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Background: Research on the correlation between exposure to per- and polyfluoroalkylated substances (PFASs)/heavy metals and bone health during childhood and adolescence is limited. Considering their role as endocrine disruptors, we examined relationships of six PFASs and three heavy metals with bone mineral density (BMD) in children and adolescents using representative samples from the National Health and Nutrition Examination Survey (NHANES).

Methods: The study included 622 participants aged 12–19. The relationship between single pollutant and lumbar spine and total BMD was studied using linear regression analyses. Additionally, Bayesian Kernel Machine Regression (BKMR) models were applied to assess the joint effects of multiple PFASs and heavy metals exposure on the lumbar spine and total BMD.

Results: Statistically significant differences were noted in the serum concentrations of perfluorooctanoic acid (PFOA), perfluorooctane sulfonic acid (PFOS), perfluorohexane sulfonic acid (PFHxS), blood lead (Pb), and blood manganese (Mn) between male and female participants (all p < 0.05). Single-exposure studies have shown that Mn was negatively correlated with lumbar spine BMD and total BMD. Multivariate linear regression models revealed that, in the male group, total bone density decreased as the blood PFOA levels [95% CI = (−0.031, −0.001), p = 0.040] and blood manganese levels [95% CI = (−0.009, −0.002), p = 0.004] increased. Similarly, lumbar spine bone density decreased as the blood manganese levels [95% CI = (−0.011, −0.002), p = 0.009] increased. In the female group, total bone density decreased as the serum PFNA levels [95% CI = (−0.039, 0.000), p = 0.048] increased. As shown in the BKMR model, the joint effects of pollutant mixtures, including Mn, were negatively associated with both the lumbar spine and total BMD. Among the pollutants analyzed, Mn appeared to be the primary contributor to this negative association.

Conclusion: This study suggests that exposure to certain PFASs and heavy metals may be associated with poor bone health. Childhood and adolescence are crucial stages for bone development, and improper exposure to PFASs and heavy metals during these stages could potentially jeopardize future bone health, consequently raising the risk of osteoporosis in adulthood.
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1 Introduction

The process of bone development encompasses both linear growth and the accumulation of bone mass. In childhood, bone growth is primarily characterized by linear growth, with an average growth rate of 5–6 cm/year; during puberty, the emphasis shifts toward the accumulation of bone mass (1), achieving 40–60% of adult bone mass during adolescence, with 90% of peak bone mass (PBM) accumulated by the age of 18 (2). As reported, a 10% increase in PBM can postpone osteoporosis onset by 13 years, while a 6.4% reduction during childhood doubles the risk of fractures in adulthood (3). Maintaining optimal bone health and fostering longitudinal growth throughout childhood and adolescence can prevent fractures related to osteoporosis in adulthood (4). Hence, maintaining bone health during childhood and adolescence is imperative for mitigating the risk of osteoporosis-related diseases and fractures in adulthood.

Endocrine disrupting chemicals (EDCs) are a class of compounds that can confuse the hormonal system in the human body (5). By mimicking the function of hormones, they disrupt the body’s metabolic processes and hormonal balance. Bone, as an active connective tissue and endocrine organ, is particularly sensitive to EDCs (6). These chemicals can have harmful effects on bone tissue by altering bone modeling and remodeling processes, as well as altering the release of hormones, cytokines, chemokines, and growth factors throughout the body (7). Certain PFASs and heavy metals have been classified as EDCs and are being monitored in human biomonitoring studies (8, 9). Human exposure to PFASs can occur through various pathways, including diet, drinking water, or dust (10, 11), with dietary intake and migration from food packaging or cookware being the main exposure pathways (12). A smaller portion of exposure may arise from indoor environments, specifically dust and air (13). PFOA and PFOS are the most common PFASs in the environment, but with their phase-out, children and adolescents in the United States have been observed to have high exposure rates to certain PFASs (14), such as PFNA, PFDA, PFHxS, and PFUA. Optimal concentrations of specific metals such as zinc, iron, and copper in the body are essential for maintaining normal physiological functions (15, 16). However, exposure to heavy metals as environmental pollutants can induce genes alterations and increase susceptibility to disease (17). Existing evidence suggests that excessive exposure to metals such as cadmium, lead, manganese may affect bone health (18). Children may be exposed to excessive cadmium, manganese, and lead through contact with contaminated freshwater, soil, air, food, and smoking (19–21). Given that children are undergoing critical stages of growth and development, their susceptibility to environmental pollutants warrants careful consideration. It is essential to examine the potential impact of PFASs and heavy metals on bone health in pediatric and adolescent populations. To delve deeper into this potential impact, this study gathered pertinent data from the National Health and Nutrition Examination Survey (NHANES) spanning 2011 to 2018 to investigate the relationship between blood PFASs, heavy metals, and bone mineral density (BMD) among individuals aged 12–19 years.



2 Methods


2.1 Study population

National Health and Nutrition Examination Survey constitutes a series of cross-sectional surveys conducted by the Centers for Disease Control and Prevention (CDC) in the United States. These surveys aim to focus on the health and nutrition of American adults and children. Four NHANES cycles (2011–2012, 2013–2014, 2015–2016, and 2017–2018) were selected in this study. Data from the NHANES database (2011–2018) for 5,215 participants aged between 12 and 19 years were extracted. Subsequently, participants who lacked BMD data (n = 1,098), serum PFAS concentration data (n = 2,968), and blood heavy metal concentration data (n = 460), as well as those with incomplete covariate information (n = 67) were excluded. A total of 622 participants aged between 12 and 19 were ultimately included in this study.



2.2 Measurements of serum PFAS and blood levels of metals

Serum concentrations of six PFASs were studied: perfluorooctanoic acid (PFOA), perfluorooctane sulfonic acid (PFOS), perfluorononanoic acid (PFNA), perfluoroundecanoic acid (PFUA), perfluorodecanoic acid (PFDA), and perfluorohexane sulfonic acid (PFHxS). After collection, the samples were refrigerated and stored in −20°C polypropylene or polyethylene containers (22). The serum concentrations of PFASs in the samples were analyzed using solid phase extraction-high performance liquid chromatography-turbo ion spray-tandem mass spectrometry (SPE-HPLC-TIS-MS/MS) (23). The serum concentrations of the three heavy metals: lead (Pb), cadmium (Cd), and manganese (Mn), were determined via inductively coupled plasma dynamic reaction cell mass spectrometry (ICP-DRC-MS) (24). Concentrations below the limit of detection (LOD) were replaced by the LOD divided by √2 (25). About 100% of PFOA, PFOS, PFHxS, and Mn observations were above the LOD. For Pb, 98% of observations were above the LOD. Similarly, 97% of PFNA and 75.7% of PFDA observations were above the LOD, while 62.4% of Cd and 37.1% of PFUA observations were above the LOD. Detailed information on the analytical methods and quality assurance/quality control procedures is available at https://www.cdc.gov/nchs/nhanes/index.htm.



