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A B S T R A C T   

Background: The kidney toxicity of fluoride exposure has been demonstrated in animal studies, and a few studies 
have reported kidney function injury in children with fluoride exposure. However, epidemiological information 
for the effects of long-term fluoride exposure on adult kidney function remains limited. 
Methods: We conducted a cross-sectional investigation in Wenshui County, Shanxi Province to examine the as-
sociation between fluoride exposure and kidney function in adults, and a total of 1070 adults were included in 
our study. Urinary fluoride concentrations were measured using the national standardized ion selective electrode 
method. And markers of kidney function injury (urinary NAG, serum RBP, serum Urea, serum C3, serum UA and 
serum αl-MG) were measured using automatic biochemical analyzer. Multivariate linear regression analysis and 
binary logistic regression model were used to assess the relationship between urinary fluoride and markers of 
kidney function injury. 
Results: Urinary fluoride was positively correlated with urinary NAG and serum Urea, negatively correlated with 
serum C3. In multivariate linear regression models, every 1 mg/L increment of urinary fluoride was associated 
with 1.583 U/L increase in urinary NAG, 0.199 mmol/L increase in serum Urea, 0.037 g/L decrease in serum C3 
after adjusting for potential confounding factors. In the binary logistic regression model, higher levels of urinary 
fluoride were associated with an increased risk of kidney function injury. Determination of kidney function based 
on urinary NAG, every 1 mg/L increment in the urinary fluoride concentrations was associated with significant 
increases of 22.8% in the risk of kidney function injury after adjusting for potential confounding factors. 
Sensitivity analysis for the association between urinary fluoride concentrations and markers of kidney function 
(urinary NAG, serum Urea, and serum C3) by adjusting for the covariates, it is consistent with the primary 
analysis. 
Conclusions: Our study suggests that long-term fluoride exposure is associated with kidney function in adults, and 
urinary NAG is a sensitive and robust marker of kidney dysfunction caused by fluoride exposure, which could be 
considered for the identification of early kidney injury in endemic fluorosis areas.   

1. Introduction 

Fluorine belongs to the halogen family in the periodic table being the 
lightest member and most electronegative and reactive of all elements 

(Rafique et al., 2015). It ranked 13th most abundant element, which 
makes up 0.06–0.09% of the total earth crust (Armienta and Segovia, 
2008). Sources of fluoride in the body include food, water and air, but 
drinking water is the most common source (Dhar and Bhatnagar, 2009). 
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As we all know, excessive fluoride exposure will lead to the occurrence 
of fluorosis, and the most specific and serious clinical features of fluo-
rosis are dental fluorosis and skeletal fluorosis (Srivastava and Flora, 
2020; Wei et al., 2019). Because of it is a medical problem of special 
concern in 24 nations including China, fluorosis is a serious public 
health concern (Srivastava and Flora, 2020). In recent years, more and 
more studies have shown that fluoride exposure can not only damage the 
bone tissue, but also lead to a series of non-bone injury, including the 
vascular system, nervous system, reproductive system, urinary system, 
and so on (Amini et al., 2011; Ding et al., 2011; Liu et al., 2019; Wang 
et al., 2020; Xiong et al., 2007). 

The kidney is one of the most important organs that remove fluoride 
from the body. Under normal physiological situations, about 60% of the 
daily fluoride absorbed by healthy adults is excreted through the kidney 
in the urine (Hefti, 1986). Thus, the kidney is one of the most exposed to 
fluoride concentrations of all soft tissues (Dharmaratne, 2019). A 
growing number of laboratory studies have shown that fluoride can 
cause kidney function injury, fluoride is destructive to the kidney cortex 
in the form of glomeruli, proximal and distal curved tubules, vacuoli-
zation of tubule cells, and cell infiltration (Alhusaini et al., 2018; 
Cárdenas-González et al., 2013; Dote et al., 2000). Experimental animal 
studies also have shown that fluoride causes kidney function injury 
through oxidative stress and apoptosis (Tian et al., 2019). In cell ex-
periments, it was found that fluoride sensitivity of cells from different 
organs of rats showed that kidney cells being the most sensitive type 
(Hongslo et al., 1980). In the population epidemiological survey, the 
investigation on chronic kidney disease of unknown etiology in Sri 
Lanka found that the serum and urinary fluoride concentrations of pa-
tients were significantly higher than those of the healthy control group 
(Nanayakkara et al., 2020), which suggested that environmental fluo-
ride exposure may have toxic effects on the kidney. Another research, 
concerning the effects of fluoride exposure on children’s kidney injury in 
China showed that drinking water fluoride concentrations over 2.0 mg/L 
can cause kidney function injury in children, which mainly showed that 
water fluoride exposure was positively related to urinary N-ace-
tyl-β-glucosidase (NAG) activity and urinary γ- glutamyltransferase 
(γ-GT) activity in children (Xiong et al., 2007). The results of another 
study on the health status of children aged 8–15 years in areas of fluo-
rosis showed a significant increase in serum creatinine, which suggested 
significant kidney function injury in children in fluorosis areas (Khan-
dare et al., 2017). Most fluoride ingested by the body is excreted by the 
kidney. In endemic fluorosis areas, people are exposed to fluoride from 
birth, and last for decades. However, epidemiological information for 
the effects of long-term fluoride exposure on adult kidney function re-
mains limited, and sensitive and robust markers to identify early kidney 
damage are also lacking. 

