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Abstract

DNA methylation is a critical step in brain development, 5-Methyl-2-deoxycytidine (5mdC) is one of the global DNA
methylation markers. Arsenic and lead exposures have been associated with neurotoxicity, which may be linked

to epigenetic changes. Our research sought to investigate the correlation between 5mdC and developmental delay
(DD) among preschoolers. Additionally, we assessed whether 5mdC modified the impacts of blood lead and total
urinary arsenic levels on DD. We analyzed the concentrations of 5mdC, blood cadmium and lead, and total urinary
arsenic in 174 children with DD and 88 healthy children. Global DNA methylation levels are expressed as the ratio
5mdC/2’-dexyguanosine (dG), called 5mdC (%). In our findings, elevated levels of blood lead and total urinary arsenic
were significantly associated with DD risk among preschoolers. Furthermore, high 5mdC (%) was related with reduced
risk of DD, with an odds ratio (OR) and 95% confidence interval (Cl) of 0.14 (0.06 — 0.32). A notable multiplicative inter-
action was observed between low 5mdC (%) and elevated blood lead levels to increase OR of DD, with OR and 95% Cl
was 9.51 (4.18 — 21.64). The findings provide evidence of the combined effects of reduced 5mdC (%) and high blood
lead concentrations, increasing the OR of DD.
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Introduction

Developmental delay (DD) are behavioral, communica-
tion, or cognitive impairments in individuals such as
attention-deficit/hyperactivity disorder (ADHD), autism,
and intellectual disability (mental disorders). Chen et al.
used Taiwan’s health insurance database from 1996 to
2001 to track 1,790,966 newborns for 3 to 8 years, and
found that hyperactivity syndrome, autism, and men-
tal retardation had cumulative incidence rates of 2.69,
0.34, and 1.29%, respectively, with boys being 3.2, 4.1,
and 1.6 times more likely to develop ADHD, autism and
mental retardation than girls [5]. According to Ministry
of Health and Welfare data, the prevalence rate of DD
among children aged 3-5 in 2007 was 1.05% and in 2010
went to 1.47% [10]. A cross-sectional study from July
2008 to December 2009 in northeastern Taiwan included
3,214 children aged 4 months to 6 years old, and found
365 children with developmental disabilities, with a prev-
alence rate of 11.36% [6]. In recent years, DD in preschool
children has been increasing year by year. Because DD in
preschool children has higher health care needs than in
the general adult population with risk factors remaining
unclear, it has become one of the important public health
issues.

Globally, there is considerable concern about the del-
eterious effects of noxious metals on children’s growth
and development [26]. Toxic metals, for example, lead,
mercury, and cadmium, have negative consequences that
can lead to various neurodevelopmental disorders [13],
neurodegenerative disease [9], and impaired growth in
children [7]. A study indicated that even low levels of
arsenic exposure can lead to cognitive impairment [35].
We discovered in an earlier study that insufficient ability
to methylate arsenic, as indicated by elevated percentage
of monomethylarsonic acid (MMA%) and lowered per-
centage of dimethylarsinic acid (DMA%), and increased
total urinary arsenic concentration, was notably linked
to the likelihood of DD among preschool children [22].
Importantly, this association persists even after consid-
ering other potential risk factors [22]. Additionally, we
have observed a significant positive correlation between
blood lead concentration and DD [24]. However, whether
other factors influence the association between arsenic
and lead exposure and DD in preschool children deserves
investigation.

