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A B S T R A C T   

Background/Aim: Fluoride is a natural mineral present in food, water, and dental products, constituting ubiq-
uitous long-term exposure in early childhood and across the lifespan. Experimental evidence shows fluoride- 
induced lipid disturbances with potential implications for cardiometabolic health. However, epidemiological 
studies are scarce. For the first time, we evaluated associations between repeated fluoride measures and car-
diometabolic outcomes in children. 
Methods: We studied ~ 500 Mexican children from the Programming Research in Obesity, Growth, Environment 
and Social Stressors (PROGRESS) cohort with measurements on urinary fluoride at age 4, and dietary fluoride at 
ages 4, 6, and 8 years approximately. We used covariate-adjusted linear mixed-effects and linear regression 
models to assess fluoride associations with multiple cardiometabolic outcomes (ages 4–8): lipids (total choles-
terol, HDL, LDL, and triglycerides), glucose, HbA1c, adipokines (leptin and adiponectin), body fat, and age- and 
sex-specific z-scores of body mass index (zBMI), waist circumference, and blood pressure. 
Results: Dietary fluoride intake at age 4 was associated with annual increases in triglycerides [β per-fluoride- 
doubling = 2.02 (95 % CI: 0.37, 3.69)], cholesterol [β = 1.46 (95 % CI: 0.52, 2.39)], HDL [β = 0.39 (95 % CI: 
0.02, 0.76)], LDL [β = 0.87 (95 % CI: 0.02, 1.71)], and HbA1c [β = 0.76 (95 % CI: 0.28, 1.24)], and decreased 
leptin [β = -3.58 (95 % CI: − 6.34, − 0.75)] between the ages 4 and 8. In cross-sectional analyses at age 8, higher 
tertiles of fluoride exposure were associated with increases in zBMI, triglycerides, glucose, and leptin (p-tertile 
trend < 0.05). Stronger associations were observed in boys at year 8 and in girls prior to year 8 (p-sex interaction 
< 0.05). Fewer but consistent associations were observed for urinary fluoride at age 4, indicating increased 
annual changes in HDL and HbA1c with higher fluoride levels. 
Conclusion: Dietary fluoride exposures in early- and mid-childhood were associated with adverse cardiometabolic 
outcomes in school-aged children. Further research is needed to elucidate whether these associations persist at 
later ages.   

1. Introduction 

Fluoride, the ionic form of the common element fluorine, is 
frequently used as an additive to prevent tooth decay and promote bone 
formation (NIH, 2023), particularly during childhood. While fluoride is 
present in dental products, it is commonly found in fluoridated munic-
ipal drinking water, at trace levels in natural water sources, as well as in 

food and beverages. In Mexico, while municipal water is not fluoridated, 
there is wide availability of naturally occurring fluoride in drinking 
water (Armienta and Segovia, 2008; Farías et al., 2021), and exposure 
via foods containing elevated levels of fluoridated salt (Cantoral et al., 
2019). More specifically, salt fluoridation is required in Mexican mu-
nicipalities when naturally occurring fluoride does not exceed certain 
limits (0.7 ppm) (Secretaría de Salud, 1994; Gobierno de México, 2023). 
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Fluoride measured in urine and plasma is short-lived with an 
approximate half-life of 5 h in humans (Carlson et al., 1960; Ekstrand 
and Ehrnebo, 1983). Fluoride intake is widely ubiquitous as it can be 
ingested daily unintendedly via foods, drinking water, and dental 
products constituting a continuous long-term exposure. Even though 
fluoride may be an effective prophylactic against caries, particularly in 
children (USDHHS, 2015), increased fluoride exposures may also 
contribute to long-term deleterious effects, such as fluorosis (Holt et al., 
1994; Tavener et al., 2006; Wong et al., 2010), DNA methylation 
changes (Wang et al., 2021), or neurological effects (Ding and Yanhui-
Gao, 2011; Xu et al., 2020; Yu et al., 2018; Wang et al., 2007; Malin and 
Till, 2015; Bashash et al., 2017; Choi et al., 2012), as shown in previous 
cross-sectional studies, prospective studies, and clinical trials (Holt 
et al., 1994; Tavener et al., 2006; Wong et al., 2010; Wang et al., 2021; 
Ding and YanhuiGao, 2011; Xu et al., 2020; Yu et al., 2018; Wang et al., 
2007; Malin and Till, 2015; Bashash et al., 2017; Choi et al., 2012). 
Similar effects have also been observed in experimental studies in ani-
mals, and, to a lesser extent, in epidemiological studies in adults, 
including fluorosis (Everett, 2011), bone fractures (Li et al., 2001), 
carcinogenicity (Bucher et al., 1991), high blood pressure (Yousefi et al., 
2018), liver function (Lu et al., 2017; Wang et al., 2019; Shanthakumari 
et al., 2004; Guo et al., 2003; Chattopadhyay et al., 2011; de Camargo 
and Merzel, 1980; Chen et al., 2013), insulin and glucose metabolism 
impairment (Itai et al., 2021; Trivedi et al., 1993), or endocrine sex- 
steroid and thyroid hormone disruption (Basha et al., 2011; Shoback 
and McGhee, 1988; Chen et al., 1988; Puranik et al., 2015; Skórka- 
Majewicz et al., 2020; Thippeswamy et al., 2021; Kumar et al., 2018; 
Kheradpisheh et al., 2018; Ortiz-Pérez et al., 2003; Ma et al., 2017; Zhou 
et al., 2013). 

Experimental research shows that fluoride promotes lipid distur-
bances (Wang et al., 2000; Ma et al., 2012; Oncü et al., 2007; Hassan and 
Yousef, 2009; Miltonprabu and Thangapandiyan, 2015), suggesting 
adverse cardiometabolic health effects in humans. However, epidemi-
ological studies are scarce and are mostly cross-sectional. Furthermore, 
the cardiometabolic effects stemming from fluoride exposure are 
understudied in children and the few studies available have shown 
inconclusive results (Liu et al., 2020; Liu et al., 2019; Malin et al., 2019; 
Xiong et al., 2007; Wang et al., 2020; Bai et al., 2020). Studies in chil-
dren have focused on obesity (Liu et al., 2020; Liu et al., 2019), liver 
function (Malin et al., 2019; Xiong et al., 2007), lipids (Liu et al., 2020), 
glucose (Liu et al., 2020), and hormones (Wang et al., 2020; Bai et al., 
2020) primarily. While the evidence is limited in children, findings from 
these cross-sectional studies indicated potential deleterious health ef-
fects including fluoride associations with alterations in liver function 
(Malin et al., 2019; Xiong et al., 2007), thyroid, and sex hormones 
(Wang et al., 2020; Bai et al., 2020), Furthermore, results for other 
cardiometabolic health markers have been inconsistent; for instance, 
fluoride was associated with increased BMI (Liu et al., 2019), glucose, 
and overall cardiometabolic risk (Liu et al., 2020), whereas no associ-
ations were observed between plasma fluoride and lipids in children (Liu 
et al., 2020). Because longitudinal studies in children with repeated 
fluoride exposure measurements across sensitive developmental periods 
and assessing cardiometabolic outcomes are lacking, the long-term ef-
fects of fluoride exposure on cardiometabolic outcomes such as circu-
lating levels of lipids or anthropometric measures other than BMI largely 
remain understudied. 