2.3 Bone mineral density

The International Society for Clinical Densitometry recommends the lumbar spine as the skeletal site for pediatric bone density measurement (26), and total BMD measurement is applicable to children aged 3 years and older (27). Therefore, lumbar spine BMD and total BMD were selected as the dependent variables for our analysis. Data on lumbar spine BMD and total BMD for participants aged over 8 years were derived from the DXXLSA dataset. BMD was assessed using dual-energy X-ray absorptiometry (DXA) using a Hologic Discovery A bone densitometer and Apex v3.2 (28). The accuracy of the scans was upheld through routine quality control procedures and meticulous reviews conducted by experts for all scans. More details on the data collection are available at: https://wwwn.cdc.gov/Nchs/Nhanes/2011-2012/DXX_G.XPT, https://wwwn.cdc.gov/Nchs/Nhanes/2013-2014/DXX_H.XPT, https://wwwn.cdc.gov/Nchs/Nhanes/2015-2016/DXX_I.XPT, and https://wwwn.cdc.gov/Nchs/Nhanes/2017-2018/DXX_J.XPT.



2.4 Other covariates

Covariates considered in this study encompassed race, sex, age, poverty income ratio (PIR), body mass index (BMI), and serum 25-Hydroxyvitamin-D (25(OH)D) concentration. Active and passive smoking have been confirmed to reduce BMD levels. Cotinine, the primary metabolite of nicotine, is a reliable biomarker for assessing exposure to both active and passive smoking. A higher PIR reflects better socioeconomic status and household income. Data on covariates were collected through home interviews, physical examinations, laboratory measurements, and questionnaires. More details about the data collection are available at NHANES—National Health and Nutrition Examination Survey Homepage.1



2.5 Statistical analysis

Statistical analyses were conducted utilizing SPSS v26, R v4.4.1 and GraphPad Prism v9.5. Population characteristics, exposures, and outcomes were described using Mean ± standard error (SE) or percentage, and differences between male and female participants were compared using a t-test or chi-square test. The linear regression model was applied to assess the individual effect of each heavy metal and PFAS exposure on BMD adjusting for all mentioned covariates. The multiple-metal linear regression model was also constructed, including all six PFASs and three studied heavy metals. Additionally, Bayesian kernel machine regression (BKMR) models were applied to assess the combined effects of mixed heavy metal and PFAS exposure on BMD. Results were reported as regression coefficients and the corresponding 95% confidence interval (CI). A p value of less than 0.05 was deemed statistically significant.




3 Results


3.1 Basic information

This study included a total of 622 participants, with an average age of 15.56 ± 2.26 years. Of these participants, 52.3% were males and 47.7% were females. The number of individuals aged 12–15 and 16–19 each accounted for 49.4 and 50.6%, respectively. Mexican American, Non-Hispanic Blacks, and Non-Hispanic Whites constituted 19.9, 21.5, and 30.4%, respectively. The average BMI was 24.50 ± 6.31 kg/m2, with those who were normal weight or underweight, overweight, and obese constituting 60.0, 16.7, and 23.3%, respectively. The average PIR was 2.07 ± 1.52; the average total BMD was 1.040 ± 0.119 g/cm2, and the average lumbar spine BMD was 0.978 ± 0.150 g/cm2, respectively.

No significant differences were noted in age, race, BMI, PIR, serum 25(OH)D concentration, and serum cotinine concentration between the male and female groups (all p > 0.05). However, statistically significant differences in total BMD and lumbar spine BMD (all p < 0.05) were observed. The total BMD of the male group was significantly higher than that of the female group (1.062 ± 0.133 vs. 1.016 ± 0.095) (p < 0.05), while the lumbar spine BMD of the male group was significantly lower than that of the female group (0.959 ± 0.165 vs. 0.998 ± 0.129) (p < 0.05), as shown in Table 1.



TABLE 1 Basic Information of study population.
[image: Table1]



3.2 PFAS and metal levels in study population

The PFOA, PFOS, PFNA, PFUA, PFDA, and PFHxS concentrations in the study subjects were 1.630 ± 0.935 ng/mL, 4.117 ± 3.087 ng/mL, 0.698 ± 0.557 ng/mL, 0.115 ± 0.103 ng/mL, 0.176 ± 0.155 ng/mL, and 1.584 ± 2.402 ng/mL, respectively. The concentrations of cadmium, lead, and manganese were 0.210 ± 0.256 μg/L, 0.581 ± 0.429 μg/dL, and 11.091 ± 3.741 μg/L, respectively.

A univariate analysis of PFAS and metal levels in both male and female groups was conducted to explore the differences in PFAS and metal levels between the sexes. The results indicated statistically significant differences in the levels of PFOA, PFOS, PFHxS, blood lead, and blood manganese between male and female participants (p < 0.05). The concentrations of PFOA, PFOS, and PFHxS (1.802 vs. 1.441, 4.654 vs. 3.529, and 1.816 vs. 1.330), as well as blood lead levels (0.681 vs. 0.471), were higher in males, while blood manganese levels (12.310 vs. 9.978) were higher in females, as illustrated in Table 2 and Figure 1.



TABLE 2 PFAS and metal levels in study population.
[image: Table2]
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FIGURE 1
 PFAS and metal levels in study population.




3.3 Linear regression analysis

The individual effects of each of the heavy metals on BMD, as assessed using the linear regression model, are provided in Table 3. After adjusting for potential confounders, Mn was found to be negatively associated with both lumbar spine BMD [β = −0.003, 95% CI = (−0.007, −0.001), p < 0.05] and total BMD [β = −0.004, 95% CI = (−0.005, −0.001), p < 0.05]. PFNA was also negatively associated with total BMD [β = −0.014, 95% CI = (−0.028, −0.001), p < 0.05]. To adjust for the effects of other metals and PFASs on BMD, a multiple-metal linear regression model was constructed, including all PFASs and heavy metals. In this model, Mn remained negatively associated with lumbar spine BMD [β = −0.003, 95% CI = (−0.007, −0.001), p < 0.05] and total BMD [β = −0.004, 95% CI = (−0.005, −0.001), p < 0.05]. In the single-exposure linear regression models, Mn and PFNA showed significant associations with BMD, whereas in the multiple-metal linear regression models, the individual effects of the other eight pollutants on lumbar spine BMD and total BMD did not reach statistical significance. These findings are provided in Tables 3, 4.



