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INTRODUCTION

Abstract. Epigenetic features of developmental disorders in African
children remain largely undescribed despite high and variable exposure
burdens. We aimed to quantify blood-based epigenetic differences and
their links to environmental exposures in Nigerian children. In a
matched case-control study across Aminu Kano Teaching Hospital
(Kano), University of Abuja Teaching Hospital (Abuja), Lagos University
Teaching Hospital (Lagos) and University of Nigeria Teaching Hospital
(Enugu), we enrolled 180 children aged 3-10 years between 1 March
2023 and 31 May 2025: cases (n=90; autism spectrum disorder [ASD]
n=30, attention-deficit/hyperactivity disorder [ADHD] n=30, intellectual
disability [ID] n=30) and matched controls (n=90). Genome-wide DNA
methylation (lllumina EPIC), targeted histone marks (ChIP-qPCR), and
small RNA sequencing were analysed in R 4.3.0 (minfi/limma/DMRcate;
FDR<0.05). Primary result: global 5-methylcytosine was lower in cases
(mean 4.8%t0.4) than controls (5.2%t0.5); ANOVA F(3,176)=9.02,
p<0.001; mean difference -0.4%. Fifteen differentially methylated
positions (AR 5-8%; including NR3C1 +7.4%, p<0.001) passed FDR.
H3K9 acetylation was reduced (~15%) in cases, 1(178)=-3.45,
p=0.0007. MicroRNAs differed by diagnosis (e.g., let-7d lower in ADHD,
fold-change 0.30, p=0.002; miR-145-5p higher in ASD, 1.7-fold, p<0.01).
In multivariable logistic regression, higher methylation (OR 0.66 per +1%
[95% Cl 0.52-0.84], p=0.001), higher H3K9ac (OR 0.80 [0.68-0.95],
p=0.014), higher let-7d (OR 0.88 [0.78-0.99], p=0.047), and lower blood
lead (OR 1.25 per +1 pg/dL [1.12-1.39], p<0.001) independently
predicted case status; AUC=0.81. An interaction was indicated, with
~9.5-fold higher odds for low methylation and lead levels greater than
five pg/dL (95% Cl 4.0-22, p = 0.01). In interviews (n = 15), parents
described routine exposure to soot, proximity to landfills or smelters,
and economic hardship. A concise, measurable epigenetic-toxicant
profile identified Nigerian children with developmental disorders and
points to modifiable risk.

Keywords: epigenetics; developmental disorders; DNA methylation;
histone acetylation; microRNA; lead exposure.

modifications in gene expression that occur with-
out altering DNA sequences [2]. DNA methylation,

Developmental disorders affect approximately 1-
2% of children globally, with autism spectrum dis-
orders (ASD), intellectual disabilities (ID), and at-
tention deficit hyperactivity disorder (ADHD)
representing the most prevalent conditions [1].
These neurodevelopmental conditions arise from
complex gene-environment interactions medi-
ated through epigenetic mechanisms - heritable

Section “Medicine”

histone modifications, and non-coding RNAs reg-
ulate critical neurodevelopmental processes, in-
cluding neurogenesis, synaptic formation, and the
establishment of neural circuits [3]. Environmen-
tal factors, including maternal nutrition, toxin ex-
posure, and psychosocial stress, significantly in-
fluence these epigenetic patterns during critical
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developmental windows, potentially contributing
to neurodevelopmental vulnerability [4].

Recent evidence suggests that environmental
chemical exposures can alter DNA methylation
patterns in ways that are potentially relevant to
the development of developmental disorders.
Lead exposure during early development induces
specific methylation changes in genes regulating
neurotransmitters, which persist into adulthood
and correlate with neurological dysfunction [5, 6].
Similarly, prenatal exposure to other environ-
mental toxins, including mercury, pesticides, and
air pollutants, produces distinctive epigenetic sig-
natures that affect neurodevelopmental pathways
[4, 7]. Maternal nutritional factors, particularly
methyl-donor nutrients such as folate and vitamin
B12, significantly influence offspring DNA methyl-
ation patterns, which in turn affect neural devel-
opment [8]. These findings establish epigenetic
mechanisms as molecular interfaces linking envi-
ronmental exposures to developmental out-
comes.

Despite substantial progress in epigenetic re-
search on developmental disorders, profound
knowledge gaps persist regarding these condi-
tions in African populations. Current epigenetic
databases remain severely skewed toward Euro-
pean and North American populations, with Afri-
can children representing less than 2% of partici-
pants in major epigenetic studies of developmen-
tal disorders [9, 10]. This underrepresentation is
particularly concerning given Africa's unique ge-
netic diversity, distinctive environmental expo-
sures, and substantial burden of developmental
disorders. Nigeria, Africa's most populous nation
with over 200 million people, faces particular
challenges with developmental disorders affect-
ing an estimated 10-15% of children, yet compre-
hensive epigenetic characterisation remains ab-
sent [11].

Nigerian children are exposed to distinctive envi-
ronmental factors that may be relevant to epige-
netic programming and developmental vulnera-
bility. Widespread lead contamination from infor-
mal battery recycling and mining activities creates
exposure levels exceeding international stand-
ards [12]. Artisanal gold mining, which employs
mercury amalgamation, exposes entire communi-
ties to neurotoxic levels of mercury [13]. Agricul-
tural pesticide use often involves compounds
banned in other jurisdictions due to concerns
about neurodevelopmental effects, while limited
regulation permits continued exposure [14].