DNA methylation, most commonly used to study
epigenetics, is where a methyl group is added to cyto-
sine at the 5’ position at a CpG site, forming 5-methyl-
cytosine (5-MC) [3]. DNA methylation plays a crucial
role in modulating gene expression in the central nerv-
ous system, with dysregulated recognition and con-
trol of DNA methylation implicated in various human
brain disorders [42]. DNA methylation may serve as a
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biomarker for ADHD and autism in children [44]. One
study showed that lower methylation status of nine
CpG sites at birth was associated with the development
of ADHD symptoms later in life [36]. On the basis of a
large-scale study of DNA methylation of hyperactivity in
children identified a significant association of hyperactiv-
ity with specific site of DNA methylation [33]. Cerebral
palsy children with severe movement impairments have
less DNA promoter methylation than children with less
movement impairments [48]. One study showed that
adults with ADHD, especially women, had lower levels
of global DNA methylation as assessed by 5-MC [34].
5’-Hydroxymethylcytosine (5hmC) oxidized from 5-MC
by the 10-11 translocation (Tet) protein family is a new
type of modified cytosine [27]. A recent study pointed
out that reduced levels of 5hmC are critical for neurode-
velopment and brain function [51]. Genomic DNA meth-
ylation levels are quantified by determining the ratio of
5-methyl-2’-deoxycytidine (5mdC) to 2’-deoxyguanosine
(dG, typically measured with 2’-deoxyguanosine serving
as an internal standard, where overall DNA methylation
is determined by 5mdC percentage [5mdC (%] [30, 46].
We intended to use the global DNA methylation marker
5mdC (%) to explore whether it is related to DD in pre-
school children.

Long-term exposure to arsenic causes DNA hypometh-
ylation [39]. Arsenic induces oxidative stress [14], chronic
oxidative stress, and depletion of S-adenosylmethionine
(SAM) in the folate/homocysteine pathway, leading to
reduced global DNA methylation [19]. Nevertheless, a
direct correlation was detected in a Bangladeshi adult
epidemiological study, linking arsenic exposure through
drinking water with increased global DNA methylation
levels in peripheral blood monocytes [37]. Research find-
ings indicated a positive correlation between urinary lead
and cadmium concentrations and global DNA methyla-
tion levels (measured as 5mdC/dG) in young adults aged
12-30 years [29]. Global DNA methylation levels were
reduced in the lead-exposed zebrafish model, compared
with findings from human and rodent studies [41]. One
study found that the exposure of human embryonic stem
cells to lead disrupted global DNA methylation resulting
in altered neuronal differentiation, affecting brain devel-
opment [43]. According to the above studies, the associa-
tion of arsenic, lead and cadmium exposure with global
DNA methylation is inconsistent. Hence, the purpose of
the present study was to investigate the correlation of
5mdC (%) with DD in preschool children. Additionally,
it aimed to determine the potential associations between
5mdC (%) and blood cadmium, blood lead, and total uri-
nary arsenic levels. Furthermore, we sought to examine
whether 5mdC (%) modifies the association of blood
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cadmium, blood lead, total urinary arsenic levels with
DD in preschool children.

Materials and methods

Participants

A total of 262 preschool-aged children were recruited for
a case—control investigation; they were being care for at
Shin Kong Wu Ho-Su Memorial Teaching Hospital from
August 2010 to March 2014. The participating children,
under the age of 7, residing in Taipei City’s Shilin District,
had not yet begun elementary school, and were from
families where Mandarin was spoken by parents or pri-
mary caregivers. It is noteworthy that the Shilin District
does not have any factories known for causing environ-
mental pollution. All study children underwent multiple
developmental assessments to confirm DD, including
assessments in fine motor, gross motor, speech and lan-
guage, and cognitive, emotional and social domains. Fol-
lowing standard practice in clinical settings, children and
their parents or primary caregivers completed the Child
Expression Assessment Tool, Chinese Wechsler Intel-
ligence Scale for Children (3rd edition), Peabody Motor
Development Scale, gross motor function measure, pre-
school language assessment tools and Bayley III Infant
Development Scale assessment. The assessment data are
then evaluated by pediatricians, psychiatrists, ophthal-
mologists, otolaryngologists, physical therapists, speech
therapists, psychologists, occupational therapists and
social workers. Children with DD (»=178) were defined
as performance on an age-appropriate, standardized,
norm-referenced test that was two standard deviations or
more below the mean. Children with confirmed absence
of DD were selected as controls (n=88) [22]. Our previ-
ous research has found that children with unclassified
DD have significantly poorer quality of life and health
outcomes, and that their condition has a significantly
greater impact on their families compared to normal
children [21]. Upon obtaining signed consent forms from
parents or primary caregivers, questionnaire interviews
were conducted, and urine and blood samples were col-
lected from the participating children. The TMU Joint
Institute Review Board (N202201083) of Taipei Medi-
cal University approved the study, and we followed the
guidelines of the Declaration of Helsinki.

