, it was addressed as the main epige-

netic outcome [22,23,49,50], while in others it was analyzed as a dimensional correlate, 

moderator, or pattern of structural covariation [22,24,47,48]. Overall, although the evi-

dence supports an association between problematic digital use phenotypes and DNA 

methylation differences in neurobiologically plausible genes, the field remains nascent 

and requires interpreting the findings as a preliminary basis that warrants larger, longi-

tudinal studies with better characterization of digital exposure [22,24,50]. 

4.7. Meta-Analysis 

Of the studies included in the quantitative synthesis [22–24,48,49], 41 effect sizes 

could be harmonized in a common metric and were analyzed using a multilevel random-

effects meta-analysis model estimated by REML, implemented in R version 4.5.0 [43] with 

the metafor and club-Sandwich packages. This strategy is appropriate when multiple ef-

fects are nested within the same studies and, therefore, their independence cannot be as-

sumed [57,58]. 

Two components of random variance were specified in the model, one between stud-

ies (σ2 = 0.0054; τ = 0.0736) and another between effects within the study (σ2 = 0.1850; τ = 

0.4302), which justifies the designation of the multilevel model and supports its use to 

manage dependence between effects [57,58]. The combined effect was positive and statis-

tically significant, with an overall estimate in Fisher’s z = 0.2957 (SE = 0.0896; t = 3.2999; df 

= 40; p = 0.0020; 95% CI [0.1146, 0.4769]). Transformed into the correlational metric, this 

value corresponds to approximately r = 0.287, which, according to contemporary criteria 

for correlation coefficients, is interpreted as an effect close to the moderate threshold 

[59,60]. The numerical model outputs are summarized in the text, and the multilevel het-

erogeneity structure is displayed in Figure 2. 
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Figure 2. Components of multilevel heterogeneity. 

Heterogeneity was significant (Q(40) = 435.9195, p < 0.0001). In a multilevel model, 

this heterogeneity should not be summarized by a single total variance but interpreted 

from the decomposition of the variance between levels. In this case, the total heterogeneity 

was very high (total I2 = 93.15%), while the remaining 6.85% corresponded to sampling 

error. Most of the non-sample variance was concentrated in level 2 (I2 = 90.51%), i.e., in the 

variability between effects within the same studies, while the contribution of level 3 was 

comparatively small (I2 = 2.65%), indicating much less heterogeneity between studies. This 

pattern suggests that much of the observed variability comes from the coexistence of mul-

tiple dependent and conceptually distinct effects within the same articles, rather than from 

marked differences between studies as a whole [57,58]. 

Consequently, although the combined association differed significantly from zero 

and points to a positive overall relationship between problematic digital exposure and 

DNA methylation differences, its magnitude should be interpreted with caution because 

it summarizes methodologically and biologically diverse evidence; to a large extent, the 

value obtained is compatible with an effect of moderate magnitude [59,60]. A meta-anal-

ysis was also carried out on the same data with robust estimation of variance (RVE). This 

complementary sensitivity analysis confirmed the positive direction of the finding ob-

served in the multilevel model, although with a slightly more attenuated estimate (r ≈ 

0.245) and greater uncertainty. 

The combined effect with RVE was Fisher’s z = 0.250 (SE = 0.111; z = 2.251; p = 0.024; 

95% CI [0.032, 0.467]), with significant heterogeneity (Q(40) = 831.018, p < 0.001). The var-

iance between studies was practically zero (σ2 = 0.000), while the variance between effects 

within the study remained high (σ2 = 0.217; τ = 0.466), which also suggests that most of the 

dependence resided in the coexistence of multiple effects within the same articles. There-

fore, the RVE estimate is better interpreted as a complementary sensitivity analysis, while 

the multilevel model retains greater relevance as a primary analysis, by taking advantage 

of the observed hierarchical structure and offering a more efficient estimate of the com-

bined effect on this specific dataset [58,61]. 

Influence diagnoses were made at two levels, considering both the study/author clus-

ters and the individual effects [44]. At the cluster level, no studies exceeded the explora-

tory Cook distance threshold defined as 4/k = 1.0000, so no studies with excessive 
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influence under this criterion were identified. However, the pattern of relative influence 

was not homogeneous: De Nardi et al. [48] presented the highest Cook distance at the 

cluster level (Cook’s distance ≈ 0.7843; Absolute maximum DFBETA ≈ 0.7695), followed 

by Li et al. [24] (Cook’s distance ≈ 0.3018; Absolute maximum DFBETA ≈ 0.5472). In con-

trast, Annunzi et al. [23] and Annunzi et al. [22] showed low values of influence at the 

cluster level. At the level of individual effects, most of the effect sizes presented low values 

of Cook distance; however, localized foci of greater relative influence were observed, 

mainly in some effects coming from De Nardi et al. [48] and in specific subsets of estimates 

from Annunzi et al. [22]. Taken together, these results indicate that the combined estimate 

was not determined by a single individual study or effect, although certain clusters and 

subsets of effects differentially contributed to the variability of the model. Thus, the influ-

ence diagnoses support the interpretation of the meta-analysis as a positive but method-

ologically heterogeneous synthesis (see Supplementary Material S2). 

The joint moderator test was statistically significant (F(7, 34) = 47.284, p < 0.001), in-

dicating that these variables explained a substantial proportion of the observed heteroge-

neity. In quantitative terms, meta-regression explained 100% of the inter-study variance 

(R2 level 3 = 1.00) and approximately 97.4% of the total heterogeneity (total R2 = 0.974), 

with an almost complete reduction in cross-study variance (σ2 author: 0.0054 → 0.000) and 

a marked reduction in between-study variance (σ2 author/en.id: 0.1850 → 0.005). However, 

significant residual heterogeneity persisted (QE(34) = 49.330, p = 0.043), indicating that the 

moderator structure significantly reduced, but not eliminated, the remaining variability 

of the set [45,62]. 

