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ABSTRACT

Excessive fluoride exposure and epigenetic change can induce numerous adverse health outcomes, but the role of
epigenetics underneath the harmful health effects induced by fluoride exposure is unclear. In such gap, we
evaluated the associations between fluoride exposure and genome-wide DNA methylation, and identified that
novel candidate genes associated with fluoride exposure. A total of 931 school-age children (8-12 years) in
Tongxu County of Henan Province (China) were recruited in 2017. Urinary fluoride (UF) concentrations were
measured using the national standardized ion selective electrode method. Participants were divided into a high
fluoride-exposure group (HFG) and control group (CG) according to the UF concentrations. Candidate differ-
entially methylated regions (DMRs) were screened by Infinium-Methylation EPIC BeadChip of DNA samples
collected from 16 participants (eight each from each group). Differentially methylated genes (DMGs) containing
DMRs associated with skeletal and neuronal development influenced by fluoride exposure were confirmed using
MethylTarget™ technology from 100 participants (fifty each from each group). DMGs were verified by quan-
titative methylation specific PCR from 815 participants. Serum levels of hormones were measured by auto
biochemical analyzer. The mediation analysis of methylation in the effect of fluoride exposure on hormone levels
was also performed. A total of 237 differentially methylated sites (DMSs) and 212 DMRs were found in different
fluoride-exposure groups in the epigenome-wide phase. Methylation of the target sequences of neuronatin
(NNAT), calcitonin-related polypeptide alpha (CALCA) and methylenetetrahydrofolate dehydrogenase 1 showed
significant difference between the HFG and CG. Each 0.06% (95% CI: —0.11%, —0.01%) decreased in NNAT
methylation status correlated with each increase of 1.0 mg/L in UF concentration in 815 school-age children
using QMSP. Also, each 1.88% (95% CI: 0.04%, 3.72%) increase in CALCA methylation status correlated with
each increase of 1.0 mg/L in UF concentration. The mediating effect of NNAT methylation was found in alter-
ations of ACTH levels influenced by fluoride exposure, with a g value of 11.7% (95% CI: 3.4%, 33.4%). In
conclusion, long-term fluoride exposure affected the methylation pattern of genomic DNA. NNAT and CALCA as
DMGs might be susceptible to fluoride exposure in school-age children.

1. Introduction

than that in surface water. It is well known that fluorine plays a role in
the formation of bones and teeth, assisting ossification and preventing

Fluorine is ubiquitous in the natural environment, and exists widely dental caries. Fluoride is soluble in water, which allows it to be
in rocks, soils and oceans, same as a variety of compounds in nature. The distributed in various body organs, leading to numerous adverse health
fluoride content in groundwater, a source of drinking water, is higher outcomes. The most notable health effects caused by excessive exposure
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to fluoride are skeletal fluorosis and dental fluorosis (Patil et al., 2018).
In addition, exposure to excess amounts of fluoride exposure can result
in dysfunction in almost all organs (Liu et al., 2020; Zuo et al., 2018). As
for the mechanism of fluorosis, a large number of studies have explored
the effects of fluoride on bone, nerve and other tissues through oxidative
stress, apoptosis, and gene regulation (Ji et al., 2021; Sharma et al.,
2021; Wang et al., 2021; Yan et al., 2011). In recent years, increasing
numbers of studies have demonstrated that changes in DNA methylation
are involved in the pathogenesis of various diseases (Lin et al., 2020;
Yang et al., 2020). Furthermore, DNA methylation is usually considered
as an initial point for exploring adverse environmental effects in
epidemiological investigations (de Souza et al., 2020; Lin et al., 2020).
Therefore, the role of epigenetic modification represented by DNA
methylation in the occurrence of fluorosis has gradually become a
concern. For example, animal experiments found that fluoride can
interfere with DNA methylation and then affect the early development
of mouse embryos (Fu et al., 2014; Zhao et al., 2015). It has also been
found that DNA methyltransferase 1, an important target of DNA
methylation caused by exogenous chemicals, is involved in the devel-
opment of fluorosis. However, most of the previous studies focused on
the relationship between specific genes or their methylation status and
fluoride exposure (Niu et al., 2012), which lacked the analysis of the
epigenome level. Even though some studies used high-throughput
methods to measure the effect of fluoride exposure on genome-wide
DNA methylation (Daiwile et al., 2019), they were mostly based on in
vitro experiments. Therefore, it is necessary to screen and verify the
methylation changes related to fluoride exposure at the epigenomic
profiling on population basis.

Children at the rapid stage of growth and development are more
vulnerable to the health hazards of fluoride exposure than adults (Kaur
etal., 2020). Therefore, the exploration of the effect of fluoride exposure
on children’s health (especially detection of sensitive biomarkers) is
worthwhile. Though Daiwile and colleagues (Daiwile et al., 2019) uti-
lized high-throughput methods to measure the effects of fluoride expo-
sure upon genome-wide DNA methylation in vitro, the results of
population-based studies are not available. We hypothesized that
exposure to excessive fluoride in drinking water would have an impact
on DNA methylation in children. Hence, we recruited school-age chil-
dren who were exposed to and those not exposed to excessive fluoride to
screen differentially methylated genes (DMGs) by comparing the
methylation of genomic DNA using the Infinium-Methylation EPIC (850
K) BeadChip. Then, we verified these DMGs in two relatively large
populations to investigate the relationship between fluoride exposure
and methylation of DMGs using MethylTarget™ method and quantita-
tive methylation specific PCR (QMSP).