TABLE 3 Results of linear regression modeling for associations of the single-exposure with BMDs.
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TABLE 4 Results of linear regression modeling for associations of the multiple-exposure with BMDs.
[image: Table4]

In the linear regression analysis, factors including age, race, PIR, BMI, 25(OH)D, serum cotinine, PFOA, PFOS, PFNA, PFUA, PFDA, PFHxS, cadmium, lead, and manganese were incorporated to investigate their impact on lumbar spine BMD. The results showed that age, race, BMI and blood manganese were significant influencing factors of lumbar spine BMD in males (p < 0.05). Lumbar spine BMD increased by 0.003 g/cm2 for every 1 kg/m2 increase in BMI [95% CI = (0.001, 0.006), p = 0.008]. Additionally, lumbar spine BMD decreased by 0.007 g/cm2 [95% CI = (−0.011, −0.002), p = 0.009] with an increase of 1 μg/L in blood manganese. Among females, age, race, and BMI were identified as significant influencing factors of lumbar spine BMD (all p < 0.05). Specifically, lumbar spine BMD increased by 0.003 g/cm2 for every 1 kg/m2 increase in BMI [95% CI = (0.000, 0.005), p = 0.030], as shown in Tables 5, 6.



TABLE 5 Analysis of influencing factors of lumbar spine BMD in male.
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TABLE 6 Analysis of influencing factors of lumbar spine BMD in female.
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In the linear regression analysis, factors including age, Race, PIR, BMI, 25(OH)D, serum cotinine, PFOA, PFOS, PFNA, PFUA, PFDA, PFHxS, cadmium, lead, and manganese were included to further explore the influencing factors of total BMD. The results revealed that in the male group, age, race, BMI, PFOA, and blood manganese were significant influencing factors of total BMD (p < 0.05). Specifically, total BMD increased by 0.035 g/cm2 with every increase of 1 year in age [95% CI = (0.030, 0.040), p < 0.001], and increased by 0.003 g/cm2 for every 1 kg/m2 increase in BMI [95% CI = (0.002, 0.005), p < 0.001]. Conversely, for every 1 ng/mL increase of PFOA, total BMD decreased by 0.016 g/cm2 [95% CI = (−0.031, −0.001), p = 0.040], and for every 1 μg/L increase of blood manganese, total BMD decreased by 0.005 g/cm2 [95% CI = (−0.009, −0.002), p = 0.004]. In the female group, age, BMI, and PFNA were identified as significant influencing factors of total BMD (p < 0.05). The total BMD increased by 0.016 g/cm2 for every increase of 1 year in age [95% CI = (0.012, 0.021), p < 0.001], and increased by 0.005 g/cm2 for every 1 kg/m2 increase in BMI [95% CI = (0.003, 0.006), p < 0.001]. For every 1 ng/mL increase of PFNA, total BMD decreased by 0.019 g/cm2 [95% CI = (−0.039, 0.000), p = 0.048], as illustrated in Tables 7, 8.



TABLE 7 Analysis of influencing factors of total BMD in male.
[image: Table7]



TABLE 8 Analysis of influencing factors of total BMD in female.
[image: Table8]



3.4 BKMR analysis

Based on the findings from the BKMR model, overall associations were identified between multiple heavy metals, PFASs, and both lumbar spine and total BMD, with higher exposure levels showing a negative association with lumbar spine and total BMD (B1 and B2 in Figure 2). Results of PIPs suggested blood manganese contributed the most to the association between lumbar spine BMD and total BMD (Table 9). The exposure-response relationships between each of the three heavy metals, six PFASs, and BMD were also investigated, with exposure levels of the other eight pollutants set at their representative 50th percentiles. Nonlinear effects of Mn on both lumbar spine and total BMD were observed (A1 and A2 in Figure 2). The associations between individual perfluorinated compounds or heavy metals on the lumbar spine and total BMD are depicted in C1 and C2 in Figure 2, with other compounds set at the 25, 50, and 75th percentiles. A consistent negative correlation between blood Mn and both lumbar spine and total BMD was observed.

[image: Figure 2]

FIGURE 2
 Joint effect of the metals and PFASs on BMD. Joint effect of the metals and PFASs on lumbar BMD (A1–C1) and total BMD (A2–C2). (A1,A2) Effect of single metal and PFAS on BMD when other chemicals are fixed as the median (based on BKMR). (B1,B2) Overall effect of metals and PFASs mixture at particular percentiles compared with their 50th percentile (based on BKMR); Dots represent estimated values of the overall effect, and vertical lines represent the 95% confidence interval. (C1,C2) Effect of single metal and PFAS variable at the 25–75th percentile on the BMD when other exposure was fixed at the 25, 50, and 75th percentiles (based on BKMR).




TABLE 9 Results of PIPs.
[image: Table9]




4 Discussion

Our study identified statistically significant differences in the distribution of total BMD and lumbar spine BMD between males and females. Sex hormones are one of the determinants of BMD and are thought to play an important role in increasing BMD and promoting bone maturation during adolescence. The significant rise in sex hormone levels during this period leads to differences in bone development between boys and girls as a result of these hormonal variations (29).

In this study, the concentrations of the majority of PFASs were lower than those reported in previous studies. For example, in American children aged 7.9 ± 0.8 years, the concentrations of PFOA, PFOS, PFDA, PFHxS, and PFNA were 4.4 ng/mL, 6.4 ng/mL, 0.3 ng/mL, 1.9 ng/mL, and 1.5 ng/mL, respectively (30). A study in the United Kingdom reported that the concentrations of PFOA, PFOS, PFHxS, and PFNA in 17-year-old females were 4.08 ± 1.83 ng/mL, 21.92 ± 10.72 ng/mL, 2.59 ± 5.36 ng/mL, and 0.56 ± 0.22 ng/mL, respectively (31). The variation in PFAS levels across different populations may be due to differing levels of industrialization in regions, as well as lifestyle and dietary factors.

Several epidemiological studies have discussed the association between exposure to PFASs and bone health (32–36). For example, an assessment by Xiong (34) of the correlation between serum levels of four PFASs (i.e., PFOA, PFOS, PFHxS, and PFNA) and BMDs of the total femur, femoral neck, and lumbar spine found that elevated serum levels of PFASs were associated with diminished BMD. The negative impact of PFASs on BMD was more pronounced in individuals who were overweight/obese. In a study conducted in the United States involving 48 obese children aged 8–12 years, a negative correlation between PFNA and BMD was observed, suggesting that exposure to PFASs in obese children may play a role in poor bone and cardiovascular health conditions (35). Another study (36) involving 1,260 Chinese adults found that exposure to higher concentrations of PFASs was significantly correlated with reduced BMD and an increased prevalence of osteoporosis; moreover, the study discovered that sex and age might act as modulating factors in the association between PFASs and bone health, with females and individuals under 60 years old possibly being more susceptible. Our study findings are similar to some of the previous research results. Specifically, we observed a correlation between higher concentrations of PFOA and lower BMD levels in the male group, which was consistent with the findings reported by Carwile et al. (32). Also, we found that a higher concentration of PFNA was associated with lower BMD levels in the female group, which is partially consistent with the findings of Blomberg (37), who found that the association between PFNA and BMD was significantly stronger in men than in women. Nonetheless, we did not find an association between blood PFNA concentration and BMD in men. In addition, our study did not confirm the associations between PFOS, PFDA, and PFHxS with BMD observed in previous studies (34, 35).