The kidney function can be evaluated by several indexes. Enzyme 
activity is usually low in urine and may increase when kidney tubular 
cells are injured (Skálová, 2005), so urinary enzymes is one of the 
commonly used index. NAG is a lysosomal enzyme that mainly existed in 
the proximal tubule, and increased activity of this enzyme in the urine 
may imply kidney function injury (Beker et al., 2018). Retinol-binding 
protein (RBP) is a 24 kDa liver-derived protein that has been deemed 
as the primary carrier of retinol in the circulation (Axelsson et al., 2009). 
The increase of RBP can reflect the damage of kidney tubule function 
early and can sensitively reflect the damage degree of proximal convo-
luted tubule (Ayatse, 1991). Urea, a small water-soluble molecule with a 
molecular weight of 60 g/mol (Vanholder et al., 2018), is the most 
common marker of kidney function injury (Kovalčíková et al., 2018). 
The third component of complement (C3), one of 19 blood plasma 
proteins, acts jointly to execute the membraneolytic, inflammatory and 
immunoregulatory activities of the complement system (Fishelson, 
1991). Studies have shown that there is an association between excess 
C3 deposition and kidney disease (Sethi et al., 2017; Smith et al., 2019). 
Uric acid (UA) is a weak acid produced in the liver, muscles, and in-
testines, and about 70% of the daily UA production by the body is 

eliminated by the kidney. After kidney function injured, UA elimination 
is affected and blood UA levels are significantly increased. Serum UA is 
an indicator of kidney function injury (Maesaka and Fishbane, 1998; 
Mandal and Mount, 2015). α 1- microglobulin (α1-MG) is a glycoprotein 
synthesized from human liver and lymphocytes with a molecular weight 
of about 33,000 Daltons. The free α1-MG in the blood can freely pass 
through the glomerulus and be reabsorbed and metabolized by kidney 
tubules. The level of α1-MG in serum of kidney injury was significantly 
increased. Thus, urinary NAG, serum RBP, serum Urea, serum C3 and 
serum UA, and serum α1-MG were chosen as the markers of kidney 
function in this study. 

The purpose of this study was evaluate the relationship between 
fluoride exposure and kidney function in adults through study the 
relationship between urinary fluoride levels and urinary NAG, serum 
RBP, serum Urea, serum C3 serum UA and serum α1-MG through a 
population cross-sectional survey. 

2. Materials and methods 

2.1. Study site and population 

A cross-sectional study based on rural areas was conducted in 2019 
in Wenshui County, Shanxi Province, which was identified as an area of 
drinking-water fluorosis according to long-term monitoring by the 
Shanxi Institute of Endemic Disease Prevention and Control. Excluding 
the exposure of other toxic and harmful substances that may damage 
kidney function, such as cadmium and lead, we finally selected four 
villages as our investigation sites. The participants included in our study 
were adults aged 18 years or above, who were villagers of the village and 
lived in the village since they were born. A total of 1070 adults were 
included in the study, the detection of some markers was slightly 
missing, and the number of people of each marker was determined ac-
cording to the actual detection. All participants were provided with 
informed consent and signed the informed consent. The study protocol 
was approved by the Ethics Committee of Center for Endemic Disease 
Control, Chinese Center for Disease Control and Prevention, Harbin 
Medical University. 

2.2. General information collection 

Participants were given face-to-face questionnaires and a general 
physical examination by trained doctoral and postgraduate students. 
General demographic data (age, sex, education, height, weight, waist-
line), socioeconomic status (family income), and disease history (hy-
pertension) of the participants were collected. The body mass index 
(BMI) of the participants was further obtained by height and weight. 