To date, there is a lack of consensus on an optimal fluoride intake 
quantity (Warren et al., 2009), and further research is needed especially 
in children during sensitive developmental periods, given the potential 
negative health effects raised by prior experimental research (Milton-
prabu and Thangapandiyan, 2015; Shoback and McGhee, 1988; Chen 
et al., 1988; Puranik et al., 2015; Wang et al., 2000; Ma et al., 2012; 
Oncü et al., 2007). 

Therefore, we hypothesized in this study that fluoride exposure is 
associated with adverse cardiometabolic outcomes in children. In this 
longitudinal cohort, we examined both cross-sectional and prospective 

associations of fluoride exposure on cardiometabolic health in children 
living in Mexico City. 

2. Materials and methods 

2.1. Study design and population 

We conducted a prospective cohort study to evaluate associations 
between repeated fluoride measures and cardiometabolic outcomes in 
Mexican children from the population-based Programming Research in 
Obesity, Growth, Environment and Social Stressors (PROGRESS) cohort. 
The PROGRESS cohort enrolled a total of 948 mother-newborn pairs 
between 2007 and 2011 that have been periodically followed up to date. 
All children and their respective mothers were affiliated with the 
Mexican Social Security System (Instituto Mexicano del Seguro Social or 
IMSS). Women were considered for inclusion if they were pregnant, had 
≥ 18 years of age, were at 12–20 weeks of gestation at enrollment, lived 
within a designated geographic area, were planning to remain in close 
geographic proximity to the study for at least three years, and were 
exempt from chronic diseases. Medical exclusion criteria in mothers 
were history of infertility, heart or renal disease, diabetes, psychosis or 
use of anti-epilepsy drugs, use of steroids, consumption of one or more 
alcoholic drinks per day, or drug addiction at recruitment. Children 
were followed up consistently after birth, every 2 years ever since. In this 
study, we refer to ages 4, 6, and 8 as the follow-up visits at approxi-
mately 4, 6, and 8 years of age. At all examinations, information on 
socio-demographic, lifestyle, and environmental factors was collected 
through validated questionnaires, along with biological samples and 
health outcomes measured from the children and their mothers using 
standardized protocols. In the present study, we included approximately 
500 children with at least one fluoride and cardiometabolic outcome 
measure available. All women enrolled in the study provided signed 
consent in Spanish. This study was approved by the Institutional Review 
Boards of the Icahn School of Medicine at Mount Sinai, and the National 
Institute of Public Health in Mexico (Instituto Nacional de Salud Pública). 

2.2. Fluoride assessment 

A 101-item validated food frequency questionnaire (FFQ) was 
administered to PROGRESS mothers in order to assess dietary patterns of 
their children over the last 7 days and was repeated at ages 4, 6, and 8 as 
a proxy of continuous exposure to fluoride specific to diet (Green et al., 
2020). Dietary-derived fluoride levels were calculated for 591 children 
at age 4, 593 at age 6, and 567 at age 8 (Figure S1), from estimated total 
food and beverage fluoride intake levels (in mg/day) using FFQs and 
based on standard levels of fluoride contents in 182 foods and beverages 
from Mexico City (Cantoral et al., 2019). PROGRESS FFQs captured 
frequency (number of days and times per day) and serving size of each 
food and beverage item. Then, the frequency and the serving size were 
multiplied by each other to obtain a total intake per week and was 
divided by 7 to calculate the final average dietary fluoride intake per 
day. To estimate the fluoride content in foods and beverages, we used an 
FFQ (Denova-Gutiérrez et al., 2016) validated with a 7-day recall in the 
Mexican population that adhered to the pattern of foods that are 
consumed most commonly in Mexico and in which preparations of foods 
already comprised added salt in concordance with standardized recipes 
from the Mexican National Health and Nutrition Survey or Encuesta 
Nacional de Salud y Nutrición (ENSANUT). This methodology allowed 
us to account for sources of variation stemming from amounts of salt 
used when cooking foods. Furthermore, in order to account for the 
variability due to the type of water used to prepare food when charac-
terizing these tables, we used for samples prepared in the laboratory the 
average fluoride levels in different types of pre-cooked foods (those with 
high content of salt), as well as in home-cooked foods using a common 
brand of bottled water used in this population (i.e. Evian water, with a 
negligible amount of fluoride content of around 0.04 mg/L) (Cantoral 
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et al., 2019) to not obfuscate the fluoride content in foods. Furthermore, 
the FFQ assessed the frequency and quantity of drinking water (number 
of 240 mL-glasses per day). We calculated fluoride intake via drinking 
water by multiplying the FFQ amounts with the average level of fluoride 
(0.14 mcg/mL) measured across different water types most commonly 
consumed in Mexico, including tap water, bottled water, filtered water, 
street water, and well water (Cantoral et al., 2019). 

Urinary fluoride (CUF in µg/mL) was measured in 583 non-fasting 
children using a spot urine sample collected at follow-up year 4 
(Figure S1) (Green et al., 2020). Spot urine samples were collected 
approximately during the morning hours. Urinary excretion is the major 
pathway eliminating fluoride from the body (Idowu et al., 2019; Rugg- 
Gunn et al., 2011; WHO, 2014). Therefore, urinary fluoride concentra-
tion is a proxy of recent exposure, fluoride intake from multiple sources, 
including diet, and/or also representative of potentially non-adsorbed 
exposure (Zohouri et al., 2006; Gillespie et al., 2022; Liu et al., 2011). 
CUF concentrations were analyzed at the Oral Health Research Institute 
at Indiana University using a modification of the hexamethyldisoloxane 
(HMDS; Sigma Chemical Co.) microdiffusion procedure (Martínez-Mier 
et al., 2009; Martínez-Mier et al., 2011), as detailed previously (Green 
et al., 2020). To account for variation in urine dilution, CUF concen-
trations were standardized for specific gravity (SG) (Green et al., 2020; 
Hauser et al., 2004) as follows: CUFSG (mg/L) = CUFi * (SGm − 1)/(SGi 
− 1) where CUFSG (mg/L) is the SG standardized fluoride concentration, 
CUFi is the observed fluoride concentration, SGi is the SG of the indi-
vidual urine sample, and SGm is the median SG for the sample. 

2.3. Assessment of cardiometabolic outcomes 

We measured cardiometabolic outcomes (lipids, adipokines, glucose, 
HbA1c, insulin, anthropometric measures, and blood pressure) in 
PROGRESS children at 4, 6, and 8 years of age following previously 
published methods. (Kupsco et al., 2021; Jáuregui et al., 2020). 

Trained research staff collected fasting blood from children used to 
measure total cholesterol, high-density lipoprotein (HDL) cholesterol, 
and triglycerides in mg/dL (Roche Diagnostics, Indianapolis, IN). Low- 
density lipoprotein cholesterol (LDL) was calculated as the difference 
between total cholesterol and HDL cholesterol following the Friedewald 
equation (LDL cholesterol = [total cholesterol] − [HDL cholesterol] −
[triglycerides/5], in mg/dL) (Friedewald et al., 1972). Adipokine hor-
mones (in pg/mL) were measured with ultrasensitive ELISA. An enzy-
matically amplified “two-step” sandwich-type immunoassay was used to 
measure leptin (R&D Systems, Minneapolis, MN) and an ELISA method 
from ALPCO Diagnostics Inc. (Salem, NH) was used to measure adipo-
nectin. Levels of HbA1c (%) were determined using the Miura 200 
automated analyzer (ISE S.r.l., Rome, Italy). Fasting glucose in plasma 
was measured in mg/dL using an enzymatic photometric assay (Trind-
er’s method) using a Response 910 automated analyzer (DiaSys Diag-
nostic Systems, Holzheim, Germany). Plasma insulin levels (uUI/mL) at 
year 8 were also available and were measured using a solid-phase, 
enzyme-labeled chemiluminiscent immunoassay (Immulite 1000 
analyzer, Siemens, Germany). We calculated insulin resistance using the 
homeostatic model assessment (HOMA-IR) from fasting insulin and 
glucose at year 8, when both insulin and glucose levels were available. 