Questionnaires, interviews, and sample collection

Structured questionnaires were administered to all
parents or primary caregivers by trained personnel
to gather standardized information. Data collected
included the child’s age, gender, birth weight and height,
and the mother’s age, education, maternal gestational
weeks and parity. Additionally, urine and blood samples
were obtained from the children. Blood samples were
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processed to separate red blood cells, which were pre-
served in a deep freezer (-80 °C) for subsequent lead and
cadmium assays. Buffy coats, obtained from the blood
samples, were preserved for measuring the global DNA
methylation marker 5mdC. Urine specimens were kept
frozen at -20 °C for later determination of arsenic species.

Assessment of 5mdC

DNA was isolated from the buffy coat using proteinase K
digestion and subsequent phenol/chloroform extraction.
5mdC was determined by liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS) using an Agilent
1260 VL system (Agilent Technologies, USA) with API
3000™ triple quadrupole detection (AB SCIEX, Canada).
Explicit analytical procedures have been previously docu-
mented [8, 30]. By assuming that dG =5mdC+ 2’-deoxy-
cytidine (dC), assessing the ratio of 5mdC to dG, termed
as 5mdC (%), offers an approximation of global DNA
methylation levels [8, 30]. Figure 1 displays the chro-
matogram of LC-MS/MS for detecting reference com-
pounds of 5mdC.

Assessment of blood lead and cadmium levels and urinary
arsenic species

Arsenite (As'™"), monomethylarsonic acid (MMA), dimethy-
larsinic acid (DMAY), and arsenate (As") were determined
by HPLC (Merck Hitachi, Tokyo, Japan) and atomic absorp-
tion spectrometry with hydride generation (PerkinElmer,
Waltham, MA, USA), as outlined previously [23]. Urinary
arsenic species levels falling below the limit of detection were
considered to have concentrations at half the limit of detec-
tion. Total urinary arsenic level was computed as the sum of
As'™l, As¥, MMAY, and DMAY divided by the urinary creati-
nine concentration to adjust for hydration status [1]. Lead and
cadmium concentrations in red blood cells were determined
using inductively coupled plasma mass spectrometry (Agilent
Technologies, Santa Clara, CA, USA), as described by Hsueh
et al. [24]. Details regarding the limits of detection as well as
assay validity and reliability are presented in Supplementary
Table S1.

Statistical analysis

Differences in continuous variables between pre-
school children with and without DD were assessed
using the Wilcoxon rank sum test. Goodness-of-fit x>
tests were used to examine differences in categorical
variables. Multiple logistic regression models served
to determine the odds ratio (OR) and 95% confidence
interval (CI) for DD related to the global DNA meth-
ylation marker 5mdC (%), metals, or their interaction,
after adjusting for birth weight, age, sex, gestational
age, and maternal education level. The distribution of
variables in the control group was divided into tertiles,
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where the tertile with the lowest values served as ref-
erence. Tertiles were treated as ordinal variables in
the model to determine the linear trend of the OR in
the stratification of the independent variables. Inter-
action analyses were performed using the median of
control variables as a cutoff point. The multiplicative
interaction between blood lead, blood cadmium, and
total urinary arsenic levels with 5mdC (%) on DD was
examined through product terms in multiple logistic
regression models. Additionally, the additive interac-
tion of total urinary arsenic or blood lead and 5mdC
(%) on DD was estimated using the synergy index [20].
SAS 9.4 (SAS Institute, Cary, NC, USA) was used for
statistical analysis. Statistical significance was consid-
ered when p <0.05.

