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Abstract

Exposure to fluoride in early childhood has been associated with altered cognition, intelligence, 

attention, and neurobehavior. Fluoride-related neurodevelopment effects have been shown to 

vary by sex and very little is known about the mechanistic processes involved. There is 

limited research on how fluoride exposure impacts the epigenome, potentially leading to 

changes in DNA methylation of specific genes regulating key developmental processes. In 

the Cincinnati Childhood Allergy and Air Pollution Study (CCAAPS), urine samples were 

analyzed using a microdiffusion method to determine childhood urinary fluoride adjusted for 

specific gravity (CUFsg) concentrations. Whole blood DNA methylation was assessed using the 

Infinium MethylationEPIC BeadChip 850 k Array. In a cross-sectional analysis, we interrogated 

epigenome-wide DNA methylation at 775,141 CpG loci across the methylome in relation to 

CUFsg concentrations in 272 early adolescents at age 12 years. Among all participants, higher 

concentrations of CUF were associated with differential methylation of one CpG (p < 6 × 10−8) 
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located in the gene body of GBF1 (cg25435255). Among females, higher concentrations of CUFsg 

were associated with differential methylation of 7 CpGs; only three CpGs were differentially 

methylated among males with no overlap of significant CpGs observed among females. Secondary 

analyses revealed several differentially methylated regions (DMRs) and CpG loci mapping to 

genes with key roles in psychiatric outcomes, social interaction, and cognition, as well as 

immunologic and metabolic phenotypes. While fluoride exposure may impact the epigenome 

during early adolescence, the functional consequences of these changes are unclear warranting 

further investigation.
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1. Introduction

Fluoride exposure is nearly ubiquitous due to its presence in groundwater, fluoridation of 

water and table salt, its presence in food, and its wide use in commercial products to prevent 

dental caries. (Water Fluoridation Data and Statistics, 2019) Fluorinated water is supplied to 

nearly 75 % and 39 % of United States (U.S.) and Canadian residents, respectively, through 

community water systems (Water Fluoridation Data and Statistics, 2019; Public Health 
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Capacity and knowledge Management Unit: The State of community Water Fluoridation 

(CWF) across Canada, 2022). In Mexico, approximately 39 % of drinking water comes 

from groundwater sources and for regions where naturally occurring fluoride in water is 

<0.7 mg/L, sodium fluoride or potassium fluoride is added to salt at levels of 250 mg/Kg 

(Martinez-Mier et al., 2003). Drinking water fluorosis is endemic across 27 provinces, cities, 

and autonomous regions in North and South China due to its location in the fluoride belt, a 

region where excess fluoride has been detected in groundwater (Wang et al., 2023).

Birth cohort studies from Canada, Mexico, India, and China suggest prenatal and early 

childhood fluoride exposure is associated with impaired cognition (Bashash et al., 2017), 

decreased intelligence (IQ) (Das and Mondal, 2016; Green et al., 2019; Yu et al., 2018; 

Till et al., 2020), and attention-deficit hyperactivity disorder (Malin and Till, 2015). In 

the U.S., fluoride exposure prenatally and during early adolescence has been associated 

with increases in neurobehavior problems including anxiety and depression symptoms 

(Adkins et al., 2022; Malin et al., 2024). Observations in human studies are supported by 

numerous animal studies linking postnatal fluoride exposure to anxiety- and depression-like 

behavior suggesting an imbalance in excitation and inhibition (Li et al., 2019; Liu et al., 

2014; Lu et al., 2019). Furthermore, studies have identified sex-specific fluoride effects on 

neurodevelopment (Green et al., 2019; Adkins et al., 2022).

Despite the associations between fluoride and neurodevelopment, very little is known 

about the mechanistic processes by which fluoride impacts neurodevelopment. Epigenetic 

alterations that can affect gene expression without changing the underlying DNA sequence 

can respond to environmental exposures in ways that directly affect gene transcription 

and disease risk (Wu et al., 2023; Martin and Fry, 2018). DNA methylation, the most 

widely studied epigenetic mechanism, modifies genome function through the addition of 

methyl groups to cytosine to form 5-methyl-cytosine (5mC). Sexual dimorphisms exist both 

naturally in how the methylome responds during puberty as well because of environmental 

insults (Martin and Fry, 2018; Thompson et al., 2018). Specifically, regarding fluoride, 

very few studies have investigated the association between fluoride exposure and changes 

to DNA methylation and even fewer considered sex-specific effects. Of the 17 published 

studies, only 9 were human observational studies (cross-sectional and case-control) and all 

of them were conducted among Chinese cohorts (Zhang et al., 2017; Wu et al., 2019; Wu 

et al., 2018; Pan et al., 2020; Sun et al., 2020; Gao et al., 2020; Meng et al., 2021; Wang et 

al., 2021; He et al., 2022); the majority (n = 8) were conducted in fluorosis-impacted adults 

and utilized a targeted DNA methylation approach (i.e., specific genes); one considered 

sex-specific effects (Gao et al., 202C). Targeted DNA methylation analyses conducted in 

humans and animals suggest fluoride exposure impacts gene imprinting, oocyte maturation, 

estrogenic processes, bone development/metabolism, and cell cycle progression through 

DNA methylation modifications.