Anthropometric measures (weight, height, and waist circumference 
[WC]), and blood pressure were measured by a trained physician and 
staff members at each follow-up visit. Body fat percentage was measured 
at 4, 6, and 8 years of age using tetrapolar bioelectrical impedance in-
struments InBody 370 or 230 (Biospace Co., Ltd.). At ages 4 and 6, 
participants had measures from both Inbody 370 and Inbody 230 in-
struments, so analytical adjustments were made so that all measures 
were consistent across instruments by using a robust linear model fit on 
a calibration set of 36 children with concurrent measures (R2 = 0.96), as 
reported previously (Renzetti et al., 2017). At age 8, all body fat per-
centage and weight measures were consistently analyzed by the Inbody 
230 instrument. Height was measured twice using a SECA mechanical 

wall stadiometer to the nearest 0.5 cm (Hamburg, Germany) model 206. 
We then used the weight and height measures to calculate sex- and age- 
standardized BMI z-scores (zBMI) following World Health Organization 
(WHO) guidelines as follows: for children under 5 years of age, over-
weight was defined as a weight-for-height greater than 2 standard de-
viations (SD) above WHO Child Growth Standards median, (WHO, 
2023a) whereas for above 5 years of age overweight was defined as 1 SD 
above. (WHO, 2023b-c) Mean WC was calculated from the average of 
two measurements above the iliac crest using a SECA measuring tape. 
Resting systolic blood pressure (SBP) and diastolic blood pressure (DBP) 
were measured multiple times at each visit and averaged. At ages 4 and 
6, we used both SpaceLabs Healthcare automated oscillo-metric device 
(Ambulatory BP 90207 monitor, Washington) with a child-sized cuff 
(Sanders et al., 2018), as well as a Baumanometer. Both SpaceLabs and 
Baumanometer measurements were collected twice each and averaged. 
Then, the average of the mean of the two measurements was calculated 
to obtain the final mean SBP and DBP at each follow-up (at 4 and 6 
years). At age 8, we averaged two blood pressure measurements 
collected using SpaceLabs. 

With the exception of BMI, for which we used WHO growth refer-
ences z-scores for children (WHO, 2023a-c) as described above, other 
anthropometric biomarkers that are known to vary by age and sex 
specifically during childhood (WC, SBP, and DBP) (Jiang et al., 2014; 
Grajda et al., 2017; Muyumba et al., 2018; Fernández et al., 2004; 
Noubiap et al., 2022) were age and sex z-score transformed using in-
ternal cohort standardization. We also combined multiple car-
diometabolic risk components to calculate two cardiometabolic risk 
scores (with and without insulin due to low sample size of the latter 
outcome), using the sum of z-score transformed WC, BP (average of SBP 
and DBP), glucose and triglycerides-to-HDL ratio at ages 4, 6, and 8, 
with and without including insulin at age 8, following Viitasalo et al. 
method (Viitasalo et al., 2014). 

2.4. Additional covariates 

Information on demographic factors (age of the mother and child) 
was self-reported at recruitment during the 2nd trimester of pregnancy, 
follow-up, or at childbirth (child sex). Lifestyle information was 
collected during pregnancy including information on smoking (passive 
or active smoking) and parity. Pre-pregnancy BMI was estimated in 
accordance to validated methods using the height at recruitment (during 
pregnancy) and the last menstrual period reported weight (Thomas 
et al., 2019). Socio-economic status (SES) was estimated using the 
Mexican Association of Market and Public Opinion Research Agencies 
(Spanish acronym AMAI) index used in Mexico (Villegas Carrasco, 
2002). The AMAI index considered a total of 13 factors including the 
education of the head of household and number of appliances in the 
household, car ownership, and so forth. The index classifies families into 
6 levels, which were further collapsed into 3 SES categories: lower, 
medium, and high. Puberty in PROGRESS children was captured by the 
Tanner scale for follow-up year 8. Trained study pediatricians performed 
Tanner staging as follows: they Tanner staged pubic hair for both sexes, 
genitals for boys using an orchidometer, and breast development for 
girls, and assigned values ranging from 1 to 5, where stage 1 indicated 
that an individual did not initiate development while stages above 1 
indicated puberty onset or sexual maturity (Marshall and Tanner, 1970; 
Marshall and Tanner, 1969). 

2.5. Statistical analyses 

Descriptive analyses included children characteristics and biomarker 
distributions by follow-up examinations. Influential outliers (implau-
sible values) were observed in body fat measures for two participants 
who were excluded from subsequent statistical analyses. An overview of 
the statistical methods used to estimate associations between fluoride 
exposure and cardiometabolic outcomes across multiple ages is shown in 
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Figure S2. We also conducted diagnostic tests when conducting ana-
lyses, which indicated normal distribution of errors centering at 0, as 
well as no visible heteroskedasticity (Figure S3-S4) nor multi-
collinearity among variables (ρ < 0.44). 

We used covariate-adjusted Linear Mixed-Effects Models to assess 
annual changes in cardiometabolic outcomes (between continuous 4 
and 8 years of age) per fluoride unit increase. First, we ln-transformed 
biomarkers that did not follow a normal distribution to improve 
normality (triglycerides, HbA1c, insulin, HOMA-IR, and adipokines 
leptin and adiponectin). We then re-transformed results by exponenti-
ating the value, subtracting 1, and multiplying by 100 yielding estimates 
in percent changes for these outcomes. Then, we modeled fluoride 
exposure log2-transformed and in tertiles at ages 4 (urinary and dietary), 
6 (dietary), and 8 (dietary) and evaluated changes in the following 
cardiometabolic risk components measured at 4, 6, and 8 years of age: 
total cholesterol (in mg/dL), HDL (in mg/dL), LDL (in mg/dL), and tri-
glycerides (%), as well as glucose (mg/dL), HbA1c (%), body fat (%), 
adipokines leptin and adiponectin (%), and age- and sex-adjusted z- 
scores of body mass index (zBMI), waist circumference (zWC), and 
systolic and diastolic blood pressure (zSBP and zDBP). In addition, we 
used linear regression models to estimate cross-sectional fluoride- 
outcome associations: linear models examined the effect of dietary 
fluoride on the aforementioned cardiometabolic outcomes cross- 
sectionally at each visit (ages 4, 6, and 8), as well as the effect of uri-
nary fluoride at age 4 and dietary fluoride at ages 4, 6, and 8 on insulin 
(%) and HOMA-IR (%) measured at age 8. Linearity of associations was 
evaluated using univariate Generalized Additive Models (GAM) when 

applicable. 
We selected confounders adjusted for in the statistical models based 