Results

Comparison of sociodemographic characteristics

between DD cases and controls

Table 1 shows the sociodemographic characteristics of
children, along with maternal information, stratified by
the presence or absence of DD. Preschoolers experienc-
ing DD tended to be younger and predominantly male
and have lower birth weight, shorter gestational age,
and mother with lower educational level, compared to
their counterparts without DD.

Global DNA methylation index-5mdC (%) and metals

and DD risk

Table 2 presents the relationships between 5mdC (%),
blood lead, blood cadmium and total urinary arsenic
levels, and DD in preschool children. Children with DD
exhibited significantly lower 5mdC (%) levels, alongside
significantly elevated blood lead and total urinary arsenic
levels compared to those without DD. We noted a trend
indicating a progressively lower OR for DD as 5mdC
(%) increased. Following multivariate adjustment, chil-
dren with 5mdC (%)>5.45 demonstrated significantly
decreased odds of DD compared to those with 5mdC
(%) <4.28 (OR=0.14, 95% CI, 0.06 — 0.32). Additionally,
the OR for DD displayed a significant dose—response
relationship with increasing blood lead and total urinary
arsenic levels. However, no association was observed
between blood cadmium level and DD.

Interaction of metals and 5mdC (%) and effect on DD risk

We examined the correlation between blood cadmium,
blood lead, and total urinary arsenic concentrations and
5mdC (%), finding no discernible relationship between
metals and 5mdC (%) (Supplemental Table S2). Given
that 5mdC (%) and blood lead and urinary total arsenic
concentrations were individually associated with DD, we
proceeded to investigate their combined effects on DD in
pairs and analyze their interactions. The reference group
consisted of children with 5mdC (%) >5.03, total arsenic
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Table 1 Sociodemographic characteristics of preschool children with and without developmental delay and maternal information

Variable Children with developmental  Children without Age-sex-adjusted OR (95% Cl)
delay (n=174) developmental delay (n=88)
Sex
Male 121 (69.54) 50 (56.82) 1.00
Female 53 (30.46) 38 (43.18) 062 (0.36 -1.08) 2
Age 483(3.54,608)" 6.29 (3.74,9.16)" 0.79(0.71-0.88) "™

50.00 (48.00, 51.00)"
3060.0 (2705.0, 3345.0)°
29.00 (26.00, 33.00)
38.00 (37.00, 40.00)"

Birth height (cm)

Birth weight (g)

Maternal age (years)

Maternal gestational weeks (weeks)

Parity
One 95 (55.56)
Two 56 (32.75)
Three or more 20 (11.70)
Maternal educational level
llliterate/elementary school 7 (4.02)
Junior/senior high school 80 (45.98)
College and higher 87 (50.00)

(

(
50.00 (49.00, 51.00)" 0.93 (0.85-1.02)
3100.0 (2820.0, 3350.0)° 0.99 (0.99 -1 oo>
30.00 (27.00, 34.00) 0.97 (092 - 1.02)
39.00 (38.00, 40.00) 0.84(0.74 - 0. 94)

48(55.17) 1.00

34 (39.08) 0.78 (043 - 1.39)
5(5.75) 0.25(0.83 - 7.58)
0(0.00) 1.00

31(35.23)

57 (64.77) 048 (0.27—0.84)

Values expressed as the median (first quartile, third quartile) or number (%) of cases and controls

Abbreviations: OR, odds ratio and Cl, confidence interval

p-values were tested using the Wilcoxon rank-sum test for continuous variables and x? test for the rest of categorical variables