The mechanism of the impact of exposure to PFASs on bone health is not clear, but several possible biological pathways have been proposed in related studies. Firstly, PFASs can activate peroxisome proliferator-activated receptor-γ, disrupting the formation of osteoblasts and thereby affecting bone health (38). Secondly, as a type of EDCs, PFASs can cause changes in sex hormones and thyroid hormones that maintain bone health (39, 40), thereby compromising bone health. Lastly, PFASs can induce an imbalance between pro-inflammatory and anti-inflammatory systems, affecting osteoblast activity (41–43).

Current research on the association between heavy metals exposure and BMD in children and adolescents is limited. We found that blood manganese levels were higher in girls (12.310 ± 3.941 μg/L) than in boys (9.978 ± 3.166 μg/L), but our observations diverged from those reported by Liu et al. (44). A negative correlation between the blood manganese level and BMD was noted in males, whereas no discernible association was evident between the blood manganese concentrations and BMD in females. However, the association was not confirmed between lead, cadmium, and bone density observed in previous studies (45–47). The heterogeneity between our study and previous studies may stem from the sample size of several studies, variation in exposure levels, and different biological specimens. Studies on the correlation between exposure to heavy metals and BMD in children and adolescents are limited, and forthcoming large-scale prospective studies are required to validate our findings.

In our study, we found that co-exposure to heavy metals and PFASs was negatively associated with BMD. Both linear regression and multipollutant effect analysis indicated that Mn exposure may contribute to reduced BMD. Manganese is essential for the synthesis of glycosaminoglycans in the bone matrix and serves as a cofactor for certain enzymes involved in bone metabolism. The specific mechanisms by which manganese affects BMD are not fully understood, but several potential mechanisms have been proposed in related research. Firstly, manganese superoxide dismutase and pyruvate carboxylase play significant roles in bone metabolism, and as a cofactor for these enzymes, excessive manganese may lead to abnormal enzyme activity (48, 49). Secondly, exposure to manganese may affect the regulation of intracellular calcium content and ERK signaling, thereby inhibiting bone formation and development (50). Thirdly, manganese concentrations might alter the levels of other metal elements in bones, such as increased levels of iron and zinc and decreased copper, thereby affecting the generation of cytokines in bone metabolism and impacting bone health (51, 52). Lastly, excessive exposure to manganese can increase the generation of reactive oxygen species and exacerbate oxidative stress, affecting the activity of osteoblasts (53). Therefore, excessive exposure to Mn can potentially cause enzymatic abnormalities that impact bone mass. To date, few studies have explored the combined effects of heavy metals and PFASs on BMD, highlighting the need for further research to elucidate the molecular mechanisms underlying the joint effects of these environmental pollutants.

This study possesses several strengths. First of all, it leverages data from the four most recent NHANES cycles, benefiting from the rigorous quality control procedures implemented by NHANES. Secondly, the substantial sample size and the implementation of stratified analysis enhance the ability to identify potentially vulnerable subgroups based on sex and age. In addition, this study underscores that exposure to PFASs and heavy metals may exert more pronounced adverse effects on the health of susceptible populations, with potentially significant implications for public health. Nevertheless, it is essential to acknowledge the limitations inherent in this study. Firstly, owing to its cross-sectional design, we are precluded from establishing a definitive causal relationship between the exposure to PFASs, heavy metals and BMD; more prospective studies are needed to confirm whether increased concentrations of PFASs and heavy metals in the blood directly affect BMD. Therefore, the possibility of reverse causation cannot be excluded. Secondly, although serum concentrations of PFASs and heavy metals were measured, the duration of exposure to PFASs and heavy metals was not quantifiable in this study. Lastly, despite adjusting for various confounders, the study did not account for some potential confounders, including dietary intake, nutritional supplements, and medications. These factors might influence both bone health and the levels of PFASs and heavy metals.



5 Conclusion

We observed a correlation between elevated serum levels of PFASs and heavy metals and diminished BMD, with sex differences. Our findings suggested that exposure to PFASs and heavy metals may be associated with poor bone health. However, in light of the limitations inherent in the study, a prudent interpretation of the results is warranted. Further longitudinal studies, incorporating a comprehensive collection of confounders, are necessary to confirm these findings and provide a more accurate assessment of the associated risks.



Data availability statement

Publicly available datasets were analyzed in this study. This data can be found here: https://www.cdc.gov/nchs/nhanes/.



Author contributions

YW: Writing – original draft. YZ: Writing – original draft. QJ: Writing – review & editing, Methodology. SY: Writing – original draft, Validation. FY: Writing – review & editing, Supervision.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Footnotes

1   cdc.gov




References

 1. Matkovic, V
. Skeletal development and bone turnover revisited. J Clin Endocrinol Metab. (1996) 81:2013–6. doi: 10.1210/jcem.81.6.8964819 

 2. Golden, NH, and Abrams, SA. Optimizing bone health in children and adolescents. Pediatrics. (2014) 134:e1229–43. doi: 10.1542/peds.2014-2173


 3. Zhu, X, and Zheng, H. Factors influencing peak bone mass gain. Front Med. (2021) 15:53–69. doi: 10.1007/s11684-020-0748-y 

 4. Fu, Y, Wang, G, Liu, J, Li, M, Dong, M, Zhang, C , et al. Stimulant use and bone health in US children and adolescents: analysis of the NHANES data. Eur J Pediatr. (2022) 181:1633–42. doi: 10.1007/s00431-021-04356-w 

 5. Haverinen, E, Fernandez, MF, Mustieles, V, and Tolonen, H. Metabolic syndrome and endocrine disrupting chemicals: an overview of exposure and health effects. Int J Environ Res Public Health. (2021) 18:13047. doi: 10.3390/ijerph182413047


 6. Noroozzadeh, M, Amiri, M, Farhadi-Azar, M, and Ramezani Tehrani, F. Bone health in women with polycystic ovary syndrome: a narrative review. J Clin Densitom. (2022) 25:606–14. doi: 10.1016/j.jocd.2022.02.005 

 7. Turan, S
. Endocrine disrupting chemicals and bone. Best Pract Res Clin Endocrinol Metab. (2021) 35:101495. doi: 10.1016/j.beem.2021.101495


 8. di Nisio, A, Sabovic, I, Valente, U, Tescari, S, Rocca, MS, Guidolin, D , et al. Endocrine disruption of androgenic activity by Perfluoroalkyl substances: clinical and experimental evidence. J Clin Endocrinol Metab. (2019) 104:1259–71. doi: 10.1210/jc.2018-01855 

 9. UBA VITO (2020). Scoping documents for 2021 for the first and second round HBM4EU priority substances. Available online at: https://www.hbm4eu.eu/wp-content/uploads/2021/03/HBM4EU_D4.9_Scoping_Documents_HBM4EU_priority_substances_v1.0.pdf


 10. ATSDR (2015). Draft toxicological profile for Perfluoroalkyls. Agency for Toxic Substances and Disease Registry, Atlanta, GA. Available online at: https://www.atsdr.cdc.gov/toxprofiles/tp200.pdf (Accessed May, 2021).