on a priori knowledge and/or statistically significant associations with 
the exposures and outcomes of interest in our sample. Given that par-
ticipants’ follow-up visits were not exactly at age 4, 6, or 8, we also 
centered the baseline age in the study at age 4 for all analyses. Models 
controlled for continuous baseline-centered age, SES, and sex of child 
and maternal smoking status during pregnancy, continuous age at par-
tum, parity status, and continuous pre-pregnancy BMI. We additionally 
controlled for children’s total energy intake (kcal) as continuous in 
models examining dietary fluoride exposures. Children with higher 
levels of fast food consumption tend to accumulate higher caloric intake 
(Vikraman et al., 2015) but also tend to consume foods with higher 
fluoride content (Cantoral et al., 2019). Associations between fluoride 
exposures and cardiometabolic risk score (with insulin at age 8 and 
without insulin) were also evaluated. Covariate-adjusted Poisson 
Generalized Linear Mixed-Effects Models (GLMM) were used to assess 
fluoride effects on incidence rates of overweight/obesity status 
(compared to normal and underweight) between the ages of 4 and 8. 
Incidence rate ratios were obtained by exponentiating the Poisson 
regression coefficients. Covariate-adjusted Poisson GLM models were 
conducted to assess cross-sectional associations. 

We restricted all analyses to children with available fluoride expo-
sure at the time-point of interest and outcomes across all visits. Addi-
tional sensitivity analyses included: 1) analyses restricted to children 
with both complete dietary fluoride and outcome data across ages to 
facilitate a direct comparison of effect estimates at year 8 with similar 

Table 1 
Children characteristics by follow-up examinations a   

Follow-Up Year 4 
~Age 4 b 

Follow-Up Year 6 
~Age 6 c 

Follow-Up Year 8 
~Age 8 d 

Variable Study Sample with Urinary 
Fluoride N = 491 

Study Sample with Dietary 
Fluoride N = 500 

Study Sample with Dietary 
Fluoride N = 532 

Study Sample with Dietary 
Fluoride N = 562 

Fluoride Levels (µg/mL or 
mcg/day) 

0.74 (0.41) 
[0.00, 5.36] 

693 (315) 
[148, 2,770] 

745 (265) 
[169, 2,333] 

795 (312) 
[152, 2,431] 

Maternal Age at Partum 28.1 (5.6) 
[18.4, 44.4] 

28.1 (5.7) 
[18.3, 44.4] 

28.2 (5.6) 
[18.3, 44.4] 

28.1 (5.6) 
[18.3, 44.4] 

Age (Years) 4.82 (0.56) 
[4.01, 6.70] 

4.81 (0.55) 
[4.01, 6.70] 

6.74 (0.57) 
[5.98, 9.66] 

9.70 (0.69) 
[8.09, 12.08] 

Socioeconomic Status (AMAI 
Index)     

Low 258 (53 %) 267 (53 %) 286 (54 %) 302 (54 %) 
Medium 186 (38 %) 186 (37 %) 195 (37 %) 205 (36 %) 
High 47 (9.6 %) 47 (9.4 %) 51 (9.6 %) 55 (10 %) 
Maternal Smoking during 

Pregnancy e     

No Smoking (Any) 306 (62 %) 312 (62 %) 333 (63 %) 351 (62 %) 
Smoking (Any) 185 (38 %) 188 (38 %) 199 (37 %) 211 (38 %) 
Maternal Pre-pregnancy BMI 

(kg/m2) 
26.5 (4.1) 

[18.4, 43.5] 
26.5 (4.1) 

[18.4, 43.5] 
26.5 (4.1) 

[18.4, 43.5] 
26.5 (4.1) 

[18.4, 43.5] 
Maternal Parity Status at 

Enrollment     
1 pregnancy 192 (39 %) 195 (39 %) 204 (38 %) 215 (38 %) 
2 pregnancies 168 (34 %) 168 (34 %) 185 (35 %) 198 (35 %) 
3 + pregnancies 131 (27 %) 137 (27 %) 143 (27 %) 149 (27 %) 
Caloric Intake (kcal) – 1,683 (639) 

[606, 4,883] 
1,902 (592) 
[518, 4,309] 

1,982 (744) 
[554, 5,309] 

Sex     
Female 241 (49 %) 251 (50 %) 262 (49 %) 274 (49 %) 
Male 250 (51 %) 249 (50 %) 270 (51 %) 288 (51 %) 
Obesity or Overweight Status 

f 
58 (12 %) 55 (11 %) 152 (29 %) 260 (46 %) 

zBMI f 0.30 (1.11) 
[-3.83, 6.63] 

0.27 (1.11) 
[-3.83, 6.63] 

0.45 (1.33) 
[-4.33, 7.13] 

0.88 (1.30) 
[-3.01, 4.50]  

a Mean (SD) [Range]; n (%). Restricted in participants with available data on fluoride exposure (urinary in µg/mL and dietary in mcg/day) and BMI. 
b Restricted to participants with fluoride exposure at follow-up year 4 and BMI at years 4, 6, and 8. 
c Restricted to participants with fluoride exposure at year 6 and BMI at years 6 and 8. 
d Restricted to participants with fluoride exposure and BMI at year 8. 
e Any maternal smoking (active or passive) during pregnancy. 
f Continuous 2007 WHO BMI z-scores: underweight (<-2SD), normal (between ≥ -2 SD and ≤ +1SD), overweight (> +1 SD and ≤ +2 SD), and obese (> +2SD). 
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Table 2 
Children anthropometric and cardiometabolic biomarker distributions by follow-up examinations a   

Biomarker Level at Follow-Up Year 4 
~Age 4 b 

Biomarker Level at Follow-Up 
Year 6 

~ Age 6 c 

Biomarker Level at Follow-Up 
Year 8 

~ Age 8 d 

Variable Study Sample with Urinary 
Fluoride 

Study Sample with Dietary 
Fluoride 

Study Sample with Dietary 
Fluoride 

Study Sample with Dietary 
Fluoride 

Time-varying Outcomes     
zBMI e 0.30 (1.11) 

[-3.83, 6.63] 
0.27 (1.11) 

[-3.83, 6.63] 
0.45 (1.33) 

[-4.33, 7.13] 
0.88 (1.30) 

[-3.01, 4.50]  
n = 491 n = 500 n = 532 n = 562 

zWC 0.05 (1.01) 
[-1.94, 5.41] 

0.03 (1.00) 
[-1.94, 5.41] 

0.02 (1.01) 
[-1.81, 4.16] 

0.00 (0.98) 
[-1.89, 3.39]  

n = 496 n = 505 n = 532 n = 563 
Body Fat (%) 24.2 (6.28) 

[3.00, 47.8] 
24.1 (6.17) 

[3.00, 47.78] 
25.0 (7.95) 
[6.80, 50.4] 

30.6 (8.82) 
[3.00, 52.4]  

n = 478 n = 483 n = 516 n = 560 
zDBP f − 0.02 (0.97) 

[-2.67, 3.15] 
− 0.02 (0.96) 
[-2.67, 3.15] 

− 0.05 (0.98) 
[-2.54, 3.03] 

0.00 (0.98) 
[-2.60, 3.57]  

n = 473 n = 483 n = 511 n = 538 
zSBP f − 0.03 (0.96) 

[-2.38, 2.51] 
− 0.03 (0.97) 
[-2.38, 3.17] 

− 0.03 (0.99) 
[-2.49, 2.65] 

