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Abstract
Background  Coal-burning fluorosis is a chronic poisoning resulting from the prolonged use of locally available high-
fluoride coal for heating and cooking. Prolonged fluoride exposure has been demonstrated to decrease PPARGC1A 
levels. Therefore, this case-control aims to evaluate the genetic association of PPARGC1A gene polymorphisms and 
methylation of the mitochondrial D-loop region with coal-burning fluorosis.

Result  The results showed that the TT genotype at rs13131226 and the AA genotype at rs1873532 increased the risk 
of coal-burning fluorosis (OR = 1.84, P = 0.004; OR = 1.97, P = 0.007), the CT and CC genotypes at rs7665116 decreased 
the risk of coal-burning fluorosis (OR = 0.54, P = 0.003). The TT genotype at the rs2970847 site and the AA genotype 
at the rs2970870 site increase the risk of developing skeletal fluorosis (OR = 4.12, P = 0.003; OR = 2.22, P = 0.011). 
Haplotype AG constructed by rs3736265-rs1873532 increased the risk of the prevalence of coal-burning fluorosis 
(OR = 1.465, P = 0.005); CG decreased the risk of the prevalence of coal-burning fluorosis (OR = 0.726, P = 0.020). 
Haplotype CGGT constructed by rs6821591-rs768695-rs3736265-rs2970847 increased the risk of the prevalence of 
skeletal fluorosis (OR = 1.558, P = 0.027). A 1% increase in CpG_4 methylation levels in the mtDNA D-loop region is 
associated with a 2.3% increase in the risk of coal-burning fluorosis. Additionally. There was a significant interaction 
between rs13131226 and rs1873532; CpG_4 and CpG_8.9; rs13131224,rs6821591 and rs7665116 were observed in the 
occurrence of fluorosis in the Guizhou population (χ2 = 16.917, P < 0.001; χ2 = 21.198, P < 0.001; χ2 = 36.078, P < 0.001).

Conclusion  PPARGC1A polymorphisms rs13131226 and rs1873532 and the mitochondrial DNA D-loop methylation 
site CpG_4 have been associated with an increased risk of fluorosis, conversely polymorphism rs7665116 was 
associated with a decreased risk of fluorosis. Polymorphisms rs2970870 were associated with increased risk of skeletal 
fluorosis, and polymorphism rs2970847 was associated with decreased risk of skeletal fluorosis. These SNPs and CpG 
can be used as potential targets to assess fluorosis risk.
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Background
The human body requires trace amounts of fluoride for 
normal growth and development [1]. However, exces-
sive fluoride intake can lead to tissue, organ and systemic 
damage. Endemic fluorosis, abbreviated as fluorosis, is a 
chronic systemic condition resulting from elevated fluo-
ride levels in the local environment of a specific region, 
which may, in turn, cause prolonged excessive fluoride 
consumption among the population residing in that 
area [2]. Fluorosis primarily manifests as dental fluoro-
sis, characterized by mottled teeth, and skeletal fluorosis 
(SF), which presents with disabling deformities, osteo-
porosis and osteosclerosis [3, 4]. On the other hand, 
coal-burning fluorosis (fluorosis) is a chronic poisoning 
resulting from the prolonged use of locally available high-
fluoride coal for heating and cooking. In China, approxi-
mately 16.5 million individuals suffer from coal-burning 
fluorosis due to the indoor combustion of fluoride-rich 
coal for heating and food preparation [5].

Mitochondrial biosynthesis is a vital life process 
responsible for the maintenance and repair of mito-
chondrial function within an organism [6]. This pro-
cess, known as mitochondrial biogenesis, regulates 
mitochondrial mass in response to energy requirements 
[7]. Successful mitochondrial biogenesis requires close 
coordination between the nuclear and mitochondrial 
genomes, and any impairment in this process can result 
in mitochondrial dysfunction, contributing to the onset 
of various diseases [8]. There is compelling evidence link-
ing the toxic effects of environmental pollutants to the 
mitochondrial biosynthetic pathway [9]. For instance, 
it has been found that the Peroxisome proliferator-
activated receptor γ coactivator 1α (PPARGC1A) plays 
a pivotal role as a major regulator of genes involved in 
both energy metabolism and mitochondrial biosynthe-
sis [10]. It serves as a co-transcriptional regulator that 
increases the expression level and activity of NRF1 and 
NRF2 by interacting with two key nuclear transcrip-
tion factors, nuclear respiratory factors 1 and 2 (NRF1 
and NRF2), and through protein-protein interactions. 
NRF1 and NRF2 play essential roles in activating mito-
chondrial transcription factor A (Tfam) and binding 
to the promoter region of nuclear genes responsible for 
encoding the five subunits of the mitochondrial electron 
transport chain (ETC) [11]. This activation enhances the 
assembly of the respiratory apparatus and regulates vari-
ous processes, including heme biosynthesis, import of 
nuclear-encoded mitochondrial proteins, and mtDNA 
replication and transcription, leading to the induction 
of mitochondrial biogenesis [12]. Studies have demon-
strated that prolonged exposure to fluoride results in 
reduced levels of PPARGC1A and an increase in acety-
lated PPARGC1A levels [13]. Accumulating data indicate 
that fluoride generally hampers mitochondrial biogenesis 