2.3. Sample collection 

Blood samples were collected by professional nurses from the Affil-
iated Hospital of Shanxi Institute of endemic Disease Prevention and 
Control. 5 mL of fasting peripheral blood samples were collected from 
each participant. Centrifugation was performed at 3000 r/min (2 h after 
blood collection) for 10 min, and serum was divided into 1.5 mL EP 
tubes for detection of kidney function markers. All participants were 
given a polyethylene tube (50 mL) to collect morning urine samples, 
which were divided into 5 mL EP tubes. All samples were stored in a −
80 ℃ refrigerator until analysis. 

2.4. Determination of fluoride concentrations 

Urine samples were used for determination of urinary fluoride con-
centrations using the national standard method ion selective electrode 
method. All reference solutions for the fluoride determinations were 
deionized water, and all chemicals used in the tests were reagents of 
analytical purity. Parallel samples were set for measurement and 
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averages were taken. 

2.5. Determination of biomarkers for kidney function 

In this study, urinary NAG, serum RBP, serum Urea, serum C3, serum 
UA, and serum α1-MG were detected using Automatic biochemical 
analyzer 3100 (Hitachi High-Technologies Corporation, Japan) for 
evaluating kidney function. 

Urinary creatinine (UC) was measured by picric acid method (C011- 
1-1; Jiancheng Bioengineering Institute, Nanjing, China). UC was used 
to correct for urinary NAG and urinary fluoride in urine dilution during 
measurement. The concentration of creatinine-adjusted urinary fluoride 
concentration (UFC) and creatinine-adjusted urinary NAG (UNAG) were 
calculated using the formula UFC = UF/UC, UNAG = NAG/UC. 

2.6. Quality assurance and quality control 

The fluoride concentrations of urine samples were analyzed using the 
ion selective electrode method (WS/T 89-2015, Industry standard of the 
People’s Republic of China). Standard fluoride solutions with concen-
trations of 1.0 mg/L and 10.0 mg/L were used to make standard curve 
series. The standard curve graph for F– was obtained by ion selective 
electrode with the calibration solutions range of 0.1–10.0 mg/L (0.1, 
0.2, 0.5, 1.0, 2.0, 5.0 and 10.0 mg/L). Before measurement, 5 mL of total 
ionic strength adjustment buffer and 5 mL sample were added to each 
test cup, then a fluorine ion selected electrode (Shanghai Instrument 
Science Co., LTD, China) and a reference electrode (Shanghai Instru-
ment Science Co., LTD, China) were connected to a fluoride ion meter 
(Shanghai Instrument Science Co., LTD, China). The fluoride concen-
tration (mg/L) was measured while the solution was stirred at room 
temperature. 

Automatic biochemical analyzer 3100 (Hitachi High-Technologies 
Corporation, Japan) was used to detect levels of urinary NAG, serum 
RBP, serum Urea, serum C3, serum UA, and serum α1-MG. Standards are 
used for experimental quality control before testing begins each day. All 

assays were performed using reagents provided by Medical system 
Biotechnology Co. Ltd (China) according to standard operating pro-
cedures. More information about reagents is available at https://www. 
nbmedicalsystem.com/. Before the test, all laboratory personnel 
involved in the test have undergone standardized training and passed 
the training examination. 

2.7. Statistical analysis 

Continuous variables were expressed as mean (± standard deviation) 
or median (P25-P75). Continuous variables with normal distribution 
were compared by student t-test or one-way analysis of variance, but 
continuous variables with non-normal distribution were compared by 
Mann-Whitney U test. Categorical variables were compared by chi- 
square test. Multivariable linear regressions were used to assess 
changes in markers associated with kidney function for every 1 mg/L 
increment in urinary fluoride, and associations between quartiles of 
urinary fluoride and kidney function-related markers were also per-
formed. Binary Logistic regression models were used to further evaluate 
the relationship between urinary fluoride and kidney function, in which 
we determined kidney function with urinary NAG, serum Urea and C3, 
respectively, and divided them into two categories: kidney dysfunction 
and normal. According to the instructions, the range of urinary NAG in 
healthy people is 0.3–14.6 U/L, we believe that ≦ 14.6 U/L was normal 
kidney function, > 14.6 U/L was kidney dysfunction; serum Urea ranges 
from 1.43 to 7.14 mmol/L, and ≦ 7.14 mmol/L was considered normal 
kidney function, > 7.14 mmol/L was kidney dysfunction; serum C3 
ranges from 0.79 to 1.52 g/L, ≧ 0.79 g/L was considered normal kidney 
function, < 0.79 g/L was kidney dysfunction. We used age, sex, edu-
cation, family income, BMI, waistline, and hypertension as covariates. 
The effect estimates were presented as β or odds ratios (ORs) with their 
95% confidence intervals (95% CIs). 