0.00 (0.98) 
[-2.61, 3.33]  

n = 473 n = 483 n = 511 n = 538 
Leptin (ng/mL) g 3.13 (3.16) 

[0.11, 27.2] 
3.11 (3.15) 
[0.11, 27.2] 

5.49 (6.85) 
[0.35, 60.5] 

10.8 (10.9) 
[0.72, 68.6]  

n = 320 n = 326 n = 428 n = 514 
Adiponectin (ng/mL) g 15.5(7.16) 

[0.72, 45.1] 
15.4 (7.20) 
[0.72, 45.1] 

12.5 (6.47) 
[0.98, 45.8] 

13.8 (16.0) 
[0.03, 107.8]  

n = 317 n = 323 n = 429 n = 513 
Cholesterol (mg/dL) 162.2 (27.1) 

[101.0, 254.7] 
162.5 (27.4) 

[101.0, 254.7] 
163.3 (20.5) 
[87.0, 267.0] 

158.3 (30.6) 
[74.0, 323.0]  

n = 331 n = 338 n = 441 n = 524 
HDL (mg/dL) 49.7 (9.26) 

[26.5, 79.0] 
49.7 (9.29) 
[26.5, 79.0] 

51.5 (12.0) 
[5.53, 127.6] 

49.4 (11.5) 
[22.1, 92.0]  

n = 330 n = 337 n = 441 n = 524 
LDL (mg/dL) 96.1 (24.5) 

[16.6, 186.2] 
96.5 (24.7) 

[16.6, 186.2] 
95.8 (18.5) 

[23.8, 226.7] 
90.4 (26.3) 

[5.44, 245.0]  
n = 330 n = 337 n = 440 n = 523 

Triglycerides (mg/dL) 81.8 (46.0) 
[34.0, 458.0] 

81.8 (45.7) 
[34.0, 458.0] 

80.1 (35.8) 
[27.0, 313.0] 

92.5 (48.3) 
[17.0, 420.0]  

n = 331 n = 338 n = 440 n = 523 
HbA1c (%) 5.23 (0.39) 

[3.30, 6.60] 
5.23 (0.39) 
[3.30, 6.60] 

5.39 (0.33) 
[3.16, 6.72] 

4.91 (0.61) 
[1.09, 6.51]  

n = 329 n = 335 n = 440 n = 524 
Glucose (mg/dL) 86.4 (11.9) 

[43.7, 136.0] 
86.3 (11.6) 

[43.7, 136.0] 
86.8 (9.37) 

[53.9, 114.4] 
86.3 (9.84) 

[58.4, 131.4]  
n = 330 n = 337 n = 440 n = 523 

Cardiometabolic Risk Score 1h − 0.07 (2.28) 
[-5.54, 9.07] 

− 0.06 (2.28) 
[-5.54, 9.07] 

− 0.02 (2.37) 
[-6.30, 11.2] 

0.01 (2.29) 
[-5.35, 8.46]  

n = 317 n = 324 n = 421 n = 499 
Outcomes at Year 8 Only    
Plasma insulin at year 8 (uUI/mL) i 2.64 (3.95) 

[0.38, 43.5] 
2.65 (3.94) 
[0.38, 43.5] 

2.63 (3.93) 
[0.38, 43.5] 

2.66 (3.93) 
[0.38, 43.5]  

n = 238 n = 240 n = 259 n = 261 
HOMA-IR at year 8 i 0.58 (0.91) 

[0.06, 10.5] 
0.58 (0.91) 
[0.06, 10.5] 

0.58 (0.91) 
[0.06, 10.5) 

0.58 (0.91) 
[0.06, 10.5]  

n = 238 n = 240 n = 259 n = 261 
Cardiometabolic Risk Score 2 at 

year 8 i,j 
− 0.12 (2.76) 
[-5.72, 9.01] 

− 0.14 (2.77) 
[-5.72, 9.01] 

− 0.13 (2.78) 
[-5.72, 9.01] 

− 0.13 (2.78) 
[-5.72, 9.01]  

n = 228 n = 230 n = 250 n = 251  

a Mean (SD) [Range]; n (%). Restricted to participants with available data on fluoride exposure (urinary and dietary) and each biomarker. Biomarkers with skewed 
distributions (leptin, adiponectin, triglycerides, HbA1c, insulin, and HOMA-IR) are not ln-transformed in the descriptive table but are ln-transformed for analyses. 

b Restricted to participants with fluoride exposure at follow-up year 4 and BMI at years 4, 6, and 8. Plasma insulin, HOMA-IR, and cardiometabolic risk score 
accounting for insulin were only available at follow-up year 8 and sample size shown restricts to participants with fluoride exposure at year 4 and biomarker data at 
follow-up year 8. 

c Restricted to participants with fluoride exposure at follow-up year 6 and BMI at years 6–8. Plasma insulin, HOMA-IR, and cardiometabolic risk score accounting for 
insulin were only available at year 8 and sample size shown restricts to participants with fluoride exposure at year 6 and biomarker data at year 8. 

d Restricted to participants with fluoride exposure and BMI at year 8. 
e Continuous 2007 WHO BMI z-scores. 
f Average of SpaceLab and Baumanometer measurements. 
g pg/mL units divided by 1000. 
h Score composed of waist circumference, glucose, blood pressure (average of DBP and SBP), triglyceride/HDL ratio. Age- and sex-stratified z-scores were calculated 

for every item. 
i Outcome only available at follow-up year 8. 
j Score composed of waist circumference, glucose, blood pressure (average of DBP and SBP), triglyceride/HDL ratio, and insulin. Age- and sex-stratified z-scores were 

calculated for every item. 
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sample size than at previous ages, 2) analyses using covariate-adjusted 
Linear Mixed-Effects Models with missing information in the outcome 
to facilitate comparisons of effect estimates across ages and improve 
efficiency in models, assuming a missing at random pattern of incom-
plete data, 3) stratified analyses and evaluation of potential effect 
modification by sex across all follow-up visits, 4) analyses additionally 
adjusting for puberty status at age 8 (in sex-stratified analyses), and 5) a 
descriptive data comparison between the subset samples with the lowest 
and highest sample size that were divergent in statistical significance 
across ages to evaluate potential selection bias from lost-to-follow-up 
and/or missing data. 

3. Results 

The majority of PROGRESS mothers whose children were included in 
analyses had low socio-economic status (53–54 %), did not smoke 
actively or passively during pregnancy (62–63 %), and were parous 
prior to enrollment (61–62 %) (Table 1). The mean (SD) age of children 
at follow-up year 4 (the baseline age in this study) was 4.81 (0.55) years. 
The prevalence of overweight or obesity in children progressively 
increased from 11 to 12 % at the baseline age of 4 years to 29 % at age 6 
and 46 % by age 8. Similar to the increased prevalence for overweight or 
obesity observed by age, average distributions for the following car-
diometabolic outcomes examined increased remarkably from follow-up 
year 4 to year 8 (Table 2): zBMI, body fat percentage, leptin, tri-
glycerides, and overall cardiometabolic risk score. Dietary fluoride 
intake in children presented low (ρ = 0.12, p = 0.006, between follow-up 
year 4 and 8) to moderate correlations (ρ = 0.36, p < 0.001, between 
follow-up year 4 and 6) across visits (data not shown), and increased on 
average —mean (SD)— over time, from 693 (315) mg/day to 745 (265) 
mg/day, and 795 (312) mg/day at follow-up years 4, 6, and 8, 
respectively (Table 1). Higher exposure levels to fluoride were observed 
in boys compared to girls across all ages (Table S1). For instance, uri-
nary fluoride levels in girls were on average —mean (SD)— 0.72 (0.30) 
µg/mL whereas in boys were 0.75 (0.50) µg/mL. 