Given the importance of DNA methylation existing outside of promoter or CpG 

island regions for regulating phenotypic variability, conducting unbiased epigenome-wide 

analyses in search of relevant DNA methylation changes resulting from fluoride exposure 

is paramount. An epigenome-wide association study (EWAS) of urinary fluoride, a 

contemporary biomarker of fluoride exposure at the population level, was conducted among 
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Chinese children during the early adolescent period (ages 8–12 years) (Wang et al., 2021). 

The study identified several differentially methylated genes associated with skeletal and 

neuronal development. It is unclear if similar associations would be found in a population 

of U.S. children where fluoride exposure levels and patterns are expected to be considerably 

different due to differences in community water fluoridation, diet, and oral care products.

The goal of this study was to examine the association between fluoride exposure (as 

indicated by urinary fluoride levels) and epigenome-wide DNA methylation among early 

adolescents (~ 1 2 years of age) enrolled in a U.S. based cohort. We hypothesize that 

elevated urinary fluoride levels will be associated with differential DNA methylation at loci 

implicated in neurodevelopment and the methylation changes will be sex specific.

2. Methods

2.1. Study population

Participants were enrolled in the Cincinnati Children’s Allergy and Air Pollution Study 

(CCAAPS), a prospective birth cohort of children born between 2001 and 2003 in the 

Greater Cincinnati Region (Ryan et al., 2005; LeMasters et al., 2006). Enrollment into 

the CCAAPS study was based on residence at the time of birth and distance to a major 

highway due to the primary interest in the impact of air pollution on child health. All 

children reside in communities with water fluoridation. Children and their caregivers 

completed demographic assessments and were clinically evaluated at the child’s age of 

1, 2, 3, 4, 7, and 12 years. Data obtained at the visits included information regarding 

participant health and general wellbeing, housing characteristics, residential history, and 

secondhand smoke exposure. The study was approved by the Institutional Review Boards 

of the University of Cincinnati and Cincinnati Children’s Hospital Medical Center (IRB# 

2012–1619). Participants and caregivers provided informed assent and consent, respectively.

2.2. Assessment of fluoride exposure

Spot urine samples were collected under normal (non-fasting) conditions at age 12 years 

and analyzed at the Oral Health Research Institute of the Indiana University School of 

Dentistry. Prior to use, childhood urinary fluoride (CUF) samples were stored at −20 °C. 

In brief, 5 mL of urine was thawed, and ionic fluoride was diffused from the sample using 

the hexamethyldisiloxane (HDMS)-diffusion method (Martinez-Mier et al., 2011). Urinary 

specific gravity (SG), used to correct for dilution in urine samples, was measured using 

a zero-setting calibrated ATAGO® Pen Refractometer under darkened conditions against 

a standard check (using a fluoride standard traceable to National Institutes of Standards 

and Technology). Dilution-corrected urinary fluoride was estimated using the following 

equation: CUFSG = CUFi × SGM−1 / SGi−1 , where CUFSG is the SG-adjusted fluoride 

concentration (in micrograms of fluoride per milliliter), CUFi is the observed fluoride 

concentration, SGi is the SG of the individual urine sample, and SGM is the median SG for 

the cohort (Thomas et al., 2016) (Till et al., 2018). Dilution-corrected CUFsg was used in 

EWAS analyses.
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2.3. Epigenome-Wide Association Studies (EWAS)

2.3.1. Specimen collection and DNA isolation—Whole blood samples were 

collected for each participant at the age 12-year clinical evaluation. Whole blood was 

separated into plasma and buffy coat using centrifugation and stored at −80 °C. DNA 

was extracted and assessed according to the Illumina® HumanMethylationEPIC (EPIC) 

BeadChip assay at the University of Cincinnati laboratories.