Sensitivity analysis was carried out by adjusting different covariates 
to observe the effects of the exclusion and inclusion of different variables 
on the model, and to further test the robustness of the relationship 

Table 1 
Basic characteristics of general population.  

Variables Serum sample (αl-MG, C3, RBP) N =
1070 

Urine sample (NAG) N =
955 

Serum sample (Urea) N =
964 

Serum sample (UA) N =
965 

Agea (years) 58.21(10.87) 57.90(11.04) 57.91(11.08) 57.90(11.08) 
Genderc     

Man 370(34.6%) 322(33.7%) 324(33.6%) 324(33.6%) 
Women 700(65.4%) 633(66.3%) 640(66.4%) 641(66.4%) 

Educationc     

Primary and below 433(40.5%) 345(36.1%) 352(36.5%) 352(36.5%) 
Junior high school 510(47.7%) 486(50.9%) 488(50.6%) 489(50.7%) 
Senior high and above 104(9.7%) 101(10.6%) 101(10.5%) 101(10.5%) 

Don’t know 23(2.1%) 23(2.4%) 23(2.4%) 23(2.4%) 
Family incomeb (Ten thousand RMB/ 

year) 
1.00(0.25–3.00) 1.00(0.30–3.00) 1.00(0.30–3.00) 1.00(0.30–3.00) 

BMIa (kg/m2) 26.26(12.15) 26.32(12.84) 26.30(12.78) 26.30(12.78) 
Waistlineb (cm) 88.0(81.0–94.0) 87.0(80.0–94.0) 87.0(80.0–93.5) 87.0(80.0–93.5) 
Hypertensionc     

No 616(57.6%) 556(58.2%) 560(58.1%) 561(58.1%) 
Yes 402(37.6%) 369(38.6%) 374(38.8%) 374(38.2%) 

Don’t know 52(4.8%) 30(3.1%) 30(3.1%) 30(3.1%) 
Urinary fluoridea (mg/L) 1.62(1.00) 1.53(0.94) 1.51(0.92) 1.51(0.92) 
Serum α1-MGa (mg/L) 38.26(10.98) – – – 
Serum C3b (g/L) 1.17(1.01–1.33) – – – 
Serum RBPb (μmol/L) 34.85(30.50–39.70) – – – 
Urinary NAGa(U/L) – 10.39(9.18) – – 
Serum Ureaa(mmol/L) – – 5.54(1.46) – 
Serum UAa (μmol/L) – – – 358.68(96.71)  

a Data were presented as mean(± standard deviation)for continuous variables. 
b Data were presented as median (P25-P75)for continuous variables. 
c Number (percentage) for categorical variables. 
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between independent variables and dependent variables. Excel 2016 
(Beijing Kingsoft Office Software, Inc., China) and SPSS25.0 software 
(SPSS, Inc., Chicago, IL, USA) were used for data processing and anal-
ysis. Hypothesis testing for all analyses was based on two-tailed rejec-
tion regions, and P-value < 0.05 was applied to declare statistical 
significance. 

3. Results 

3.1. Basic characteristics of the participants 

Table 1 shows the basic characteristics of the 1070 participants in 
this study. Among them, there were many more females than males, the 
proportion was 65.4% and 34.6%, respectively. The participants’ mean 
(± SD) age was 58.21(± 10.87), and most of them reported their 
educational background as middle school and below. The mean (± SD) 
BMI of the participants was 26.26(± 12.15). 

Some samples were not detected during testing, and the samples 
actually included are shown in Table 1. The mean urinary fluoride 
concentration was 1.62 mg/L. The mean (± SD) or median (P25-P75) 
concentrations of markers kidney function injury (NAG, RBP, Urea, C3, 
UA and αl-MG) were 10.39 ± 9.18 U/L, 34.85(30.50–39.70) mg/L, 5.54 
± 1.46 mmol/L, 1.1(1.01–1.33) g/L, 358.86 ± 96.32 μmol/L, and 38.26 
± 10.98 mg/L, respectively. 

3.2. Multivariate linear regression analysis between urinary fluoride and 
markers of kidney function 

In continuous analyses, every 1 mg/L increment of urinary fluoride 
was associated with 1.583 U/L increase in NAG after adjusting for 
covariates. Every 1 mg/L increment of urinary fluoride was associated 
with 0.199 mmol/L increase in Urea and 0.037 g/L decrease in C3 after 
adjusting for potential confounding factors. 