 11. Andersson, EM, Scott, K, Xu, YY, Li, Y, Olsson, DS, Fletcher, T , et al. High exposure to perfluorinated compounds in drinking water and thyroid disease. A cohort study from Ronneby, Sweden. Environ Res. (2019) 176:108540. doi: 10.1016/j.envres.2019.108540 

 12. Rovira, J, Martínez, MÁ, Sharma, RP, Espuis, T, Nadal, M, Kumar, V , et al. Prenatal exposure to PFOS and PFOA in a pregnant women cohort of Catalonia. Spain Environ Res. (2019) 175:384–92. doi: 10.1016/j.envres.2019.05.040 

 13. de la Torre, A, Navarro, I, Sanz, P, and Mártinez, M. Occurrence and human exposure assessment of perfluorinated substances in house dust from three European countries. Sci Total Environ. (2019) 685:308–14. doi: 10.1016/j.scitotenv.2019.05.463


 14. CDC, National Center for Environmental Health (U.S.), Division of Laboratory Sciences, National Center for Health Statistics (U.S.), National Health and Nutrition Examination Survey (U.S.) (2019). Fourth national report on human exposure to environmen tal chemicals updated tables. 2.


 15. Chowdhury, BA, and Chandra, RK. Biological and health implications of toxic heavy metal and essential trace element interactions. Prog Food Nutr Sci. (1987) 11:55–113.

 16. Ciosek, Ż, Kot, K, and Rotter, I. Iron, zinc, copper, cadmium, mercury, and bone tissue. Int J Environ Res Public Health. (2023) 20:2197. doi: 10.3390/ijerph20032197 

 17. Maes, GE, Raeymaekers, JAM, Hellemans, B, Geeraerts, C, Parmentier, K, de Temmerman, L , et al. Gene transcription reflects poor health status of resident European eel chronically exposed to environmental pollutants. Aquat Toxicol. (2013) 126:242–55. doi: 10.1016/j.aquatox.2012.11.006 

 18. Wei, MH, Cui, Y, Zhou, HL, Song, WJ, di, DS, Zhang, RY , et al. Associations of multiple metals with bone mineral density: a population-based study in US adults. Chemosphere. (2021) 282:131150. doi: 10.1016/j.chemosphere.2021.131150 

 19. Moynihan, M, Peterson, KE, Cantoral, A, Song, PXK, Jones, A, Solano-González, M , et al. Dietary predictors of urinary cadmium among pregnant women and children. Sci Total Environ. (2017) 575:1255–62. doi: 10.1016/j.scitotenv.2016.09.204 

 20. Pantic, I, Tamayo-Ortiz, M, Rosa-Parra, A, Bautista-Arredondo, L, Wright, RO, Peterson, KE , et al. Children's blood Lead concentrations from 1988 to 2015 in Mexico City: the contribution of Lead in air and traditional Lead-glazed ceramics. Int J Environ Res Public Health. (2018) 15:2153. doi: 10.3390/ijerph15102153 

 21. Erikson, KM, Thompson, K, Aschner, J, and Aschner, M. Manganese neurotoxicity: a focus on the neonate. Pharmacol Ther. (2007) 113:369–77. doi: 10.1016/j.pharmthera.2006.09.002 

 22. Berman, L. E., Fisher, A. L., Ostchega, Y., Reed-Gillette, D. S., and Stammerjohn, E. L. (n.d.). Proceedings of the AMIA symposium. 862. American Medical Informatics Association) (2001).


 23. Kuklenyik, Z, Needham, LL, and Calafat, AM. Measurement of 18 perfluorinated organic acids and amides in human serum using on-line solid-phase extraction. Anal Chem. (2005) 77:6085–91. doi: 10.1021/ac050671l 

 24. Yang, HS, LaFrance, DR, and Hao, Y. Elemental testing using inductively coupled plasma mass spectrometry in clinical laboratories. Am J Clin Pathol. (2021) 156:167–75. doi: 10.1093/ajcp/aqab013 

 25. Hornung, RW, and Reed, LD. Estimation of average concentration in the presence of nondetectable values. Appl Occup Environ Hyg. (1990) 5:46–51. doi: 10.1080/1047322X.1990.10389587


 26. Crabtree, NJ, Arabi, A, Bachrach, LK, Fewtrell, M, el-Hajj Fuleihan, G, Kecskemethy, HH , et al. Dual-energy X-ray absorptiometry interpretation and reporting in children and adolescents: the revised 2013 ISCD pediatric official positions. J Clin Densitom. (2014) 17:225–42. doi: 10.1016/j.jocd.2014.01.003 

 27. Bachrach, LK, and Gordon, CM. Bone densitometry in children and adolescents. Pediatrics. (2016) 138:e20162398. doi: 10.1542/peds.2016-2398


 28. Centers for Disease Control and Prevention and National Center for Health Statistics (NCHS) (2017). “National Health and nutrition examination survey body composition procedures manual.” U.S. Department of Health and Human Services, Centers for Disease Control and Prevention; Hyattsville, MD. Available online at: https://wwwn.cdc.gov/nchs/data/nhanes/2015-2016/manuals/2016_Body_Composition_Procedures_Manual.pdf (Accessed January, 2016).