and decreases mitochondrial numbers in most tissues 
[12]. Single nucleotide polymorphism (SNP) refers to 
a DNA sequence polymorphism resulting from a varia-
tion in a single nucleotide at a specific genomic DNA 
site. In recent years, an increasing number of SNPs asso-
ciated with fluorosis have been documented [14]. How-
ever, there is limited research on the connection between 
polymorphisms in the PPARGC1A gene and susceptibil-
ity to fluorosis within the population.

DNA methylation is one of the most common early epi-
genetic modifications, and it also affects mitochondrial 
DNA (mtDNA), suggesting that mtDNA methylation 
may impact mitochondrial function [15]. The mitochon-
drial D-loop region (D-loop), the only non-coding region 
in mtDNA, plays a crucial role as it contains the start-
ing points for mtDNA replication and transcription and 
is an essential regulatory region for these processes [16]. 
Several studies have shown that the methylation of the 
D-loop region can be influenced by various environmen-
tal factors [17, 18]. For instance, individuals exposed to 
arsenic in their drinking water exhibit changes in D-loop 
region methylation, which can subsequently affect the 
number of mtDNA copies [19]. Moreover, there is evi-
dence indicating that epigenetic changes induced by 
fluoride exposure can contribute to the development of 
fluorosis [20].

Until now, there has been limited research on the 
association between PPARGC1A gene polymorphisms 
and methylation of the mitochondrial D-loop region in 
relation to fluorosis. Therefore, we designed this pres-
ent study using a case-control study approach to exam-
ine 16 SNPs within the PPARGC1A gene genotyping and 
mitochondrial D-ring methylation levels, utilizing Mas-
sARRAY SNP and MassARRAY EpiTYPER (Agena Bio-
science, Inc.). These analyses were performed to assess 
both mitochondrial D-loop region methylation levels 
and the genetic relationship between PPARGC1A gene 
polymorphisms and Guizhou fluorosis, with the aim to 
provide valuable insights into the genetic pathogenesis of 
fluorosis, as well as prevention and control strategies.

Results
Analysis of basic information in the population
In both the fluorosis group and the control group, there 
were no statistically significant differences in age between 
the two groups (P>0.05). However, statistically significant 
differences were observed in gender, BMI and literacy 
levels between the two groups (P < 0.05). Specifically, the 
BMI of individuals in the fluorosis group was higher than 
that in the control group. Additionally, in the subgroups 
of non-SF and SF, statistically significant differences in 
BMI were observed (P < 0.05), with the Weight of indi-
viduals in the non-SF group being higher than that in the 
SF group. The age difference of methylation subjects was 
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not statistically significant (P > 0.05). Given the substan-
tial correlation between the extent of DNA methylation 
and advancing age, the absence of a significant age dis-
parity within the two cohorts suggests the viability of the 
research protocol.(Table 1 and additional file 1: Table S1).

Allele and genotype distribution
In both the control and fluorosis groups, the distribu-
tion of all SNPs in the control group adhered to the 
Hardy-Weinberg equilibrium (P < 0.05). However, the 
distribution of the rs1873532 site in both the non- SF 
and SF groups deviated from the Hardy-Weinberg equi-
librium (P > 0.05) and was consequently excluded from 
subsequent analyses. Comparison of the differences in 
allele and genotype frequencies of various SNPs in dif-
ferent populations revealed statistically significant dif-
ferences in the distribution of alleles and genotypes of 
the PPARGC1A gene at SNPs rs13131226, rs1873532 
and rs7665116 between the fluorosis and control groups 
(P < 0.05). Similarly, differences in the distribution of 
alleles and genotypes of the PPARGC1A gene at SNPs 
rs13131226, rs2970847 and rs2970870 were also statis-
tically significant between the non-SF and SF groups 
(P < 0.05) (Additional file 2: Table S2).