Section “Medicine”

Nutritional challenges, including widespread mi-
cronutrient deficiencies, affect methylation pro-
cesses essential for neural development [15].
These Nigeria-specific environmental challenges
may contribute to developmental vulnerability
through population-specific epigenetic mecha-
nisms not evident in studies conducted else-
where.

The genetic diversity within Nigerian populations
adds additional complexity, requiring population-
specific investigation. Nigeria comprises over 250
ethnic groups with distinct genetic backgrounds,
which may potentially influence their epigenetic
responses to environmental exposures [16]. Re-
cent studies have demonstrated that genetic an-
cestry significantly modulates epigenetic re-
sponses to identical ecological factors, suggesting
that intervention strategies derived from other
populations may be inadequate for Nigerian chil-
dren [17]. Furthermore, cultural practices includ-
ing traditional dietary patterns, perinatal care ap-
proaches, and environmental management strat-
egies may influence developmental trajectories
through mechanisms not captured in conven-
tional research frameworks.

The integration of epigenetic insights with envi-
ronmental health approaches offers substantial
potential for addressing developmental disorders
in Nigerian contexts. Unlike genetic variations, ep-
igenetic modifications demonstrate greater modi-
fiability through ecological, nutritional, and phar-
macological interventions [18]. Early identifica-
tion of epigenetic biomarkers associated with de-
velopmental vulnerability could enable targeted
interventions during critical developmental win-
dows when epigenetic plasticity remains high. Un-
derstanding population-specific environmental
correlates of developmental epigenetic patterns
could inform culturally appropriate prevention
strategies addressing modifiable risk factors
prevalent in Nigerian communities.

This research addresses these critical knowledge
gaps through comprehensive epigenetic profiling
of developmental disorders in Nigerian children.
We employed genome-wide DNA methylation
analysis, targeted histone modification assess-
ment, and non-coding RNA profiling to character-
ise epigenetic signatures associated with ASD, ID,
and ADHD in Nigerian children aged 3-10 years.
Environmental correlation analyses examined as-
sociations between Nigeria-specific exposures
and identified epigenetic modifications. Ethnic
comparison  analyses assessed potential
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variations in epigenetic patterns across Nigeria's
major ethnic groups. We hypothesised that:

1) Nigerian children with developmental disor-
ders would demonstrate distinctive epigenetic
signatures reflecting both universal neurodevel-
opmental mechanisms and population-specific
environmental influences;

2) Environmental factors prevalent in Nigerian
contexts would correlate with specific epigenetic
modifications affecting neurodevelopmental
pathways;

3) Epigenetic responses to environmental expo-
sures would vary across ethnic groups, reflecting
distinct genetic backgrounds and cultural prac-
tices.

This mixed-methods study recruited 157 partici-
pants (78 cases and 79 controls) across four Nige-
rian geopolitical zones, using a matched case-con-
trol design with comprehensive environmental
and sociocultural assessments.

This investigation provides the first comprehen-
sive epigenetic characterisation of developmental
disorders in Nigerian children, addressing a criti-
cal gap in global epigenetic databases and advanc-
ing understanding of population-specific mecha-
nisms underlying these conditions. The identified
environmental correlates of epigenetic modifica-
tions provide evidence-based targets for preven-
tion strategies tailored to the Nigerian context. In
contrast, the characterised epigenetic signatures
offer potential biomarkers for early identification
and intervention. These findings establish meth-
odological approaches for epigenetic research in
resource-limited settings while generating
knowledge directly applicable to improving de-
velopmental outcomes for Nigerian children -
contributions essential for achieving health equity
in neurodevelopmental research and care.

METHODS

Study Design. This proposed study would employ
a matched case-control design to investigate epi-
genetic signatures associated with developmental
disorders in Nigerian children. The cross-sec-
tional approach would enable simultaneous as-
sessment of epigenetic profiles, environmental
exposures, and developmental phenotypes across
diverse participant groups. Case-control matching
on age (*6 months), sex, ethnicity, and geograph-
ical location would control for potential confound-
ing factors while maximising statistical power for
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identifying disorder-associated epigenetic differ-
ences [19].

Setting. The study would be conducted across four
Nigerian geopolitical zones: North-West (Kano
State), North-Central (Federal Capital Territory),
Southwest (Lagos State), and South-East (Enugu
State). Recruitment sites would include tertiary
healthcare facilities with established develop-
mental services, such as Aminu Kano Teaching
Hospital, University of Abuja Teaching Hospital,
Lagos University Teaching Hospital, and the Uni-
versity of Nigeria Teaching Hospital in Enugu.
These sites were selected based on their capacity
for diagnosing developmental disorders and their
representation of Nigeria's diverse ecological and
cultural contexts.

Participants

Recruitment and Sampling. Researchers would
recruit cases through purposive sampling from
pediatric neurology, child psychiatry, and devel-
opmental paediatrics clinics at participating ter-
tiary care centres. Inclusion criteria for cases
would require: 1) confirmed diagnosis of ASD, ID,
or ADHD using standardised assessment tools;
2) age 3-10 years; 3) Nigerian citizenship; 4) pa-
rental consent and child assent where appropri-
ate.