2. Materials and methods
2.1. Study area and study population

We undertook a cross-sectional study in Tongxu County (Henan
Province, China), an endemic fluorosis area with drinking water type
due to the natural geological structure, from late April to late May in
2017 (Fig. S1). In these areas, drinking water is the main source of
fluoride intake and fluoride levels in drinking water remained stable
according to the surveillance of Kaifeng Center for Disease Prevention
and Control (CDC). None of the study areas was exposed to brick tea,
coal-burning and industrial fluoride pollutions. Participants aged 8-12
years were recruited from four boarding primary schools. Particularly,
this period was in the middle of the semester, when students were in
school with no psychological fluctuations caused by the beginning or
end of the semester and psychological pressure brought by the final
exams. Significantly, one of the schools was located in an endemic
fluorosis area (fluoride concentration in drinking water = 2.6 mg/L),
while the other three schools were located in non-fluorosis areas (fluo-
ride concentration < 1.0 mg/L). Students were allowed to return home
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for 2 days in every 2 weeks, where the fluoride content in drinking water
at home was similar compared to the school. In addition to the fluoride
concentration, the living habits and dietary habits of children were also
similar.

The inclusion criteria were (i) children born and resided in the lo-
cality and (ii) children with no other sources of fluoride exposure (e.g.,
drinking of brick tea, industrial dust fumes). Overall, differentially
methylated sites (DMSs) and differentially methylated regions (DMRs)
were screened in 16 children by 850 K BeadChip. Subsequently, Meth-
ylTarget™ method was used to validate the DMRs in additional 100
children. Finally, the significant DMRs validated by MethylTarget™
analysis were verified further in 815 participants (Fig. 1). The study
protocol was approved by the Ethics Committee of Zhengzhou Univer-
sity (ZZUIRB2017-018). Written informed consent was obtained from
all participants and their guardians.

2.2. Questionnaires and collection of general data

Questionnaires were used to collect the demographic characteristics
(age, gender, basic health status) of children and the education level of
their parents. Body mass index (BMI) was calculated to reflect the
development status of the recruited children. Questionnaires were
completed with the help of the parents or guardians of the participants.
Dental fluorosis was assessed by two independent licensed physicians
according to the modified Dean’s Index (The industry standard of the
People’s Republic of China, WS/T 208-2011) and separated into
“normal”, “questionable”, “very mild”, “mild”, “moderate”, or “severe”
(Table S1).

2.3. Evaluation of urinary fluoride (UF) and serum levels of hormones

Urine samples were collected in the morning and transported in an
ice box to a laboratory within 2 h. The fluoride concentration in the
urine sample was measured using an ion-selective electrode method
(Gao et al., 2020). All reagents were certified in terms of quality. The
remaining urine samples were stored at —80 °C. The creatinine con-
centration in urine was measured by the picric-acid method (Jiancheng
Bioengineering Institute, Nanjing, China) (Sun et al., 2020) and used to
calibrate the UF concentration.

The peripheral venous blood (5 mL) of children who had been fasting
for 9 h was collected and transported in ice boxes to a laboratory within
2 h. Serum was obtained by centrifugation of whole blood. Whole blood
and serum were stored at —80 °C for subsequent analyses.

Hormone levels in blood were measured by an automatic biochem-
ical analyzer (Cobas C501, Roche Diagnostics, Basel, Switzerland). A
radioimmunoassay was used to detect the following: serum levels of
endocrine hormones (adrenocorticotropic hormone (ACTH), cortisol
(COR), triiodothyronine (T3), thyroxine (T4) and thyroid stimulating
hormone (TSH)) and bone metabolism-associated hormones (osteo-
calcin (OC), calcitonin (CT) and parathyroid hormone (PTH)) (Zhengz-
hou KingMed Diagnostics Group Co., Ltd., Zhengzhou, China) according
to manufacturer protocols. The serum level of phosphorus (P) was
measured using an ultraviolet-spectrophotometry method based on
phosphomolybdic acid. The level of bone-specific alkaline phosphatase
(BALP) was detected by a chemiluminescence assay. The level of alka-
line phosphatase (ALP) was determined using a SFBC rate method
(Zhengzhou KingMed Diagnostics Group Co., Ltd., Zhengzhou, China).

Each analyzed sample was duplicated, and 15%-20% of total sam-
ples were retested randomly. The intra-assay coefficient of variation and
inter-assay coefficients of variation were <10%, respectively. Samples
were single-blinded to avoid selection biases during testing.