Genetic pattern analysis
Genetic pattern analysis of the rs13131226, rs1873532 
and rs7665116 SNPs associated with fluorosis was con-
ducted using binary logistic regression analysis, with 
adjustments for confounding factors, including sex, BMI 
and culture. In both the control and fluorosis popula-
tions, the results indicated that the rs13131226 site’s CT 
and CC genotypes were associated with an increased risk 
of fluorosis compared to the TT genotype (OR = 1.84, 
95% CI: 1.21–2.80, P = 0.004), while the rs1873532 site’s 
AA genotype was more likely to be associated with an 
increased risk of fluorosis compared to the CC or CA 
genotypes (OR = 1.97, 95% CI: 1.18–3.29, P = 0.007). 
Conversely, for the rs7665116 site, the CT and CC geno-
types were associated with a decreased risk of fluorosis 

compared to the TT genotype (OR = 0.54, 95% CI: 0.35–
0.81, P = 0.003). In the non-SF and SF groups, the TT 
genotype of the rs2970847 site increased the risk of 
developing fluorosis compared to the CC and CT geno-
types (OR = 4.12, 95% CI: 1.60-10.57, P = 0.003), and the 
AA genotype of the rs2970870 site was associated with 
an increased risk of fluorosis compared to the GG and 
AG genotypes (OR = 2.22, 95% CI: 1.21–4.08, P = 0.011). 
Further details are shown in Additional file 3: Table S3.

Linkage disequilibrium and haplotype analysis
Linkage disequilibrium analysis for all SNPs was con-
ducted using Haploview 4.2, and the results are pre-
sented in Fig.  1, which show the D’ values used to 
indicate the degree of linkage disequilibrium, with 
D’ = 0 indicating complete linkage equilibrium, D’ = 
1 indicating complete linkage disequilibrium, and D’ 
> 0.8 indicating strong linkage disequilibrium, repre-
sented by red squares. The analysis revealed strong 
linkage disequilibrium in several SNP pairs in both 
the control and fluorosis groups, including rs6821591-
rs768695, rs3736265-rs1873532, rs2305682-rs4469064-
rs58990583 and rs2970870-rs3796407, as well as 
rs590183-rs614457(Figs.  1A). Similarly, strong linkage 
disequilibrium was observed in rs6821591-rs768695-
rs3736265-rs2970847, rs58990583-rs2305682-rs4469064 
and rs614457-rs590183 in the non-SF and SF groups 
(Fig. 1B). Haplotype analysis was conducted using SHE-
sis online software, and the results indicated that the 
haplotype AG, constructed from rs3736265-rs1873532, 
increased the risk of fluorosis prevalence (OR = 1.465, 
95% CI: 1.134–1.893, P = 0.005) in both the control 
and fluorosis groups. Conversely, the haplotype CG 
decreased the risk of fluorosis prevalence (OR = 0.726, 
95% CI: 0.560–0.940, P = 0.020). Additionally, the hap-
lotype CGGT, constructed from rs6821591-rs768695-
rs3736265-rs2970847, increased the risk of SF prevalence 
(OR = 1.558, 95% CI: 1.051–2.311, P = 0.027) in both the 
non- SF and SF groups (Table 2).

Methylation level of mtDNA D-loop region
As the methylation result data were skewed, the median 
(quartiles) was used to express the results, and the rank 
sum test was used for comparison between groups. The 
findings indicate a significant difference in the methyla-
tion levels of CpG_2, CpG_4, CpG_7 and overall meth-
ylation between the fluorosis group and the control 
group (z=-2.296, P = 0.022; z=-2.354, P = 0.019; z=-2.296, 
P = 0.022, z=-2.518, P = 0.012) (Table  3). CpG_2, CpG_4, 
CpG_7, and overall methylation levels were higher than 
those of the control group (Fig. 2).

Table 1  Basic characteristics of methylation research subjects
Variables Control

(n = 46)
Coal-burning 
fluorosis 
(n = 49)

χ²/t P

Gender Male 29(63.04) 19(38.78) 5.59 0.018
Female 17(36.96) 30(61.22)

Age 47.80 ± 14.80 49.18 ± 15.10 -0.449 0.654
Weight (kg) 56.48 ± 8.67 58.73 ± 12.91 1.936 0.168
Height (cm) 155.95 ± 8.05 155.81 ± 9.81 1.605 0.208
BMI (kg/m2) 23.22 ± 3.09 24.07 ± 4.28 87.135 0.272
Bold indicates P < 0.05. Measurement data are expressed as mean ± SD, and 
Student’s t test is used for comparison between groups. Counting data are 
expressed as frequency (rate), and Chi-square test is used for comparison 
between groups
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Association between methylation of mitochondrial D-loop 
region and fluorosis
Binary logistic regression analysis of the methylation 
results, adjusted for gender, showed that for every 1% 
increase in the CpG_4 methylation level, there was a cor-
responding 2.3% increase in the likelihood of develop-
ing fluorosis (OR = 1.023, 95% CI: 1.001–1.045, P = 0.040) 
(Table 4).