In the categorical analysis, urinary fluoride concentrations were 
positively associated with urinary NAG levels (P-trend<0.001). Urinary 
NAG showed an increased trend with increasing urinary fluoride quar-
tiles, with adjusted β of 2.385 (95%CI: 0.799, 3.993) with 1.38–2.01 
mg/L urinary fluoride concentration (quartile 3) and 4.876 (95% 
CI:3.319, 6.614) with urinary fluoride concentration > 2.01 mg/L 
(quartile 4), when compared with urinary fluoride concentration ≤ 0.90 
mg/L (quartile 1). Urinary fluoride concentrations were also positively 
associated with serum Urea levels (P-trend < 0.001), with adjusted β of 
0.414 (95%CI: 0.149, 0.678) with > 2.01 mg/L urinary fluoride con-
centration (quartile 4) when compared with urinary fluoride concen-
tration ≤ 0.90 mg/L (quartile 1). Serum C3 showed an downward trend 
with increasing urinary fluoride quartiles (Table 2). 

In addition, we analyzed the relationship between urinary fluoride 
and markers of kidney function in different genders, respectively 
(Table S1). We observed that urinary fluoride was positively associated 
with urinary NAG and serum Urea in male and female groups, and 
negatively associated with C3 in male and female groups. However, the 
relationship between urinary fluoride and serum α1-Mg was different in 
different sex groups. We also stratified by age to study the relationship 
between urinary fluoride and markers of kidney function, and the results 
were consistent with previous studies. And an interesting phenomenon 
was discovered that in the 46–60 years old group, the increase in urinary 
fluoride concentration of 1 mg/L resulted in higher increments (β =
1.955, P < 0.001) in urinary NAG compared with the other two groups 
(Table S2). 

Before and after adjusting for urinary fluoride and urinary NAG with 
urinary creatinine, we found a consistent trend about relationship be-
tween urinary fluoride and urinary NAG. The detailed results are shown 
in Tables S3 and S4. 
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3.3. Binary logical regression analysis between urinary fluoride and 
markers of kidney function 

Table 3 shows the relationship between urinary fluoride and kidney 
function based on urinary NAG. The basic characteristics of the popu-
lation are presented in Table S5. In continuous analyses, we observed 
significant increases of 22.8% in the risk of kidney function injury (the 
OR was1.228) for every 1 mg/L increment in the urinary fluoride con-
centrations after adjusting for potential confounding factors. In cate-
gorical analyses, we observed an increasing trend of the risk of kidney 
function injury with increasing quartiles of urinary fluoride concentra-
tions (P < 0.001 for trend over quartiles). 

Table 4 shows the relationship between urinary fluoride and kidney 
function based on Urea. The basic characteristics of the population are 
presented in Table S6. In continuous analyses, we observed significant 
increases of 24.4% in the risk of kidney injury (the OR was 1.244) for 

every 1 mg/L increment in the urinary fluoride concentrations (Signif-
icant only before adjusting for confounders). However, there was a 
significantly positive trend that increased risk of kidney function injury 
with increasing quartiles of urinary fluoride concentrations (P = 0.033 
for trend). 

Table 5 shows the relationship between urinary fluoride and kidney 
function based on C3. The basic characteristics of the population are 
presented in Table S7. In continuous analyses, we observed significant 
increases of 34.4% in the risk of kidney function injury (the OR was 
1.344) for every 1 mg/L increment in the urinary fluoride concentra-
tions. However, the results were reversed in categorical analyses. 

3.4. Sensitivity analysis 

Sensitivity analysis for the associations between urinary fluoride 
concentration and markers of kidney function (urinary NAG, serum 

Table 3 
Association between urinary fluoride and kidney function was studied by NAG.  

UF (mg/L) ≤ 14.6 (Normal) > 14.6 (Kidney dysfunction) Crude, OR (95% CI) P Adjustedd, OR (95% CI) P  
N (%) N (%)     

Quartile1(≤ 0.90) 221(28.9%) 36(18.9%) Reference   Reference   
Quartile2(0.91–1.37)a 207(27.1%) 50(26.3%) 1.483(0.928, 2.369)  0.099 1.385(0.863, 2.223)  0.177 
Quartile3(1.38–2.01)a 193(25.2%) 49(25.8) 1.559(0.973, 2.498)  0.065 1.393(0.863, 2.250)  0.175 
Quartile4(> 2.01)a 144(18.8%) 55(28.9%) 2.345(1.466, 3.750)  < 0.001 2.014(1.248, 3.250)  0.004 
P-trendb     0.001   0.001 
Continuousc 765 190 1.279(1.095, 1.493)  0.002 1.228(1.047, 1.439)  0.011 

OR: odds ratio; CI: confidence interval. 
a The assessments of OR and 95% CI for every quartile increment of urinary fluoride. 
b P-trend were estimated by binary logical regression. 
c The assessments of OR and 95% CI for every 1 mg/L increment of urinary fluoride. 
d Adjustment: age, waistline. 