A doubling of dietary fluoride intake at age 4 was associated with an 
annual increase in triglycerides [β = 2.02 % (95 % CI: 0.37, 3.69)] 
(Fig. 1, Table S2), total cholesterol [β = 1.46 mg/dL (95 % CI: 0.52, 
2.39)], HDL [β = 0.39 mg/dL (95 % CI: 0.02, 0.76)], LDL [β = 0.87 mg/ 
dL (95 % CI: 0.02, 1.71)], and HbA1c [β = 0.76 % (95 % CI: 0.28, 1.24)], 
and an annual decrease in leptin [β = -3.58 % (95 % CI: − 6.34, − 0.75)] 
between the ages of 4 and 8 years. Using the dietary fluoride variable at 
age 4 in tertiles, we observed that associations were consistent in 
directionality and yielded linear trends (Table S2; p-tertile trend < 0.05) 
for most biomarkers: children in the top tertile intake of dietary fluoride 
had an annual 2.30 mg/dL (95 % CI: 0.81, 3.79) increase in levels of 
total cholesterol (p-tertile trend = 0.003), an annual 1.77 mg/dL (95 % 
CI: 0.43, 3.11) increase in levels of LDL (p-tertile trend = 0.012), and an 
annual 6.21 ng/mL (95 % CI: 1.76, 10.5) decrease in levels of leptin (p- 
tertile trend = 0.008), compared to children in the bottom tertile for 
fluoride intake. At age 6, dietary fluoride intake was associated with 
higher HDL levels only [β per-fluoride-doubling = 4.40 mg/dL (95 % CI: 
1.70, 7.11); p-tertile trend = 0.035]. No associations were observed 
between dietary fluoride exposure at ages 4 or 6 in relation to anthro-
pometric changes in zBMI, zWC, body fat, zSBP, and zDBP over time 
(Fig. 2). 

Cross-sectional analyses examining cardiometabolic associations 
with dietary fluoride exposures at age 8 (Table S2; Figs. 3-4) indicated 
that higher tertiles of fluoride exposure were associated with higher 
levels of BMI z-scores (p-tertile trend = 0.042), triglycerides (p-tertile 
trend = 0.045), glucose (p-tertile trend = 0.019), leptin (p-tertile trend 
= 0.012), higher odds of overweight status (p-tertile trend = 0.033), and 
had a marginal association with cardiometabolic risk score (p-tertile 
trend = 0.074). Analyses using log2-transformed fluoride exposure at 
year 8 were consistent in directionality but only analyses with glucose 
remained statistically significant [β per-fluoride-doubling = 3.47 mg/dL 

(95 % CI: 1.21, 5.73)]. GAM univariate models indicated no potential 
deviations from linearity in any of the exposure-outcome associations 
examined with p-values ranging from p = 0.11 (for dietary fluoride with 
zBMI and glucose) to p = 0.90 (for dietary fluoride with HbA1c). Dietary 
fluoride at age 4 was also positively related to insulin at age 8 [β per- 
fluoride-doubling = 24.6 % (95 % CI: 1.02, 53.7)], and dietary fluoride 
at age 6 was also positively related to insulin resistance at age 8 (β per- 
fluoride-doubling = 34.6 % (95 % CI: 1.83, 77.8)] in cross-sectional 
analyses. 

In sensitivity cross-sectional analyses at year 8 with lower sample 
size (for comparability with previous years), we found associations of 
similar direction and magnitude between dietary fluoride and car-
diometabolic outcomes when we restricted analyses to children with 
complete data across ages to facilitate comparability of effect estimates 
across examination periods (Table S2). In sensitivity longitudinal ana-
lyses with missing information in the outcome (ages 4–8) with larger 
sample size (for comparability with later ages), we observed for the most 
part overall consistent statistically significant annual changes 
(Table S3) than in main analyses (Table S2; Fig. 1), with only fluoride 
effects on LDL being the most attenuated in statistical significance. 

Urinary fluoride exposure measured at age 4 yielded a lower number 
of associations: higher levels of urinary fluoride were associated only 
with annual increases in HbA1c levels [β per-fluoride-doubling = 0.37 % 
(95 % CI: 0.08, 0.65); p-tertile trend = 0.035] and HDL levels [β per- 
fluoride-doubling = 0.23 mg/dL (95 % CI: 0.01, 0.45)], or had a nega-
tive association at baseline with triglycerides at age 4 [β per-fluoride- 
doubling = -5.76 % (95 % CI: − 8.94, − 2.47)] (Figure S5). Furthermore, 
null associations were observed between urinary fluoride exposure at 
age 4 and anthropometric outcomes in children between the ages of 4 
and 8 (Figure S6). 

Analyses testing for interaction effects between dietary fluoride and 
sex indicated stronger associations in girls compared to boys between 
the ages of 6 and 8, while stronger associations were found in boys 
compared to girls at age 8 (Table S4). In longitudinal models, we 
observed that there were consistent greater annual increases in triglyc-
eride levels (p-interaction for fluoride tertile trend and sex = 0.009; p- 
interaction for log2-fluoride and sex = 0.006) and greater annual de-
creases in adiponectin levels (p-interaction for fluoride tertile trend and 
sex = 0.030; p-interaction for log2-fluoride and sex = 0.010) in girls 
compared to boys between the ages of 6 and 8 in relation to dietary 
fluoride exposures at age 6. Cross-sectional exploratory analyses at age 8 
additionally adjusting for puberty onset indicated potential interaction 
effects by male sex, where boys had higher dietary fluoride-induced 
levels of total cholesterol (p-interaction for fluoride tertile trend and 
sex = 0.046), and LDL (p-interaction for fluoride tertile trend and sex =
0.047) compared to girls. Lastly, no consistent effect modification by sex 
was observed between urinary fluoride and cardiometabolic outcomes. 

4. Discussion 

Findings from this study suggest a potential role of fluoride exposure 
at several childhood periods on adverse cardiometabolic changes, 
including alteration of lipids, adipokines, glucose, glycated hemoglobin, 
and obesity in school-aged children approximately 4–8 years of age. 
These associations were observed primarily with respect to dietary 
fluoride rather than fluoride measured in urine, the latter being only a 
proxy of short-term fluoride exposure through multiple sources (other 
sources beyond diet). Stronger effects of dietary fluoride were particu-
larly observed in boys compared to girls during 8 years of age, and in 
girls compared to boys prior to age 8. 