2 Age-adjusted OR and 95% Cl
b Sex-adjusted OR and 95% Cl

+0.05<p<0.1,"p<0.05, "p<0.01,"" p<0.001

concentration<12.55 pg/L, and blood lead concentra-
tion <3.00 pg/dL. The odds of DD significantly increased
gradually in children with no risk factor, either one, or
both (5mdC (%) <5.03, blood lead >2.96 pg/dL, or total
urinary arsenic>12.55 pg/L). Compared to the refer-
ence group, children with low 5mdC (%) and high blood
lead or total urinary arsenic exhibited a significant rise in
odds of DD, with OR (95% CI) of 9.51 (4.18 — 21.64) and
8.09 (2.49 — 26.34), respectively (Table 3). A significant
multiplicative interaction between high blood lead lev-
els and low 5mdC (%) on DD in children was observed,
where p value was 0.011 for multiplicative interaction
following adjustment for age and sex and 0.021 for mul-
tivariate adjustment, while other interactions showed no
significance. Additionally, we discovered that low 5mdC
(%) together with high blood lead and total urinary arse-
nic concentrations significantly increased DD risk in
preschool children, with an OR (95% CI) of 18.82 (5.72 —
61.85) after controlling for multiple variables, compared
to those with high 5mdC (%) and low blood lead and total
urinary arsenic concentrations (Table 3).

Stepwise multiple logistic regression analysis

We used stepwise logistic regression analysis to identify
negative or positive predictors of DD (Table 4). Our find-
ings suggested that age, gestational age, and 5mdC (%)

were notable negative predictors, whereas blood lead lev-
els emerged as a significant positive predictor for DD in
preschool-aged children.

Discussion

We found a significant positive correlation between
blood lead and total urinary arsenic concentrations and
the risk of DD in preschool children, which aligns with
findings from our prior research [22, 24]. This study
marks the first examination of the combined impacts of
the global DNA methylation marker 5mdC (%) alongside
blood lead and/or total urinary arsenic concentrations
on DD in preschoolers. Higher levels of 5mdC (%) were
associated with decreased risk of DD in this age group.
Furthermore, low 5mdC (%) showed a significant mul-
tiplicative interaction with high lead levels, increasing
the OR of DD. In addition, we found that with more risk
factors (low 5mdC (%), high blood lead and high total
urinary arsenic concentration), the risk of DD among
preschoolers gradually increased dose-dependently.

In a review paper, it was pointed out that epigenetic
regulation, especially changes in gene methylation pat-
terns, is related to the progression and outcome of
neurological diseases [52]. Global DNA methylation
measurements in leukocytes showed that global DNA
methylation levels decreased with age, but in contrast,
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Table 2 Association of 5mdC (%), total urinary arsenic and blood lead and cadmium levels with developmental delay in preschool

children
Variable Children with Children without Age-sex-adjusted ORs Multivariate ORs (95% CI)®
developmental delay (n developmental delay (n (95% ClI)
=174) =88)
5mdC (%) 3.68(3.19,4.24) #™ 503 (3.91,5.70) *™
£4.28 131(75.29 30 (34.09) 100%™ 100%™
>428 - 545 21(12.07) 28(31.82) 0.13(0.06-0.28) 0.09 (0.04-0.25) "
> 545 22 (12.64) 30 (34.09) 0.15 (007 -031) " 0.14 (0.06-0.32) ™
Total urinary arsenic(ug/L) 15.98 (8.00, 28.05) #* 1255 (5.38,23.41)"*
<706 36 (20.69) 30 (34.09) 1.00%%* 1.00 5"
>7.06 - 1846 65 (37.36) 29 (32.95) 1.71 (0.84 - 3.46) 179 (0.78 - 4.09)
> 1846 73 (41.95) 29 (32.95) 221(094-3.17)+ 244 (0.89 - 6.70)+
Blood lead(pg/dL) 589 (3.59, 846) *™ 3.00 (2.37,4.34) %"
<268 21 (12.64) 31 (35.23) 1.0057 100%™
>268 391 30(17.24) 28(31.82) 169 (0.76 — 3.75) 1.13 (044 - 2.89)
>3.91 122(70.11) 29 (32.95) 6.35(3.08 - 13.09)" 446(192-1039)"
Blood cadmium(ug/L) 0.90(0.70,1.35) # 0.85(0.60,1.35)*
<0.70 45 (25.86) 30 (34.10) 1.00%* 1.00
>0.70-1.15 68 (39.08) 29 (32.95) 167 (0.85 - 3.26) 1.75 (0.80 — 3.86)
>1.15 61 (35.06) 29 (32.95) 192 (0.96 - 3.85)" 138(061-3.14)