The meta-regression coefficients showed that, under the parameterization of the 

model, the categories EffectTypeCorrelation (b = 0.714, SE = 0.115, p < 0.001; 95% CI [0.480, 

0.949]) and EffectTypeGroupDiff (b = 0.511, SE = 0.040, p < 0.001; 95% CI [0.429, 0.593]) 

were associated with positive and statistically significant contributions, while the con-

verted EffectTypeBeta did not reach conventional significance (b = −0.078, SE = 0.049, p = 

0.120). Regarding the biological direction, Hypomethylation (b = −1.009, SE = 0.092, p < 

0.001), Negative methylation association (b = −1.072, SE = 0.142, p < 0.001) and Negative 

structural coordination (b = −1.319, SE = 0.267, p < 0.001) showed significant negative co-

efficients, while Positive methylation association showed a borderline trend (b = −0.241, SE = 

0.129, p = 0.070). Taken together, these results indicate that the magnitude and sign of the 

synthesized effects varied systematically by analytic family of effect size and reported ep-

igenetic direction, reinforcing the interpretation that the heterogeneity of the meta-analy-

sis was largely explained by structural differences between outcome types rather than by 

random fluctuations between studies [45,62]. 

Figure 3 presents the forest plot of the 41 effect sizes included in the multilevel meta-

analysis model, showing for each effect its point estimate and its 95% confidence interval. 

Overall, the figure shows a marked dispersion of individual effects, with positive and 

negative estimates distributed on both sides of the no-effect line, which is consistent with 

the substantive heterogeneity previously observed. Even so, the combined effect re-

mained in a positive and statistically significant direction (Fisher’s z = 0.30; 95% CI [0.11, 

0.48]), since the rhombus corresponding to the global effect does not cross the zero line. 

This pattern indicates that, when the effects derived from the included studies are consid-

ered together, problematic digital exposure is associated with positive average DNA 

methylation differences, although with marked variability between individual estimates. 
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Figure 3. Forest plot of individual effect sizes and pooled effect (Fisher’s z), with 95% confidence 

intervals. The included studies are: De Nardi et al. [48], Li et al. [24], Annunzi et al. [23] and Annunzi 

et al. [22]. A total of 41 effects is represented: 12 of De Nardi et al. [48], 3 of Li et al. [24], 1 of Annunzi 

et al. [23] and 25 of Annunzi et al. [22]. The lower diamond represents the overall pooled effect (z = 

0.30; 95% CI [0.11, 0.48]). 

4.8. Additional Sensitivity Analysis Restricted to Full Articles 

In addition to the sensitivity analysis with robust estimation of variance, an addi-

tional sensitivity analysis was performed restricting the quantitative synthesis to studies 

published as full articles. To do this, we excluded the only effect size from a structured 

conference abstract included in the final meta-analytic table, corresponding to Annunzi et 

al. [23]. Although Annunzi et al. [49] was considered in the qualitative systematic review, 

it did not contribute effect sizes to the final quantitative set. Following this exclusion, the 

analysis included 40 effect sizes. 

The multilevel model restricted to complete articles maintained a positive and statis-

tically significant combined estimate (Fisher’s z = 0.2829; SE = 0.1023; t = 2.7655; gl = 39; p 

= 0.0086; 95% CI [0.0760, 0.4899]), roughly equivalent to r = 0.276. Heterogeneity remained 

significant (Q(39) = 432.297; p < 0.0001), with inter-study variance of σ2 = 0.0103 and be-

tween-study effects variance of σ2 = 0.1859. These results indicate that the positive direc-

tion and statistical significance of the combined effect did not depend exclusively on the 

inclusion of preliminary congressional evidence, although substantive heterogeneity re-

mained high. The corresponding technical model output is reported textually rather than 

as a software screenshot. 

Meta-regression restricted to full articles showed a pattern consistent with the main 

analysis. The co-moderator test was statistically significant (F(7, 33) = 32.5713; p < 0.0001), 

indicating that the type of analytical effect and the biological direction of the finding con-

tinued to explain a significant proportion of the variability between effect sizes. Residual 

heterogeneity remained significant (QE(33) = 48.9651; p = 0.0363), although the variance 

components were significantly reduced compared to the model without moderators. 

In terms of approximate reduction in heterogeneity, the total variance went from 

0.1962 in the restricted model without moderators to 0.0185 in the restricted model with 
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moderators, equivalent to an approximate reduction of 90.6%. This result supports that 

the heterogeneity structure identified in the main analysis was not attributable only to the 

inclusion of the excluded structured abstract but was maintained by restricting the syn-

thesis to complete articles. 

4.9. Assessment of the Risk of Publication Bias of the Quantitative Synthesis 

Small-study effects and possible publication bias were explored using the funnel plot 

and Egger regression test [63–66] (Figure 4). Because the synthesis included few independ-

ent studies and several dependent effect sizes, this assessment was interpreted as explor-

atory. The following hypotheses were evaluated descriptively: H0, no evidence of funnel-

plot asymmetry; H1, possible funnel-plot asymmetry, with p < 0.05 interpreted as a statis-

tical signal rather than definitive proof of publication bias (Figure 4). 

 

Figure 4. Funnel plot. 

The Egger intercept was not statistically significant (F(1, 2) = 11.3912, p = 0.0777), and 

the funnel plot did not show an unequivocal asymmetry pattern. Given the small number 

of independent studies and the dependence among several effect sizes, this result should 

be interpreted cautiously. It indicates that the available data did not confirm a clear small-

study-effect pattern, but it does not rule out publication bias. 