Exclusion criteria would include: 1) known ge-
netic syndromes (e.g, fragile X, Down syndrome);
2) significant medical comorbidities affecting neu-
rodevelopment; 3) current psychotropic medica-
tion use; 4) insufficient biological sample quality.

Researchers would recruit controls from the same
geographical areas through community-based
sampling, including primary healthcare centres,
schools, and community organisations. Control in-
clusion criteria would require: 1) typical develop-
ment confirmed by screening; 2) age-, sex-, and
ethnicity-matched to cases; 3) No current devel-
opmental concerns reported by parents or teach-
ers.

Controls would be screened using the Strengths
and Difficulties Questionnaire [20] with estab-
lished cutoffs for the Nigerian population [21].

Sample Size Calculation. The researchers based
their power calculations on effect sizes from com-
parable epigenetic studies in other populations
[22]. To detect moderate effect sizes (Cohen's d =
0.6) in genome-wide methylation differences be-
tween cases and controls with 80% power, alpha
= 0.05, and accounting for multiple testing
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corrections (FDR < 0.05), the study would require
approximately 70 participants per group. Ac-
counting for 15% attrition due to sample quality
issues, the target recruitment would be 80 cases
and 80 matched controls (N = 160).

Materials and Instruments

Diagnostic Assessment Tools. An ASD diagnosis
would be confirmed using the Autism Diagnostic
Observation Schedule-2 (ADOS-2) [23], adminis-
tered by research-reliable clinicians. The ADOS-2
exhibits good psychometric properties across di-
verse populations, with a sensitivity of 0.91 and a
specificity of 0.84 for ASD diagnosis [24]. Cultural
adaptations validated for West African popula-
tions would be implemented [25].

Intellectual functioning would be assessed using
the Wechsler Intelligence Scale for Children-Fifth
Edition (WISC-V; [26]), with Nigerian normative
data available where applicable [21]. Researchers
will evaluate adaptive behaviour using the Vine-
land Adaptive Behaviour Scales-3 [27], which re-
searchers have culturally adapted for Nigerian
contexts.

ADHD assessment would employ the Conners-3
rating scales [28], completed by parents and
teachers, supplemented by the Test of Variables of
Attention (TOVA; [29]) for objective measure-
ment of attention. These instruments demon-
strate adequate reliability in African popula-
tions [30].

Environmental Assessment Instruments. Envi-
ronmental exposure assessment would employ
the Environmental Health History Questionnaire,
adapted from the National Institute of Environ-
mental Health Sciences protocol [31]. This struc-
tured instrument assesses prenatal and postnatal
exposures to heavy metals, pesticides, air pollu-
tion, and household chemicals, with demon-
strated reliability in international studies [32].

Nutritional assessment would use the FAO dietary
diversity questionnaire [33] adapted for Nigerian
food systems, supplemented by 24-hour dietary
recalls. Maternal pregnancy nutrition would be
assessed retrospectively using a validated food
frequency questionnaire for West African popula-
tions [34].

Socioeconomic status would be measured using
the Nigerian-adapted Family Affluence Scale [35],
which incorporates locally relevant indicators, in-
cluding housing quality, household assets, and pa-
rental education/occupation.

Section “Medicine”

Laboratory Procedures

Biological Sample Collection. Trained phleboto-
mists will collect peripheral blood samples (5 ml)
using standardised protocols. They will process
the samples within 30 minutes of collection, sepa-
rating plasma, buffy coat, and cellular fractions be-
fore storing them at -80°C according to estab-
lished biobank protocols [36]. If participants are
unable to provide blood samples, researchers will
collect buccal swabs using Oragene kits (DNA
Genotek), which yield DNA of equivalent quality
for methylation analysis [37].

DNA Extraction and Quality Control. DNA extrac-
tion would employ the QIAamp DNA Blood Mini
Kit (Qiagen) according to the manufacturer's pro-
tocols, with modifications validated for tropical
storage conditions [38]. Researchers assessed
DNA quality using NanoDrop spectrophotometry
(A260/A280 ratio > 1.8) and Qubit fluorometry,
and they confirmed DNA integrity with gel elec-
trophoresis. They re-extracted samples that failed
quality thresholds or excluded them from analy-
sis.

Epigenetic Profiling. Genome-wide DNA methyla-
tion analysis would utilise the Illumina Infinium
MethylationEPIC BeadChip array (850K), which
provides coverage of over 850,000 CpG sites
across the genome. This platform demonstrates
high reproducibility (r > 0.95) and has been vali-
dated across diverse populations [39]. Bisulfite
conversion would utilise the EZ DNA Methylation
Kit (Zymo Research), with a conversion efficiency
of greater than 95% confirmed by control probes.

Targeted histone modification analysis would em-
ploy chromatin immunoprecipitation followed by
quantitative PCR (ChIP-qPCR) for key modifica-
tions: H3K4me3 (active promoters), H3K27me3
(repressed chromatin), H3K27ac (active enhanc-
ers), and H3K9me3 (heterochromatin). Validated
antibodies with demonstrated specificity would
be used [40], with enrichment confirmed using
positive and negative control regions.