Table 4 
Association between urinary fluoride and kidney function was studied by serum Urea.  

UF (mg/L) ≤ 7.14 (Normal) > 7.14 (Kidney dysfunction) Crude, OR (95% CI) P Adjustedd, OR (95% CI) P  
N (%) N (%)     

Quartile1(≤ 0.90) 241(28.3%) 24(21.4%) Reference   Reference   
Quartile2(0.91–1.37)a 233(27.3%) 28(25.0%) 1.207(0.680, 2.143)  0.521 1.097(0.610, 1.971)  0.757 
Quartile3(1.38–2.01)a 212(24.6%) 30(26.8%) 1.421(0.806, 2.507)  0.225 1.302(0.729, 2.328)  0.373 
Quartile4(> 2.01)a 166(19.5%) 30(26.8%) 1.815(1.024, 3.215)  0.041 1.526(0.844, 2.760)  0.162 
P-trendb     0.033   0.033 
Continuousc 852 112 1.244(1.029, 1.504)  0.024 1.162(0.954, 1.416)  0.135 

OR: odds ratio; CI: confidence interval. 
a The assessments of OR and 95% CI for every quartile increment of urinary fluoride. 
b P-trend were estimated by binary logical regression. 
c The assessments of OR and 95% CI for every 1 mg/L increment of urinary fluoride. 
d Adjustment: age, gender. 

Table 5 
Association between urinary fluoride and kidney function was studied by serum C3.  

UF (mg/L) ≧ 0.79 (Normal) < 0.79 (Kidney dysfunction) Crude, OR (95% CI) P Adjustedd, OR (95% CI) P  
N (%) N (%)     

Quartile1(≤ 0.90) 255(25.0%) 11(21.6%) Reference   Reference   
Quartile2(0.91–1.37)a 264(25.9%) 10(19.6%) 1.139(0.475, 2.728)  0.771 1.133(0.471, 2.726)  0.780 
Quartile3(1.38–2.01)a 254(24.9%) 7(13.7%) 1.565(0.597, 4.102)  0.362 1.556(0.592, 4.090)  0.370 
Quartile4(> 2.01)a 246(24.1%) 23(%) 0.461(0.220, 0.967)  0.040 0.435(0.206, 0.922)  0.030 
P-trendb     0.033   0.033 
Continuousc 1019 51 1.321(1.020, 1.711)  0.035 1.344(1.034, 1.748)  0.027 

OR: odds ratio; CI: confidence interval. 
a The assessments of OR and 95% CI for every quartile increment of urinary fluoride. 
b P-trend were estimated by binary logical regression. 
c The assessments of OR and 95% CI for every 1 mg/L increment of urinary fluoride. 
d Adjustment: gender, hypertension. 
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Urea, and serum C3) by adjusting for the covariates were similar results 
with the primary analyses (Table S8). 

4. Discussion 

We examined the relationship between urinary fluoride concentra-
tions and levels of markers of kidney function (urinary NAG, serum RBP, 
serum Urea, serum C3 serum UA and serum α1-MG) in a cross-sectional 
study of endemic fluorosis in China. We found that the levels of urinary 
NAG and serum Urea increased significantly with the increase of urinary 
fluoride concentration, urinary fluoride was negatively correlated with 
C3 in adults. Specifically, an increment of 1 mg/L in urinary fluoride was 
associated with 1.583 U/L increase in urinary NAG and 0.199 mmol/L 
increase in serum Urea after adjusting for potential confounding factors. 
And higher levels of urinary fluoride were associated with an increased 
risk of kidney function injury. 

NAG is mainly distributed in the cytoplasm of the proximal tubular 
cell, and there was a significant increase in NAG in urine when renal 
tubule injury. Because of its sensitivity and accurate prediction, NAG has 
been widely concerned and used in clinical nephropathy examination 
(Yan et al., 2019). In both the linear regression model and the binary 
logistic regression model, there was a significantly positive relationship 
between urinary NAG activity and urinary fluoride concentrations in our 
study, which is consistent with previous studies (Xiong et al., 2007). 
Thus, urinary NAG can be used for early assessment of renal injury in 
areas of endemic fluorosis. 