2.3.2. Quality control, preprocessing, and probe filtering—DNA methylation 

preprocessing and quality control was conducted as previously described by Niu et al. (Niu 

et al., 2016). In summary, the major steps of this process included filtering out low-quality 

samples (sex or genetic mismatches), as well as those with poor-performing probes (outliers 

with detection p-value < 0.01, bead count <3). Quantile normalization was performed 

to remove any outlier samples in signal intensity due to technical variability. Dye bias 

correction for Type I and Type II probes was conducted using the RELIC package (Xu et al., 

2017). To minimize batch effects, stratified randomization was used to randomize samples 

to chips and plates. Surrogate variables were calculated using the ComBat function from the 

sva package in R. (Leek et al., 2012) and included as covariates in downstream analyses 

as the top five principal components for batch effects. DNA methylation beta values, 

ranging from 0 (completely unmethylated) to 1 (completely methylated), after trimming for 

extreme outliers (> 3× interquartile range from the 25th and 75th quartile limits) for EWAS 

analysis. Cell-type proportions of blood samples was estimated using the Houseman method 

(Houseman et al., 2012), which provides estimates for the proportions of CD8 + T cells, 

CD4 + T cells, natural killer (NK) cells, B-cells, monocytes, and nucleated red blood cell 

(nRBC) estimates. We excluded probes on the sex chromosomes, polymorphic CpGs which 

overlap with known single-nudeotide-polymorphisms, control probes, and cross-reactive 

probes (targeting repetitive sequences/co-hybridizing to alternate sequences), which left 

a total of 773,595 probes for analysis (Chen et al., 2013; McCartney et al., 2016). All 

pre-processing was done using the ENmix package (version 3.15) in R (Xu et al., 2016).

2.4. Covariates

A core set of potential confounders included in all models were selected based on biological 

relevance and prior literature demonstrating their association with fluoride and their impact 

on DNA methylation. They included child sex (Martin and Fry, 2018; Thompson et al., 

2018), race (Gao et al., 2020), age (Aylward et al., 2015), and total household income 

(Sanders et al., 2019) - all collected by questionnaire completed by the caregiver. Additional 

covariates were also included. Serum cotinine is a well-characterized biomarker of tobacco 

smoke and an environmental exposure strongly associated with changes in DNA methylation 

and routinely controlled for in EWAS analyses (Joubert et al., 2016; Vives-Usano et al., 

2020). Serum cotinine levels for each child were measured using a standardized isotope 

dilution liquid chromatography/tandem mass spectrometry (IXD/MS/MS) method (Perlman 

et al., 2016). Maternal depression (as measured by the BDI Score, (Beck et al., 1996)) and 

child parent relational frustration (measured by Relational Frustration T-Score (Kamphaus 

and Reynolds, 2008)) were also included as covariates given that both the quality of 

caregiving and the caregivers psychological status have been shown to contribute to changes 

in DNA methylation of children (Lester et al., 2013; Provenzi et al., 2020; Mastrotheodoros 

Ruehlmann et al. Page 5

Sci Total Environ. Author manuscript; available in PMC 2024 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



et al., 2023). Additionally, DNA methylation technical covariates, measurements correcting 

for systematic sources of variation, included the top five principal components for batch 

effects and six cell type proportions (Leek et al., 2012).

2.5. Statistical analyses

2.5.1. Epigenome wide association study and Differentially Methylated 
Regions (DMR) analyses—An EWAS analysis was performed on the total sample 

(referred to as “Total” group) utilizing robust multiple linear regression (MASS R package) 

(https://www.stats.ox.ac.uk/pub/MASS4/) to control for potential heteroscedasticity and 

DNA methylation outliers. The EWAS examined the associations between log-transformed 

urinary childhood fluoride concentrations (CUFsg) and DNA methylation at 775,141 CpG 

loci. Probes were annotated to genome build hgl9 according to the package meffil (Min et 

al., 2018). Genomic inflation factor lambdas (λ) and quantile-quantile plots were generated 

to assess genomic inflation. For multiple testing correction, we used a Bonferroni correction 

based on the number of probes being interrogated (p < 6 × 10–08). Sex-specific EWAS 

analyses were completed for females (“female” group) and males (“male” group) separately 

to identify potential sex-specific methylation differences. CpGs identified by the EWAS 

as being significantly differentially methylated in the female or male group were then 

confirmed via follow up linear regression analyses to formally test for a fluoride by sex 

interaction.

We also interrogated DMRs. DMRs are defined as differentially methylated genomic 

regions, or areas of adjacent methylated CpG sites (Rakyan et al., 2011). They can occur 

in any genomic region and are known to potentially impact gene regulation and expression, 

regardless of location in the genome. To identify DMRs associated with urinary fluoride 

concentrations, we used the DMRcate R package (Peters et al., 2015). Settings were adjusted 

to identify methylated regions within a length of ≤1000base pairs, 2 CpGs present, andp 

associations with an FDR significance level, as recommended by the developers to minimize 

Type I errors.