2.4. Epigenome-wide methylation profiling

Eight boys with UF concentration >1.4 mg/L (WS/T 256-2005) and
dental fluorosis in the school with exposure to a high concentration of
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Part 1 (n=16)

Eight boys suffered from dental fluorosis with higher urinary fluoride.

Vs.

Eight healthy boys with lower urinary fluoride.

Discovery
phase

lllumina Infinium-MethylationEPIC (850K)
BeadChip: Screening of differentially methylated sites
and differentially methylated regions (DMRs).

Part 2 (n=100)

Fifty children suffered from dental fluorosis with higher urinary fluoride.

Vs.

Fifty healthy children with lower urinary fluoride.

Validation
phase

MethylTarget™ multiple target regions methylation
enrichment sequencing: Validation of consistency of
DMRs discovered in Part 1.

Part 3 (n=815)

School-age children (8-12 y) sampled in the investigated sites.

Quantitative Methylation Specific PCR:
Further tested the methylation status of DMRs validated
in Part 2.

Analysis of the modification effect of methylation on the
association between fluoride and biomarkers related to
children’s development.

Fig. 1. Experimental approach for the discovery and validation of DNA methylation alteration induced by fluoride exposure.

fluoride were selected as the high fluoride-exposure group (HFG).
Among them, five had very mild dental fluorosis and three had moderate
dental fluorosis. According to a 1:1 ratio matched for age, eight boys
who had no dental fluorosis with UF concentration <1.4 mg/L in non-
fluorosis schools were selected as the control group (CG).

Genomic DNA was extracted using a mammalian blood genomic
DNA extraction kit (Shanghai Lifefeng Biotech Co., Ltd, Shanghai,
China). All 16 samples of the genomic DNA were collected in 200-pL
sterilized and DNase/RNase-free polypropylene tubes, and were trans-
ported to a laboratory with dry ice. Analyses of methylation array were
conducted by the 850 K BeadChip (Illumina Inc., San Diego, CA, USA),
which contained >850,000 CpG sites. This helped to detect additional
DMSs and DMRs that had not been reported previously (Pidsley et al.,
2016). For each CpG site, a DMS was defined as the absolute value of
sample Diffscore value >13 and, simultaneously, an absolute value for
Delta Beta >0.17. The Delta Beta value was the difference at each site
between the Avg Beta value which was the degree of methylation in
samples from the HFG and the CG. DMR was analyzed by “ChAMP”
R-package using the champ.DMR method (Tian et al., 2017). For each
DMR, the p of BumphunterDMR Area was < 0.05. All 16 children were
assigned randomly to different Beadchips to avoid selection biases
during the assay. Samples were single-blinded at this phase, that is, the
HFG and the CG could not be distinguished by the sample number.

Unsupervised hierarchical clustering of DMSs was conducted and
shown using Heatmaps (Fan et al., 2020; Maros et al., 2020). The
number of DMGs included in each Gene Ontology (GO) entry was
counted, and pathway analyses of genes corresponding to DMSs were
undertaken using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database. Moreover, the significance of gene enrichment in each
entry was calculated using statistical tests. The details of the visualiza-
tion mentioned above are described in the Supplementary Material.

2.5. Sequencing verification

According to the study design, 9 DMRs associated with skeletal and
neuronal development influenced by fluoride exposure were selected as
candidate fragments to validate the reliability of 850 K BeadChip using
the MethylTarget™ method (Genesky Bio-Tech Co., Ltd, Shanghai,
China), which is based on a combination of next-generation sequencing
and methylation enrichment of multiple target regions. The 9 DMRs
were located at the regions of promoters, exons and introns, respec-
tively. A total of 50 children in the HFG, with a relatively higher UF
concentration and diagnosed as having dental fluorosis were selected, in
which: 36 cases were very mild, 9 cases were mild and 5 cases were
moderate dental fluorosis. The HFG samples represented a ratio of 1:1
for boys and girls. Another 50 in age and gender matched children with
lower UF concentration were selected from the CG.

2.6. QMSpP

The DMRs of the neuronatin (NNAT), calcitonin related polypeptide
alpha (CALCA) and methylenetetrahydrofolate dehydrogenasel
(MTHFD1) gene screened by MethylTarget™ method were further
verified in a larger population. Respectively, samples of genomic DNA
were collected from fasting venous blood of 815 children, and treated
with bisulfite using an EZ DNA Methylation-Gold™ Kit (Zymo Research,
Irvine, CA, USA). Methylation-specific primers were designed using
online MethPrimer (http://www.urogene.org/cgi-bin/methprimer/
methprimer.cgi). Methylated and un-methylated primers are shown in
Table S2.