To our knowledge, this is the first longitudinal study in young chil-
dren examining both urinary and dietary fluoride exposures with mul-
tiple cardiometabolic endpoints. Most published studies evaluating the 
effects of fluoride exposure on cardiometabolic health were conducted 
in adolescents (Liu et al., 2020; Malin et al., 2019) or adults (Itai et al., 
2021; Trivedi et al., 1993; Yousefi et al., 2018). For instance, Liu et al. 
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(Liu et al., 2020) observed in Mexican adolescents a cross-sectional as-
sociation of plasma fluoride and higher levels for several car-
diometabolic outcomes (BMI, WC, trunk fat percentage, blood pressure, 
glucose and insulin), but these associations were observed only in girls 
and no associations were observed in relation to lipids, unlike in our 
study in children. Only a few studies examined fluoride exposures and 
cardiometabolic outcomes in children or infants but these were cross- 
sectional: (Thippeswamy et al., 2021; Liu et al., 2019; Wang et al., 
2020; Bai et al., 2020) Ballantyne et al. (Ballantyne et al., 2022) reported 
either null associations between plasma fluoride and blood pressure, 
anthropometry, lipids, glucose metabolism and inflammation markers, 
or an inverse association with HbA1c levels. Liu et al. (Liu et al., 2019) 
indicated that urinary fluoride concentrations were associated with 
higher weight, BMI, and higher odds of overweight and obesity, similar 
to our findings with dietary fluoride but not with urinary fluoride. Other 
cross-sectional studies on cardiometabolic outcomes in children linked 
fluoride (in water, plasma, or urine) to liver and kidney function alter-
ations (Xiong et al., 2007) and hormones, such as sex steroid hormones 
(Bai et al., 2020) and thyroid hormones: Thippeswamy et al. (Thip-
peswamy et al., 2021) observed an alteration of parathyroid hormones 
in cord blood of newborns with high fluoride exposure from drinking 
water and Wang et al. (Wang et al., 2020) also observed low-to- 
moderate fluoride exposures in drinking water and in urine with dys-
regulations in thyroid hormone function. 

In our study, we observed changes in lipids, diabetes biomarkers 

(glucose and glycated hemoglobin), and hormone leptin that were pri-
marily affected by dietary fluoride exposures. Mechanisms that may 
increase the risk of fluoride-induced adverse cardiometabolic outcomes 
include inflammation, oxidative stress, and hormone disruption mech-
anisms. Preliminary experimental studies in animals suggest that 
chronic fluoride exposure can alter membrane lipids of rat liver (Wang 
et al., 2000) and (Wang et al., 2000; Oncü et al., 2007) can increase 
inflammatory cytokine response in rabbit aorta (Ma et al., 2012). 
Toxicological studies also suggest that fluoride exposure increases car-
diotoxicity (Miltonprabu and Thangapandiyan, 2015) and insulin 
resistance (Lima Leite et al., 2014), and can alter circulating thyroid 
hormone levels (Basha et al., 2011; Shoback and McGhee, 1988; Chen 
et al., 1988; Puranik et al., 2015) and lipid peroxidation (Oncü et al., 
2007). Furthermore, fluoride can increase serum triglycerides and LDL 
cholesterol levels, while decreasing HDL, individually (Hassan and 
Yousef, 2009; Miltonprabu and Thangapandiyan, 2015). Levels of HDL, 
also known as “good” cholesterol, were also altered but were positively 
related to fluoride exposure in our study, though this association dis-
appeared by follow-up year 8. Endocrine disrupting chemicals can alter 
levels of lipids during early life and may not manifest deleterious effects 
until later in life (Heindel et al., 2017; Sarr et al., 2012; Padmanabhan 
et al., 2016; Barouki et al., 2012). This premise should be followed up by 
evaluating early life fluoride exposures in relation cardiometabolic ef-
fects at later years in adolescence and in adulthood. Our study is also the 
first study that links fluoride with changes in levels of adipokines across 

Fig. 1. Longitudinal Associations between Dietary Fluoride Exposures at Ages 4 and 6 and Changes in Cardiometabolic Biomarkers in PROGRESS Children 
through Age 8. Squares represent effect estimates and whiskers represent 95% confidence intervals. * P<0.05 denotes statistical significance.. 

Fig. 2. Longitudinal Associations between Dietary Fluoride Exposures at Ages 4 and 6 and Changes in Anthropometric Measures and Blood Pressure in 
PROGRESS Children through Age 8. Squares represent effect estimates and whiskers represent 95% confidence intervals. * P<0.05 denotes statistical 
significance. 
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Fig. 3. Cross-sectional Associations between Dietary Fluoride Exposures at Age 8 and Cardiometabolic Biomarkers in PROGRESS Children at Age 8. 
Squares represent effect estimates and whiskers represent 95% confidence intervals. * P<0.05 denotes statistical significance. 
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childhood. Adipokines have been implicated in the development of 
metabolic syndrome (MetS): higher leptin levels can promote insulin 
resistance (Campos et al., 2018). Several studies conducted in youth, 
including pre-pubertal children, linked elevated levels of leptin with 
higher levels of MetS-related markers and obesity (Madeira et al., 2017; 
Yoshinaga et al., 2008; Mi et al., 2010; Valle-Martos et al., 2021), 
consistent with our findings in Mexican children at year 8. 

We also found evidence that dietary fluoride during mid- to late- 
childhood (~around 8 years of age) was related to higher BMI levels. 
Previous findings in the Mexican PROGRESS cohort have further linked 
fluoride with worsened kidney function (Saylor et al., 2022) and IQ 
(Cantoral et al., 2021) in children. A previous marginally significant 
association was reported in PROGRESS between fluoride exposure and 

lower glomerular filtration rate in a subset of children with obesity 
(Saylor et al., 2022). This may suggest that fluoride’s potential 
metabolism-disrupting effects in children could be exacerbated by BMI. 
Furthermore, experimental research indicates a potential role of the gut 
microbiome in mediating fluoride-induced effects on obesity (Chen 
et al., 2022). On the other hand, our study did not observe any associ-
ations with other anthropometric factors such as body fat, blood pres-
sure, and waist circumference in pre-pubertal children. This is consistent 
with a few of the abovementioned cross-sectional studies in children 
(Ballantyne et al., 2022) but inconsistent with the evidence in adoles-
cents (Liu et al., 2020). Yet, it is noteworthy that both anthropometric 
markers and biomarker data at year 8, particularly body fat, WC, and 
cholesterol, shared a positive directionality with dietary fluoride, 

Fig. 4. Cross-sectional Associations between Dietary Fluoride Exposures at Age 8 and Anthropometric Measures and Blood Pressure in PROGRESS 
Children at Age 8. Squares represent effect estimates and whiskers represent 95% confidence intervals. * P<0.05 denotes statistical significance. 
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consistent with our hypothesis that fluoride may induce overall delete-
rious cardiometabolic effects. 

Dietary fluoride exposure did not correlate with urinary fluoride at 
age 4 in our study and clear association patterns with cardiometabolic 
outcomes were not as evident with respect to urinary fluoride. This 
could likely be explained by fluoride’s short half-life in the body of only 
a few hours (Carlson et al., 1960; Ekstrand and Ehrnebo, 1983) and 
associated measurement error stemming from a single spot urine sample 
collection (Idowu et al., 2019; Kumah et al., 2022). FFQ data represent 
an estimation of dietary-based exposure over a longer period (one 
week), and thus, it could be more representative of long-term fluoride 
exposures. The lack of correlation between urinary fluoride concentra-
tions and estimated dietary fluoride could also suggest potential differ-
ences in adsorbed fluoride retained in body tissues, organs, and bones 
and levels of excreted fluoride in urine. Only a fraction of fluoride 
exposure is excreted in urine while the rest is partially retained in the 
skeletal system (Villa et al., 2010). Urinary fluoride concentrations 
represent recent absorption and releases from long-term osseous accu-
mulation due to continuous bone tissue remodeling (Grandjean, 2019; 
Fawell et al., 2006). Urinary fluoride concentration is representative of 
recent exposure, fluoride intake from multiple sources other than diet, 
such as dental hygiene products, but also representative of potentially 
non-adsorbed exposure (Zohouri et al., 2006; Gillespie et al., 2022; Liu 
et al., 2011), which could explain the non-significant positive correla-
tion between urinary and dietary fluoride at age 4 observed in our study 
(Spearman ρ = 0.062, p-value = 0.137). A previous study indicated a 
lack of correlation between fluoride intake and urinary fluoride excre-
tion in children 6–7 years of age (Zohoori et al., 2013), similar to our 
cohort. While our primary findings were observed primarily with di-
etary fluoride exposures and less so with urinary fluoride, associations 
for lipids (HDL and triglycerides) tended to be in the same direction as 
those observed for dietary fluoride exposures. 