Interaction analysis of PPARGC1A gene SNP with 
methylation in mitochondrial D-loop region
Analysis of the interaction effects involving SNP-SNP 
and CpG-CpG interactions was conducted using the 
MDR3.0.2 software to identify the best interaction mod-
els comprising 1–3 SNPs. The results found that the 
optimal combination of 2 SNP interactions between the 
fluorosis group and the control group was rs13131226-
rs1873532, and the optimal combination of 3 SNP 
interactions was rs13131226-rs6821591-rs7665116. 
Cross-validation concordance was 8/10 in all cases, and 
both the training equilibrium accuracy and the test equi-
librium accuracy were more than 50%, and the model was 
statistically significant (χ2 = 9.444, P=<0.001;χ2 = 36.078, 
P<0.001), indicating that rs13131226 and rs1873532 
influenced the occurrence of fluorosis in the Guizhou 
population. Likewise, an interaction between CpG_1 and 
CpG_8.9 was observed in relation to the occurrence of 
fluorosis in the population (χ2 = 40.312, P < 0.001). (Addi-
tional file 4: Table S4 and Fig. 3).

Discussion
Fluorosis caused by coal-fired activities in Guizhou 
Province results from the prolonged use of stoves lack-
ing proper smoke exhaust systems by rural residents. The 
release of fluorine-containing soot during coal burning 
significantly contaminates indoor air and food, leading 
to the chronic accumulation of fluoride in the popula-
tion residing in this environment, ultimately resulting 
in fluorosis [20]. While the etiology of fluorosis is well 
understood, its underlying pathogenesis remains elusive. 
Genetic polymorphisms have been documented to be 
associated with susceptibility to fluorosis. For instance, 
a cross-sectional study in Zhijin County (Guizhou Prov-
ince, China) revealed an association between the PON1 
rs662 polymorphism and fluorosis development [21]. 
Despite some progress in reducing the prevalence of 
fluorosis through improved stoves and health awareness, 
recent studies have shown that both indoor and outdoor 
air fluoride levels in endemic fluorosis wards in the Bijie 
County (Guizhou Province, China) area are significantly 
higher than in control areas [22]. This ongoing issue, 
with millions of confirmed cases of dental fluorosis [23], 
emphasizes the need for further research on genetic sus-
ceptibility genes for fluorosis.

Recent scientific investigations have confirmed the 
detrimental impact of fluoride exposure on mitochon-
drial function [24, 25]. The PPARGC1A gene is closely 
related to mitochondrial function and promotes the syn-
thesis of mitochondrial proteins, mtDNA replication and 
transcription, and new mitochondrial biogenesis [26]. A 
study reported that PPARGC1A total mRNA and pro-
tein expression were reduced in NaF-treated SH-SY5Y 
cells, and animal experiments showed that the protein 

Fig. 1  PPARGC1A gene linkage disequilibrium analysis (D). A Linkage disequilibrium analysis of PPARGC1A gene in control and fluorosis groups. B Linkage 
disequilibrium analysis of PPARGC1A gene in non-SF and SF groups. D = 0 meant complete linkage equilibrium, D = 1 meant complete linkage disequi-
librium, and > 0.8 meant strong linkage disequilibrium

 



Page 5 of 10Song et al. BMC Genomics          (2024) 25:908 

Ta
bl

e 
2 

H
ap

lo
ty

pe
 a

ss
oc

ia
tio

n 
an

al
ys

is
Po

pu
la

tio
n

H
ap

lo
ty

pe
G

ro
up

 A
a

[n
 ()

]
G

ro
up

 B
b

[n
 ()

]
χ2

O
R 

(9
5 

CI
)

P

Fl
uo

ro
sis

 g
ro

up
 a

nd
 C

on
tr

ol
 g

ro
up

TA
c

25
6(

65
.3

)
44

1(
68

.3
)

1.
15

6
1.

12
2(

0.
85

7–
1.

47
0)

0.
28

2
CG

c
12

9(
32

.9
)

19
8(

30
.6

)
0.

71
7

0.
89

1(
0.

68
0–

1.
16

7
0.

39
7

AG
c

14
9(

38
.2

)
30

8(
47

.5
)

8.
04

1
1.

46
5(

1.
13

4–
1.

89
3)

0.
00

5
CG

d
16

3(
41

.8
)

22
2(

34
.3

)
5.

43
8

0.
72

6(
0.

56
0–

0.
94

0)
0.

02
0

CA
d

78
(2

0)
11

8(
18

.2
)

0.
50

9
0.

89
1(

0.
64

8–
1.

22
4)

0.
47

5
TC

Ae
32

8(
84

.1
)

55
7(

86
)

0.
66

6
1.

21
0(

0.
85

0–
1.

72
3)

0.
41

4
C

TG
e

62
(1

5.
9)

87
(1

3.
4)

1.
21

0.
82

6(
0.

58
0–

1.
17

6)
0.

27
1

G
G

f
19

5(
50

)
34

1(
52

.6
)

0.
67

1
1.

11
1(

0.
86

4–
1.

42
9)

0.
41

3
G

Af
35

(9
)

48
(7

.4
)

0.
11

3
0.