Methylation analyses of the promoter region of NNAT, as well as
exon 1 of CALCA and MTHFD1 were performed by QMSP method using
the MX3000P platform (Agilent Technologies, Santa Clara, CA, USA).
The amplification and reaction conditions of PCR are shown in Table S3.
The level of DNA methylation was calculated using the reference method
(Lo et al., 1999).
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2.7. Statistical analysis

The database was established using Epidata 3.0. Continuous cova-
riates and categorical variables were displayed as the mean + standard
deviation (SD) or distribution (%), respectively. Missing data were
processed by multiple imputation method (Schafer, 1999). A general
linear regression model was used to examine the association between
fluoride exposure and the methylation status of DMGs. The age, gender,
BMI and urinary creatinine level of children, and the education level of
parents were selected as covariates. By treating the median of each
tertile as a continuous variable, the linear trend in the tertile of increased
fluoride exposure and DNA methylation was estimated. The tertile
ranges of UF content (in mg/L) were: tertile 1 (n = 270), <0.58; tertile 2
(n = 272), 0.59-1.37; tertile 3 (n = 273), >1.37.

Subsequently, a general linear regression model was used to examine
the relationship between fluoride exposure and hormone levels, and the
correlation between methylation status of DMGs and hormone levels. To
advance an in-depth investigation of the effect of methylation status of
DMGs in the relationship between fluoride exposure and the serum level
of hormones, we implemented a mediation analysis using SAS macro
(Lin et al., 1997).

Sensitivity analyses were conducted to adjust for different cova-
riates, which included age, gender, BMI, and urinary creatinine level of
children, and the education levels of parents. The analyses were un-
dertaken using SPSS 21.0 (IBM, Armonk, NY, USA). Statistical graphs
were generated by R. P < 0.05 (two-sided) was considered statistically
significant.

3. Results
3.1. DMSs and DMRs

The genomic wide DNA methylation status of 16 boys from the HFG
and the CG was examined using 850 K BeadChip. The demographic in-
formation of the 16 boys is shown in Table S4. A total of 237 DMSs were
identified after screening above sites. Among them, 139 had UCSC
RefGene (https://genome.ucsc.edu/) names, while the other DMSs were
not annotated into specific genes. The RefGene name and the location of
each CpG site in the gene or chromosome are shown in Table S5. All 237
DMSs were mapped to 212 DMRs and the details are shown in Table 1.
The DMSs were mostly located at chromosome 7, chromosome 11 and
chromosome 2. The DMRs were mainly located at chromosome 6,
chromosome 2, chromosome 5 and chromosome 17. According to the
distribution of DMSs and DMRs, a visualized Circos plot was generated
(Fig. S2).

3.2. Distribution of DMSs at chromosomes and genomic regions

A Manhattan plot (Fig. 2A) was generated based on the original
850,000 sites, except for the CpG sites from X or Y chromosomes. A
volcano plot (Fig. 2B) presented the association between the methyl-
ation difference (beta value) and the p-value of each CpG site. Notably,
DMSs were found less frequently in CpG islands (CGIs) and CGI shore
regions (4.2% and 14.8%, respectively) than the overall distribution of
CpGs in the genome (18.6% and 17.8%, respectively) (Fig. 2C).

3.3. Cluster analyses

Unsupervised hierarchical clustering of DMSs was done by calcu-
lating the similarity between two samples (Fig. 3). Continuously, we
merged the two nearest samples into only one class. Here, neighboring
samples had similar biological functions. The samples of HFG and CG
were separated into different clusters, thereby demonstrating that the
selection of the two groups was highly representative. In the HFG, ~40%
(blue) of the sites were hypomethylated and ~60% (red) of the sites
were hypermethylated. Conversely, ~60% (blue) of the CpG sites were
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Table 1
Distribution of DMRs in chromosomes and genomic regions.

Chromosome  DMR associated genes

Chrl CCDC185, Clorf65, FUCA1, EXOCS8, Clorf124, SPRTN, CRYZ, TYW3,
TMED5, CCDC18, TACSTD2, TROVEZ, UCHL5, GFI1, KIAA0040,
DMRTBI1, SRRM1

Chr2 PAX8, LOC440839, LOC654433, PAX8-AS1, COLEC11, LCLATI,
PPPIRY, PASK, DUSP19, LOC100302652, GPR75, GPR75-ASB3,
HSPD1, HSPE1-MOB4, CLK1, C20rf61, ZEB2, ZEB2-AS1, LINC01412,
ZFP3612, LOC100129726, LINC0O1126, BOLL, SGOL2, UCN,
GTF2A1L, STON1-GTF2A1L

Chr3 MUC4, SRPRB, MCCC1, CHCHD4, TMEMA43, RASSF1, MIR191,
NDUFAF3, MIR425, DALRD3, TM4SF1, TM4SF1-AS1, RPL15,
NKIRAS1, WDR6, P4HTM, RPL14, RBM6, QRICH1, MCF2L2

Chr4 SOD3, MFSD8, C4orf29, LOC100130872, LOC100130872-SPON2,
C4orf14, POLR2B, SC4MOL, MSMO1
Chr5 MIR886, PCDHB11, TMEM232, NUDT12, PCDHBY, PCDHBS,