We found evidence to suggest a potential dysregulated metabolism 
induced by fluoride that differed by sex in pre-pubertal children. In 
Mexico, fluoride exposure primarily originates from fluoridation in salt, 
(Cantoral et al., 2019) followed by naturally occurring drinking-water 
fluoride exposure (Armienta and Segovia, 2008; Farías et al., 2021). 
Greater consumption of fluoride-based diets or salty foods in boys at 
later ages could explain higher fluoride levels in this population and 
subsequent altered metabolism as evidenced by a higher level of fluoride 
estimated in boys than girls across all ages and media. Most importantly, 
we observed that fluoride associations in boys were stronger than in girls 
during the last follow-up visit where fluoride levels were the highest 
across time points. However, differences in exposure levels may not fully 
explain sex interactions, and divergent effects could also be attributed to 
sex-differences in fluoride absorption, metabolism and/or secretion. 
During the start of puberty, a wide array of metabolic changes can occur 
and create susceptibility to endocrine-disrupting chemicals, which can 
result in delayed or advanced puberty onset (Chen et al., 2011; Grand-
jean et al., 2012; Harley et al., 2017). In our study, we only found 
consistent effect modification effects by male sex in cross-sectional an-
alyses around 8 years of age in the last follow-up, though we observed 
for some biomarkers (triglycerides and adiponectin) interactions by fe-
male sex prior to age 8. Previous cross-sectional studies conducted in a 
Mexican population of adolescents ages 10–18 (Liu et al., 2020) and in a 
Chinese cohort of children ages 7–13 (Liu et al., 2019) indicated 
fluoride-induced cardiometabolic effects in girls but not in boys. Even 
though these studies did not measure dietary fluoride, the latter study in 
Chinese children measuring urinary fluoride indicated substantially 
lower average exposure concentrations of about half (0.4 mg/L) the 
levels in our cohort (0.7 µg/mL). Estimated urinary fluoride levels in our 
cohort are consistent with previously reported levels in other pop-
ulations living in areas with water fluoride levels below the recom-
mended safety standard limits (Green et al., 2020; Zohoori et al., 2013; 
Czarnowski et al., 1996) established in drinking water by the WHO (1.5 
mg/L) and the CDC (2.0 mg/L) in the general population (Boehmer 

et al., 2023; WHO, 2017). The inconsistent results found in Mexican 
boys around age 8 compared to the results from the aforementioned 
cross-sectional studies indicating stronger association at later ages in 
girls may suggest possible susceptible windows for fluoride exposure at 
different concentrations that could affect cardiometabolic health out-
comes distinctly across the life course. This warrants further investiga-
tion in other longitudinal cohorts with longer follow-up through 
adolescence and with variability in fluoride exposures. 

Despite these novel findings in a longitudinal cohort of children, we 
acknowledge several limitations in our study. The FFQ-derived esti-
mates for fluoride intake may be prone to measurement error as well as 
the availability of only one spot-urine sample at age 4. In the fluoride 
intake assessment, we used one average value from drinking water 
because of a lack of more detailed information on drinking water sources 
in our cohort, which may not fully capture individual variability of 
fluoride intake in drinking water. However, the cohort comes from the 
same geographical municipal region (Mexico City) as the drinking 
samples from wells and municipal water obtained, and therefore, our 
estimates based on the quantity of drinking water measured in the FFQ 
can serve as a proxy of individual drinking water fluoride level. Results 
for our FFQ-derived fluoride estimates in association with car-
diometabolic outcomes have been partly replicated previously in 
another Mexican population which provides additional confidence in 
our findings (Liu et al., 2020). Another study limitation is the lack of 
data pertaining to fluoride intake earlier in infancy. We also did not 
directly measure the frequency of use of fluoridated toothpaste or dental 
hygiene products in PROGRESS, which could be an important source of 
fluoride exposure in children and were only indirectly captured in the 
fluoride levels measured in urine in our study. Similarly, we did not have 
available information about the brand of salt consumed which is a 
possible limitation of our study. Furthermore, sample size restrictions 
with complete-case analyses (for exposure and outcome) between ages 4 
and 8 may have impeded us from detecting associations. Our sensitivity 
analyses with missing values in the outcome (Table S3) as well as 
descriptive data comparing analytical subset samples (Tables S5-S7) 
showed that all lifestyle factors and non-time-varying covariates were 
equally distributed across samples, indicating that missing values were 
missing at random and complete-case analyses were not subject to se-
lection bias. Moreover, our cardiometabolic risk score in the larger 
sample size did not account for insulin, and the results between the two 
cardiometabolic risk scores (with and without accounting for insulin) 
differed, yet sample size was substantially lower when accounting for 
insulin and likely prone to lower statistical power. Last, our sample 
representing children from Mexico City is relatively homogenous and 
findings may not be generalizable to other ages or different races and 
ethnicities. On the other hand, important strengths of this study include 
the longitudinal, prospective design, the evaluation of repeated dietary- 
based fluoride measurements, and the assessment of a comprehensive 
panel of cardiometabolic risk factors. 

Fluoridation of drinking water has been implemented in multiple 
countries to promote dental health. These findings can help inform 
whether fluoridation practices are an optimal cost-effective measure to 
improve health. Even though fluoride can be excreted from the body 
within hours, a potential long-lasting endocrine-disrupting role of the 
chemical should be considered in future studies. In this study, we 
identified an environmental and modifiable potential risk factor for 
cardiometabolic disease in the sensitive childhood period, which is of 
public health relevance due to the rising cardiometabolic disease 
epidemic worldwide and the particular high prevalence (>38 %) and 
rising trend of overweight and obesity in Mexican children ages 5–11 
(INSP, 2020; Shamah-Levy et al., 2018). Furthermore, since 1993, 
Mexico has had a national program of iodized and fluoridated salt, 
which mandates that for every kg of salt there be approximately 200 mg 
to 250 mg of fluoride mixture (Secretaría de Salud, 1994; Gobierno de 
México, 2023). These results could be of high relevance in a country like 
Mexico where in the general population the intake of salt, the primary 
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source of fluoride other than dental products, largely exceeds the WHO 
recommendation (Vargas-Meza et al., 2016), and can be informative for 
public health interventions. 

5. Conclusion 

Fluoride exposure from diet during early- and mid-childhood was 
primarily associated with potentially adverse cardiometabolic outcomes 
in school-aged children between 4 and 8 years of age. We particularly 
observed dietary fluoride-associated increases in lipids, diabetes-related 
biomarkers, and BMI, and found evidence of potential sex-specific as-
sociations at different periods during childhood. More longitudinal 
studies are needed to corroborate these findings and associations at later 
ages. 
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