81
1(

0.
51

4–
1.

27
8)

0.
73

7
AG

f
16

0(
41

)
25

9(
40

)
0.

81
3

0.
95

7(
0.

74
1–

1.
23

6)
0.

36
7

TC
g

19
0(

48
.7

)
30

9(
47

.7
)

0.
10

4
0.

95
9(

0.
74

6–
1.

23
4)

0.
74

7
G

Tg
15

8(
40

.5
)

25
5(

39
.4

)
0.

13
7

0.
95

3(
0.

78
7–

1.
23

1)
0.

71
1

G
Cg

42
(1

0.
8)

84
(1

3)
1.

09
9

1.
23

4(
0.

83
2–

1.
82

9)
0.

29
5

N
on

-S
F 

gr
ou

p 
an

d 
SF

 g
ro

up
CG

G
Ch

12
(6

.6
)

40
(8

.6
)

0.
72

4
0.

74
9(

0.
38

4–
1.

46
0)

0.
39

5
CG

G
Th

52
(2

8.
2)

94
(2

0.
3)

4.
91

0
1.

55
8(

1.
05

1–
2.

31
1)

0.
02

7
TA

AC
h

30
(1

6.
3)

86
(1

8.
5)

0.
41

3
0.

86
1(

0.
54

5–
1.

35
9)

0.
52

0
TA

G
Ch

87
(4

7.
2)

23
8(

51
.3

)
0.

81
9

0.
85

4(
0.

60
5–

1.
20

5)
0.

36
9

TC
Ai

16
0(

87
)

39
7(

85
.6

)
0.

04
8

1.
50

8(
0.

63
9–

1.
75

2)
0.

82
7

C
TG

i
24

(1
3)

63
(1

3.
6)

0.
04

8
0.

94
5(

0.
57

1–
1.

56
6)

0.
82

7
TC

j
95

(5
1.

6)
21

4(
46

.1
)

1.
60

3
1.

24
7(

0.
88

6–
1.

75
5)

0.
20

5
G

Tj
64

(3
4.

8)
19

1(
41

.2
)

2.
24

8
0.

76
2(

0.
53

4–
1.

08
7)

0.
13

4
G

Cj
25

(1
3.

6)
59

(1
2.

7)
0.

08
9

1.
07

9(
0.

65
3–

1.
78

4)
0.

76
6

Bo
ld

 in
di

ca
te

s 
P <

 0
.0

5
a : G

ro
up

 A
 in

di
ca

te
s 

co
nt

ro
l o

r n
on

-S
F 

gr
ou

p;
b : G

ro
up

 B
 in

di
ca

te
s 

Fl
uo

ro
si

s 
gr

ou
p 

or
 S

F 
gr

ou
p;

c : H
ap

lo
ty

pe
 S

N
P 

co
m

bi
na

tio
n 

rs
68

21
59

1-
rs

76
86

95
 in

 c
on

tr
ol

 g
ro

up
 a

nd
 c

oa
l b

ur
ni

ng
 fl

uo
ro

si
s 

gr
ou

p;
 d : H

ap
lo

ty
pe

 S
N

P 
co

m
bi

na
tio

n 
rs

11
87

35
32

-r
s3

73
62

65
 in

 c
on

tr
ol

 g
ro

up
 a

nd
 c

oa
l b

ur
ni

ng
 fl

uo
ro

si
s 

gr
ou

p;
 e : H

ap
lo

ty
pe

 
SN

P 
co

m
bi

na
tio

n 
rs

58
99

05
83

-r
s2

30
56

82
-r

s4
46

90
64

 in
 c

on
tr

ol
 g

ro
up

 a
nd

 c
oa

l b
ur

ni
ng

 fl
uo

ro
si

s 
gr

ou
p;

 f : H
ap

lo
ty

pe
 S

N
P 

co
m

bi
na

tio
n 

rs
37

96
40

7-
rs

29
70

87
0 

in
 c

on
tr

ol
 g

ro
up

 a
nd

 c
oa

l b
ur

ni
ng

 fl
uo

ro
si

s 
gr

ou
p;