4.10. Hypothesis Testing for Tissue Type 

We assessed whether the statistical significance was equivalent between the different 

types of tissue (levels of the Tissue variable). To this end, a method of multiple contrasts 

was used using bootstrap, implemented with the wildmeta package [46]. 

The hypotheses were tested as follows: 

H0: The tissue type does not moderate the sizes of the epigenetic effect (β = 0). 

H1: The tissue type moderates the sizes of the epigenetic effect (β ≠ 0), with rejection of H0 if p < 

0.05. 
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The result (p = 0.3665) indicated that the null hypothesis is not rejected. Therefore, 

there is no statistically significant evidence that the type of biological sample (Tissue) 

moderates the sizes of the epigenetic effect in the model evaluated. However, the absence 

of significant moderation by tissue type should be interpreted with caution and does not 

constitute evidence of biological equivalence between saliva, buccal swab, and peripheral 

blood. Figure 5 shows the distribution of the test statistics across all 2000 replicates (see 

Supplementary S4 Material with rho = 0.6 as a large correlation coefficient and other im-

putations for this analysis). 

 

Figure 5. Cluster wild bootstrap Wald test evaluating biological sample type (Tissue) as a moderator 

of epigenetic effect sizes. The test was performed using 2000 bootstrap replications with CR2 vari-

ance correction under the main assumed intra-cluster correlation parameter (ρ = 0.6). The resulting 

p-value (p = 0.3665) was above the conventional significance threshold (α = 0.05), indicating that 

tissue type did not exert a statistically significant moderating effect on the synthesized epigenetic 

effect sizes. 

5. Discussion 

This systematic review and exploratory multilevel meta-analysis synthesized the 

available evidence on the association between problematic digital use phenotypes and 

peripheral DNA methylation differences in adolescents and young adults. Overall, the 

quantitative synthesis showed a positive association of small to moderate magnitude 

(Fisher’s z = 0.2957; r ≈ 0.287), although with substantial heterogeneity between effects and 

a small number of independent studies. This combination of positive global signal and 

high heterogeneity supports a biologically plausible but still preliminary association, 

modulated by important differences in the type of exposure, the analytical function 
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assigned to methylation, and the statistical architecture of the included results (Annunzi 

et al. [22]; De Nardi et al. [48]; Li et al. [24]). 

From a qualitative point of view, the findings converged on four main axes. First, 

problematic digital exposure was associated with DNA methylation differences in neuro-

transmission and social-emotional regulation genes, especially OXTR, SLC6A3 (DAT1), 

and SLC6A4 (SERT) [22,23,49]. Second, several results pointed to a behavioral vulnerabil-

ity profile linked to the dopaminergic system, in which SLC6A3 (DAT1) methylation or 

covariation between CpG sites was related to impulsivity, attachment, reward-seeking, 

and self-regulation difficulties [47,48]. Third, PER3 methylation emerged as a modulator 

of the association between problematic mobile phone use and evening chronotype, ex-

panding the interpretation of the methylation difference from a mere biological outcome 

to a moderating function in behavioral and sleep phenotypes [24]. Fourth, the evidence 

on victimization, including cybervictimization, was less consistent and did not show a 

robust epigenetic signal in the included population-based longitudinal study [50]. 

A particularly relevant finding is that methylation did not play a uniform role across 

studies. In some cases, it was evaluated as the main epigenetic outcome; in others, as a 

relational marker, association moderator or pattern of structural coordination between 

CpG sites. This functional diversity has substantial implications: it suggests that epigenet-

ics can not only reflect the biological fingerprint of digital exposure but also modulate 

individual susceptibility and organize neurobehavioral vulnerability profiles. At the same 

time, this heterogeneity complicates direct comparability between studies and explains 

much of the variance observed in the meta-analysis. 

The direction of the findings was also not linear. In Italian studies on internet addic-

tion, the group with mild or intermediate use came to show more marked DNA methyla-

tion differences than the group with higher IAT scores, especially in OXTR and SLC6A3 

(DAT1) [22]. This suggests that DNA methylation differences could reflect early or transi-

tional states of vulnerability, rather than a simple dose–response relationship with the 

severity of problematic use. Similarly, studies on SLC6A3 (DAT1) showed that digital risk 

could be related not only to the level of exposure, but also to the internal organization of 

the epigenetic signal, to CpG coordination patterns linked to impulsivity, genotype, and 

attachment quality [48]. 

From a psychobiological perspective, the results are consistent with the involvement 

of well-established functional systems in the literature on adolescence, stress, and emo-

tional regulation. SLC6A3 (DAT1) aligns with dopaminergic processes of reward, impul-

sivity, and behavioral control; OXTR, with social bonding and interpersonal sensitivity; 

SLC6A4 (SERT), with emotional regulation and stress response; and PER3, with sleep–

wake rhythms and chronodisruption. Taken together, this convergence suggests that the 

problematic digital environment may interact with sensitive biological systems in devel-

opmental stages characterized by high neurobehavioral plasticity, such as adolescence 

and young adulthood [24,47,48]. 

The biological interpretation of peripheral DNA methylation also requires caution. 

Saliva, buccal cells, and peripheral blood are accessible tissues for human epigenetic re-

search, but they are not direct measures of brain methylation. Cross-tissue evidence sug-

gests that some methylation signals may show partial covariability or psychiatric rele-

vance, whereas many methylation patterns remain tissue-specific and cell-type-depend-

ent [29–31]. Accordingly, the present findings are best interpreted as peripheral epigenetic 

correlates in neurobiologically relevant genes, not as direct evidence of brain methylation 

status. 

