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A B S T R A C T   

A total of 649 children aged 7–13 years of age were recruited in a cross-sectional study in Tongxu County, China 
(2017) to assess the effects of interaction between single nucleotide polymorphisms (SNPs) in SOD2 and SOD3 
gene and fluoride exposure on dental fluorosis (DF) status. Associations between biomarkers and DF status were 
evaluated. Logistic regression suggested that the risk of DF in children with rs10370 GG genotype and rs5746136 
TT genotype was 1.89-fold and 1.72-fold than that in children with TT/CC genotype, respectively. Increased T- 
SOD activity was associated with a lower risk of DF (OR = 0.99). The rs2855262*rs10370*UF model was 
regarded as the optimal interaction model in generalized multifactor dimensionality reduction analyses. Our 
findings suggested that rs4880 and rs10370 might be useful genetic markers for DF, and there might be in-
teractions among rs10370 in SOD2, rs2855262 in SOD3, and fluoride exposure on DF status.   

1. Introduction 

Multiple elements exposure in the environment might affect human 
health (Ceballos et al., 2021; Soler-Blasco et al., 2020; Wan et al., 2021). 
Excessive ingestion of fluoride can induce fluorosis. Dental fluorosis 
(DF) is one of the typical clinical features and is regarded as the first 
discovery of a clinical feature, suggesting the association between 
fluoride exposure and human health (Jha et al., 2011). DF is charac-
terized by mottling, chalky spots (or stripes, plaques), yellowish to black 
stains, and even pitting defect on tooth or enamel surfaces. Considering 
its role as a biomarker of other health lesions caused by fluoride and 
effects on mental health, DF is an important clinical symptom (Moli-
na-Frechero et al., 2017; Yu et al., 2018). 

Excessive intake of fluoride during tooth formation has been 
confirmed as the main risk factor for DF (Moller, 1982; Pendrys and 
Stamm, 1990). The effects of fluoride on teeth are mediated through 
several ways. Fluoride reacts with calcium, depositing calcium fluoride 
in the developing tooth structure, disturbing normal mineralization of 
enamel, and causing anomalous spherical structure in the normal crys-
talline structure, with increased porosity and opacity (Everett, 2011). 

The mechanism of odontoblasts apoptosis induced by sodium fluoride 
(NaF) has also been confirmed in vitro (Li et al., 2013). In addition, 
fluoride exposure might have detrimental effects on transitional, 
early-secretory, and maturation stages of ameloblasts and the devel-
oping enamel matrix (DenBesten and Thariani, 1992; Lyaruu et al., 
2006), significantly impacting fluoride-induced tooth damage. Oxida-
tive stress, as an important mode of fluoride toxicity (Chouhan et al., 
2010; Garcia-Montalvo et al., 2009; Zhang et al., 2007), might be 
responsible for several mechanisms above. Previous studies have 
confirmed that fluoride exposure induces oxidative stress, activating 
apoptotic pathway in cementoblasts and ameloblasts (Li et al., 2017; Ni 
et al., 2018; Wang et al., 2016). Superoxide dismutase isozymes (SODs), 
an important family of the oxidative stress system, are essential to 
protect the body from effects of O2

− , including SOD1, SOD2 and SOD3. 
SOD1, also called Cu/Zn-SOD, is almost exclusively found in intracel-
lular cytoplasmic spaces. SOD2 (Mn-SOD) and SOD3 (extracellular 
Cu/Zn-SOD) can allbe found in serum (Zelko et al., 2002). It has been 
reported that mutations in genes might be associated with changes in 
phenotypes and mutations in SOD2, and SOD3 genes appear to be 
associated with changes in serum SOD activity (Lewandowski et al., 
2020). The SOD activity is believed to be involved in several 
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fluoride-induced health effects, including reproductive damage, neural 
impairment, and hepatic anomalies (Adelakun et al., 2021; Cao et al., 
2019; Lu et al., 2017). A study of Li et al. (2017) indicated that SOD 
activity also played an important role in the mechanism of NaF-induced 
ameloblast apoptosis. Therefore, SOD activity might correlate with the 
DF status. 