 g : H
ap

lo
ty

pe
 

SN
P 

co
m

bi
na

tio
n 

rs
61

44
57

-r
s5

90
18

3 
in

 c
on

tr
ol

 g
ro

up
 a

nd
 c

oa
l b

ur
ni

ng
 fl

uo
ro

si
s g

ro
up

; h : H
ap

lo
ty

pe
 S

N
P 

co
m

bi
na

tio
n 

rs
68

21
59

1-
rs

76
86

95
-r

s3
73

62
65

-2
97

08
47

 in
 n

on
-S

F 
gr

ou
p 

an
d 

SF
 g

ro
up

; i : H
ap

lo
ty

pe
 S

N
P 

co
m

bi
na

tio
n 

rs
58

99
05

83
-r

s2
30

56
82

-r
s4

46
90

64
 in

 n
on

-S
F 

gr
ou

p 
an

d 
SF

 g
ro

up
; j : H

ap
lo

ty
pe

 S
N

P 
co

m
bi

na
tio

n 
rs

61
44

57
-r

s5
90

18
3 

in
 n

on
-S

F 
gr

ou
p 

an
d 

SF
 g

ro
up

; A
ll 

th
os

e 
fr

eq
ue

nc
y <

 0
.0

3 
w

ill
 b

e 
ig

no
re

d 
in

 a
na

ly
si

s



Page 6 of 10Song et al. BMC Genomics          (2024) 25:908 

expression of PPARGC1A was reduced in NaF-exposed 
hippocampal neurons [27]. Learning memory capacity 
in rats with chronic fluorosis was negatively correlated 
with PPARGC1A water in serum, hippocampal and cor-
tical brain tissues [28]. However, studies related to the 
association between PPARGC1A gene polymorphisms 
and susceptibility to coal-burning fluorosis in the popu-
lation are rarely reported. Therefore, our case-control 
study explored the relationship between PPARGC1A 

gene and susceptibility to fluorosis for the first time. We 
found that rs7665116 was associated with the occurrence 
of fluorosis in Guizhou population. The major T allele of 
rs7665116 was found to be associated with reduced iATP 
levels [29]. Reduced iATP levels are indicative for reduced 
cellular immunocompetence [30], which may lead to 
an increased risk of disease, confirming our findings. 
Regression analysis showed that carriers of the minor 
allele C had a reduced risk of fluorosis compared with 

Table 3  Methylation levels of CpG sites in the D-loop region of mtDNA
CpG sites Position methylation level [Median, IQR (P25, P75)] z P

Control
(n = 46)

Fluorosis (n = 49)

CpG_1 66 bp 0.41,0.59(0.44,0.85) 0.36, 0.65(0.51, 0.87) -1.375 0.169
CpG_2 78 bp 0.13,0.17(0.08,0.25) 0.13, 0.20(0.13, 0.26) -2.296 0.022
CpG_4 311 bp 0.20,0.36(0.05,0.41) 0.26, 0.34 (0.18,0.44) -2.354 0.019
CpG_5 343 bp 0.03,0.06(0.05,0.08) 0.03, 0.07 (0.05,0.08) -1.598 0.110
CpG_6 394 bp 0.02,0.02(0.02,0.04) 0.03,0.03(0.02,0.05) -0.740 0.459
CpG_7 410 bp 0.13,0.17(0.08,0.25) 0.13, 0.20(0.13,0.26) -2.296 0.022
CpG_8.9 432/437 bp 0.04,0.06(0.04,0.08) 0.03, 0.05 (0.04,0.07) -0.477 0.634
Overall methylation levels 0.08,0.21(0.04,0.25) 0.12,0.25(0.06,0.31) -2.518 0.012
Bold indicates P < 0.05. Quantitative skewed data are represented by Median (IQR), and comparisons between groups are performed using the Mann–Whitney test

Table 4  Binary logistic regression analysis of the association between CpG and fluorosis
CpG B SD WALD OR 95CIa P
CpG_1 0.010 0.009 1.197 1.010 0.992–1.029 0.274
CpG_2 0.038 0.023 4.116 1.039 0.994–1.086 0.092
CpG_4 0.022 0.011 4.217 1.023 1.001–1.045 0.040
CpG_5 0.136 0.104 1.711 1.145 0.935–1.403 0.191
CpG_6 0.020 0.090 0.049 1.020 0.855–1.218 0.824
CpG_7 0.038 0.023 2.839 1.039 0.994–1.086 0.092
CpG_8.9 -0.027 0.084 0.101 0.973 0.825–1.148 0.750
Bold indicates P < 0.05
a: adjust sex

Fig. 2  Boxplot of methylation levels at CpG sites in the PPARGC1A gene (n = 95)
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carriers of the allele T. This change may lead to changes 
in iATP levels and thus influence the development of 
fluorosis. rs7665116 (chr4:23851388, T > C) is an intronic 
variant, and the intronic region affects gene function 
mainly by influencing splice site activity, which in turn 
affects gene translation and protein sequence. which in 
turn affects gene translation and protein sequence [31]. 
rs2970870 (chr4:23891394, A > G) is located in the pro-
moter region of this gene, and we found that rs2970870 
allele A is a protective factor for SF, and studies have 
shown that promoter SNP variants can alter gene func-
tion, affecting mRNA structure or stability and protein 
expression or function and other aspects [32]. Therefore, 
further comprehensive functional studies of rs7665116 
and rs2970870 are needed. It has been reported that 
PPARGC1A plays a role in maintaining skeletal homeo-
stasis, as evidenced by impaired skeletal structure in 
aged PPARGC1A-deficient mice [33]. Another study 
highlighted PPARGC1A as a potential therapeutic target 
for addressing osteoporosis and skeletal aging. It found 
that PPARGC1A deficiency in hematopoietic stem cells 
could be linked to osteoporosis and skeletal aging, with 
PPARGC1A deficiency promoting adipogenesis in hema-
topoietic stem cells at the expense of osteogenesis [34]. 
Specifically, rs2970870 were associated with increased 
risk of skeletal fluorosis, and polymorphism rs2970847 
was associated with decreased risk of SF. Our study sug-
gests that sequence variation in the PPARGC1A gene 
may play a role in the development of SF.