However, the evidence base remains incipient. Cross-sectional designs, non-proba-

bilistic university samples, small biological subsamples, peripheral tissues, and candi-

date-gene approaches predominated. In addition, several studies came from the same 

https://doi.org/10.3390/epigenomes10030050


Epigenomes 2026, 10, 50 21 of 26 
 

https://doi.org/10.3390/epigenomes10030050 

research setting, which requires caution when interpreting the apparent convergence of 

results in OXTR and SLC6A3 (DAT1) [22–24,48,49]. Critical reappraisal showed a moder-

ate overall risk of bias, mainly due to restricted sampling, the use of self-reports, and in-

sufficient control for confounders. 

The predominance of cross-sectional designs also prevents establishing temporal or-

dering. The available evidence cannot determine whether problematic digital use pre-

ceded methylation differences, whether pre-existing epigenetic or neurobehavioral vul-

nerability increased susceptibility to problematic use, or whether both reflected shared 

environmental and psychological factors. Accordingly, the findings are framed as prelim-

inary associations and peripheral epigenetic correlates, not as evidence that digital use 

causes DNA methylation changes. 

The synthesis also does not assume that all devices or platforms operate through 

identical mechanisms. Internet use, smartphone or mobile-phone use, social media expo-

sure, gaming, and cybervictimization may differ in access, portability, reward patterns, 

social interaction, and sleep disruption. A separate comparison between personal-com-

puter-based use and smartphone or smart-device use was not feasible because the in-

cluded studies did not provide enough device-specific methylation effect sizes. Future 

studies should distinguish platform, device, duration, context, and compulsiveness of use. 

An additional limitation of quantitative synthesis was that some primary studies did 

not report all the parameters needed to directly calculate variance, standard error, or con-

fidence intervals for certain effect sizes. Although conservative and documented statistical 

imputations were applied to preserve analytical transparency and avoid overestimation 

of accuracy, these decisions introduce an additional degree of uncertainty. Therefore, the 

results of the meta-analysis should be interpreted as an exploratory estimate based on the 

best available quantitative information, rather than as a confirmatory synthesis of fully 

reported homogeneous effects. 

Quantitatively, heterogeneity was very high and was almost entirely concentrated in 

the variability between effects within the study. This finding is consistent with the coex-

istence of multiple conceptually distinct effect sizes drawn from a small number of articles 

and supports the decision to use multilevel models and sensitivity analyses with robust 

estimation of variance. Additionally, sensitivity analysis restricted to full articles main-

tained the positive direction and statistical significance of the combined effect, reducing 

the possibility that the overall signal relies exclusively on preliminary congressional evi-

dence. Meta-regression showed that the type of effect and the biological direction of the 

finding explained much of the heterogeneity, indicating that much of the observed dis-

persion was due to structural differences between the synthesized results and not exclu-

sively to random error. 

Although no statistically conclusive evidence of publication bias was detected, this 

absence of significance should be interpreted with caution, given the small number of 

studies and the dependence between effects. Consequently, the results of the Egger test 

and the funnel plot are not considered here as conclusive evidence of the absence of bias, 

but rather a lack of robust evidence to confirm it. 

In terms of correspondence with the specific objectives, the review allowed us to 

identify and characterize the available primary studies; organize the findings according 

to dopaminergic, serotonergic, oxytocinergic and circadian neurobiological systems; esti-

mate an average magnitude of association using multilevel models; assess heterogeneity 

and its sources using meta-regression; and explore the possible moderating role of the 

type of biological sample. This correspondence should not be interpreted as a definitive 

confirmation of the proposed mechanisms, but as an analytical fulfillment of the objectives 

set under an exploratory framework and with the limitations of emerging evidence. 
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Overall, this systematic review and exploratory multilevel meta-analysis support the 

existence of a preliminary association between problematic digital exposure and periph-

eral DNA methylation differences in neurobiologically plausible genes, but they do not 

establish robust causal trajectories or stable biomarkers of risk. The biological signal is 

suggestive, coherent, and methodologically defensible within the limits of emerging evi-

dence; however, it remains preliminary and should not be interpreted as proof that prob-

lematic digital use induces methylation changes. Therefore, the findings should be under-

stood as an emerging evidence base that justifies broader, longitudinal investigations, 

with better characterization of digital exposure, pre-specified analytical strategies, and ex-

ternal validation. 

6. Conclusions 

Currently available evidence suggests that problematic digital use phenotypes in ad-

olescents and young adults are associated with peripheral DNA methylation differences 

in genes involved in neurotransmission, emotional regulation, circadian rhythms, and 

stress response. The multilevel meta-analysis showed a positive and significant combined 

effect, of small to moderate magnitude, while the meta-regression showed that much of 

the heterogeneity was explained by the type of analytical effect and the biological direc-

tion of the finding. In its central aspect, this suggests that the relationship between prob-

lematic digital exposure and DNA methylation is not uniform, but depends on the gene 

studied, the role assigned to methylation, and the psychological or behavioral context in 

which it is evaluated. 

Despite this, the field remains methodologically immature. The predominance of 

cross-sectional studies, small biological samples, peripheral tissues, reliance on self-re-

ports, limited control of confounders, and concentration of evidence in a few countries 

and research groups limit generalization and causal inference. Consequently, the results 

should be interpreted as preliminary and biologically plausible evidence based on periph-

eral methylation markers, rather than as definitive causal, brain-equivalent, or clinically 

validated biomarker evidence. These findings justify longitudinal, multicenter, device-

specific, and analytically more robust studies. 

7. Recommendations 

7.1. For Research 

Longitudinal studies with repeated measurements of digital exposure and epigenetic 

biomarkers are required to better discriminate between prior vulnerability, selection effect, 

and digital exposure effect. It is also a priority to broaden the focus beyond candidate-

genetic approaches, incorporate independent validation samples and more accurately 

characterize digital exposure, differentiating intensity, compulsiveness, type of platform, 

time pattern and relational context of use. Similarly, it is advisable to integrate variables 

of emotional regulation, sleep quality, attachment, impulsivity and perceived stress in 

prespecified multivariate models. 