It is noteworthy that genetic factors, such as gene polymorphisms, 
have attracted considerable attention concerning DF susceptibility. 
Previous studies (Charone et al., 2019; Dalledone et al., 2019; Kuchler 
et al., 2018) found that the polymorphisms of ameloblastin (AMBN), 
tuftelin interacting protein 11 (TFIP11), tuftelin (TUFT1), Ambn、Col14a1, 
Mmp20 and estrogen receptor 1 (ESR1) might have a relationship with the 
risk of DF. Our previous studies showed that type I collagen alpha 2 chain 
(COL1A2) gene PvuII and ESR gene polymorphisms were also related to 
DF development (Ba et al., 2011; Huang et al., 2008). Considering the 
important role of SOD activity in the DF process, variations in SOD ge-
notypes would be associated with the prevalence of DF. Besides, a study 
demonstrated that the health effects of fluoride exposure had in-
teractions with genetic factors (Ma et al., 2017). However, differential 
susceptibility of genetic factors to DF and the effects of interactions 
between fluoride exposure and genetic factors on DF development re-
mains unclear. 

Given the above, a cross-sectional study was conducted in a rural 
area located in Tongxu County of Henan Province. Five single nucleotide 
polymorphisms (SNPs) were selected from SOD2 and SOD3 genes to 
assess the effects of genetic polymorphisms and interactions with fluo-
ride exposure on the prevalence of DF in school-age children to provide 
useful genetic marker for differential risk of DF and epidemiological 
evidence for prevention of DF. 

2. Materials and methods 

2.1. Location and subjects 

As described in our previous study (Wang et al., 2021), a 
cross-sectional study was conducted in rural areas of Tongxu County of 
Henan province, China, an endemic fluorosis area of drinking water type 
due to natural geological structure in 2017. Four local primary schools 
were randomly selected according to fluoride concentration, one of 
which was located in the fluorosis area and the other three were located 

in the non-fluorosis area. Students in grades 2–6 from the four schools 
were selected by the cluster sampling method. From which we selected 
students who were born and resided locally. They did not expose to 
other fluoride sources from brick tea and industry dust. Children who 
were non-local residents or had received calcium and phosphorus sup-
plements were excluded. Children with diseases affecting calcium and 
phosphorus metabolism, digestive diseases, thyroid-related disease, and 
neuropsychiatric disorders were also excluded. All the 649 children aged 
7–13 years recruited in the study were boarding-school students and had 
similar living conditions, living habits and dietary patterns. There is no 
fluoride pollution from coal combustion and industry in the investigated 
area, and the local residents had no habit of drinking brick tea. There-
fore, drinking water is the main source of fluoride exposure. Children 
and their guardians agreed to participate in the study and signed 
informed consent forms after being informed of the study procedure. 
The protocol of this research was approved by the Ethics Committee of 
Zhengzhou University (ZZUIRB, 2017–018). 

2.2. Collection of general information 

Demographic data were obtained through a structured questionnaire 
by a face-to-face interview, including age, gender, class, grade, health 
status, paternal and maternal information, etc. Both children and their 
guardians joined in and provided information. 

The body mass index (BMI) was used to assess children’s develop-
mental status. All the subjects were examined by skilled medical pro-
fessionals from Kaifeng Centers for Disease Control and Prevention 
(CDC) to measure height and weight. Height (cm) and weight (kg) were 
measured in duplicate by a standard measurement device (V. BODY 
HBF-371; OMRON, Kyoto, Japan). Precisions were 0.1 cm and 0.1 kg, 
respectively, and the mean value was used for calculation. The BMI was 
calculated using height and weight values with the formula: BMI (kg/ 
m2) = weight/height2. 

2.3. Assessment of dental fluorosis 

DF was also examined by the public medical professionals from 
Kaifeng CDC. Prior to the examination, medical experts were trained in 
diagnostic criteria and achieved unified examination skills. Then the 
examinations were performed in a brightly lit room. After tooth cleaning 
and drying, all the buccal surfaces of permanent teeth were examined 
with the help of artificial lights. Dean’s fluorosis index (WS/T 
208–2011) was used to determine the presence of DF. Each child was 
examined twice by two independent medical professionals. The accor-
dant results of double measurements were recorded. In case of 
disagreement, the third expert joined in and performed the third 
assessment, and the final diagnosis was recorded by collating the three 
diagnostic results. 