DNA methylation is a key epigenetic modification 
that can be influenced by various environmental fac-
tors, thereby affecting gene expression and potentially 
contributing to various phenotypic changes and diseases 
[35]. In particular, the D-loop region of the mitochon-
drial genome plays a crucial role in regulating mtDNA 
replication, transcription and organization, and it can 

also be influenced by environmental factors, leading to 
changes in methylation levels [36]. Further studies found 
that CpG_4 of the target sequence was associated with 
fluorosis. Regression analysis after adjusting for con-
founders showed that every 1% increase in CpG_4 meth-
ylation level increased the risk of developing fluorosis by 
2.3%, which could be attributed to methylation induced 
alterations in transcription factor binding sites, which 
ultimately affects mitochondrial biosynthesis and leads 
to fluorosis [37, 38].Disease onset and progression often 
result from the interplay of multiple SNPs or genes rather 
than a single genetic site [39]. Genetic susceptibility is 
typically inherited as a haplotype, and gene-gene inter-
actions can have various effects on the phenotype [40]. 
Analyzing individual SNPs alone may capture only some 
significant SNPs and overlook their interactions. There-
fore, SNP interaction analysis is a more effective approach 
to elucidate genetic mechanisms [41]. MDR interaction 
analysis revealed interactions between rs13131226 and 
rs1873532, as well as between rs13131226, rs6821591 and 
rs7665116 in the development of fluorosis. Although our 
study did not find a direct association between rs6821591 
and fluorosis, it is possible that rs6821591 collaborated 
with other SNPs, collectively influencing the occurrence 
of fluorosis. Further investigation is warranted to better 
understand their interaction mechanisms.

In conclusion, this study represents the first attempt, 
to our knowledge, to explore the relationship between 
PPARGC1A SNP, mtDNA D-loop region methylation, 
and fluorosis using the MassArray technique. These find-
ings provide valuable insights into the genetic underpin-
nings of fluorosis and may inform future prevention and 
control strategies. Moreover, the results of this study 
could be used as a theoretical basis for identifying indi-
viduals at higher risk for fluorosis.

Fig. 3  Different types of interaction dendrogram for SNPs and CpG sites. A SNP-SNP interaction in control and fluorosis groups. B SNP-CpG interaction 
in control and fluorosis groups. C SNP-SNP interaction in Non-SF and SF groups. The dendrogram placed factors with strong interactions on the leaves. 
The color of the branches indicates the interaction from strong to weak (red, orange, green and blue). Red represents the highest degree of interaction 
or synergy, and blue represents low interaction or redundancy
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This study has several limitations. First, most of the 
lifestyle-related information was obtained by question-
ing patients, and thus recall bias may be present. Second, 
these findings may only apply to people suffering from 
fluorosis in Guizhou. There is a need for more in-depth 
studies with more subjects from different regions and the 
whole PPARGC1A genotyping.

Objects and methods
Objects of the study
This study was conducted in adult populations from two 
regions in Guizhou Province: Bijie City, known for coal-
fired pollution and fluorosis, and Changshun County, 
an area without such pollution. Their fluorosis status 
was determined based on the Diagnostic Criteria for 
Endemic Fluorosis (WS 192–2008) and the Diagnostic 
Criteria for Dental Fluorosis (WS/T 208–2011) issued by 
the National Health Commission of the People’s Repub-
lic of China in 2008 and 2011, respectively. Participants 
were grouped according to their fluorosis status, based 
on which 324 individuals were identified for the fluorosis 
group and 195 for the control group. Within the fluoro-
sis group, we further categorized individuals into those 
non-SF (n = 232) and those with SF (n = 92). Data were 
collected through questionnaires and on-site physical 
examinations to obtain information on gender, age, edu-
cation, marital status, smoking, alcohol consumption, 
height, weight, and calculated body mass index (BMI; cal-
culated using the formula: BMI = kg/m2). All participants 
signed informed consent, and this study was reviewed 
and approved by the Human Trial Ethics Committee of 
Guizhou Medical University [Ethics 2019 No. (18)].