7.2. For Methodology and Analysis 

Future quantitative syntheses should be planned from the outset to manage depend-

ence between multiple effects per study, ideally using multilevel models or robust sensi-

tivity strategies. It is also advisable to standardize the way epigenetic results are reported, 

including n by subgroup, standard errors, confidence intervals, and conversion parame-

ters, to facilitate comparability between studies and the reproducibility of meta-analyses. 
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7.3. For Clinical and Preventive Practice 

Although the evidence does not yet justify the clinical use of epigenetic markers, it 

does support the need to address problematic digital use as a phenomenon relevant to 

youth mental health, especially when it coexists with impulsivity, sleep disruption, emo-

tional regulation difficulties, or experiences of victimization. In this context, preventive 

interventions should strengthen critical digital literacy, emotional regulation, sleep hy-

giene, and family and school support, rather than focusing exclusively on restricting tech-

nological access. 

Supplementary Materials: The following supporting information can be downloaded at 

https://www.mdpi.com/article/10.3390/epigenomes10030050/s1, Supplementary Material S1: Full 

data extraction table with harmonized effect sizes and imputation notes; Supplementary Material 

S2: Statistical software outputs and technical model diagnostics; Supplementary Material S3: Critical 

appraisal and risk-of-bias assessment of the included studies; Supplementary Material S4: Bootstrap 

contrasts across alternative ρ values by tissue type; Supplementary Material S5: Publication-bias 

assessment; Table S6: Reports of apparent eligibility excluded after assessment and primary reason. 

Author Contributions: Conceptualization, H.C.-K., F.F.F.-D. and Y.M.-P.; methodology, H.C.-K., 

F.F.F.-D. and Y.M-P.; software, H.C.-K.; validation, H.C.-K., F.F.F.-D. and Y.M.-P.; formal analysis, 

H.C.-K., F.F.F.-D. and Y.M.-P.; investigation, H.C.-K.; resources, H.C.-K.; data curation, H.C.-K. and 

Y.M.-P.; writing—original draft preparation, H.C.-K., F.F.F.-D. and Y.M.-P.; writing—review and 

editing, H.C.-K., F.F.F.-D. and Y.M.-P.; funding acquisition, H.C.-K. and F.F.F.-D. All authors have 

read and agreed to the published version of the manuscript. 

Funding: This research has been funded by Dirección General de Investigaciones of Universidad 

Santiago de Cali under call No. DGI-01-2026. 

Institutional Review Board Statement:. Not applicable 

Informed Consent Statement:. Not applicable. 

Data Availability Statement: The original contributions presented in this study are included in the 

article/Supplementary Materials. Further inquiries can be directed to the corresponding author(s). 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Casey, B.J.; Jones, R.M. Neurobiology of the adolescent brain and behavior: Implications for substance use disorders. J. Am. 

Acad. Child Adolesc. Psychiatry 2010, 49, 1189–1201. https://doi.org/10.1016/j.jaac.2010.08.017. 

2. Casey, B.J.; Jones, R.M.; Hare, T.A. The adolescent brain. Ann. N. Y. Acad. Sci. 2008, 1124, 111–126. https://doi.org/10.1196/an-

nals.1440.010. 

3. Fuhrmann, D.; Knoll, L.J.; Blakemore, S.-J. Adolescence as a sensitive period of brain development. Trends Cogn. Sci. 2015, 19, 

558–566. https://doi.org/10.1016/j.tics.2015.07.008. 

4. Spear, L.P. Adolescent neurodevelopment. J. Adolesc. Health 2013, 52, S7–S13. https://doi.org/10.1016/j.jadohealth.2012.05.006. 

5. Cabezas-Klinger, H.; Fernández-Daza, F.F.; Mina-Paz, Y. Associations between social media use and mental disorders in ado-

lescents and young adults: A systematic review and meta-analysis of recent evidence. Behav. Sci. 2025, 15, 1450. 

https://doi.org/10.3390/bs15111450. 

6. Keles, B.; McCrae, N.; Grealish, A. A systematic review: The influence of social media on depression, anxiety and psychological 

distress in adolescents. Int. J. Adolesc. Youth 2020, 25, 79–93. https://doi.org/10.1080/02673843.2019.1590851. 

7. Montag, C.; Walla, P. Carpe diem instead of losing your social mind: Beyond digital addiction and why we all suffer from 

digital overuse. Cogent Psychol. 2016, 3, 1157281. https://doi.org/10.1080/23311908.2016.1157281. 

8. Leung, L. Linking psychological attributes to addiction and improper use of the mobile phone among adolescents in Hong 

Kong. J. Child. Media 2008, 2, 93–113. https://doi.org/10.1080/17482790802078565. 

https://doi.org/10.3390/epigenomes10030050


Epigenomes 2026, 10, 50 24 of 26 
 

https://doi.org/10.3390/epigenomes10030050 

9. Odgers, C.L.; Jensen, M.R. Annual Research Review: Adolescent mental health in the digital age: Facts, fears, and future direc-

tions. J. Child Psychol. Psychiatry 2020, 61, 336–348. https://doi.org/10.1111/jcpp.13190. 

10. Young, K.S. Internet addiction: The emergence of a new clinical disorder. Cyberpsychol. Behav. 1998, 1, 237–244. 

https://doi.org/10.1089/cpb.1998.1.237. 

11. McEwen, B.S. Neurobiological and systemic effects of chronic stress. Chronic Stress 2017, 1, 2470547017692328. 

https://doi.org/10.1177/2470547017692328. 