2.4. Measurement of urinary fluoride and urinary creatinine 

Urinary fluoride (UF) concentrations were determined as the internal 
exposure levels and urinary creatinine (UCr) levels were used to correct 
for variations in urine dilution, in this study. All the children provide 
more than 50 mL of early-morning urine samples for measuring UF and 
UCr concentrations. UF levels were measured by the fluoride ion- 
selective electrode method (Shanghai Exactitude Instrument, 
Shanghai, China), with 0.01 mg/L of the detection limit. All the samples 
were measured twice, and mean values were used. The coefficient of 
variant (CV) values of repeated determinations were all <10%. UCr 
contents were determined using the picric acid method and all the assays 
were performed according to the kit protocol (Creatinine Assay Kit 
C011-1-1, Jiancheng Bioengineering Institute, Nanjing, China), which 
were used to correct for variations in urine dilution (Bashash et al., 
2017). Each sample was measured twice and average values were used. 
In addition, 15% of urine samples from different plates were randomly 

Abbreviation 

DF dental fluorosis 
SNPs single nucleotide polymorphisms 
GMDR generalized multifactor dimensionality reduction 

analyses 
SODs Superoxide dismutase isozymes 
AMBN ameloblastin 
TFIP11 tuftelin interacting protein 11 
TUFT1 tuftelin 
COL1A2 type I collagen alpha 2 chain 
ESR estrogen receptor 
BMI body mass index 
CDC Centers for Disease Control and Prevention 
CV coefficient of variant 
T-SOD total superoxide dismutase 
UF Urinary fluoride 
UCr urinary creatinine 
OR odds ratio 
CI confidence interval 
TBA testing balanced accuracy 
CVC cross-validation consistency  
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selected to repeat the measurement. The CV values of repeated tests 
were <10%. 

2.5. Assessment of SOD activity 

Peripheral fasting blood samples were collected, and serums were 
separated. Each serum sample was used to assess the total superoxide 
dismutase (T-SOD) activity. All the assays were performed according to 
the manufacturer’s instructions. Ten percent of serum samples were 
randomly selected for duplicate measurements. The CV coefficients 
ranges was <10%, and mean values of repeated measurement were ul-
timately used. 

The T-SOD activity was assessed with the Xanthine Oxidase Method 
(Total SOD Assay Kit A001-1, Jiancheng Bioengineering Institute, 
Nanjing, China). In this method, the xanthine-xanthine oxidase system 
was used as a superoxide generator. SOD can inhibit the generation of 
nitrite by the reaction between hydroxylamine and superoxide. The 
reduction of absorbance at 550 nm was measured at room temperature 
(RT). One unit of SOD was defined as the amount of enzyme that causes 
50% inhibition. 

2.6. Identification of genotypes 

Five SNPs in SOD2 and SOD3 were selected from Haploview soft-
ware, meeting the following criteria: (1) The minor allele frequencies of 
these SNPs were all >0.1; (2) these SNPs were reported in previous 
studies; (3) The retained SNPs in the same gene was not strong in linkage 
disequilibrium (pairwise r2 < 0.8). According to the criteria, 5 SNPs 
from the SOD2 and SOD3 genes were retrieved, including rs10370 (in 
SOD2), rs4880 (in SOD2), rs5746136 (in SOD2), rs13306703 (in SOD3) 
and rs2855262 (in SOD3) (see Table S1). 

Genomic DNA miniprep kits (LifeFeng Biotechnology, Shanghai, 
China) were used to extract the genomic DNA from the peripheral blood 
samples. The genotyping of the 5 SNPs was performed by operators 
blinded to subjects’ information using a custom-by-design 48-Plex 
SNPscan™ Kit (Cat#: G0104; Genesky Biotechnologies Inc., Shanghai, 
China). The kit was developed according to the patented SNP genotyp-
ing technology of Genesky Biotechnologies Inc., based on double liga-
tion and multiplex fluorescence PCR. The reaction was carried out in an 
ABI2720 thermal cycler (Chen et al., 2012). Approximately 4% of the 
samples were repeatedly genotyped for quality control, and the consis-
tency rate was >96%. The identified genotypes were TT/TG/GG for 
rs10370, GG/GA/AA for rs4880, CC/CT/TT for rs5746136, CC/CT/TT 
for rs13306703 and TT/TC/CC for rs2855262. 

2.7. Statistical analyses 

The dataset was created using the Epidata3.0 software (Epidata As-
sociation Odense, Denmark) and all data were put in independently by 
two operators. 