2.5.2. Follow-up analyses—Additional analyses were conducted among the total 

population, as well as females and males separately. Secondary analyses include an 

investigation of Blood-Brain Epigenetic Concordance (BECon) (Edgar et al., 2017), 

Methylation Quantitative Trait Loci (mQTL) (Min et al., 2021), expression Quantitative 

Trait Methylation (eQTM) (Ruiz-Arenas et al., 2022), and Experimentally Derived 

Functional Element Overlap Analysis of Regions from EWAS (eFORGE) (Breeze, 2022) 

as detailed below.

Epigenetic processes are tissue-specific, making the assessment of disease-relevant tissue 

an important consideration for EWAS. We used two web-based applications to assess 

correlations between blood and brain DNA methylation. The first is the Blood-Brain 

Epigenetic Concordance (BECon) application (https://redgar598.shinyapps.io/BECon/), 

which calculates correlation and variability metrics between blood DNA methylation 

levels of the significantly differently methylated CpGs and three different brain regions– 

Brodmann area 7 (parietal cortex), Brodmann area 10 (frontal cortex), and Brodmann 

Ruehlmann et al. Page 6

Sci Total Environ. Author manuscript; available in PMC 2024 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.stats.ox.ac.uk/pub/MASS4/
https://redgar598.shinyapps.io/BECon/


area 20 (temporal cortex). The second web-based application is the Hannon Blood Brain 

Comparison Tool https://epigenetics.essex.ac.uk/bloodbrain/) (Hannon et al., 2018). Using 

this tool, we examined correlations of DNA methylation at CpG loci identified in the 

EWAS across four different areas of the brain: prefrontal cortex, entorhinal cortex, superior 

temporal gyrus and cerebellum.

Given that genetic influence on DNA methylation is common, we also conducted mQTL 

mapping (cis and trans) of those CpG sites in the main EWAS model conducted among 

the Total group that were below significance (p < 5.0 × 10−5) to identify possible population-

level variations and functional consequences of DNA methylation changes. This was carried 

out by querying the catalog of cis- and tram- mQTLs from the Genetics of DNA Methylation 

Consortium (GoDMC) of >30,000 participants of European ancestry (Min et al., 2021) 

(http://mqtldb.godmc.org.uk/index.php).

An eQTM analysis was implemented to explore whether there was any association between 

DNA methylation of specific CpG sites and gene expression. A catalog of 39,749 eQTMs 

with significant associations to gene expression from children’s blood compiled by the 

Exposome-omics-Wide Association Study (ExWAS) conducted in the Human Early Life 

Exposome (HELIX) project was used to identify whether our significantly differentially 

methylated CpGs were associated with a change in gene expression. The catalog 

was downloaded from http://www.helixomics.isglobal.org/. We utilized the significantly 

methylated CpG sites to cross-reference with the catalog. Any matches were considered 

significant associations to the specified gene.

To assess the relationship of specific CpG sites of interest and disease etiology, we utilized 

the web-based tool eFORGE (experimentally-derived Functional element Overlap analysis 

of ReGions from EWAS) (Breeze, 2022). eFORGE interrogates any overlap of CpG sites of 

interest and regulatory elements for tissues involved in disease processes. The tool selects 

background probes based on gene-centric categories, such as promoter or gene body regions, 

and CpG island-centric categories (shelves or islands) with chosen input probes as a guide. It 

is recommended that genome-wide significance is increased from typical EWAS cutoffs due 

to differences in tissue-specific DNA methylation. The suggested number of CpG sites of 

interest input for query is between 100 and 1000 (referred to as “input probes”) to minimize 

false positive results. Thus, for this analysis we utilized the cutoff of p < 5.0 × 10−5 to 

increase the number of sites within the recommended range of input probes. Female and 

male groups were analyzed separately.

The genes for which significant CpG loci reside were queried using the GWAS Atlas 

(https://atlas.ctglab.nl/) (Watanabe et al., 2019). Results are calculated with the PheWAS 

function, which plots traits that are significantly correlated to the genetic expression of the 

gene of interest (p < 0.05). The atlas includes a compilation of 4756 GWAS and 3302 unique 

traits. Plots are arranged by phenotype domain and p-value. Text labels include phenotypes 

of similar sample sizes.
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3. Results

3.1. Participant characteristics

Participant characteristics are described in Table 1. EWAS analyses were completed for 

three separate analytic groups (see Methods for additional details on analytic groups): total 

cohort (n = 272), females only (n = 124), and males only (n = 148). The average age of 

participants was 12.15 ± 0.77 years with most of the participants identifying as white (76 

%). Specific gravity adjusted CUF levels (CUFsg) were similar among males (median 0.81 

μg/mL; IQR 0.11) and females (median 0.81 μg/mL; IQR 0.49) and did not vary by income 

(Kruskal-Wallis χ = 4.38, DF = 4, p = 0.88). There were also no significant differences in 

race/ethnicity, age, total household income, maternal BDI, or relational frustration T-score 

between males and females (Table 1). Serum cotinine levels were significantly higher in 

males versus females (0.43 versus 0.23 ng/mL).