Note: Values are expressed as the median (first and third quartile) or the number of cases (%)

Abbreviations: OR = odds ratio, C/ = confidence interval. 5mdC (%) = ratio of 5-methyl-2'deoxycytidine

2 Adjusted for age, sex, and urinary creatinine

b Adjusted for age, sex, birth weight, maternal education level, and number of gestational weeks

¢ Adjusted for age, sex, birth weight, maternal education level, number of gestational weeks, and urinary creatinine

# Calculated using the Wilcoxon rank-sum test
+0.05<p<0.1,"p <0.05 ""p <0.001

§ for trend tests

global DNA hypermethylation was observed in autism,
a neurodevelopmental disorder [47]. A Brazilian study
found that global DNA methylation (5mdc%) was lower
in adults with ADHD than normal adults, but if they
had bipolar disorder (BD) at the same time, 5mdc%
was higher than in those without BD [34]. One study
pointed out that the use of 5-MC ELISA kit in cord
blood assessment of global DNA methylation showed a
significant positive correlation with the mental scores
of 18-month-old infants [18]. The content of 5hmC in
neurons is about 10 times more abundant than in other
tissues, showing that 5hmC, as an important and sta-
ble epigenetic marker, may play an important role in
the brain [28]. Global levels of 5hmC were significantly
lower in a study of Mcphl-del mice, suggesting that
reduced 5hmC levels are critical for neurodevelopment
and brain function [51]. Nonetheless, an investigation
involving 50 individuals diagnosed with autism spec-
trum disorder (ASD) and 45 controls revealed a slight
reduction in Linel, serving as a global DNA methylation

indicator, within the cohort of children with ASD com-
pared to the control group [16]. Another study pointed
out that hypomethylation of specific gene cg01271805
will increase the expression of ERC2 (ELKS/RAB6-
Interacting/CAST Family Member 2), thereby increasing
the release of neurotransmitters and adversely affecting
the development of ADHD symptoms; other changes
in DNA methylation of a specific gene, CREB5 (cyclic
AMP response element binding protein 5) (cg25520701),
may alter the risk of ADHD during development [36].
In our investigation, we discovered that the global DNA
methylation marker 5mdC (%) was notably lower in
preschool children with DD compared to those exhib-
iting typical development. This observation suggests a
potential correlation between decreased global DNA
methylation and DD in preschool-aged children. Per-
haps DNA methylation dysregulation corresponds to de
novo mutations, increased expression of genes encoding
epigenetic machinery, epigenetic silencing, aberrantly
methylated genes, and genome-wide hypomethylation
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Table 3 The combined effects of 5mdC, total urinary arsenic, and blood lead levels on with developmental delay in preschool