Means and standard deviations were displayed for age, BMI, UCr 
concentration, UF levels, T-SOD activity, and percentages/proportions 
for gender, gene types, and allele types. The chi-square test and student’s 
t-test were used for difference testing in continuous and categorical 
variables between children with and without DF. In trend testing, new 
variables were generated based on the UF concentrations and the T-SOD 
activity, taking the median value of each tertile range as every value in 
this tertile range. Multiple logistic regressions were employed to explore 
associations between DF and biomarkers, with or without covariates 
adjustments, and reported as the odds ratio (OR) with the 95% confi-
dence interval (CI). 

Furthermore, the associations between T-SOD activity and SNPs 
were also evaluated, reporting β value with the 95% CI. The statistical 
analyses above were performed by SPSS 21.0 (SPSS Inc., Chicago, USA). 
In addition, taking previous studies as references, multivariable linear or 
logistic regressions were adjusted by confounding factors such as age, 

gender, BMI and UCr (Abanto Alvarez et al., 2009; Narwaria and Sak-
sena, 2013; Zhou et al., 2019a). To further explore the associations 
between interactions of genetic factors and fluoride exposure and the 
risk of DF, the generalized multifactor dimensionality reduction 
(GMDR) method was performed with 10-fold cross-validation. A 
dichotomous variable of fluoride exposure, generated by UF concen-
trations taking 1.4 mg/L as the cutoff value, was used in the GMDR 
analyses. The models were assessed by the testing balanced accuracy 
(TBA), cross-validation consistency (CVC) scores, and P values. The TBA 
was used to evaluate the accuracy of the interaction to predict DF status. 
The CVC scores are measures of the consistency degree defined as the 
times of a given combination regarded as the optimal model in a 
particular validated run. The P values were used to assess the signifi-
cance of an identified model. The GMDR analyses were performed using 
GWAS-GMDR 1.0 beta software (http://ibi.zju.edu.cn/software) (Xu 
et al., 2016). The test was regarded statistically significant at P < 0.05. 

3. Results 

3.1. The distributions of general characteristics and biomarkers in 
children with and without DF 

A total of 649 subjects aged 7–13 years were recruited in the present 
study dataset, including 337 (51.9%) girls and 312 (48.1%) boys. 
Totally, 178 (27.4%) children were suffering from DF. As shown in 
Table 1, the children were divided into two groups by DF status: the non- 
DF and DF groups. The mean ages in the DF group was significantly 
higher than in the non-DF group (P = 0.026). The gender, BMI and UCr 
in the DF group were comparable to the non-DF group. Compared with 
children in the non-DF group, children in the DF group exhibited higher 
UF concentrations and lower T-SOD levels. The DF prevalence in chil-
dren with high fluoride exposure (UF > 1.4 mg/L) was 33.4%, while it 
was 22.6% in children with low fluoride exposure (UF ≤ 1.4 mg/L). 

3.2. The associations between DF and biomarkers 

The ancestral allele types are T for rs10370, G for rs4880, C for 
rs5746136, C for rs13306703 and T for rs2855262 (see Table S1). The 
genotype distributions of SNPs are presented in Table 2. We found that 
children with the GG genotype of rs10370 had a 1.89-fold (95%CI for 
OR: 1.20, 2.96) DF risk than children with the TT genotype, after 
adjusting for the control factors. An increased risk of DF was also 
observed in children carrying the TT genotype of rs5746136 (OR: 1.72, 
95% CI for OR: 1.09, 2.69). In terms of alleles, compared with children 
carrying the T/C alleles, children carrying the G allele of rs10370 (OR =
1.31) or T allele rs5746136 (OR = 1.26) had a higher risk of DF. 

The associations between UF and DF are presented in Table 3. The 
prevalence of DF showed an upward trend across tertiles of UF (all P <

Table 1 
General characteristics of the study population.  

variables non-DF (n = 471) DF (n = 178) t/ P value 

Age (year)a 9.96 ± 1.31 10.22 ± 1.26 2.230 0.026 
Genderb   1.339 0.247 

Boys 233(74.7) 79(25.3)   
Girls 238(70.6) 99(29.4)   

BMI (kg/m2)a 17.65 ± 3.17 17.40 ± 2.34 1.087 0.278 
UCr (mg/L)a 972.32 ± 660.51 1009.68 ± 679.68 0.630 0.529 
UF (mg/L)a 1.31 ± 0.85 1.59 ± 0.88 3.634 <0.001 
UF groupb   9.550 0.002 
UF ≤ 1.4 mg/L 278(77.4) 81(22.6)   
UF > 1.4 mg/L 193(66.6) 97(33.4)   
T-SOD (U/ml)a 115.56 ± 21.05 111.32 ± 20.61 2.324 0.021 