3.2. EWAS results

Overall, higher CUFsg concentrations were associated with increases in methylation at 

cg25435255 located in an open sea region of chromosome 10 mapping to GBF1. There 

was no evidence of genomic inflation (λ = 1.0) (Fig. 1A and B, Table 2). Among 

females, CUFsg was significantly associated with DNA methylation at 7 CpG loci with 

no evidence of genomic inflation (λ = 1.1) (Fig. 2A and B). Similar to the total EWAS, 

the strongest relationship was observed between increasing CUFsg concentrations and 

increasing methylation at cg25435255. Among the 7 total CpG sites, five demonstrated an 

increase in methylation with increasing fluoride concentration (cg25435255, cg14665389, 

cg21470142, cg12434747, cg02602408); the remaining two exhibited a decrease in 

methylation (cg13828087, cg12773035) (Table 2). Among males, CUFsg was significantly 

associated with DNA methylation at three CpG loci with no evidence of genomic inflation 

(λ = 1.0) or overlap with significantly differentially methylated CpGs identified in the 

female only EWAS (Fig. 2C and D, Table 2). The methylation status of all three CpG loci 

were positively associated with CUFsg concentrations (Table 2). All three loci annotated 

to gene bodies: cg14324167 in FNDC3B on chromosome 3, cg13993945 in PCAT6 on 

chromosome 1, and cg19292625 in AASDHPPT on chromosome 11. Sex-specific effects 

were confirmed by interaction terms (PCUF * SEX < 0.05) for 4 (cgl3828087, cg14665389, 

cg12434747, cg02602408) out of 7 CpGs identified in the female EWAS and 2 (cgl3993945, 

cgl9292625) out of 3 CpGs identified in the male EWAS (Supplemental Fig. 1).

3.3. Identification of differentially methylated regions (DMRs)

DMR analyses were performed to look for regions of differential methylation significantly 

associated with CUFsg concentrations. In the results of the total group, one significant 

(p < 6.80 × 10−22) DMR located on chromosome 6 at position 32064212–32064497 was 

identified and contained six total CpG sites (Supplemental Table 1). Among females, 

there were ten regions that exhibited differential methylation associated with CUFsg 

concentrations (Supplemental Table 2). The most significant association (p < 1.65 × 10−12) 

was in a region on chromosome 6 (position 29520527–29521803). There are thirty-five 

differentially methylated CpG sites in this region, none of which are in gene-containing 

regions. The remaining significantly associated methylated regions contained between 
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three and ten CpGs and p values ranged from p < 1.56 × 10−10 to p < 3.25 × 10−07 

(Supplemental Table 2). None of these regions overlapped with the male group regional 

analysis, which had only one significantly methylated region on chromosome 6 (position 

32,064,497–32,064,613) containing six CpG sites (Supplemental Table 3), none of which are 

in gene-containing regions. One of the six CpG sites, cg03556669, is also included in the 

DMR significantly associated with CUFsg concentrations in the total group. There was no 

overlap between the significantly differentially methylated CpGs identified in the EWAS and 

DMR analyses.

3.4. Follow-up analyses (mQTL, eQTM, BECon, Hannon blood brain comparison, 
eFORGE, GWAS adas/PhEWAS plot)

We used various web-based tools to further explore the potential functional consequences 

of significant increases or decreases in DNA methylation associated with CUFsg 

concentrations in both female and male adolescents.

To consider whether any genetic influence could be contributing to phenotypic effect, 

we analyzed the CpG sites with the strongest associations in the female group using the 

GoDMC website. One CpG loci demonstrated potential associations with genetic influences 

on methylation (cgl2434747, Supplemental Table 4) but was not detected as a cis-eQTM 

from the HELIX Exposome-omics-Wide Association Analysis database (Ruiz-Arenas et al., 

2022; Maitre et al., 2022). No CpG sites of interest in the total or male group indicated there 

was any significant genetic influence contributing to phenotypic effects.

To evaluate whether there was any tissue correlation between blood and brain, we utilized 

BECon (Edgar et al., 2017). Of the 7 significant CpGs identified in the female only EWAS 

(which includes the single CpG site from the total EWAS), four CpGs are reported to 

have negative moderate correlations (correlation >0.40) between blood and brain DNA 

methylation levels in BA10 (cg25435255), BA20 (cg25435255, cg12434747), and BA7 

(cg25435255, cg21470142) (Fig. 3). Of the three significant CpGs identified in the male 

only EWAS, none of them were correlated to brain DNA methylation levels. However, 

the methylation status of cgl9292625 was significantly correlated (p = 0.027) with the 

cerebellum in the Hannon Blood Brain analysis (Supplemental Fig. 2).