children
Total urinary Blood lead(ug/dL) Children with Age-sex-adjusted Multivariate
arsenic(pg/L) /without ORs (95%Cl) ORs(95%CI)b
developmental
delay
<1255 <300 10/26 100%™ 100%™
>12.55 <300 22/18 2.22(0.75 - 6.55) 126 (036 — 4.42)
<1255 >3.00 61/18 806 (3.12-20.78)"" 489 (1.69-14.21)"
>12.55 >3.00 84/26 756(290-19.76)" 427 (148-12.27)"
Synergy index 0.79 (0.34 - 1.84) 0.79 (0.27 - 2.33)
p interaction 0.2047 0.097
5mdC (%) Total urinary arsenic(ug/L)
>503 <1255 9/23 100%™ 100%™
>503 >1255 15/21 1.29(0.38 - 4.33) 1.21(0.30 - 4.91)
<503 <1255 62/21 712(273-1855"" 818264 -2531)"
<503 >12.55 88/23 855(3.07-2381)" 809 (249 -2634)"
Synergy index 1.18 (049 — 2.84) 0.96 (0.35 - 2.60)
p interaction 0.6872 0.7160
5mdC (%) Blood lead(pg/dL)
>503 <3.00 0/25 100%™ 100%™
>503 >3.00 24/19
<503 <300 32/19 300(135-667)" 400(1.53-1049)"
<503 >3.00 118/25 963 (477 -1947)" 951 (418-2164)""
p interaction 0.011 0.021
5mdC (%) Total urinary arsenic(pg/L) Blood lead(ug/L)  Children with /with-  Age-sex-adjusted Multivariate
out developmental  ORs (95% Cl)® ORs(95% CI)°
delay
>503 <1255 <3.00 0/16 100%™ 100%™
>503 >1255 <3.00 9/16
>503 > 1255 >3.00 15/12 426 (1.33-1366) 346 (0.90 - 13.37)*
<503 <1255 <3.00 10/10 363(1.07 -12.33) 787 (178 -3483)"
<503 >12.55 <3.00 74/20 1248 (494-3157)" 1078 (3.64 -
31.87)
<503 > 1255 >3.00 66/14 20.11(7.18-5635)" 1882 (572~
61.85)

Abbreviations: OR Odds ratio, C/ Confidence interval. 5mdC (%) =ratio of 5-methyl-2'deoxycytidine

P interaction: P Value for multiplicative interactions

@ Adjusted for age, sex, and urinary creatinine

b Adjusted for age, sex, birth weight, maternal education level, and number of gestational weeks

€ Adjusted for age, sex, birth weight, maternal education level, number of gestational weeks, and urinary creatinine

+0.05<p<0.1, *p<0.05, **p <0.01, ***p < 0.001
§ for trend tests

or hypermethylation [52], which need further investiga-
tion. Using different techniques to represent global DNA
methylation, whether the mechanism of 5mdC is simi-
lar to that of 5hmc and is critical for neurodevelopment
and brain function [51], or whether it is like changes
in methylation of specific genes [36] or influences the
inflammatory process [17], the risk of DD is affected,
which requires further exploration.

In utero exposure to arsenic and mercury has been

found to interact to affect the epigenome by hypermeth-
ylating associated CpG regions, which has the potential
to affect neurodevelopment and other child health out-
comes [4]. A study identified that lead exposure resulted
in diminished levels of global DNA methylation (specifi-
cally Linel and Alu methylation), which contributed to
lead-induced genotoxicity among workers exposed to
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Table 4 Stepwise multiple logistic regression analysis

Variable OR (95% Cl)

Age 0.75 (0.66 - 0.86)"
Blood lead level (ug/dL) 139(1.20-160)"
5mdC (%) 065 (0.52-081)""
Gestational weeks 0.83(0.71 -0.96)"
Sex 047 (0.23 -0.94)"

Abbreviations: OR Odds ratio, C/ Confidence interval. 5mdC (%) =ratio of
5-methyl-2'deoxycytidine

Variables included age, sex, blood lead level, total urinary arsenic concentration,
gestational weeks, maternal education level, 5mdC (%) in the stepwise multiple
logistic regression model