Abbreviation: BMI, body mass index; DF, dental fluorosis; T-SOD, total super-
oxide dismutase; UCr, urinary creatinine; UF, urinary fluoride. 

a Continuous variables were presented by mean ± standard deviation. 
b Categorical variables were presented by number (proportion/percentage). 
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0.05). Compared with children in tertile 1, children in tertile 2 and in 
tertile 3 had 1.85-fold and 2.47-fold DF risk, respectively. A 1.53-fold 
(95%CI for OR: 1.22, 1.93) risk of DF was observed for each 1 mg/L 
increment in UF concentrations after adjusting for potential confound-
ing factors. 

The associations between T-SOD activity and DF levels are presented 
in Table 4. The risk of DF showed upward trends across tertiles of T-SOD 
(P for trend <0.05) after adjusting for covariates. The risk of DF in 
children decreased 0.1% with an increase in per-unit T-SOD activity, 
suggesting that increased T-SOD activity was a protective factor for the 
incidence of DF. 

3.3. The associations between SNP types and T-SOD activity 

Simple and multiple linear regressions were used to explore the as-
sociations between SNPs and T-SOD activity. After covariates adjust-
ments, significant associations were observed between the T-SOD 
activity and polymorphisms of rs10370 and rs4880. Compared with 
children carrying the TT/GG genotypes, children with the GG genotype 
of rs10370 and the AA genotype of rs4880 exhibited 4.24 U/mL and 
4.25 U/mL reductions in T-SOD activity, respectively. No associations 
were observed between rs5746136, rs13306703, and rs2855262 geno-
types and the T-SOD activity. Compared with children carrying the T 
allele, children carrying the G allele of rs10370 exhibited significant 
reductions in T-SOD activity (adjusted β = − 3.87, 95%CI for β: − 6.03, 
− 1.71), after adjusting for confounding factors. Similarly, children 
carrying the A allele of rs4880 and the T allele of rs5746136 also 
exhibited significantly reduced T-SOD activity compared to children 
carrying the G/C allele (Table 5). 

3.4. The effects of interactions between gene types and fluoride exposure 

GMDR analyses were performed to explore the effects of interactions 
between fluoride exposure and SOD2 and SOD3 polymorphisms on the 
risk of DF. The possible interaction models are summarized in Table 6. 
After covariate adjustments, the GMDR analyses suggested three inter-
action models of UF*rs10370, UF*rs2855262*rs10370, and 
UF*rs2855262*rs10370*rs4880 with statistically significant differenti-
ation (all P = 0.0107), indicating potential gene-environment in-
teractions among UF, rs10370, rs2855262, and rs4880. Based on TBA 
and CVC, UF*rs2855262*rs10370 model was regarded as the optimal 
model, showing a good CVC of 10/10 and TBA of 58.66%. The high-risk 
and low-risk distributions of the optimal model are illustrated in Fig. 1. 
We found the GG genotype of rs10370, higher UF concentrations (>1.4 
mg/L) combined with the TT genotype of rs2855262 took the highest DF 
risk with the highest sum score in the optimal model. The combinations 
of rs10370 = GG*UF > 1.4 mg/L and rs4880 = AA*rs10370 = GG*UF ≤
1.4 mg/L*rs2855262 = TT had the maximum risks in the other two 
statistically significant models (Figs. S1 and S2), respectively. 

Table 2 
The association between SNPs and the risk of DF.  

SNPs non-DF 
(n = 471) 

DF (n =
178) 

OR (95% 
CI)a 

P value for 
genotypes 

P value 
for 
alleles 

SOD2      
rs10370    0.008  

TT 142 
(30.1) 

46 
(25.8) 

reference   

TG 241 
(51.2) 

81 
(45.5) 

1.07 
(0.73,1.57) 

0.741  

GG 88 (18.7) 51 
(28.7) 

1.89 
(1.20,2.96) 

0.006  

T 525 
(55.7) 

173 
(48.6) 

reference   

G 417 
(44.3) 

183 
(51.4) 

1.31 
(1.04,1.64)  

0.021 

rs4880    0.496  
GG 13 (2.8) 4 (2.2) reference   
GA 126 

(26.8) 
45 
(25.3) 

1.58 
(0.48,5.17) 

0.452  

AA 332 
(70.5) 

129 
(72.5) 

1.81 
(0.57,5.74) 