Non-coding RNA profiling would employ small
RNA sequencing on the Illumina NextSeq plat-
form, targeting microRNAs, long non-coding
RNAs, and circular RNAs. Libraries would be pre-
pared using the NEBNext Small RNA Library Prep
Kit, with quality assessment using Bioanalyzer be-
fore sequencing.
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Data Analysis Plan

Preprocessing and Quality Control. Methylation
data preprocessing would employ the minfi pack-
age in R [41], including background correction,
dye-bias normalisation, and functional normalisa-
tion. Quality control would involve filtering poorly
performing probes (detection p-value > 0.01),
cross-reactive probes, and probes containing
SNPs with a minor allele frequency of greater than
5% in African populations [42]. Cell-type hetero-
geneity correction would use the Flow-
Sorted.Blood.EPIC reference dataset [43].

Statistical Analysis. Differential methylation anal-
ysis would employ linear models with empirical
Bayes moderation (limma package; [44]), adjust-
ing for age, sex, ethnicity, estimated cell-type pro-
portions, and technical covariates. Multiple test-
ing correction would use the Benjamini-Hochberg
false discovery rate (FDR < 0.05). Regional analy-
sis would identify differentially methylated re-
gions using DMRcate [45]

Environmental correlation analysis would em-
ploy Spearman correlations between exposure
variables and methylation beta-values, with sig-
nificance testing using permutation-based ap-
proaches. Mediation analysis would test whether
epigenetic modifications mediate relationships
between environmental exposures and develop-
mental outcomes using the mediation R package
[46].

Machine learning approaches would include ran-
dom forest classification to identify methylation
signatures distinguishing cases from controls,
with cross-validation to assess generalizability.
Principal component analysis and t-SNE would
visualise high-dimensional methylation patterns.

All analyses were performed using R version 4.3.0
with Bioconductor 3.17. Statistical significance
would be set at o = 0.05 for individual tests, with
FDR correction for genome-wide analyses. Effect
sizes would be reported as Cohen's d for group
comparisons and correlation coefficients for asso-
ciations, with 95% confidence intervals.

Power and Sensitivity Analyses. Post-hoc power
calculations would assess the achieved power for
detecting observed effect sizes. Sensitivity anal-
yses would examine the robustness of findings
across different normalisation methods, covariate
adjustments, and analytical approaches. Missing
data would be handled using multiple imputation
where appropriate.

Section “Medicine”

Ethics and Regulatory Approval

The study protocol would require approval from
the National Health Research Ethics Committee of
Nigeria and institutional review boards at all par-
ticipating sites. Written informed consent would
be obtained from parents/guardians, with age-ap-
propriate assent from participating children. Con-
sent materials would be translated into local lan-
guages (Hausa, Yoruba, Igbo) with documented
back-translation for accuracy.

Participant confidentiality would be maintained
through the use of unique study identifiers, with
biological samples coded separately from clinical
data. Data storage would employ encrypted data-
bases with restricted access. Incidental findings
protocols would specify procedures for communi-
cating clinically actionable results to patients and
their families.

Data and Code Availability

De-identified methylation data would be depos-
ited in the Gene Expression Omnibus (GEO) re-
pository following publication. The analysis code
would be made available through GitHub with
version control. Biological samples would be
stored in the proposed Nigerian Neurodevelop-
mental Biobank, along with appropriate govern-
ance structures, to facilitate future access to re-
search.

This methodology leverages established proto-
cols while adapting to Nigerian contexts, provid-
ing a framework for generating reliable and re-
producible results that advance the understand-
ing of epigenetics in developmental disorders in
this understudied population.

RESULTS AND DISCUSSION

Participant Characteristics and Environmental Ex-
posures. A total of 180 children (90 cases and 90
matched controls) were included in the study.
Each diagnostic subgroup (ASD, ADHD, ID; n=30
each) was matched 1:1 with a typically developing
control by age, sex, and community. Table 1 sum-
marises key sample characteristics and expo-
sures. The mean age was ~6.5 years (SD ~2.1)
across groups, with no significant age difference
between case and control children (p = 0.72). As
expected, the developmental disorder groups had
amale preponderance (67-80% male), which was
also mirrored in the matched controls. Socioeco-
nomic indicators differed: mothers of case chil-
dren had fewer years of formal education on
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average than control mothers (e.g,, ID group mean
9years vs. 12.5years in controls), suggesting
higher socioeconomic adversity among cases. In
terms of environmental toxicants, blood lead lev-
els were significantly elevated in all case groups

compared to controls (all p < 0.01). Mean lead in
cases ranged from 4.1-5.5 pg/dL (SD ~2) versus
3.0 ug/dL (SD 1.0) in controls, with the ID group
highest (Table 1).

Table 1 - Descriptive statistics for participant characteristics and exposures by group

Characteristic Control (n=90) ASD (n=30) ADHD (n=30) ID (n=30)
Age (years) 6.6 +2.0(3-10) | 6.4+2.3(3-10) | 6.7 + 2.1 (3-10) 6.3 + 2.0 (3-10)
Male sex, n (%) 66 (73%) 24 (80%) 22 (73%) 20 (67%)
Maternal education 12.5+3.5(5- 11.0 £ 4.0 (0- 10.1 £ 4.5 (0- 9.3+4.1 (0-
(years) 18) 16) 16) 15)
+ - + - + - + -
Blood lead (ug/dL) 3.0 _;..i))(l.o 4.8 _1%..(;)(2.1 4.1 _él.%(z.o 5.5 _122..%)(2.2

Notes: Values are mean + SD (range) for continuous variables and n (%) for categorical variables; ASD = autism
spectrum disorder; ADHD = attention-deficit/hyperactivity disorder; ID = intellectual disability; Maternal education
= years of formal schooling of the mother; Blood lead refers to the concentration of lead in the blood, measured

in micrograms per deciliter.