"p<0.05,"p<0.01,"" p<0.001

lead in China [49]. In a prospective birth cohort study,
multiple regression analysis showed a positive association
between relatively low cord blood lead levels (range 0.39
to 4.84 pg/dL) and the DNA methylation marker 5mdC
[38]. Research on juvenile Nile tilapia found that long-
term cadmium exposure reduced antioxidant capacity,
caused oxidative damage to lipids and DNA, and reduced
global DNA methylation levels, and it inhibited growth
[25]. Arsenic and lead exposure leads to SAM deficiency
and reduced DNA methyl transferases (DNMT) gene
expression, resulting in global DNA hypomethylation [39,
40]. Pollutants such as arsenic, cadmium and lead may
through these pathways affect DNA methylation of the
leukocytes. However, this study did not find any correla-
tions between blood lead and cadmium or total urinary
arsenic levels and 5mdC (%). This suggests that perhaps
the impacts of total urinary arsenic and blood lead con-
centrations on DD in preschool children are not directly
influenced by global DNA methylation, specifically 5mdC
(%).

Most current studies focus on metal-induced changes
in global DNA methylation that lead to neurotoxic-
ity [11, 12, 32]. However, to the best of current knowl-
edge, no studies investigating the interaction between
metals and global DNA methylation on neurotoxic-
ity have been identified. We noted that elevated levels
of blood lead and total urinary arsenic, whether indi-
vidually or in conjunction with 5mdC (%), were linked
to a higher OR of DD in preschool children. Remark-
ably, we observed a significant multiplicative interac-
tion between elevated blood lead concentration and
decreased 5mdC (%), intensifying the risk of DD in
this age group. It is conceivable that Pb*" ions might
displace Ca*" ions efficiently, facilitating their passage
through the blood-brain barrier and subsequent accu-
mulation in brain cells [15]. This accumulation appears
to impact various aspects of neural function, including
neuronal signaling, myelination, and glial cell activity
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[31, 45]. Lead seems to disrupt calcium release from
mitochondria, resulting in the generation of reactive
oxygen species (ROS) and subsequent impairment of
mitochondrial function [2], thereby indirectly influenc-
ing nervous system functionality [31, 45]. ROS-medi-
ated oxidative stress has been associated with global
hypomethylation, and the DNA oxidation structure
called 8-hydroxy-2’-deoxyguanosine (8-OHdG) might
contribute to DNA hypomethylation by obstructing
the methylation process of nearby cytosine bases [50].
Blood lead levels alone could directly impact the cen-
tral nervous system, or they may interact significantly
with lower levels of 5mdC (%) (global DNA hypometh-
ylation), potentially leading to higher risk of DD [44].
However, a thorough investigation is necessary to eluci-
date the precise underlying mechanism.

Our study possesses certain limitations. First, as this
was a case—control study, it was not feasible to estab-
lish a temporal association between metal concentra-
tions, global DNA methylation, and DD. The lack of
information on other potential factors that may affect
methylation, such as colds, illnesses, or diet in children,
was also a limitation. Additionally, the sample size was
small, leading to limited statistical power, particularly
in examining joint effects across multiple levels. In
addition, due to the small number of samples, if clas-
sified according to different DD categories or different
degrees of DD, the number of samples in each category
would be smaller. Therefore, we used unclassified DD
for data analysis. Moreover, there was an inadequate
number of healthy children to match for age and sex
with those experiencing DD. While we used vari-
ous variables to mitigate confounding effects, future
research endeavors will aim to include a larger pool of
healthy children for a more robust stratified analysis. At
present, the correlation between DNA methylation and
disease is unclear. There are currently very few studies
on 5mdC and disease. We observed that a decrease in
5mdC (%) was associated with DD risk. The mecha-
nism needs to be further explored and confirmed in the
future.

Conclusions

Our study was groundbreaking in identifying significant
negative associations between the global DNA methyla-
tion marker 5mdC (%) and the likelihood of DD in pre-
school children. Moreover, our exploratory findings
revealed that low levels of 5mdC (%) exhibited a signifi-
cant multiplicative interaction with high blood lead lev-
els, exacerbating DD risk in a dose—response fashion.
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