PCDHGA2, PCDHGA1, PCDHB4, MBLACZ2, POLR3G, PCDHBS3,
DMGDH, BHMT2, SLC1A3, PCDHGA3, PCDHGB1, PCDHGAS5,
PCDHGA4, PCDHGB2

Chré RNF39, TNXB, PPT2, PRRT1, TRIM27, DAXX, ZBTB22, B3GALT4,
BRD2, FAM50B, PSMBY, TAP1, RAET1L, CRISP2, GPSM3, NOTCH4,
BAT2, HLA-A, MRPS18B, PPP1R10, HLA-DQB2, TAPBP, PTCHD4,
C6orf138, HLA-DPB2, CUTA, SYNGAPI, SKIV2L, STK19, DOM3Z,
RNF5P1, RNF5, AGPAT1, C6orf48, SNORD48, EGFLS, HLA-DQBI,
HCG27, NFYA, OARDI, C6orf130, DDAH2, PPP1R2P1, NT5E, HLA-
DRB1, WDR46, PEDN6, PLAGL1, HYMAI, IFITM4P, NEU1, SLC44A4,
HLA-J, NCRNA00171

Chr7 HOXA4, HOXA5, HOXA-AS3, MEST, MESTIT1, SGCE, PEGI0,
C7orf73, PL-5283, PON3, CBX3, HNRNPA2B1

Chr8 NAPRTI, RNF19A, HTRA4, PLEKHAZ2, C8orf73, MROH6, COPS5,
ASAH1, LOC101929066, TNFRSF10A, LOC389641

Chr9 LHX6

Chr10 FGFR2, ATE1, ATE1-AS1, PAOX, SEC31B, PTEN, KILLIN,
LOC441666, CREM, FAM24B, LOC399815, DIP2C, SLC25A16

Chrl1 CALCA, H19, MIR675, KCNQIOT1, KCNQ1, CAT, SSH3, C11orf21,

TSPAN32, B4GALNT4, TSSC4, ACCS, AASDHPPT, KBTBD3,
C11orf46, ELP4, IMMPIL

Chrl2 LRCOL1, RPL41, ZC3H10, PIWIL1, LMO3

Chrl3 GJB6, SUCLAZ, SIAH3, C130rf16, UFM1

Chrl4 MEGS3, LTB4R2, CIDEB, LTB4R, RPS6KL1, NDRG2, MIR6717,
MTHFD1, MIR548AZ

Chrl5 MKRN3, UNC45A, GABPB1, LOC100129387, FLJ10038, ETFA,
MRPL46, MRPS11, CHACI

Chrl6 IFT140, TMEM204, NARFL, MIR365-1, MIR365A, SLC5A11, KCTDS5,
HIRIP3, INOSOE

Chrl7 MYCBPAP, LOC728392, ALDH3A1, ALOX12, ALOX12-AS1, CD300A,

FLJ35220, LOC100294362, ENDOV, WFIKKN2, TRAPPC1, KCNAB3,
ASB16, SLFN12, C170rf62, C170rf91, WDR81, MIR22HG, PNPO,

SP2-AS1
Chr18 C18orf1, LDLRAD4, MIR4526
Chr19 HIF3A, RNU6-66 P, ZNF681, PEG3, ZIM2, MIMT1, ZNF577, WDR88,

EXOC3L2, HKR1, TDRD12, RPS11, SNORD35B, ZNF264, ZNF416,
LOC100289333, DDX39, DDX39A, ZNF331

Chr20 BLCAP, NNAT, GNAS, GNASAS, NAA20, L3MBTL, CASS4
Chr21 RUNX1, C21orf59
Chr22 C220rf26, LOC150381, PRR34-AS1, PRR34, EWSR1, RHBDD3,

NDUFA6, NDUFA6-AS1, C220rf45, UPB1, ADORA2A-AS1

hypomethylated and ~40% (red) of the sites were hypermethylated in
the CG (Fig. 3). The result showed that the methylation levels of DMSs in
the HFG and CG were significantly different.

3.4. Enrichment analyses using GO and KEGG databases

Functional analyses were performed on the genes corresponding to
the DMSs using the GO database (Fig. S3). “Positive regulation of tran-
scription of Notch receptor target” and the “morphogenesis of a
branching structure” were the most significantly enriched terms in the
category of biological process. For the category of cellular components,
“platelet dense granule membrane” was markedly enriched. The notably
enriched terms in the category of molecular function were “nerve
growth factor binding” and “SH3 domain binding”.

Pathway analyses of genes corresponding to the DMSs were
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Fig. 2. Genome-wide methylation analysis

Location comparing HFG and CG. Using the 850 K
Beadchip, the association between urinary
@cal fluoride and CpG sites was evaluated across 16
@ Non-CGl school-age children. (A) Manhattan plot
@ CGI Shelf showing the chromosomal location and
—log10(p) for each CpG site. (B) Volcano plot

. ® CGI Shore

illustrating the association between methyl-
ation difference (beta) and —log;¢(p) for each
CpG site. Different color corresponds to CpG
relationship with CGIs. (C) Distribution (with
relation to CGIs) of CpGs between 850 K Bead-
Chip and DMSs.
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Fig. 3. Heat map of the cluster analysis. The color scale indicates that the
methylation rate varies from relatively low (blue) to relatively high (red), with
each row representing a different probe and the column name at the bottom of
the figure representing the sample numbers. The letter F/C in front of the dash
represents the different groups; the number after the dash stands for the
different samples, in which F-1 to F-8 were from the HFG and C-1 to C-8 were
from the CG.

undertaken using the KEGG database (Fig. S4). The entries were mostly
enriched for the “nervous system”, “endocrine system”, “signal trans-
duction”, “immune system”, “endocrine and metabolic diseases”, and

“infectious diseases”.