Screening criteria
The inclusion criteria for this study required that all par-
ticipants were local residents born and raised in the study 
area. Exclusion criteria involved excluding individuals 
with major illnesses or incomplete survey data. Individu-
als who smoked more than one cigarette per day for at 
least one year were categorized as smokers, while those 
who consumed alcohol at least once per week for over 
one year were considered alcohol drinkers.

Biological sample collection
Approximately 5  ml of peripheral venous blood was 
obtained from study participants with their informed 
consent. The blood was collected in EDTA-Na2 antico-
agulant tubes, transferred to cryopreservation tubes, and 
stored at -80 ℃ for further analysis.

Methods
DNA extraction, quantitative standardization and quality 
control
Genomic DNA was extracted from whole blood samples 
using a DNA extraction kit (Beijing Tiangen Biochemical 
Technology Co., Ltd.). The concentration and purity of 
the extracted DNA were assessed using a NanoDrop2000 
Nucleic Acid Quantification Instrument (Thermo Fisher 
Scientific Inc.), ensuring an OD260/OD280 ratio between 
1.8 and 2.0. The difference in concentration between 
duplicate wells was controlled to be within 5. The DNA 
was then labeled and organized in a 96-well plate, with 
each well theoretically containing 30 ng/µL of DNA in 
a 30 µL volume. These plates were sealed with sterile, 
enzyme-free film and stored in a medical cryopreserva-
tion box at -40 ℃ for subsequent analysis.

SNP selection and primer design and synthesis
We conducted a search on the NCBI database (https://
www.ncbi.nlm.nih.gov/) and the Ensembl database 
(https://www.ensembl.org/index.html) to identify SNPs 
with a minimum allele frequency (MAF) greater than 5. 
Subsequently, we selected the SNPs that met this crite-
rion. The design of primers for multiple SNP sites was 
evaluated using Assay Designer 4.0 software from Agena, 
with adjustment of design parameters based on differ-
ent site information to ensure optimization. For each 
SNP site, three primers were synthesized using the PAGE 
primer purification method, consisting of two PCR prim-
ers and one single-base extension primer, as detailed in 
Table S5.

Methylation quantification of mtDNA D-loop region
To quantify the methylation of the mtDNA D-loop 
region, we used Massarray DNA methylation quantifica-
tion technology. We obtained the complete sequence of 
the human mitochondrial genome (NC_012920.1) from 
the NCBI database and extracted the mitochondrial 
D-loop region sequence (16024.16569, 1.576). Primer 
design for this region was conducted using the EpiDe-
signer software. The appropriate primer scheme was 
selected in accordance with the software’s recommenda-
tions (Table S5).

Genotyping and methylation detection
The MassARRAY detection platform was used to sequen-
tially perform PCR amplification reaction, shrimp alka-
line phosphatase reaction, single base extension reaction 
(for SNP detection) or transcriptase digestion reaction 
(for methylation detection), resin purification, micro-
array spotting and mass spectrometry analysis. Subse-
quently, the TYPER 4.0 software (Agena Bioscience, Inc.) 
was used to collect and compile the raw data, genotyp-
ing maps, and other detection results. Notably, CpG sites 

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ensembl.org/index.html
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located between two adjacent base A or within small 
fragments generated by enzymatic cleavage share the 
same molecular weight. Therefore, these CpG sites were 
combined, resulting in the calculation of the average 
methylation level for this group of CpG sites. In this con-
text, CpG_8 and CpG_9 were detected and treated as a 
single unit for analysis.

Statistical methods
Data analysis was conducted using SPSS version 26.0 
(IBM Corp., Armonk, NY, USA). Normally distrib-
uted measurements are presented as mean ± standard 
deviation (mean ± sd) and compared using t-tests for 
intergroup comparisons. Skewed measurements are 
represented as [Median, IQR (P25, P75)] and analyzed 
for intergroup differences using Mann-Whitney tests. 
Count-based data are shown as frequency (constitu-
tive ratio) and compared between groups using the chi-
square test or Fisher’s exact test. The association between 
SNPs and fluorosis was examined through binary logistic 
regression. Allele and genotype frequencies, as well as the 
Hardy-Weinberg equilibrium test, were computed using 
SNPStats online software (https://snpstats.net/start.
htm). Linkage disequilibrium analysis was conducted 
using Haploview 4.2. Haplotype construction and the cal-
culation of odds ratios (OR) and 95 confidence intervals 
(CI) were performed using the SHEsis online software 
(http://analysis.bio-x.cn/). Further analysis of SNPs was 
conducted using binary logistic regression. The MDR 
3.0.2 software was used to explore SNP-SNP and CpG-
CpG interactions. Methylation results were visualized 
using the R software (version 3.6.2, R Foundation for 
Statistical Computing, Vienna, Austria). Statistical sig-
nificance was determined using a two-sided test, with 
P < 0.05 indicating a significant difference.
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