Urea is a waste product of nitrogen-containing compounds, metab-
olized by the liver and excreted in urine. High serum Urea levels may 
reflect kidney dysfunction. Our study found a positive correlation be-
tween urinary fluoride concentrations and serum Urea level(β = 0.199, 
P < 0.001)，but a study in the United States has shown the opposite 
which in higher water fluoride concentrations were associated with 
lower serum Urea (β = − 0.93, P = 0.007) among teenagers after linear 
regression models adjusted for covariates (Malin et al., 2019). The 
possible reason for the inconsistent results is the difference in the study 
population. Our study subjects were adults with an average age of 58.21 
(10.87), while their study subjects were adolescents with an average age 
of 15.32 (0.07). The duration of fluoride exposure of these two groups is 
different, and the body’s ability to metabolize fluoride is also different. 
Another difference is that they studied the relationship between fluoride 
concentrations in water and serum Urea, not urinary fluoride concen-
tration. Urinary fluoride, as a reaction of internal exposure in the body, 
can better reflect the real situation of fluoride exposure and metabolism. 

C3 plays an important role in the progression of kidney injury in 
human hypertensive nephropathy (Cui et al., 2017). A 
complement-mediated C3 glomerulopathy with predominant C3 depo-
sition was proved to be one of the mechanisms of membranoprolifer-
ative glomerulonephritis (Riedl et al., 2017; Sethi and Fervenza, 2011). 
Our study found a weakly negative correlation between urinary fluoride 
concentrations and serum C3 (β = − 0.037, P < 0.001), which may be 
related to glomerular deposition of C3. It is necessary to further explore 
serum C3 as a marker of kidney injury in subsequent studies. 

In contrast, urinary fluoride levels were not significantly associated 
with serum RBP and serum UA of markers of kidney function. Studies 
have shown that serum RBP and UA level is a biomarker of patients with 
acute or chronic kidney disease, mainly used for clinical stage of patients 
(Andreucci et al., 2017; Goodman, 1980; Kang, 2018). Our study pop-
ulation is a natural population, not patients with clinical kidney disease. 
The study examined the relationship between fluoride exposure and 
kidney damage, which is more likely to be expressed as early (subclin-
ical) damage. 

Our findings showed that age and gender modified the association 
between fluoride exposure and marker of kidney function. We found 
that the increase in urinary fluoride concentrations of 1 mg/L was 
associated with higher increments (β = 1.955, P < 0.001) in urinary 
NAG in the 46–60 years old group compared with the other two groups. 

Urinary fluoride levels were not significantly associated with serum αl- 
MG of markers of kidney function. But the relationship between urinary 
fluoride and serum α1-MG was significant in the women group, which is 
an interesting phenomenon and can be studied in more detail in the 
future. Animal studies have shown that the activity of NAG in mouse 
kidneys, urine and plasma was correlated with age and sex (Funakawa 
et al., 1987). The 46–60 years of age is the stage of menopause for most 
people, and their specific physiological changes may lead to higher 
urinary NAG, which needs to be confirmed by further studies. 

Our study has several strengths. Our study shows a natural 
population-based study in China to examine the relationship between 
chronic fluoride exposure and kidney function related markers among 
adults, and investigate fluoride exposure and early impairment of kid-
ney function. Our study found a very stable linear correlation between 
urinary fluoride concentrations and urinary NAG and serum Urea in 
adult after sensitivity analysis, which will provide a scientific basis for 
the establishment of a more accurate kidney function screening program 
in fluorosis areas. Our study provides a basis for further evaluation and 
formulation of safety guidelines for fluoride exposure. 

This study had several limitations. Our study was a cross-sectional 
investigation and is incomplete adequacy as evidence to explain the 
kidney toxicity of fluoride, and more longitudinal studies are needed. In 
our study, known factors for kidney function injury were not all 
collected for covariate control, which makes our results likely to be 
questioned by other researchers. However, this is also the disadvantage 
of population research compared with animal experimental research, 
that is, the influencing factors caused by individual differences are 
difficult to be controlled artificially or fully understood by researchers. 
Fortunately, we did our best to collect important covariates. 

5. Conclusions 

In conclusion, our study suggests that long-term fluoride exposure is 
associated with kidney function in adults. Our study found that urinary 
fluoride concentrations were positively correlated with both urinary 
NAG and serum Urea in adult, and every 1 mg/L increment of urinary 
fluoride was associated with 1.583 U/L increase in urinary NAG and 
0.199 mmol/L increase in serum Urea after adjusting for potential 
confounding factors. And urinary NAG, a sensitive and robust marker of 
kidney dysfunction caused by fluoride exposure, could be considered for 
the identification of early kidney injury. Therefore, these findings will 
provide a theoretical basis for countries and regions with fluorosis to 
establish relevant health policies. 
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C., Remuzzi, G., de Córdoba, S.R., Sethi, S., Van der Vlag, J., Zipfel, P.F., Nester, C. 
M., 2019. C3 glomerulopathy - understanding a rare complement-driven renal 
disease. Nat. Rev. Nephrol. 15, 129–143. 