We also assessed overlap with functional elements among tissues other than brain utilizing 

the webtool eFORGE, with females and males being analyzed separately. After applying a 

less restrictive genomic cutoff of p < 5.0 × 10−5, 289 CpG sites and 180 CpG sites were 

identified and used as the input probes for females and males, respectively. For females, 

the findings suggest significant enrichment (p < 0.05) in embryonic stem cells, fetal brain, 

fetal large intestine, fetal kidney, fetal stomach, fetal thymus, induced pluripotent stem 

cells, pancreas, and placenta. Highly significant enrichment (p < 0.01) was demonstrated 

for embryonic stem cells, fetal adrenal glands, and gastric tissue (Fig. 4). Among males, 

the set of 180 differentially methylated CpG sites were not enriched in any of the tissues 

represented in eFORGE (Supplemental Fig. 3).

In order to interrogate which traits are significantly correlated to the genetic expression of 

the genes of interest for which our significant CpG sites are located, we used the PhEWAS 
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function of the GWAS Atlas (Watanabe et al., 2019). GBF1, where cg254352554 is located 

and was differentially methylated among the total and female groups, is associated with 

several cognitive phenotypes, such as educational attainment, cognitive performance, and 

intelligence (Fig. 5). AASDHPPT, cgl9292625 is located and was differentially methylated 

among males, is most significantly associated with depressive episodes (Fig. 6).

4. Discussion

This study examined the relationship between fluoride exposure, estimated through the 

fluoride concentration of a spot urine sample, and DNA methylation in whole blood among 

adolescents at age 12 years. Among all participants, higher CUFsg concentrations were 

associated with differential methylation at one CpG loci (cg25435255) which annotates 

to GBF1. Sex-specific effects were evident with females exhibiting a larger number of 

differentially methylated loci (n = 7) compared to their male counterparts (n = 3) with 

cg25435255 being the most significantly differentially methylated CpG among females. 

The significant CpG sites associated with CUFsg concentrations map to genes that have 

been implicated in neurodevelopment/psychiatric outcomes (Watanabe et al., 2019; Lee et 

al., 2018; Okbay et al., 2016; Savage et al., 2018) as well as immunologic (Watanabe 

et al., 2019; Astle et al., 2016; Kanai et al., 2018), metabolic (Watanabe et al., 2019; 

Yengo et al., 2018) and reproductive (Watanabe et al., 2019; Day et al., 2017) endpoints. 

While further studies are needed, these data suggest fluoride may have some influence on 

neurodevelopmental processes and other developmental functions among adolescents in a 

sex-specific manner.

Animal studies have reported that fluoride exposure can impact the methylome. In rat 

models of skeletal fluorosis, DNA methylation has been shown to modulate the expression 

of the Cthrc1 gene, which plays a role in bone formation (Ding et al., 2023). Another study 

showed evidence of regulation of expression of bone growth genes, BMP-2 and BMP-7, 

by hypomethylation as a result of fluoride exposure (Ma et al., 2020). Our study did not 

observe CpGs in Cthrc1, BMP-2, or BMP-7 to be differentially methylated. However, it 

should be noted that most mouse studies have centered on embryo development and how 

fluoride-induced DNA methylation affects expression of imprinted genes, as well as the 

development of oocytes and embryos (Zhao et al., 2015; Zhu et al., 2014; Fu et al., 2014; 

Yin et al., 2015). Furthermore, fluoride exposures in animal studies far exceed typical 

human exposure.

Of the very few published human studies, all were conducted in China, cross-sectional 

or case-control designs, and only one utilized an epigenome wide approach screening 

differential methylation among children of similar age found in CCAAPS. The study 

examined the methylation status of 16 Chinese children (aged 8–12 years) using the 

Infinium-Methylation EPIC BeadChip Array and verified differentially methylated genes 

in 815 participants. Wang et al., found that fluoride exposure significantly altered the 

methylation status of genes CALCA and NNAT (Wang et al., 2021). NNAT, shown to 

regulate ACTH hormone levels, has reported functions in neurodevelopment. Specifically, 

fluoride exposure was negatively correlated with DNA methylation in NNAT which may 

be a molecular mechanism of neurotoxicity (Wang et al., 2021; Dec et al., 2017). Wang et 
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al. identified a relevant DMR which contained the gene AASDHPPT. In our study among 

males, we identified a significantly differentially methylated CpG mapping to the same gene, 

AASDHPPT suggesting there may be some overlap in impacted biological processes. This 

was the only overlap we observed between the two studies.