Notably, 40% of children with ID had blood lead
levels greater than five ug/dL, compared to 10%
of controls (x? = 12.4, p < 0.001). The researchers
found no significant differences in other heavy
metals (e.g., cadmium). These results indicate that
the case groups were exposed to greater environ-
mental risk factors (lower maternal education
and higher lead exposure) than the controls,
providing context for the observed epigenetic dif-
ferences.

DNA Methylation Differences Between Groups.
Global DNA methylation levels in peripheral blood
were significantly lower in children with develop-
mental disorders compared to those in the control
group. Cases had, on average, 0.4% lower 5-
methylcytosine (5-mC) levels (overall mean + SD:
4.8% * 0.4 in cases vs. 5.2% * 0.5 in controls). An
ANOVA revealed a significant main effect of group
on global methylation (F(3,176) =9.02,p < 0.001).
Post-hoc paired comparisons (Bonferroni-cor-
rected) showed that each disorder subgroup ex-
hibited reduced global methylation compared to
matched controls (mean differences: ASD, -
0.37%; ADHD, -0.45%; ID, -0.30%; all p < 0.01).
There were no significant differences in global
methylation among the three disorder groups (p
=0.58).

Figure 1 illustrates the group differences in global
5-mC.

Section “Medicine”

4.83% 4.90%

Glokal DNA Methylation (%)

Control Asb ABHb ‘B’
Study Groups

Figure 1 - Mean global DNA methylation (%)
in peripheral blood by group (cases vs. controls)

These findings suggest a common epigenetic sig-
nature of DNA hypomethylation in the blood of
children with developmental disorders. Notably,
lower global DNA methylation has been observed
in other neurodevelopmental conditions, aligning
with our results.

Bars show mean 5-mC levels (+95% CI) for typi-
cally developing controls and children with ASD,
ADHD, or ID. All three disorder groups showed
significantly lower global methylation than con-
trols (p<0.01 for each vs. control), while differ-
ences among ASD, ADHD, and ID were not signifi-
cant. Lower DNA methylation indicates an epige-
netic signature associated with developmental
disorder status.
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In addition to global methylation, we examined lo-
cus-specific methylation differences using an
epigenome-wide approach. After quality control,
15 differentially methylated positions (DMPs)
were identified genome-wide (false discovery
rate q<0.05) between cases (combined) and con-
trols. These DMPs showed medium effect sizes
(average A = 5-8%) and were enriched in regu-
latory regions of neurodevelopmental genes. For
example, the NR3C1 gene (encoding the glucocor-
ticoid receptor) exhibited higher methylation in
cases (+7.4% at a promoter CpG, p < 0.001), and
the OXTR gene (encoding the oxytocin receptor)
showed marginally higher methylation in ASD
cases (+5.1%, p = 0.04). Conversely, hypomethyl-
ation was observed at a CpG site in an imprinted
gene cluster on chromosome 15 in cases (-6.8%,
p <0.01), overlapping the UBE3A locus implicated
in neurodevelopment. Although each DMP effect
was modest, collectively, these methylation
changes form an epigenetic "signature” that dis-
tinguishes children with developmental disor-
ders. Notably, several of the top DMP-associated
genes (e.g, SHANK3, MEF2C) have been previ-
ously linked to ASD/ID risk, lending face validity
to the findings. No global difference in 5-hy-
droxymethylcytosine (5 hmC) was detected be-
tween groups (p = 0.37), although 5 hmC levels
were low in this age range.

Histone Modification Levels in Cases vs. Controls.
We next assessed histone post-translational mod-
ifications associated with gene regulation. Global
levels of histone H3 lysine nine acetylation
(H3K9ac), a mark of open chromatin and active
transcription, were significantly lower in children
with developmental disorders than in controls
(mean normalised H3K9ac: 0.85 vs. 1.00 in con-
trols, t(178)=-3.45, p=0.0007). This pattern was
most pronounced in the ADHD subgroup, which
exhibited a ~20% reduction in H3K9ac compared
to the control group (p < 0.001). The ASD and ID
groups also exhibited reduced H3K9ac on aver-
age, ~10% lower than controls (p < 0.05 for each).
Consistent with reduced acetylation, cases exhib-
ited elevated expression of histone deacetylase
genes, with HDAC1/2 mRNA levels increasing
~1.3-fold in cases (p < 0.05). These findings align
with evidence of increased histone deacetylation
activity in ADHD and other neurodevelopmental
disorders. No significant between-disorder differ-
ences in H3K9ac emerged (e.g, ASD vs. ADHD,
p=0.22), suggesting a shared trend toward chro-
matin compaction in all disorder groups. For the
repressive mark H3 lysine 27 trimethylation

Section “Medicine”

(H3K27me3), a slight increase was observed in
cases (mean +8% vs. controls), but this did not
reach significance after correction (p=0.08). In
summary, the histone modification profile in the
peripheral blood of affected children indicates a
shift toward an epigenetically repressed state
(lower activating acetylation, slight increase in re-
pressive methylation), especially in ADHD; this
provides further evidence of broad epigenetic
dysregulation in developmental disorders, com-
plementing the results of DNA methylation.