0.316  

G 152 
(16.1) 

53 
(14.9) 

reference   

A 790 
(83.9) 

303 
(85.1) 

1.17 
(0.85,1.62)  

0.333 

rs5746136    0.034  
CC 134 

(28.5) 
42 
(23.6) 

reference   

CT 238 
(50.5) 

84 
(47.2) 

1.08 
(0.73,1.60) 

0.683  

TT 99 (21.0) 52 
(29.2) 

1.72 
(1.09,2.69) 

0.019  

C 506 
(53.7) 

168 
(47.2) 

reference   

T 436 
(46.3) 

188 
(52.8) 

1.26 
(1.01,1.58)  

0.044 

SOD3      
rs13306703    0.646  

CC 326 
(69.2) 

125 
(70.2) 

reference   

CT 135 
(28.7) 

47 
(26.4) 

0.89 
(0.62,1.29) 

0.552  

TT 10 (2.1) 6 (3.4) 1.39 
(0.52,3.71) 

0.514  

C 787 
(83.5) 

297 
(83.4) 

reference   

T 155 
(16.5) 

59 
(16.6) 

0.97 
(0.72,1.32)  

0.858 

rs2855262    0.460  
TT 198 

(42.0) 
81 
(45.5) 

reference   

TC 223 
(47.3) 

76 
(42.7) 

0.83 
(0.59,1.16) 

0.270  

CC 50 (10.6) 21 
(11.8) 

1.06 
(0.62,1.81) 

0.838  

T 619 
(65.7) 

238 
(66.9) 

reference   

C 323 
(34.3) 

118 
(33.1) 

0.98 
(0.78,1.25)  

0.893  

a Adjusted by age, gender, BMI, UCr and UF. 

Table 3 
The association between UF and DF.  

UF (mg/L) DF 

Crude, OR (95% 
CI) 

P value Adjusted, OR (95% 
CI)a 

P value 

Tertile 1(≤0.88) Reference  Reference  
Tertile 2 

(0.89–1.64) 
1.72(1.10,2.69) 0.018 1.85(1.17,2.93) 0.008 

Tertile 3(>1.64) 2.30(1.48,3.57) <0.001 2.47(1.52,4.02) <0.001 
Trend test  <0.001  <0.001 
Increase per 1 

mg/L 
1.43(1.18,1.74) <0.001 1.53(1.22,1.93) <0.001  

a Adjusted by age, gender, BMI and UCr. 

Table 4 
The association between T-SOD and DF.  

T-SOD (U/mL) DF 

Crude, OR (95% 
CI) 

P 
value 

Adjusted, OR 
(95% CI)a 

P 
value 

Tertile 1(≤105.37) Reference  Reference  
Tertile 2 

(105.38–123.35) 
0.95(0.69,1.33) 0.778 1.01(0.71,1.46) 0.933 

Tertile 3(>123.35) 0.60(0.42,0.85) 0.004 0.64(0.43,0.95) 0.029 
Trend test  0.005  0.034 
Increase per 1 mg/L 0.99(0.98,0.99) 0.004 0.99(0.98,0.99) 0.014  

a Adjusted by age, gender, BMI, UCr and UF. 
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4. Discussion 

The relationships between biomarkers (UF, T-SOD, and SNPs) and DF 
were explored in the present study. The associations between T-SOD 
activity and SNPs in SOD2 and SOD3 genes were also tested. Then the 
associations between gene-environment interactions and the risk of DF 
were investigated with GMDR analyses. We found that children with the 
GG genotype of rs10370 and the TT genotype of rs5746136 had a 1.89- 
fold and 1.72-fold risk of DF, respectively, than children carrying the 
TT/CC gene types, and compared with children carrying the T/G/C al-
leles, children carrying the G allele of rs10370, the A allele of rs4880 or 
the T allele of rs5746136 had a higher risk of DF. In addition, increased 
T-SOD activity was associated with a lower risk of DF. Besides, in-
teractions of rs2855262, rs10370 and UF were regarded as the optimal 
model in the risk of DF, in which, the children carrying the GG genotype 

of rs10370, the TT genotype of rs2855262 and having higher UF con-
centrations (>1.4 mg/L) had the highest risk of DF. 