Our EWAS of 272 U.S. adolescents found similar results regarding potential implications 

on neurodevelopment through the mapping of CpGs to genes associated with neurological 

processes and/or correlations between blood and brain tissue methylation. The most 

significantly differentially methylated CpG (cg25435255) identified in the total population 

and among females annotates to GBF1. Previously published genome-wide association 

studies have identified GBF1 and others to be associated with educational attainment, 

intelligence, and cognitive performance (Watanabe et al., 2019; Lee et al., 2018; Okbay et 

al., 2016; Savage et al., 2018). Further, we observed the methylation status of four CpG 

sites to be negatively correlated with methylation levels in three main regions of the brain: 

parietal cortex, temporal cortex, and prefrontal cortex.

Of the three CpG sites significantly associated with fluoride exposure among males, 

cgl9292625 maps to a gene (AASDHPPT) that has been implicated in psychiatric 

phenotypes (Watanabe et al., 2019). Interestingly, in previously published observational 

studies, early childhood exposure to fluoride was associated with lower IQ and internalizing 

symptoms in male but not female adolescents (Green et al., 2019; Adkins et al., 2022; Saeed 

et al., 2020). These findings suggest that fluoride exposure may be impacting males and 

females differently. Other genes mapping to CpG sites significantly associated with fluoride 

exposure have been implicated in metabolic (Watanabe et al., 2019; Yengo et al., 2018) 

and reproductive functions (Watanabe et al., 2019; Day et al., 2017). Sex differences are 

further demonstrated by the eFORGE analysis showing a significant enrichment of CpG 

site overlap in functional regions across several different tissues in the female group only, 

including fetal brain. Contrastingly, in the male group there were no tissue types with any 

overlap to the CpG sites of interest identified from blood. Potential mechansims related to 

sex-specific findings among children may also be related to fluoride impacting sex-steroid 

hormone levels and/or altering the course of pubertal development (e.g., age of menarche) 

(Malin et al., 2022; Bai et al., 2020). This is particularly relevant given our identification of 

differentially methylated CpGs located in genes relevant for reproductive outcomes.

This study has several strengths. To our knowledge it is the first and largest human study 

to be conducted in the US and among typically developing healthy adolescents to examine 

the impact of fluoride on the adolescent epigenome. Leveraging an extant cohort such as 

the CCAAPS study allows us the opportunity to interrogate several potential confounders 

including child sex, race, age, socioeconomic factors such as household income and parental 

psychiatric behaviors, and other neurotoxicant exposures such as tobacco smoke exposure 

limiting bias due to confounding. In 2015, the recommended fluoride level changed from 

0.7 to 1.2 mg/L to 0.7 mg/L and the recommended fluoride concentration for community 

drinking water in Cincinnati is 0.7 mg/L. A study by Green et al. (Green et al., 2020) 

reported median CUFsg levels for children aged 4–6 years in Mexico and Canadian children 

aged 2–6 living in fluoridated communities to be 0.67 μg/mL and 0.64 μg/mL, respectively; 

given that the median fluoride exposure level in the CCAAPS study is 0.81 μg/mL, children 
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in the CCAAPS study may be exposed to higher levels of fluoride. Although our sample 

size is limited for an EWAS, to our knowledge, there has been no other study reporting 

on urinary fluoride levels during early adolescence (~ age 12 years) and its impact on 

the methylome. Despite these strengths, there are some limitations. The study design is 

cross-sectional, at a single time point during early adolescence, making it difficult to draw 

conclusions regarding temporal effects of fluoride exposure on methylation. Further, it is 

likely that puberty may impact these findings given the impact hormones play in shaping the 

methylome during puberty (Thompson et al., 2018). We also only analyzed one spot urine 

fluoride sample for which the half-life is 4–12 h. Thus, we are unable to answer questions 

related to early life or chronic exposure and its impact on the methylome. To tease out the 

importance of timing of exposure and chronic exposure, future studies should consider other 

fluoride biomarkers such as teeth (Martinez et al., 2023). Lastly, this study does not explore 

how the methylation changes impact neurodevelopmental outcomes-although this will be a 

future direction of this work.

Taken together, these findings suggest that fluoride exposure is associated with differential 

methylation of the epigenome during early adolescence. The functional consequences 

of these changes are unclear; however, given prior research suggesting associations 

between fluoride and cognitive/neurodevelopmental outcomes in children, further studies 

are warranted to investigate the role of fluoride-related methylation on cognition and 

neurodevelopment.

Supplementary data to this article can be found online at https://doi.org/10.1016/

j.scitotenv.2024.174916.
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Refer to Web version on PubMed Central for supplementary material.
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HIGH LIGHTS

• Fluoride has been linked to several neurodevelopmental conditions among 

children, yet the mechanisms involved are unclear.

• Fluoride may elicit its neurotoxic effects by altering the epigenome.