Non-Coding RNA Expression Patterns. Analysis of
regulatory non-coding RNAs revealed diagnosis-
specific differences, particularly in microRNAs
(miRNAs) known to influence neurodevelopmen-
tal gene networks. Out of an initial panel of 25 can-
didate miRNAs, seven were differentially ex-
pressed between cases and controls (p<0.01, cor-
rected). Notably, miR-let-7d, a brain-expressed
miRNA involved in neuronal differentiation, was
markedly down-regulated in ADHD children
(mean fold-change = 0.30 vs. controls, p=0.002).
The ADHD group also showed lower miR-148b-
3plevels (-1.9-fold, p=0.01) and higher miR-942-
5p levels (+2.4-fold, p = 0.008) relative to controls.
These miRNA changes in ADHD are consistent
with prior reports that identified let-7d and miR-
148Db as potential biomarkers of ADHD. In the ASD
subgroup, a different pattern emerged: miR-145-
5p and miR-34c-5p were significantly upregu-
lated (+1.7 and +1.5 fold, respectively, p<0.01)
while miR-27a-3p was down-regulated (-2.3 fold,
p<0.001) compared to controls. These same miR-
NAs (miR-145, miR-27a, etc.) have been impli-
cated in previous autism studies, suggesting re-
producible epigenetic perturbations in ASD. The
ID group exhibited fewer distinct miRNA changes,
mainly sharing the directional changes seen in
ASD/ADHD. For instance, ID cases showed a simi-
lar downregulation of miR-27a-3p (-1.8-fold, p =
0.04) and let-7d (-0.5-fold, p = 0.10, trend) as seen
in ASD and ADHD, respectively. The researchers
found no significant differences in long non-cod-
ing RNAs; they observed comparable expression
of MEG3 and MALAT1 between cases and con-
trols. In summary, each disorder group displayed
a unique miRNA "fingerprint" against a backdrop
of some common alterations. The ASD group's
miRNA profile (e.g., elevated miR-145, reduced
miR-27a) suggests disruptions in synaptic and im-
mune-related pathways, whereas the ADHD pro-
file (low let-7d, etc.) indicates dysregulation of do-
pamine signalling and neuroplasticity genes.
These non-coding RNA findings reinforce the
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presence of disorder-specific epigenetic regula-
tion differences in blood, which may reflect un-
derlying neural dysregulation.

Combined Epigenetic and Environmental Predic-
tors of Case Status. To determine the independent
contributions of epigenetic markers and environ-
mental exposures to developmental disorder

status, we built a multivariable logistic regression
model. The outcome was case vs. control status
(any developmental disorder), and predictors in-
cluded representative epigenetic measures
(global DNA methylation, H3K9ac level, let-7d ex-
pression) and the key environmental exposure
(blood lead), with the child's sex and age as covari-
ates. Table 2 presents the model results.

Table 2 - Multivariable logistic regression of developmental disorder status on epigenetic markers and lead

exposure
Predictor Beta (SE) OR (95% CI) p-value
Global DNA methylation (+1% 5-mC) -0.415 (0.125) 0.66 (0.52-0.84) 0.001 **
H3K9 acetylation (norm. units) -0.223 (0.090) 0.80 (0.68-0.95) 0.014*
let-7d microRNA (relative level) -0.133 (0.067) 0.88 (0.78-0.99) 0.047 *
Blood lead (+1 pg/dL) +0.223 (0.055) 1.25(1.12-1.39) | <0.001 ***

Notes: Dependent variable coded 1=case (ASD, ADHD, or ID), O=control. Beta = log-odds coefficient. 5-mC = 5-
methylcytosine. Norm. Units = normalised units. p<0.05*, p<0.01*, **p<0.001.

Effect estimates are shown as both the log-odds (Beta coefficient) with standard error and the corresponding
odds ratio (OR) with 95% confidence interval. The model includes child sex and age as covariates (not shown;
neither was significant). OR < 1 indicates a protective effect (lower odds of being in a case status).

All four main predictors remained statistically sig-
nificant (p < 0.05) after mutual adjustment, indi-
cating that each factor provides unique explana-
tory power. Higher global DNA methylation was
strongly associated with lower odds of being a
case (OR = 0.66 per +1% 5-mC, 95% CI [0.52-
0.84], p = 0.001). Likewise, higher H3K9 acetyla-
tion and higher let-7d levels were protective (OR
= 0.80 and 0.88 per unit increase, respectively).
Conversely, elevated blood lead levels were asso-
ciated with increased odds of developmental dis-
order (OR=1.25per 1 pg/dL, 95% CI [1.12-1.39],
p < 0.001). Notably, blood lead had the largest ef-
fect size among the predictors; for instance, a child
with a lead level of 5 pg/dL had approximately
three times the odds of being a case as one with a
level of 1 pug/dL, holding other factors constant.
The model's c-statistic was 0.81, indicating good
discrimination. No significant collinearity was de-
tected (VIFs <2). These findings confirm that epi-
genetic alterations and environmental toxicants
each independently contribute to the risk of de-
velopmental disorders in this sample.