12. Sapolsky, R.M. Stress and the brain: Individual variability and the inverted-U. Nat. Neurosci. 2015, 18, 1344–1346. 

https://doi.org/10.1038/nn.4109. 

13. Volkow, N.D.; Wang, G.-J.; Fowler, J.S.; Tomasi, D.; Telang, F. Addiction: Beyond dopamine reward circuitry. Proc. Natl. Acad. 

Sci. USA 2011, 108, 15037–15042. https://doi.org/10.1073/pnas.1010654108. 

14. Ehrlich, M. DNA hypermethylation in disease: Mechanisms and clinical relevance. Epigenetics 2019, 14, 1141–1163. 

https://doi.org/10.1080/15592294.2019.1638701. 

15. Farsetti, A.; Illi, B.; Gaetano, C. How epigenetics impacts on human diseases. Eur. J. Intern. Med. 2023, 114, 15–22. 

https://doi.org/10.1016/j.ejim.2023.05.036. 

16. Mattei, A.L.; Bailly, N.; Meissner, A. DNA methylation: A historical perspective. Trends Genet. 2022, 38, 676–707. 

https://doi.org/10.1016/j.tig.2022.03.010. 

17. Meehan, R.R.; Thomson, J.P.; Lentini, A.; Nestor, C.E.; Pennings, S. DNA methylation as a genomic marker of exposure to 

chemical and environmental agents. Curr. Opin. Chem. Biol. 2018, 45, 48–56. https://doi.org/10.1016/j.cbpa.2018.02.006. 

18. Klengel, T.; Mehta, D.; Anacker, C.; Rex-Haffner, M.; Pruessner, J.C.; Pariante, C.M.; Pace, T.W.W.; Mercer, K.B.; Mayberg, H.S.; 

Bradley, B.; et al. Allele-specific FKBP5 DNA demethylation mediates gene-childhood trauma interactions. Nat. Neurosci. 2013, 

16, 33–41. https://doi.org/10.1038/nn.3275. 

19. Moore, L.D.; Le, T.; Fan, G. DNA methylation and its basic function. Neuropsychopharmacology 2013, 38, 23–38. 

https://doi.org/10.1038/npp.2012.112. 

20. Yehuda, R.; Daskalakis, N.P.; Desarnaud, F.; Makotkine, I.; Lehrner, A.L.; Koch, E.; Flory, J.D.; Buxbaum, J.D.; Meaney, M.J.; 

Bierer, L.M. Epigenetic biomarkers as predictors and correlates of symptom improvement following psychotherapy in combat 

veterans with PTSD. Front. Psychiatry 2013, 4, 118. https://doi.org/10.3389/fpsyt.2013.00118. 

21. Nestler, E.J.; Peña, C.J.; Kundakovic, M.; Mitchell, A.; Akbarian, S. Epigenetic basis of mental illness. Neuroscientist 2016, 22, 

447–463. https://doi.org/10.1177/1073858415608147. 

22. Annunzi, E.; Cannito, L.; Bellia, F.; Mercante, F.; Vismara, M.; Benatti, B.; Di Domenico, A.; Palumbo, R.; Adriani, W.; Dell’Osso, 

B.; et al. Mild internet use is associated with epigenetic alterations of key neurotransmission genes in salivary DNA of young 

university students. Sci. Rep. 2023, 13, 22192. https://doi.org/10.1038/s41598-023-49492-5. 

23. Annunzi, E.; Cannito, L.; Piccinini, A.; Di Domenico, A.; Dell’Osso, B.; Palumbo, R.; D’Addario, C. Genetic and epigenetic of 

internet addiction in young adult university students—Suggesting a role for oxytocin receptor gene DNA methylation. Neurosci. 

Appl. 2022, 1, 100715. https://doi.org/10.1016/j.nsa.2022.100715. 

24. Li, T.; Chen, Y.; Xie, Y.; Tao, S.; Zou, L.; Yang, Y.; Tao, F.; Wu, X. Moderating effects of PER3 gene DNA methylation on the 

association between problematic mobile phone use and chronotype among Chinese young adults: Focus on gender differences. 

J. Behav. Addict. 2024, 13, 554–564. https://doi.org/10.1556/2006.2024.00027. 

25. Turecki, G.; Meaney, M.J. Effects of the social environment and stress on glucocorticoid receptor gene methylation: A systematic 

review. Biol. Psychiatry 2016, 79, 87–96. https://doi.org/10.1016/j.biopsych.2014.11.022. 

26. Cecil, C.A.M.; Smith, R.G.; Walton, E.; Mill, J.; McCrory, E.J.; Viding, E. Epigenetic signatures of childhood abuse and neglect: 

Implications for psychiatric vulnerability. J. Psychiatr. Res. 2016, 83, 184–194. https://doi.org/10.1016/j.jpsychires.2016.09.010. 

27. Klengel, T.; Binder, E.B. Epigenetics of stress-related psychiatric disorders and gene × environment interactions. Neuron 2015, 

86, 1343–1357. https://doi.org/10.1016/j.neuron.2015.05.036. 

28. Yehuda, R.; Lehrner, A. Intergenerational transmission of trauma effects: Putative role of epigenetic mechanisms. World Psychi-

atry 2018, 17, 243–257. https://doi.org/10.1002/wps.20568. 

29. Hannon, E.; Mansell, G.; Walker, E.; Nabais, M.F.; Burrage, J.; Kepa, A.; Best-Lane, J.; Rose, A.; Heck, S.; Moffitt, T.E.; et al. 

Assessing the co-variability of DNA methylation across peripheral cells and tissues: Implications for the interpretation of find-

ings in epigenetic epidemiology. PLoS Genet. 2021, 17, e1009443. https://doi.org/10.1371/journal.pgen.1009443. 