3.5. Sequencing validation

The genomic wide DNA methylation status of samples from 100
children from the HFG and CG was analyzed using MethylTarget™
method. The characteristics information of the 100 samples has been
displayed in Table S6. Nine DMRs were selected for verification in a
population of 100 samples involving related genes of CALCA, MTHFD1,
NNAT, HOXA5, LHX6, TRIOBP, SOD3, PAX8, GNAS. The sequence in-
formation of fragments is shown in Table S7. Among them, the target
sequence of NNAT, MTHFD1 and CALCA showed significant differences
between the CG and the HFG (p < 0.05). The genomic regions for the
DMRs of NNAT, MTHFD1 and CALCA were visualized using coMET
(Fig. S5, S6, and S7).

3.6. Population-based QMSP validation

Next, we analyzed the associations between fluoride concentration
and DNA methylation of NNAT, CALCA and MTHFD] in a larger popu-
lation. Table 2 showed the characteristics of the participants in the
verification phase. Specifically, a total of 815 children (394 boys and
421 girls) were included in the verification phase. The mean + SD of age
was 10.0 + 1.3 years and the mean + SD of BMI was 17.5 + 2.8 kg/m>.
Most of the parents had higher school education. All the children were
examined for dental fluorosis, and 257 (31.5%) children had dental
fluorosis. The mean + SD of urinary creatinine and UF concentration
was 1.08 + 0.61 g/L and 1.43 + 0.81 mg/L respectively.

The UF concentration negatively correlated with NNAT methylation
(Table 3), with an adjusted g of — 0.17% (95% confidence interval (CI):
—0.27%, — 0.06%) for tertile 3. Each 0.06% (95% CI: —0.11%,
—0.01%) decrease in NNAT methylation status correlated with each
increase of 1.0 mg/L in the UF concentration. In addition, UF concen-
tration positively correlated with CALCA methylation, with an adjusted
P of 4.12% (95% CI: 0.93%, 7.30%) for tertile 2. We also observed that,
an increase of 1.88% (95% CI: 0.04%, 3.72%) in CALCA methylation
status correlated with each increase of 1.0 mg/L in UF concentration.
However, no significant association was found between fluoride and the
methylation status of MTHFD1 methylation.
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Table 2

Basic characteristics of the population in QMSP validation phase.

Characteristics n Mean =+ SD or (%)
Participants 815
Age (years)” 815 10.0 +1.3
Gender”

Boys 394 48.3

Girls 421 51.7
Height (m)* 815 1.4+0.1
Weight (kg)* 815 34.6+7.9
BMI (kg/m?)° 815 17.5+ 2.8
Paternal education level”

Primary and below 67 8.2

High school 709 87.0

Junior college and above 39 4.8
Maternal education level”

Primary and below 100 12.3

High school 674 82.7

Junior college and above 41 5.0
Dental fluorosis”

Yes 257 31.5

No 558 68.5
Urinary creatinine (g/L)" 815 1.08 + 0.61
Urinary fluoride (mg/L)" 815 1.43 +£0.81

Abbreviations: SD, standard deviation; BMI, body mass index.
@ Data were presented as mean =+ SD for continuous variables.
b Number and percentage/proportion for categorical variables.

Table 3

Associations between UF concentrations and DNA methylation (%) in QMSP

validation phase.

UF content (mg/L) Crude Adjusted”
B (95% CI) P B (95% CI P
NNAT
Tertile 1 (< 0.58) Reference Reference
Tertile 2 —0.10 (—0.19, 0.038  —0.09 (-0.18, 0.057
(0.59-1.37) —-0.01) 0.01)
Tertile 3 (> 1.37) —0.11 (-0.20, 0.015  -0.17 (-0.27, 0.002
—0.02) —0.06)
Trend test 0.022 0.002
Increase per 1 mg/L —0.03 (-0.07, 0.228 —0.06 (—0.11, 0.036
0.02) —0.01)
CALCA
Tertile 1 (< 0.58) Reference Reference
Tertile 2 3.71 (0.66, 6.76) 0.019  4.12(0.93, 7.30) 0.011
(0.59-1.37 )
Tertile 3 (> 1.37) 2.96 (-0.10,6.01) 0.055 3.57 (-0.03,7.20)  0.052
Trend test 0.067 0.028
Increase per 1 mg/L 1.23 (-0.31, 2.77) 0.118 1.88 (0.04, 3.72) 0.046
MTHFD1
Tertile 1 (< 0.58) Reference Reference
Tertile 2 —1.49 (-3.73, 0.191  —1.69 (-3.98, 0.146
(0.59-1.37 ) 0.74) 0.60)
Tertile 3 (> 1.37) —0.17 (-2.41, 0.879  -1.22(-3.83, 0.359
2.06) 1.39)
Trend test 0.920 0.394
Increase per 1 mg/L —0.05 (—1.18, 0.927 —0.59 (-1.92, 0.388
1.08) 0.75)

Abbreviations: f, regression coefficient; CI, confidence interval.