Given the number of DF cases and affected areas, the drinking water 
type endemic fluorosis is still a major public health concern in China, 
especially in the north-central region. There were still 1055 counties 
regarded as drinking water type endemic fluorosis regions, and 12.41 
million suffered from dental fluorosis until the end of 2019 according to 
the National Health Commission of the P.R. China (http://www.nhc. 
gov.cn/guihuaxxs/s10748/202006/ebfe31f24cc145b198dd73060 
3ec4442.shtml). Therefore, it is essential to identify the susceptible 
populations to prevent DF. Studies have widely investigated the 
importance of fluoride exposure, including the duration, ingested 
amount, and the stage of fluoride exposure, in the incidence of DF 
(DenBesten and Thariani, 1992; Robinson and Kirkham, 1990). 
Consistent with previous studies (Yu et al., 2018; Zhou et al., 2019a), the 
positive associations between the risk of DF and UF concentrations in 
children aged 7–13 years were also observed in this study. Recent re-
searches have directed attention toward the importance of oxidative 
stress in the mechanisms of fluoride-induced DF (Li et al., 2017; Zhou 
et al., 2019b). A significant decrease in SOD activity in NaF-treated 
ameloblasts has been reported (Li et al., 2017). In this study, re-
ductions in the risk of DF were associated with T-SOD activity, sug-
gesting that increased T-SOD activity might be a protective factor for DF. 
Studies have shown that mutations in SOD3 and SOD2 gene might be 
associated with changes in corresponding SOD levels (Bresciani et al., 
2015; Folz et al., 1994). The significant associations between mutations 
in SOD2 gene and T-SOD activity observed in this study indicate that 
mutations in rs10370 and rs4880 in SOD2 gene were correlated with 
decreased T-SOD activity in serum. The decreased T-SOD activity might 
lead to its impaired catalytic ability to convert the superoxide radical to 
hydrogen peroxide (Wang et al., 2018). 

Genetic factors, especially gene polymorphisms, have been impli-
cated in the mechanism of DF recently. Previous studies have explored 
the associations between matrix metalloproteinases (MMPs), catalase 
(CAT) rs769217, paraoxonase 1 (PON1) rs662, vitamin D receptor gene 
CDX2, COL1A2, osteocalcin, ESR and PTH Bst BI polymorphisms and DF 
status, providing evidence of the associations between of COL1A2, CAT 
rs769217, PON1 rs662 and ESR gene polymorphisms and the risk of DF 
in children with high-load fluoride (Ba et al., 2009, 2011; Huang et al., 
2008; Liu et al., 2018, 2019; Romualdo et al., 2019; Wen et al., 2012; 
Zhang et al., 2010). Subsequently, Kuchler et al., 2017, 2018 suggested 
that the polymorphisms of tissue inhibitors of metalloproteinase1, distal--
less1, DLX2, AMBN, TFIP11, and TUFT1 genes involved in enamel 
development might be useful genetic markers for the differential risk of 
DF. Furthermore, the study conducted by Abbasoglu et al. (2020) indi-
cated that the polymorphisms of rs4284505 in microRNA17 were 
associated with the DF status. In the present study, there were significant 
associations between polymorphisms of SOD2 (rs10370 and rs5746136) 
and the risk of DF, which might be due to decreased T-SOD activity 
caused by mutations in the SOD2 gene, resulting in impaired clearance 
of reactive oxygen species and then leading to oxidative stress. Then the 
imbalance in the oxidative and anti-oxidant system during oxidative 
stress might mediate the ameloblast apoptosis and other cellular events 
and ultimately cause DF (Li et al., 2012, 2017). 

It is well established that the effects of a single gene on the pheno-
typic trait of DF might be too small to be noticed sometimes. For 
instance, Huang et al., Jarquin-Yneza et al., and Rahila et al. (Huang 
et al., 2008; Jarquin-Yneza et al., 2018; Rahila et al., 2019) reported 
significant associations between polymorphisms in COL1A2 PvuII 
(rs214777) and the incidence of DF, whereas Escobar-Garcia et al. and 
Saha et al. (Escobar-Garcia et al., 2016; Saha et al., 2021) did not 
observe such associations. These differences do not appear to be 
explained only by regions, fluoride exposure, and race. The process of 
DF might result from a complex interaction of genetic aspects and 
environmental exposure. Interactions between fluoride exposure and 
genetic factors in phenotypes have been reported. Zhao et al. (2021) 

Table 5 
The associations of SNPs and T-SOD activity.  