30. Langie, S.A.S.; Szarc Vel Szic, K.; Declerck, K.; Traen, S.; Koppen, G.; Van Camp, G.; Schoeters, G.; Vanden Berghe, W.; De 

Boever, P. Whole-genome saliva and blood DNA methylation profiling in individuals with a respiratory allergy. PLoS ONE 

2016, 11, e0151109. https://doi.org/10.1371/journal.pone.0151109. 

https://doi.org/10.3390/epigenomes10030050


Epigenomes 2026, 10, 50 25 of 26 
 

https://doi.org/10.3390/epigenomes10030050 

31. Smith, A.K.; Kilaru, V.; Klengel, T.; Mercer, K.B.; Bradley, B.; Conneely, K.N.; Ressler, K.J.; Binder, E.B. DNA extracted from 

saliva for methylation studies of psychiatric traits: Evidence tissue specificity and relatedness to brain. Am. J. Med. Genet. Part B 

Neuropsychiatr. Genet. 2015, 168, 36–44. https://doi.org/10.1002/ajmg.b.32278. 

32. Hedges, L.V.; Tipton, E.; Johnson, M.C. Robust variance estimation in meta-regression with dependent effect size estimates. 

Res. Synth. Methods 2010, 1, 39–65. https://doi.org/10.1002/jrsm.5. 

33. Tipton, E. Small sample adjustments for robust variance estimation with meta-regression. Psychol. Methods 2015, 20, 375–393. 

https://doi.org/10.1037/met0000011. 

34. Newman, M.; Gough, D. Systematic reviews in educational research: Methodology, perspectives and application. In Systematic 

Reviews in Educational Research: Methodology, Perspectives and Application; Zawacki-Richter, O., Kerres, M., Bedenlier, S., Bond, 

M., Buntins, K., Eds.; Springer VS: Wiesbaden, Germany, 2020; pp. 3–22. 

35. Cooper, H.; Hedges, L.V.; Valentine, J.C. (Eds.) The Handbook of Research Synthesis and Meta-Analysis, 2nd ed.; Russell Sage Foun-

dation: New York, NY, USA, 2009. 

36. Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.; 

Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, n71. 

https://doi.org/10.1136/bmj.n71. 

37. Elsevier. Scopus Content Coverage Guide; Elsevier B.V.: Amsterdam, The Netherlands, 2019. Available online: https://www.else-

vier.com/solutions/scopus/how-scopus-works/content (accessed on 12 June 2026). 

38. Singh, V.K.; Singh, P.; Karmakar, M.; Leta, J.; Mayr, P. The journal coverage of Web of Science, Scopus and Dimensions: A 

comparative analysis. Scientometrics 2020, 126, 5113–5142. https://doi.org/10.1007/s11192-021-03948-5. 

39. Penfold, N.C. Using Dimensions for research evaluation and discovery. Front. Res. Metr. Anal. 2020, 5, 46. 

https://doi.org/10.3389/frma.2020.00046. 

40. Gusenbauer, M.; Haddaway, N.R. Which academic search systems are suitable for systematic reviews or meta-analyses? Eval-

uating retrieval qualities of Google Scholar, PubMed, and 26 other resources. Res. Synth. Methods 2020, 11, 181–217. 

https://doi.org/10.1002/jrsm.1378. 

41. Kowalski, R.M.; Giumetti, G.W.; Schroeder, A.N.; Lattanner, M.R. Bullying in the digital age: A critical review and meta-analysis 

of cyberbullying research among youth. Psychol. Bull. 2014, 140, 1073–1137. https://doi.org/10.1037/a0035618. 

42. Haddaway, N.R.; Page, M.J.; Pritchard, C.C.; McGuinness, L.A. PRISMA2020: An R package and Shiny app for producing 

PRISMA 2020-compliant flow diagrams, with interactivity for optimised digital transparency and Open Synthesis. Campbell 

Syst. Rev. 2022, 18, e1230. https://doi.org/10.1002/cl2.1230. 

43. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 

2025. Available online: https://www.R-project.org/ (accessed on 12 June 2026). 

44. Viechtbauer, W.; Cheung, M.W.-L. Outlier and influence diagnostics for meta-analysis. Res. Synth. Methods 2010, 1, 112–125. 

https://doi.org/10.1002/jrsm.11. 

45. López-López, J.A.; Marín-Martínez, F.; Sánchez-Meca, J.; Van den Noortgate, W.; Viechtbauer, W. Estimation of the predictive 

power of the model in mixed-effects meta-regression: A simulation study. Br. J. Math. Stat. Psychol. 2014, 67, 30–48. 

https://doi.org/10.1111/bmsp.12002. 

46. Joshi, M.; Pustejovsky, J.E.; Beretvas, S.N. Cluster wild bootstrapping to handle dependent effect sizes in meta-analysis with a 

small number of studies. Res. Synth. Methods 2022, 13, 457–477. https://doi.org/10.1002/jrsm.1554. 

47. Cerniglia, L.; Cimino, S.; Lodha, P.; Karia, S.; Desousa, A. An exploratory study on the psychological and epigenetic correlates 

of internet addiction. Ann. Indian Psychiatry 2021, 5, 57–60. https://doi.org/10.4103/aip.aip_13_21. 

48. De Nardi, L.; Carpentieri, V.; Pascale, E.; Pucci, M.; D’Addario, C.; Cerniglia, L.; Adriani, W.; Cimino, S. Involvement of DAT1 

gene on internet addiction: Cross-correlations of methylation levels in 5′-UTR and 3′-UTR genotypes, interact with impulsivity 

and attachment-driven quality of relationships. Int. J. Environ. Res. Public Health 2020, 17, 7956. 

https://doi.org/10.3390/ijerph17217956. 