# Adjusted for age, gender, BMI, education levels of parents and urine

creatinine.

3.7. Sensitivity analysis

We conducted sensitivity analysis of fluoride exposure on the
methylation status of NNAT, CALCA and MTHFDI1 (Table S8) and
adjusted for covariates of age, gender, BMI, urinary creatinine level of
children, as well as maternal and paternal education levels. The results
were also consistent with the above analyses.
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3.8. Mediation analyses

It has been suggested that fluoride exposure can affect bone meta-
bolism and intellectual development in children. Based on the
epigenome-wide screening results stated above, we speculated that the
methylation status of DMGs might modify the effect of fluoride expo-
sure. Thus, we further analyzed the relationship between fluoride
exposure and some biomarkers related to the growth and development
of children using linear regression. We found that calcium significantly
correlated with fluoride exposure with an adjusted f of —0.02 (95% CI:
—0.04, —0.01), and the ACTH level significantly correlated with fluoride
exposure level with an adjusted g of 1.44 (95% CI: 0.56, 2.32)
(Table S9). However, the mediating effect of NNAT methylation was
found only in alteration of the ACTH level influenced by fluoride
exposure using SASmacro, and the mediation effect of NNAT methyl-
ation was 11.7% (95% CI: 3.4%, 33.4%) (Fig. 4).

4. Discussion

Water-borne endemic fluorosis has been widely prevalent in China,
especially in the central, western and northern parts of China. In order to
explore the possible epigenetic changes caused by fluoride exposure, we
conducted a screening and validation study in step by step. We under-
took, for the first time, microarray analyses of DNA methylation on
samples from school-age children who had been exposed to/not exposed
to excessive fluoride in drinking water. Gradually, we conducted
population-based verification of DMRs. In total, 237 DMSs and 212
DMRs were found in different fluoride exposure groups in the
epigenome-wide phase. In addition, we found that the methylation of
the target sequences of NNAT, CALCA and MTHFDI1 was significantly
different between the HFG and CG according to MethylTarget™ method.
Only the methylation status of NNAT and CALCA were susceptible to
fluoride exposure in the population-based validation phase. Notably,
NNAT methylation could modify the influence of fluoride exposure on
the ACTH level in children.

According to the study design, we first screened the DMSs and DMRs
sensitive to fluoride exposure in the epigenome-wide phase using the
850 K BeadChips. Notably, DNA methylation profile in girls is relatively
inconstant from the beginning of puberty (Thompson et al., 2018).
Hence, we selected sixteen boys to screen the DMRs susceptible to
fluoride in the BeadChip analyses in the discovery phase. We found 70
significantly enriched biological process entries related to DMSs using
the GO database. These biological-process entries were mainly involved
in the positive regulation of transcription of Notch receptor targets,
morphogenesis of a branching structure and processing of peptide hor-
mone, which participate in multiple functions in the body. Studies have
shown that fluoride exposure can affect regulation of apoptotic process,
receptor activity and nervous system development (Bartos et al., 2018;

Proportion of methylation
11.7% (3.4%, 33.4%); P=0.031

NNAT
Methylation

Total effect
B: 1.29, 95%Cl: 0.36-2.21

ACTH
hormone level

Each 1mg/L

increment in UF

Direct effect
B: 1.14, 95%Cl: 0.22-2.05

Fig. 4. Mediation analysis of the estimated effect (95% CIs) of UF concentra-
tion on ACTH hormone level through NNAT promoter methylation levels. The
model was adjusted for age, gender, BMI, education levels of parents and
urine creatinine.
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Wei et al.,, 2018). Analyses of pathway enrichment using the KEGG
database provided a pathway map of gene functions, including dopa-
minergic synapse, thyroid hormone synthesis and the NF-kappa B
signaling pathway. These results are similar to previous studies (Kup-
nicka et al., 2020; Wang et al., 2020; Zhang et al., 2008). Interestingly,
we found some fluoride-related pathways that have not been discovered
(e.g, renin secretion, toll-like receptor signaling pathway, and cholin-
ergic synapse). In light of the development of targeted interventions for
gene methylation (Papikian et al., 2019; Tian et al., 2019), these find-
ings provide novel clues for the basic research and clinical treatment of
fluoride-related diseases.

In the subsequent validation phase, we first recruited 100 children
including fifty boys and fifty girls to validate the identified target DMRs.
Nine DMRs were validated by MethylTarget™ method. Methylation
status of the target sequences of CALCA, NNAT and MTHFD1 was
significantly altered. In the population validation phase, only methyl-
ation status of CALCA and NNAT were affected by fluoride exposure.