Srivastava, S., Flora, S.J.S., 2020. Fluoride in drinking water and skeletal fluorosis: a 
review of the global impact. Curr. Environ. Health Rep. 7, 140–146. 

Tian, X., Feng, J., Dong, N., Lyu, Y., Wei, C., Li, B., Ma, Y., Xie, J., Qiu, Y., Song, G., 
Ren, X., Yan, X., 2019. Subchronic exposure to arsenite and fluoride from gestation 
to puberty induces oxidative stress and disrupts ultrastructure in the kidneys of rat 
offspring. Sci. Total Environ. 686, 1229–1237. 

Vanholder, R., Gryp, T., Glorieux, G., 2018. Urea and chronic kidney disease: the 
comeback of the century? (in uraemia research). Nephrol. Dial. Transplant Off. Publ. 
Eur. Dial. Transpl. Assoc. - Eur. Ren. Assoc. 33, 4–12. 

Wang, M., Liu, L., Li, H., Li, Y., Liu, H., Hou, C., Zeng, Q., Li, P., Zhao, Q., Dong, L., 
Zhou, G., Yu, X., Liu, L., Guan, Q., Zhang, S., Wang, A., 2020. Thyroid function, 
intelligence, and low-moderate fluoride exposure among chinese school-age 
children. Environ. Int. 134, 105229. 

Wei, W., Pang, S., Sun, D., 2019. The pathogenesis of endemic fluorosis: Research 
progress in the last 5 years. J. Cell. Mol. Med. 23, 2333–2342. 

Xiong, X., Liu, J., He, W., Xia, T., He, P., Chen, X., Yang, K., Wang, A., 2007. Dose-effect 
relationship between drinking water fluoride levels and damage to liver and kidney 
functions in children. Environ. Res. 103, 112–116. 

Yan, F., Tian, X., Luan, Z., Feng, L., Ma, X., James, T.D., 2019. Nag-targeting fluorescence 
based probe for precision diagnosis of kidney injury. Chem. Commun. 55, 
1955–1958. 

L. Wu et al.                                                                                                                                                                                                                                      

https://doi.org/10.1016/j.ecoenv.2021.112735
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref1
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref1
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref1
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref2
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref2
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref2
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref3
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref3
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref3
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref4
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref4
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref5
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref5
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref5
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref5
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref5
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref6
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref6
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref7
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref7
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref7
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref8
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref8
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref8
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref8
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref9
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref9
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref9
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref10
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref10
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref11
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref11
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref12
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref12
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref12
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref12
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref13
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref13
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref13
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref13
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref14
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref14
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref15
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref15
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref15
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref16
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref16
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref17
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref17
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref18
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref18
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref19
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref19
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref19
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref20
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref20
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref20
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref20
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref21
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref21
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref21
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref22
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref22
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref22
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref22
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref23
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref23
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref24
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref24
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref24
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref25
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref25
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref26
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref26
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref26
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref27
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref27
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref27
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref28
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref29
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref29
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref30
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref30
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref30
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref31
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref31
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref32
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref32
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref32
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref32
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref32
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref33
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref33
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref34
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref34
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref34
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref34
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref35
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref35
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref35
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref36
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref36
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref36
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref36
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref37
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref37
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref38
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref38
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref38
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref39
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref39
http://refhub.elsevier.com/S0147-6513(21)00847-2/sbref39

	Association between fluoride exposure and kidney function in adults: A cross-sectional study based on endemic fluorosis are ...
	1 Introduction
	2 Materials and methods
	2.1 Study site and population
	2.2 General information collection
	2.3 Sample collection
	2.4 Determination of fluoride concentrations
	2.5 Determination of biomarkers for kidney function
	2.6 Quality assurance and quality control
	2.7 Statistical analysis

	3 Results
	3.1 Basic characteristics of the participants
	3.2 Multivariate linear regression analysis between urinary fluoride and markers of kidney function
	3.3 Binary logical regression analysis between urinary fluoride and markers of kidney function
	3.4 Sensitivity analysis

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgment
	Funding
	Appendix A Supporting information
	References