49. Annunzi, E.; Cannito, L.; Piccinini, A.; Di Domenico, A.; Dell’Osso, B.; Palumbo, R.; D’Addario, C. Genetics and epigenetic of 

dopamine transporter gene in internet addiction. Neurosci. Appl. 2023, 2, 101071. https://doi.org/10.1016/j.nsa.2023.101071. 

50. Marzi, S.J.; Sugden, K.; Arseneault, L.; Belsky, D.W.; Burrage, J.; Corcoran, D.L.; Danese, A.; Fisher, H.L.; Hannon, E.; Moffitt, 

T.E.; et al. Analysis of DNA methylation in young people: Limited evidence for an association between victimization stress and 

epigenetic variation in blood. Am. J. Psychiatry 2018, 175, 517–529. https://doi.org/10.1176/appi.ajp.2017.17060693. 

51. Widyanto, L.; McMurran, M. The psychometric properties of the Internet Addiction Test. Cyberpsychol. Behav. 2004, 7, 443–450. 

https://doi.org/10.1089/cpb.2004.7.443. 

https://doi.org/10.3390/epigenomes10030050


Epigenomes 2026, 10, 50 26 of 26 
 

https://doi.org/10.3390/epigenomes10030050 

52. Kotov, R.; Krueger, R.F.; Watson, D.; Achenbach, T.M.; Althoff, R.R.; Bagby, R.M.; Brown, T.A.; Carpenter, W.T.; Caspi, A.; 

Clark, L.A.; et al. The hierarchical taxonomy of psychopathology (HiTOP): A dimensional alternative to traditional nosologies. 

J. Abnorm. Psychol. 2017, 126, 454–477. https://doi.org/10.1037/abn0000258. 

53. Conway, C.C.; Forbes, M.K.; Forbush, K.T.; Fried, E.I.; Hallquist, M.N.; Kotov, R.; Mullins-Sweatt, S.N.; Shackman, A.J.; Skodol, 

A.E.; South, S.C.; et al. A hierarchical taxonomy of psychopathology can transform mental health research. Perspect. Psychol. Sci. 

2019, 14, 419–436. https://doi.org/10.1177/1745691618810696. 

54. Downes, M.J.; Brennan, M.L.; Williams, H.C.; Dean, R.S. Development of a critical appraisal tool to assess the quality of cross-

sectional studies (AXIS). BMJ Open 2016, 6, e011458. https://doi.org/10.1136/bmjopen-2016-011458. 

55. Higgins, J.P.T.; Morgan, R.L.; Rooney, A.A.; Taylor, K.W.; Thayer, K.A.; Silva, R.A.; Lemeris, C.; Akl, E.A.; Bateson, T.F.; Berk-

man, N.D.; et al. A tool to assess risk of bias in non-randomized follow-up studies of exposure effects (ROBINS-E). Environ. Int. 

2024, 186, 108602. https://doi.org/10.1016/j.envint.2024.108602. 

56. Tyndall, J. AACODS Checklist for Appraising Grey Literature; Flinders University: Adelaide, Australia, 2010. Available online: 

https://dspace.flinders.edu.au/jspui/bitstream/2328/3326/4/AACODS_Checklist.pdf (accessed on 12 June 2026). 

57. Assink, M.; Wibbelink, C.J.M. Fitting three-level meta-analytic models in R: A step-by-step tutorial. Quant. Methods Psychol. 

2016, 12, 154–174. https://doi.org/10.20982/tqmp.12.3.p154. 

58. Van den Noortgate, W.; López-López, J.A.; Marín-Martínez, F.; Sánchez-Meca, J. Three-level meta-analysis of dependent effect 

sizes. Behav. Res. Methods 2013, 45, 576–594. https://doi.org/10.3758/s13428-012-0261-6. 

59. Funder, D.C.; Ozer, D.J. Evaluating effect size in psychological research: Sense and nonsense. Adv. Methods Pract. Psychol. Sci. 

2019, 2, 156–168. https://doi.org/10.1177/2515245919847202. 

60. Gignac, G.E.; Szodorai, E.T. Effect size guidelines for individual differences researchers. Personal. Individ. Differ. 2016, 102, 74–

78. https://doi.org/10.1016/j.paid.2016.06.069. 

61. Pustejovsky, J.E.; Tipton, E. Meta-analysis with robust variance estimation: Expanding the range of working models. Prev. Sci. 

2022, 23, 425–438. https://doi.org/10.1007/s11121-021-01246-3. 

62. Cheung, M.W.-L. Modeling dependent effect sizes with three-level meta-analyses: A structural equation modeling approach. 

Psychol. Methods 2014, 19, 211–229. https://doi.org/10.1037/a0032968. 

63. Lin, L.; Chu, H. Quantifying publication bias in meta-analysis. Biometrics 2018, 74, 785–794. https://doi.org/10.1111/biom.12817. 

64. Egger, M.; Davey Smith, G.; Schneider, M.; Minder, C. Bias in meta-analysis detected by a simple, graphical test. BMJ 1997, 315, 

629–634. https://doi.org/10.1136/bmj.315.7109.629. 

65. Dwan, K.; Altman, D.G.; Arnaiz, J.A.; Bloom, J.; Chan, A.-W.; Cronin, E.; Decullier, E.; Easterbrook, P.J.; Von Elm, E.; Gamble, 

C.; et al. Systematic review of the empirical evidence of study publication bias and outcome reporting bias. PLoS ONE 2008, 3, 

e3081. https://doi.org/10.1371/journal.pone.0003081. 

66. Thornton, A.; Lee, P. Publication bias in meta-analysis: Its causes and consequences. J. Clin. Epidemiol. 2000, 53, 207–216. 

https://doi.org/10.1016/S0895-4356(99)00161-4. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 

https://doi.org/10.3390/epigenomes10030050