SNPs T-SOD activity 

Crude β (95% CI) P- 
value 

Adjusted β (95% CI)a P-value 

SOD2 
rs10370     

TT reference  reference  
TG − 2.06(− 5.01,0.884) 0.170 − 2.22(− 5.29,0.84) 0.155 
GG − 2.86(− 6.53,0.82) 0.127 − 4.24(− 8.06,− 0.43) 0.029 
T reference  reference  
G − 2.89(− 4.97,− 0.80) 0.007 − 3.87(− 6.03,− 1.71) <0.001 

rs4880 
GG reference  reference  
GA − 0.07(− 10.41,10.26) 0.989 − 5.77(− 15.83,4.29) 0.259 
AA − 3.82(− 7.12, − 0.52) 0.023 − 4.25(− 7.65, − 0.84) 0.015 
G reference  reference  
A − 3.27(− 6.20, − 0.33) 0.029 − 3.80(− 6.80,− 0.80) 0.013 

rs5746136 
CC reference  reference  
CT − 2.09(− 5.04,0.85) 0.164 − 2.39(− 5.45,0.67) 0.126 
TT − 2.17(− 5.73,1.39) 0.231 − 3.25(− 6.97,0.46) 0.086 
C reference  reference  
T − 2.54(− 4.62, − 0.46) 0.017 − 3.43(− 5.59, − 1.27) 0.002 

SOD3     
rs13306703 

CC reference  reference  
CT 1.67(− 1.64,4.98) 0.322 1.77(− 1.70,5.25) 0.317 
TT − 10.05(− 18.41, − 1.68) 0.019 − 3.91(− 13.60,5.79) 0.429 
C reference  reference  
T − 0.72(-3.50,2.06) 0.611 − 0.66(− 2.26,3.59) 0.657 

rs2855262 
TT reference  reference  
TC 2.65(− 0.30,5.60) 0.079 1.69(− 1.38,4.76) 0.281 
CC − 0.98(− 5.84,3.88) 0.692 − 1.37(− 6.31,3.58) 0.588 
T reference  reference  
C 1.08(− 1.13,3.29) 0.339 0.35(− 1.93,2.63) 0.763  

a Adjusted by age, gender, BMI, UCr and UF. 

Table 6 
The summary information for GMDR.  

model TBA P 
valuea 

CVC 

rs10370 0.5365 0.3770 8/10 
UF*rs10370 0.5429 0.0107 9/10 
UF*rs2855262*rs10370 0.5866 0.0107 10/ 

10 
UF*rs2855262*rs10370*rs4880 0.5497 0.0107 9/10 
UF*13306703*rs2855262*rs10370*rs4880 0.5115 0.3770 9/10 
UF*13306703*rs2855262*rs10370*rs4880*rs5746136 0.5056 0.8281 10/ 

10  

a Adjusted by age, gender, BMI and UCr. 
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observed the effects of interactions between fluoride exposure and 
dopamine relative genes on intelligence. In our previous studies, the 
interactions between fluoride exposure and ESR alpha polymorphisms 
affected reproductive hormone concentrations and androgen binding 
protein levels (An et al., 2019; Ma et al., 2017). Here we observed that 
the interaction between fluoride exposure and polymorphisms of 
rs2855262 and rs103701 affected the risk of DF, suggesting that in-
teractions between fluoride exposure and genetic polymorphisms were 
associated with the risk of DF. It might because alleles showing different 
sensitivities to fluoride exposure affected DF. John A. Eisman (1999) 
summarized previous research findings and suggested that this sensi-
tivity might also be related to age because of the accumulation of 
age-related environmental exposures. Further studies are required to 
investigate the allelic effects of possible modifications in age-related 
fluoride accumulation on the risk of DF. 

There are several advantages to the present study. Firstly, children 
recruited in this study are full-time accommodated students, with a 
similar dietary pattern, daily schedule and general demographic char-
acteristics, resulting in fewer confounding factors. Secondly, The GMDR 
analyses were used in the present study, which can improve accuracy 
and reduce false-positive rate with the cross-validation test (Lou et al., 
2007). However, there is also a limitation in the present study. We did 
not collect detailed information about fluoride exposure from food, 
drinking water and toothpaste, and we used urinary fluoride concen-
trations as the internal intake levels to deal with this issue. 

5. Conclusion 

In conclusion, rs4880 and rs10370 in SOD2 might be useful genetic 
markers for DF, and interactions between rs10370 in SOD2 and 
rs2855262 in SOD3 and fluoride exposure might affect the risk of DF. 
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