 29. Xu, K, Fu, Y, Cao, B, and Zhao, M. Association of sex Hormones and sex Hormone-Binding Globulin Levels with Bone Mineral Density in adolescents aged 12-19 years. Front Endocrinol. (2022) 13:891217. doi: 10.3389/fendo.2022.891217 

 30. Cluett, R, Seshasayee, SM, Rokoff, LB, Rifas-Shiman, SL, Ye, X, Calafat, AM , et al. Per- and Polyfluoroalkyl substance plasma concentrations and bone mineral density in Midchildhood: a cross-sectional study (project viva, United States). Environ Health Perspect. (2019) 127:87006. doi: 10.1289/ehp4918 

 31. Jeddy, Z, Tobias, JH, Taylor, EV, Northstone, K, Flanders, WD, and Hartman, TJ. Prenatal concentrations of perfluoroalkyl substances and bone health in British girls at age 17. Arch Osteoporos. (2018) 13:84. doi: 10.1007/s11657-018-0498-5


 32. Carwile, JL, Seshasayee, SM, Ahrens, KA, Hauser, R, Driban, JB, Rosen, CJ , et al. Serum PFAS and urinary phthalate biomarker concentrations and bone mineral density in 12-19 year olds: 2011-2016 NHANES. J Clin Endocrinol Metab. (2022) 107:e3343–52. doi: 10.1210/clinem/dgac228 

 33. Lin, LY, Wen, LL, Su, TC, Chen, PC, and Lin, CY. Negative association between serum perfluorooctane sulfate concentration and bone mineral density in US premenopausal women: NHANES, 2005-2008. J Clin Endocrinol Metab. (2014) 99:2173–80. doi: 10.1210/jc.2013-3409 

 34. Xiong, X, Chen, B, Wang, Z, Ma, L, Li, S, and Gao, Y. Association between perfluoroalkyl substances concentration and bone mineral density in the US adolescents aged 12-19 years in NHANES 2005-2010. Front Endocrinol. (2022) 13:980608. doi: 10.3389/fendo.2022.980608 

 35. Khalil, N, Ebert, JR, Honda, M, Lee, M, Nahhas, RW, Koskela, A , et al. Perfluoroalkyl substances, bone density, and cardio-metabolic risk factors in obese 8-12 year old children: a pilot study. Environ Res. (2018) 160:314–21. doi: 10.1016/j.envres.2017.10.014


 36. Fan, S, Wu, Y, Bloom, MS, Lv, J, Chen, L, Wang, W , et al. Associations of per- and polyfluoroalkyl substances and their alternatives with bone mineral density levels and osteoporosis prevalence: a community-based population study in Guangzhou, southern China. Sci Total Environ. (2023) 862:160617. doi: 10.1016/j.scitotenv.2022.160617


 37. Blomberg, A, Mortensen, J, Weihe, P, and Grandjean, P. Bone mass density following developmental exposures to perfluoroalkyl substances (PFAS): a longitudinal cohort study. Environ Health. (2022) 21:113. doi: 10.1186/s12940-022-00929-w 

 38. Vanden Heuvel, JP, Thompson, JT, Frame, SR, and Gillies, PJ. Differential activation of nuclear receptors by perfluorinated fatty acid analogs and natural fatty acids: a comparison of human, mouse, and rat peroxisome proliferator-activated receptor-alpha, −beta, and -gamma, liver X receptor-beta, and retinoid X receptor-alpha. Toxicol Sci. (2006) 92:476–89. doi: 10.1093/toxsci/kfl014 

 39. Greenhill, C
. Endocrine disruptors: PFASs, sex hormones and asthma. Nat Rev Endocrinol. (2017) 13:377. doi: 10.1038/nrendo.2017.58 

 40. Kim, MJ, Moon, S, Oh, BC, Jung, D, Ji, K, Choi, K , et al. Association between perfluoroalkyl substances exposure and thyroid function in adults: a meta-analysis. PLoS One. (2018) 13:e0197244. doi: 10.1371/journal.pone.0197244 

 41. Koskela, A, Finnilä, MA, Korkalainen, M, Spulber, S, Koponen, J, Håkansson, H , et al. Effects of developmental exposure to perfluorooctanoic acid (PFOA) on long bone morphology and bone cell differentiation. Toxicol Appl Pharmacol. (2016) 301:14–21. doi: 10.1016/j.taap.2016.04.002 

 42. Koskela, A, Koponen, J, Lehenkari, P, Viluksela, M, Korkalainen, M, and Tuukkanen, J. Perfluoroalkyl substances in human bone: concentrations in bones and effects on bone cell differentiation. Sci Rep. (2017) 7:6841. doi: 10.1038/s41598-017-07359-6 

 43. Shi, X, and Zhou, B. The role of Nrf2 and MAPK pathways in PFOS-induced oxidative stress in zebrafish embryos. Toxicol Sci. (2010) 115:391–400. doi: 10.1093/toxsci/kfq066


 44. Liu, J, Tang, Y, Chen, Y, Zhang, X, Xia, Y, and Geng, B. Association between blood manganese and bone mineral density in US adolescents. Environ Sci Pollut Res Int. (2023) 30:29743–54. doi: 10.1007/s11356-022-24314-9


 45. Cui, A, Xiao, P, Hu, B, Ma, Y, Fan, Z, Wang, H , et al. Blood Lead level is negatively associated with bone mineral density in U.S. children and adolescents aged 8-19 years. Front Endocrinol. (2022) 13:928752. doi: 10.3389/fendo.2022.928752


 46. Lu, J, Lan, J, Li, X, and Zhu, Z. Blood lead and cadmium levels are negatively associated with bone mineral density in young female adults. Arch Public Health. (2021) 79:116. doi: 10.1186/s13690-021-00636-x 

 47. Lim, HS, Lee, HH, Kim, TH, and Lee, BR. Relationship between heavy metal exposure and bone mineral density in Korean adult. J Bone Metab. (2016) 23:223–31. doi: 10.11005/jbm.2016.23.4.223


 48. Guo, T, Zhang, L, Konermann, A, Zhou, H, Jin, F, and Liu, W. Manganese superoxide dismutase is required to maintain osteoclast differentiation and function under static force. Sci Rep. (2015) 5:8016. doi: 10.1038/srep08016 

 49. Davis, CD, and Greger, JL. Longitudinal changes of manganese-dependent superoxide dismutase and other indexes of manganese and iron status in women. Am J Clin Nutr. (1992) 55:747–52. doi: 10.1093/ajcn/55.3.747 

 50. Pinsino, A, Roccheri, MC, Costa, C, and Matranga, V. Manganese interferes with calcium, perturbs ERK signaling, and produces embryos with no skeleton. Toxicol Sci. (2011) 123:217–30. doi: 10.1093/toxsci/kfr152


 51. O’Neal, SL, Hong, L, Fu, S, Jiang, W, Jones, A, Nie, LH , et al. Manganese accumulation in bone following chronic exposure in rats: steady-state concentration and half-life in bone. Toxicol Lett. (2014) 229:93–100. doi: 10.1016/j.toxlet.2014.06.019 

 52. Li, GJ, Zhang, LL, Lu, L, Wu, P, and Zheng, W. Occupational exposure to welding fume among welders: alterations of manganese, iron, zinc, copper, and lead in body fluids and the oxidative stress status. J Occup Environ Med. (2004) 46:241–8. doi: 10.1097/01.jom.0000116900.49159.03 

 53. Li, L, and Yang, X. The essential element manganese, oxidative stress, and metabolic diseases: links and interactions. Oxidative Med Cell Longev. (2018) 2018:7580707. doi: 10.1155/2018/7580707 


Copyright
 © 2024 Wei, Zhang, Ji, Yang and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Association of per- and polyfluoroalkylated substances/heavy metals and bone health in children and adolescents