Importantly, we observed a significant interaction
between DNA methylation and lead exposure on
risk (interaction term, p = 0.01). The combination
of low methylation (below median) and high lead
(>5 pg/dL) was associated with a markedly ele-
vated odds of developmental disorder (OR ~9.5,
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95% CI ~4-22). In contrast, children with high
methylation or low lead appeared partially pro-
tected. This synergistic effect echoes recent evi-
dence that toxic metal exposure and impaired ep-
igenetic regulation together heighten neurodevel-
opmental risk. In our data, for example, nearly
85% of cases with lead >5 and 5-mC <4.8% fell
into ASD/ID groups. Figure 1 already hints at this
pattern, as the ID group (with the highest lead)
had the lowest average methylation. These results
highlight the complex interplay between the envi-
ronment and the epigenome in the context of de-
velopmental disorders.

Subgroup and Exploratory Analyses. We con-
ducted exploratory analyses to compare epige-
netic patterns across the three diagnostic sub-
groups and to examine associations with clinical
features. In a one-way ANOVA limited to cases, we
found no overall group effect (ASD vs. ADHD vs.
ID) on global methylation or H3K9ac (p = 0.60 and
0.44, respectively), suggesting that the extent of
hypomethylation and hypoacetylation was simi-
lar across all disorder categories. Likewise, most
of the differentially expressed miRNAs were al-
tered in a consistent direction in ASD, ADHD, and
ID (Section above). However, two miRNAs
showed subgroup specificity: miR-145-5p eleva-
tion was significant in ASD (and to a lesser degree
in ID) but not in ADHD, while miR-148b-3p was
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reduced in ADHD (p = 0.01) but remained un-
changed in ASD/ID. These differences hint at etio-
logical distinctions (e.g., more immune pathway
involvement in ASD vs dopamine pathway in
ADHD). Direct comparison of ASD vs ADHD cases
confirmed miR-148b levels were lower in ADHD
(t=2.30, p=0.024), consistent with its known role
in attention regulation. No other pairwise case-
case comparisons reached significance after cor-
rection for multiple comparisons.

We also explored correlations between epigenetic
markers and symptom severity within the case
groups. In ASD, we found that DNA methylation at
several autism-relevant gene loci correlated with
autism symptom severity; for example, higher
OXTR promoter methylation was inversely corre-
lated with social interaction scores (r = -0.45, p =
0.015). In ADHD, lower let-7d levels were associ-
ated with higher parent-rated hyperactivity (r=-
0.38, p=0.034), echoing the proposed link be-
tween let-7d and executive function. Interestingly,
global 5-mC showed a negative correlation with
the Vineland adaptive behaviour scores across all
cases (r = -0.30, p = 0.002), suggesting that chil-
dren with more severe functional impairment ex-
hibited greater hypomethylation. This finding
aligns with reports showing that severe neurode-
velopmental delay accompanies widespread epi-
genetic dysregulation. Lastly, we stratified the
sample by sex to examine any sex-specific pat-
terns, given the male bias in cases. The epigenetic
differences (e.g, methylation, acetylation) re-
mained significant within the male subsetalone (p
< 0.01), and no sex-by-group interactions were
observed (all p > 0.1), indicating that the findings
are not driven purely by the sex imbalance.

Qualitative Findings on Environmental Influences.
To contextualise the quantitative results, we qual-
itatively analysed interviews with a subset of par-
ents (n = 15) regarding environmental influences
on their child's development. The thematic analy-
sis revealed three recurrent themes:

1) Limited Awareness of Toxic Exposures: Many
parents were unaware of potential environmental
neurotoxins during early childhood. "We never
thought the oily smoke in our area could affect our
child's brain development. We just thought it was
dirty air,” one father explained (Parent #11,
ADHD group). This theme highlights a general
lack of understanding about how environmental
exposures (e.g., industrial air pollution, lead in
paint) can contribute to developmental problems.
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2) Living in Polluted Environments: Families of-
ten reported residing near industrial sites or
heavy traffic. Parents described visible and persis-
tent pollution. "Every morning, we wipe black
soot off our windows. [ worry what breathing that
did to my son," said a mother of an ASD child (Par-
ent #3, ASD group). Another parent from the ID
group noted, "There's a big refuse dump and smel-
ter by our house.  wonder if chemicals from there
affected [my child]," linking local environmental
contamination to their child's condition. Such ac-
counts support the quantitative finding of higher
toxin levels (such as lead) in children's cases, sug-
gesting that these exposures are indeed plausible
in their daily environment.

3) Socioeconomic Hardship and Health: Caregiv-
ers highlighted how poverty and limited access to
healthcare compounded risks. "I couldn't afford
good antenatal nutrition or check-ups when [ was
pregnant," admitted one mother (Parent #7, ID
group), illustrating how economic disadvantage
led to suboptimal prenatal environments. Several
parents mentioned inadequate nutrition and ex-
posure to infections or stress during preg-
nancy/infancy. These contextual factors may act
synergistically with chemical exposures and can
also leave epigenetic marks. Families also re-
ported challenges in accessing early intervention
services after diagnosis, which, although not a di-
rect environmental toxin, reflects broader ecolog-
ical adversity.

Overall, the qualitative data provide a human con-
text for the statistical associations. They indicate
that children in this Nigerian sample often live in
environments with tangible pollution and that
families face socioeconomic barriers that could in-
fluence developmental outcomes. These narra-
tives reinforce the study's findings that environ-
mental factors - from toxicants like lead to psy-
chosocial stress - are intertwined with the epige-
netic signatures of developmental disorders. The
convergence of qualitative and quantitative evi-
dence strengthens the inference that epigenetic
modifications in these children may partly reflect
their environmental context.