Calcitonin, encoded by CALCA gene, plays a crucial role in bone
metabolism by restraining bone resorption (Meleleo and Picciarelli,
2016). It also prevents osteoporosis and maintains bone mass (Naot
et al., 2019). We observed that CALCA methylation status positively
correlated with the UF concentration, which suggested that fluoride
exposure may have affected CALCA methylation, and verified the result
in our published study of adult samples (Sun et al., 2020), which showed
that CALCA methylation in children and adults were easily affected by
fluoride exposure. An increase in CALCA methylation was caused by
increased exposure to fluoride, which indicated that the expression of
CALCA might be affected.

An epigenetic study using high-throughput technique on fluoride
exposure was reported by Daiwile and colleagues (Daiwile et al., 2019).
They observed that the promoter regions of genes of BMP1, METAP2,
MMP11 and BACH1 were hypermethylated in human osteosarcoma cells
exposed to fluoride. However, as compared with in vitro experiments,
the internal environment of the body is sophisticated. In addition, unlike
blood cells in the peripheral circulation, bone cells are the target, which
may be more sensitive to fluoride exposure (Jiang et al., 2020).

Apart from CALCA methylation, NNAT methylation related to neu-
rodevelopment negatively correlated with the UF concentration. It has
been reported that NNAT gene is involved in the regulation of ion
channels in brain (Pitale et al., 2017), chemical reprogramming of as-
trocytes into neurons, and assists regeneration of new neurons for brain
repair (Ma et al., 2019). The location of NNAT in rat brain cells reflects
various functions, including differentiation and maintenance of cells
(Kanno et al., 2019). The influence of fluoride on development of the
nervous system has attracted increasing attention (Dec et al., 2017). Our
study indicated that fluoride exposure may alter NNAT methylation,
which may further explain the neurotoxicity of fluoride at the molecular
level. Accordingly, changes in NNAT methylation may also impact the
development of intelligence. This finding provided a clinical reference
that alterations in methylation induced by exposure to excessive
amounts of fluoride might be involved in a change in neural
development.

ACTH is a very important hormone secreted by the pituitar-
y-adrenaline axis. One animal study demonstrated that the ACTH level
positively correlated with fluoride exposure (Kinawy and Al-Eidan,
2018). It has been reported that NNAT could participate in maintain-
ing the overall structure of the nervous system in the brain (Wijnholds
et al., 1995), and the NNAT gene is also expressed in the adrenal glands.
NNAT is also thought to be involved in development and maturation of
the pituitary glands (Aikawa et al., 2003). We found that the UF con-
centration negatively correlated with NNAT methylation, and that the
ACTH level positively correlated with the level of fluoride exposure.
Therefore, we hypothesized that NNAT methylation might play an
important role in the changes of the serum ACTH level caused by fluo-
ride exposure. Accordingly, we investigated the modification effect of
methylation using mediation analyses, and we found that NNAT
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methylation mediated 11.7% of the alteration in the ACTH level influ-
enced by fluoride exposure. Hence, NNAT methylation might be an
important biomarker in the effect of fluoride on ACTH. However, the
specific harmful mechanism needs further study.

One of the strengths of our study was that we used high-throughput
sequencing to screen DMRs that are sensitive to fluoride exposure, and
then coherently validated the DMRs in population-based samples to
ensure a scientific and rigorous experiment. In addition, one-carbon
metabolism is a major metabolic network through which nutrients can
regulate DNA methylation (Steluti et al., 2019). Different dietary pat-
terns can lead to changes in gene methylation profile and subsequently
affect hormone secretion. Study participants were students living in
boarding school, and they had consistent diets and living habits, which
eliminated the interference of confounding factors in our study.

Several limitations of our study should be stated. First, due to the
restrictions of a cross-sectional design, we could not determine a causal
relationship between fluoride exposure and DNA methylation. Second,
our study was based on sequencing using the 850 K BeadChip, which is a
popular method for epigenome-wide association studies, but it is not
specifically a genome-wide sequencing tool. Third, the sample size in the
discovery phase was relatively small. Nevertheless, at the subsequent
validation phase, we expanded the sample size and adjusted multiple
confounding factors to make our results more statistically robust.
Further research should be analyzed with all methylation markers
related to fluoride exposure, and comprehensively validate the corre-
sponding disease outcomes in large cohort studies to better determine
the use of such markers in research and clinical practice.

5. Conclusions

For the first time, we used microarray technique to analyze the DNA
methylation status of school-age children with different exposure levels
at the epigenome level, and the 237 DMSs and 212 DMRs associated
with fluoride exposure were screened. We identified that NNAT and
CALCA as DMGs were susceptible to fluoride exposure in school-age
children using high-throughput sequencing and subsequent
population-based validation. Finally, we observed that NNAT methyl-
ation could modify the influence of fluoride exposure on the ACTH level
in children. These findings provide useful predictors and therapeutic
targets of adverse health outcomes induced by fluoride exposure.
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