		1 Introduction



		2 Methods



		2.1 Study population



		2.2 Measurements of serum PFAS and blood levels of metals



		2.3 Bone mineral density



		2.4 Other covariates



		2.5 Statistical analysis









		3 Results



		3.1 Basic information



		3.2 PFAS and metal levels in study population



		3.3 Linear regression analysis



		3.4 BKMR analysis









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Footnotes



		References



















OPS/images/fpubh-12-1431001-t009.jpg
Pollutant Lumbar BMD Total BMD

PIP

PEDA <0.001 <0001
PEOA 0032 0078
PFOS 0.018 0002
PEHxS 0.052 0009
PENA 0212 0385
PFUA 0.013 <0001
Lead 0017 <0001
Cadmium 0.764 0070

Manganese 0/343 0145





OPS/images/fpubh-12-1431001-t008.jpg
Variable

Age

Race

PIR

BMI

25(0H)D (nmol/L)
Serum cotinine (ng/mL)
PENA (ng/mL)
PEDA (ng/mL)
PEUA (ng/mL)
PFOA (ng/mL)
PFOS (ng/mL)
PEHXS (ng/mL)
Cadmium (ug/L)
Lead (ug/dL)
Manganese (ug/L)

0.016

0.007

~0.004

0.005

<0.001

<0.001

~0019

0.035

~0029

~0001

~0002

0.003

-0012

-0026

-0002

95%CI
(0.012,0.021)
(0.000,0.014)
(-0.010,0.003)
(0.003,0.006)
(0.000,0.001)
(0.000,0.000)
(-0.039,0.000)
(~0.078,0.147)
(-0.153,0.09)
(-0.018,0.016)
(-0.007,0.002)
(-0.002,0.008)
(~0.093,0.069)

(=0.053,0.002)

(=0.005,0.000)

7.192

1909

~L150

6241

1402

~0.279

~1.988

0.607

~0.452

~0.149

~1.407

1058

~0.286

~1.838

~1.766

VIF
1184
1176
1240
1082
1164
1982
1369
2747
2415
2239
1940
1679
2150
109

1070

<0.001

0.057

0.251

<0.001

0.162

0.780

0.048

0544

0.651

0.881

0.296

0291

0775

0.067

0079





OPS/images/cover.jpg
& frontiers | Frontiers in Public Health

Association of per- and
polyfluoroalkylated substances/
heavy metals and bone health in

children and adolescents












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Public Health






OPS/images/fpubh-12-1431001-t003.jpg
Single- Lumbar BMD Total BMD

e 95%Cl 95%C
PFNA =0.015 (=0.033,0.004) —0.014 (=0.028, —0.001)*
PFDA —=0.001 (~0.068, 0.067) —0.008 (-0.056,0.041)
PFUA —0.056 (=0.160, 0.047) —0.002 (-0.077,0.073)
PFOA —0.004 (=0.015, 0.008) —0.007 (-0.015,0.001)
PFOS 0.001 (=0.002, 0.005) <0.001 (=0.003,0.002)
PFHxS 0.002 (=0.002, 0.007) 0.001 (=0.002,0.004)
Cadmium —0.045 (=0.097,0.007) —0.036 (~0.074,0.001)
Lead —=0.002 (=0.027,0.023) —0.006 (-0.025,0.012)
Manganese —=0.003 (=0.007, -0.001)* —0.004 (=0.005, —0.001)*

CI, Confidence interval; *p <0.05.
‘Covariates adjusted included age, sex, body mass index, race, family income to poverty ratio, serum cotinine.





OPS/images/fpubh-12-1431001-t004.jpg
Multiple- Lumbar BMD Total BMD

e 95%Cl 95%Cl

PFNA —0.016 (=0.039,0.007) 1.538 -0.013 (=0.029, 0.004) 1.844
PFDA 0.075 (=0.025,0.176d) 2342 0.045 (=0.028,0.118) 2302
PFUA —0.088 (=0.222,0.046) 1.831 0.017 (~0.080,0.113) 1711
PFOA —=0.009 (~0.024,0.007) 2.068 —0.008 (=0.019,0.003) 1.989
PFOS 0.002 (=0.002,0.007) 2019 0.000 (—0.004, 0.003) 2126
PFHxS 0.003 (=0.003, 0.008) 1479 0.002 (=0.001, 0.006) 1.409
Cadmium -0.032 (=0.086, —0.021) 1.815 —0.028 (~0.066, 0.011) 1.876
Lead 0.003 (=0.023,0.029) 1212 =0.002 (-0.021,0.017) 1.241
Manganese —0.004 (=0.007, - 0.001) * 1.183 —0.003 (=0.005, - 0.001) * 1158

CI, Confidence interval; *p <0.05.
*Covariates adjusted included age, sex, body mass index, race, family income to poverty ratio, serum cotinine, PENA, PEDA, PEUA, PEOA, PEOS, PFHxS, Cadmium, Lead, and Manganese.





OPS/images/fpubh-12-1431001-t001.jpg
Variable

Number of participants
Age (years)

s

12-15 (years)

16-19 (years)

Race

Mexican American

Other Hispanic

Non-Hispanic Blacks
Non-Hispanic Whites

Other races

BMI (kg/m?)

s

Normal weight or underweight
Overweight

Obesity

PIR

ks

25(0H)D (nmol/L)

ks

Serum cotinine (ng/mL)
s

Total BMD (g/cm?)

ks

Lumbar spine BMD (g/cm?)

s

Study population

622

15.56£226
307 (49.4%)

315 (50.6%)

124 (19.9%)

56 (9.0%)

133 (21.5%)

189 (30.4%)

119 (19.1%)

24504631

373 (60.0%)

104 (16.7%)

145 (23.3%)

2074152

55.69+20.82

143726415

1040£0.119

0.978£0.150

Male

325

1571225
154 (47.4%)

171 (52.6%)

65 (20.0%)

26 (8.0%)

77 (23.7%)

100 (30.7%)

57(17.6%)

24874621

186 (57.2%)

56 (17.2%)

83 (25.6%)

2074146

56.60+19.81

1730£65.21

1.0620.133

0.959:£0.165

Female

297

1539226
153 (51.5%)

144 (48.5%)

59 (19.9%)

30 (10.1%)

57 (19.2%)

89 (30.0%)

62 (20.8%)

24.08£6.41

187 (63.0%)

48(16.2%)

62 (20.8%)

2074160

547042187

11145627

1.016:£0.095

0.998+0.129

1735

1059

3160

1565

2471

0056

1135

1256

4957

-3.278

0083

0303

0532

0118

0.480

0956

0257

0210

<0.001

0.001





OPS/images/fpubh-12-1431001-t002.jpg
Variable
PFOA (ng/mL)
PFOS (ng/mL)
PENA (ng/mL)
PEUA (ng/mlL)
PEDA (ng/mL)
PEHXS (ng/mL)
Cadmium (pg/L)
Lead (ug/dL)
Manganese (g/L)