CONCLUSIONS

Answer to the research question (plain words). In
Nigerian children aged 3-10 years, developmen-
tal disorders (ASD, ADHD, ID) were associated
with a standard epigenetic profile in blood: lower
global DNA methylation (rapproximately 0.4%
lower 5-mC), reduced H3K9 acetylation, and a
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small set of differentially expressed microRNAs.
These epigenetic markers, together with higher
blood lead levels, independently classified case
status (model AUC = 0.81). A lead-methylation in-
teraction was present: children with lead levels
greater than five ug/dL and low 5-mC had approx-
imately 9.5 times higher odds of being a case. Par-
ent interviews described daily exposure to soot,
proximity to dumps/smelters, and socioeconomic
hardship, mirroring the exposure gradients seen
in the quantitative data.

Theoretical implications

1) Gene-environment coupling at the epigenome.
The co-occurrence of hypomethylation, hypoa-
cetylation, and elevated lead fits a model in which
environmental toxicants and deprivation shift
chromatin toward a less permissive state. The
presence of 15 FDR-significant DMPs in neurode-
velopmental loci (e.g., NR3C1, OXTR, SHANK3,
MEF2C) anchors this coupling in pathways long
implicated in social behaviour, stress responsiv-
ity, synaptic scaffolding, and activity-dependent
transcription.

2) Shared core, diagnosis-specific edges. The dis-
order groups shared global signals (5-mC,
H3K9ac) yet exhibited distinct miRNA finger-
prints; for example, researchers observed upreg-
ulation of miR-145/miR-34cin ASD and downreg-
ulation of let-7d in ADHD. This pattern is con-
sistent with a familiar epigenetic "terrain” that is
further shaped by diagnosis-linked regulatory
nodes.

3) Population context matters. The size and direc-
tion of the lead-epigenome association, observed
within Nigerian communities with documented
pollution sources, emphasise that effect sizes are
not portable across settings. The data fills part of
the stated evidentiary gap by providing epigenetic
measurements from African children, rather than
extrapolations from non-African cohorts.

Practical implications

1) Near-term risk stratification. A small panel -
global 5-mC, H3K9ac, and two to three miRNAs
(e.g, let-7d, miR-145) - combined with blood lead
offers an implementable screen for elevated neu-
rodevelopmental risk in clinical or community
programmes. The model's odds ratios are clini-
cally interpretable (e.g., OR 1.25 per 1 pg/dL lead;
OR 0.66 per 1% increase in 5-mC).

2) Actionable environmental control. The OR gra-
dient across the 1-12 pg/dL lead range supports
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systematic lead abatement: paint and battery re-
cycling controls, smelter emission oversight, and
targeted household remediation in identified
hotspots.

3) Early-life nutrition and service access. Parent
reports of limited antenatal care and poor diet
point to feasible levers (micronutrient support,
antenatal visit coverage) that can be leveraged in
conjunction with exposure control and early in-
tervention referral.

4) Capacity building. The analytic workflow (Illu-
mina EPIC, ChIP-qPCR, small-RNA sequencing;
minfi/limma/DMRcate) is feasible in regional labs
with standard QC, offering a template for pro-
gramme scale-up and local training.

What changes for the field

1) Inclusion of African cohorts becomes non-op-
tional. Effect sizes for exposure-epigenome links
must be estimated in the populations that carry
the exposures.

2) Environmental measurement must be integral,
not ancillary. Routine collection of blood lead (and
similar indices) should accompany pediatric epi-
genetic studies.

3) From discovery to translation. The small, re-
producible set of epigenetic markers invites the
development of low-cost assays for screening and
referral workflows in child health systems.

4) Open data and harmonised reporting. Shared
pipelines and pre-registered analysis plans will al-
low cross-site meta-analysis and faster conver-
gence on robust markers.

Limitations

Design. Cross-sectional, matched case-control
data cannot establish temporal order; reverse
causation and unmeasured confounding remain
possible.

Tissue. Peripheral blood may not accurately re-
flect brain epigenetics, as cell-type composition
was estimated rather than directly measured.

Measurement scope. We targeted histone marks
using ChIP-qPCR rather than conducting a ge-
nome-wide analysis. Although we selected the
miRNA panel based on biological relevance, its
scope was limited.

Sample size and subgroup power. Subgroup con-
trasts (ASD vs. ADHD vs. ID) were modestly pow-
ered, and several trends may have been under-de-
tected.
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Exposure assessment. Lead was measured di-
rectly, but other toxicants (e.g., mercury, pesti-
cides) were not quantified, which restricted the
inference of multi-exposure effects.

Effect estimates for epigenetic markers and lead
should be interpreted as associations within a
specific exposure context, rather than as causal ef-
fects. Blood-based signals offer a practical win-
dow into regulation, but they cannot replace the
insights provided by brain tissue or single-cell
resolution. Subgroup specificity, particularly for
miRNAs, requires replication in larger sample
sizes. Unmeasured co-exposures could inflate or
attenuate observed odds ratios.

Next studies

1) Prospective Nigerian birth cohort with re-
peated measures (cord blood, infancy, early child-
hood) capturing lead and co-exposures, whole-
blood methylation/ATAC-seq, and longitudinal
neurodevelopmental phenotyping.

2) Exposure-reduction trials (e.g., household lead
remediation plus caregiver education) with
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