• Recent childhood fluoride exposure is associated with differential blood DNA 

methylation in a sex-specific manner.

• DNA methylation changes may impact the expression of genes involved in 

neurodevelopment and other biological functions.

Ruehlmann et al. Page 17

Sci Total Environ. Author manuscript; available in PMC 2024 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Manhattan plot (A) and related quantile-quantile plot (B) showing sites of DNA methylation 

in whole blood associated with log-transformed childhood urinary fluoride (CUFsg) 

concentration in the CCAAPS total cohort. Red line indicates epigenome-wide significance 

based on Bonferroni, (p < 6 × 10−8). Methylation of CpG sites that are significantly 

associated with log-transformed CUFsg are depicted by dots above the red line.
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Fig. 2. 
Manhattan plots (A, C) and related quantile-quantile plots (B, D) showing sites of DNA 

methylation in whole blood associated with log-transformed childhood urinary fluoride 

(CUFsg) concentration in the CCAAPS among females (A, B) and males (C, D). Red line 

indicates epigenome-wide significance based on Bonferroni, (p < 6 × 10−8). Methylation of 

CpG sites that are significantly associated with log-transformed CUFsg are depicted by dots 

above the red line.
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Fig. 3. 
BECon analysis for blood/brain correlations. Six (4 female, 2 male) significant CpG sites 

were used to assess blood/brain correlation. BA10: Brodmann area 10 (prefrontal cortex); 

BA20: Brodmann area 20 (temporal cortex); BA7: Brodmann area 7 (parietal cortex).
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Fig. 4. 
eFORGE (experimentally-derived Functional element Overlap analysis of ReGions from 

EWAS) Analysis of Females. Various cells from 23 different tissue types were analyzed for 

tissue specific signal and correlation with 289 CpG sites. FDR q-value are adjusted p-values.
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Fig. 5. 
PhEWAS plot of gene GBF1. This plot shows phenotypic traits which are significantly 

correlated (p-values) with gene expression of the gene of interest. cg25435255, a significant 

site from the Female analytic group, is located within the gene region of GBF1. Phenotypic 

groups are listed on the right of the plot with corresponding color code.
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Fig. 6. 
PhEWAS plot of gene AASDHPP. This plot shows phenotypic traits which are significantly 

correlated (p-values) with gene expression of the gene of interest, cg19292625, a significant 

site from the Male analytic group, is located within the gene region of AASDHPP. 

Phenotypic groups are listed on the right of the plot with corresponding color code.
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Table 1

Demographics and Characteristics of CCAAPS Participants at the 12-Year Visit.

Total samplea Females Males

(n = 272) (n = 124) (n = 148)

Characteristic(s) n (%) or Mean (SD) n (%) or Mean (SD) n (%) or Mean (SD)

Sex

 Male 148 (54 %) – 148 (100 %)

 Female 124 (46 %) 124 (100 %) –

Race/Ethnidtyb

 White 207 (76 %) 95 (77 %) 112 (76%)

 Black/More Than One Race 65 (24 %) 29 (23 %) 36 (24 %)

Age (years) 12.12 (0.77) 12.26 (0.83) 12.00 (0.70)

Serum Cotinine (ng/mL) 0.34 (1.39) 0.23 (0.62) 0.43 (1.79)

Total Household

 Incomec

 <$20,000 28 (10 %) 13 (10%) 15 (10 %)

 $20,000–<$40,000 34 (13 %) 14 (11 %) 20 (14 %)

 $40,000–<$70,000 51 (19 %) 25 (20 %) 26 (18 %)

 $70,000–<$90,000 37 (14 %) 13 (10%) 24 (16 %)

 >$90,000 111 (41 %) 54 (44 %) 57 (39 %)

 Prefer not to answer 10 (4 %) 4 (3%) 6 (4%)

Maternal BDI Score 6.28 (7.27) 6.62 (8.26) 6.01 (6.36)

Relational Frustration T-Score 47.79 (9.28) 47.94 (10.18) 47.66 (8.48)

Fluoride in μg/mL [Median (IQR)]

 Child urinary fluoride (CUF) 0.82 (0.56–1.18) 0.71 (0.51–1.08) 0.92 (0.65–1.27)

 Specific Gravity (SG) 1.02 (1.01–1.02) 1.02 (1.01–1.03) 1.02 (1.02–1.03)

 Fluoride SG corrected (CUFsg) 0.81 (0.62–1.09) 0.81 (00.59–1.09) 0.81 (0.64–1.08)

 Log-transformed −0.21 −0.21 −0.21

 CUFsg (−0.47–0.09) (−0.51–0.09) (−0.44–0.08)

a
Total participants with complete and usable fluoride and epigenetic data.

b
Self-reported at visit.

c
One participant is missing household income data in each group except for “males”.
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