Study population

1630£0.935
4.117+3.087
0.698+0.557
0.115£0.103
0.176£0.155
1584£2.402
02100256
0.581£0.429

110913741

Male
1,802+ 1,001
465443270
0.730£0.556
0.110:£0.090
0.181£0.171
1.816+2.533
021740317
0.681:£0.468

9.978+3.166

Female
14410811
352942762
0.662:£0.557
0.121£0.115
0.171£0.135
1330£2.228
0.203:£0.166
04710352

12310£3.941

4896

4613

1529

-1377

0.824

2529

0.640

6269

~8.168

<0.001

<0.001

0127

0.169

0410

0012

0523

<0.001

<0.001





OPS/images/fpubh-12-1431001-t007.jpg
Variable

Age

Race

PIR

BMI

25(OH)D (nmol/L)

Serum cotinine (ng/mL)
PENA (ng/mL)

PEDA (ng/mL)

PFUA (ng/mL)

PFOA (ng/mL)

PFOS (ng/mL)

PFHS (ng/mL)
Cadmium (ug/L)

Lead (ug/dL)
Manganese (ug/L)

0.035

0013

0.001

0.003

<0.001

<0.001

~0.009

0.078

0143

-0016

-0.002

0.003

~0.030

0.003

~0.005

95%CI
(0.030,0.040)
(0.004,0.021)
(-0.007,0.009)
(0.002,0.005)
(0.000,0.001)
(0.000,0.000)
(-0.036,0.017)
(-0.018,0.174)
(-0.013,0.300)
(-0.031,-0.001)
(~0.006,0.003)
(~0.003,0.008)
(-0.077,0.016)
(-0.022,0,029)
(-0.009,-0.002)

13.032

2940

0244

3735

1173

0007

~0.705

1605

1798

~2.059

~0.632

0978

-1273

0246

-2.875

VIF
1.200
L8
L1162
1101
1131
1781
1844
2302
171
1.989
2126
1409
1876
1241

1158

<0001

0.004

0807

<0001

0242

0994

0481

0110

0073

0040

0528

0329

0204

0806

0.004





OPS/images/fpubh-12-1431001-t005.jpg
Variable

Age

Race

PIR

BMI

25(0H)D (nmol/L)
Serum cotinine (ng/ml)
PENA (ng/mL)
PFDA (ng/mL)
PFUA (ng/mL)
PFOA (ng/mL)
PFOS (ng/ml)
PFHxS (ng/mL)
Cadmium (ug/L)
Lead (pg/dL)
Manganese (g/L)

0.039

0.017

0.005

0.003

<0.001

<0.001

~0019

0.078

0.012

-0012

0.003

0.002

—0.024

<0.001

~0.007

95%CI
(0.032,0.046)
(0.005,0.028)
(~0.005,0.016)
(0.001,0.006)
(~0.001,0.001)
(0.000,0.000)
(~0.054,0.016)
(~0.049,0.205)
(~0.195,0.220)
(~0.032,0.008)
(~0.003,0.010)
(~0.004,0.009)
(~0.085,0.038)
(=0.034,0.034)

(=0.011, -0.002)

10991

2896

1005

2,688

0515

~0341

~1.087

1208

0117

~1150

1061

0.649

—0.754

0.006

~2.648

VIF
1200
L8
1162
1101
1131
1781
1844
2302
1711
1989
2126
1409
1876
1241

1158

<0001

0.004

0315

0.008

0.607

0733

0278

0228

0907

0251

0290

0517

0452

0995

0.009





OPS/images/fpubh-12-1431001-t006.jpg
Variable
Age

Race

PIR

BMI

25(0H)D (nmol/L)

Serum cotinine (ng/mL)
PENA (ng/mL)

PFDA (ng/mL)

PFUA (ng/mL)

PFOA (ng/mL)

PFOS (ng/mL)

PFHS (ng/mL)
Cadmium (ug/L)

Lead (ng/dL)
Manganese (ug/L)

0016

0013

~0.003

0.003

<0.001

<0.001

~0018

0132

~0.149

~0.010

~0.002

0.003

~0.045

~0.007

~0.002

95%CI
(0.010,0.023)
(0.002,0.024)
(~0.012,0.007)
(0.000,0.005)
(0.000,0.001)
(0.000,0.000)
(-0047,0012)
(-0039,0.303)
(~0338,0.039)
(-0035,0.016)
(~0.009,0.005)
(-0.0050.011)
(~0.168,0.078)
(~0048,0.035)

(0,006, 0.002)

4816

2403

~0.508

2177

1031

0091

-1195

1521

~1.558

~0.736

~0.534

0693

-0.725

-0.331

~1.065

VIF
1184
1176
1240
1082
1164
1982
1369
2747
2415
2239
1940

2150
109

1070

P
<0.001
0017
0612
0,030
0303
0927
0233
0129
0120
0.462
0.594
0489
0.469
0741

0288





OPS/images/fpubh-12-1431001-g001.jpg
male female

male female

°
- £
~ o
g & =z
T © M
- B
= - ©
£
T T T T I
w @ o~ . ol - wn
T 2
(qu/3u)VNAd
K A
[ SN
% -2 2 Y
< & 3
e T
Vv _
A 2 o
£
r T T T
° LI T T o
o o o o o
(qu/du)vnad
o
©
°
2 H 3
v/ I
Y 2 &
g =
£
T 1 T T
© 0 =) 0
- - =]

(1w/3u0)yOAd

(Tu/Su)vaad

0.0

male female

p<0.05

0.523

p=

(1/8n) asaue3uew poog

T
10
e

p<0.05

(71/8n) wnrwpes poorg

0.0

('1p/3n) ped| pooig

male female male female

male female





OPS/images/fpubh-12-1431001-g002.jpg
A1

o
i .
-
N -
2 o
2l g
E o1
5
-
e
o
a
sah s s
Exposure
A2
e - -
o0k ~ —
i
Lo
T -
i.
R EEEEE
3 SEN
-
2 02
1
o
el e
>
-
g e o
Exposure

B1

0.01-

-0.01-

Estimate Risk

0.02

B2

0.01

Estimate Risk
4
3
8

-0.01

0.00--|

03

0.4

0.5
Quantile of blood metal and PFAS

06

07

03

0.4
Quantile of blood metal and PFAS

05 06 07

c1
Manganese
Chromium-
Load
PFUA
PENA
PFHXS
PFOS
PFOA:
PFDA

c2

Manganese
Chromium
Lead
PFUA
PFNA
PRHAS
PFoS
PFOA
PFDA

003

002

s

002 -001 000
Estimate Risk

001 000
Estimate Risk

001

01

aed
4 o
4o

o





