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Abstract
Background
Per- and polyfluoroalkyl substances (PFAS) are commonly utilized in consumer products. While earlier studies have suggested potential impacts of certain PFAS on serum concentrations of vitamin D, these investigations were constrained to a limited set of conventional PFAS. Moreover, they did not specifically focus on populations with longer duration of PFAS exposure and potentially higher blood PFAS levels, such as older adults, and lacked adequate evidence to examine sex-related disparities.

Methods
This observational investigation utilized cross-sectional data obtained from the U.S. NHANES spanning the years 2003 to 2018. Survey-weighted multiple regression models were employed to evaluate the relationship between PFAS exposure and vitamin D concentrations. Multi-pollutant models were employed to evaluate the association between PFAS mixtures and vitamin D concentrations. Subsequently, environmental risk scores (ERS) were constructed to gauge associations with vitamin D concentrations. ERS was computed through a weighted linear combination of PFAS, utilizing calculations from ridge regression and adaptive elasticity network (adENET) methodologies. All analyses were stratified by sex.

Results
The study encompassed 3,853 older adults. Our analysis revealed a negative association between PFOA, PFOS, PFNA, and MeFOSAA and serum vitamin D concentrations. In analyses examining mixed exposures, various models consistently indicated an inverse association between PFAS mixed exposure and vitamin D concentrations. Moreover, an increase in ERS of PFAS across the interquartile range was associated with a decrease in vitamin D concentrations (Q4 vs. Q1, adENET: β: -0.083, 95% CI: -0.117, -0.048; ridge regression: β: -0.077, 95% CI: -0.111, -0.042). Notably, these associations were exclusively observed within the female population.

Conclusions
Our study indicates that heightened exposure to PFAS correlates with diminished serum vitamin D concentrations in females aged 60 years and older, evident in both single and mixed exposures. These findings find support in in vitro mechanistic studies, suggesting that PFAS may impact the metabolism of 25(OH)D, consequently affecting vitamin D concentrations.
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Introduction
Per- and polyfluoroalkyl substances (PFAS) are aliphatic compounds predominantly composed of carbon and fluorine atoms [1]. The exceptional stability of the carbon-fluorine bond contributes to the prolonged half-lives of long-chain PFAS, which can range from three years to several decades [1]. Due to their impressive chemical and thermal stability, PFAS find extensive use in various applications, including kitchen utensils, food containers, medical appliances, and flame retardant foams [2]. Perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS), principal monomers of PFAS, were listed as persistent organic pollutants in the Stockholm Convention. Governmental agreements in the U.S. since the turn of the century aim to curtail PFAS production and use by companies [3]. Nonetheless, PFOS degradation in the environment remains slow to negligible. This persistence allows them to be transported over extensive distances through air and water, ultimately entering diverse ecosystems’ food webs [4]. Consequently, exposure to PFAS can endure over an extended period.
Vitamin D, an essential nutrient facilitating calcium and phosphate absorption, is implicated in various diseases, including immune disorders, cancer, neurocognitive disorders, and cardiovascular ailments [5]. A longitudinal study on aging has revealed that older adults with vitamin D deficiency often exhibit heightened levels of inflammation [6]. Furthermore, ethnically diverse older adults, particularly African Americans and Hispanics with a high prevalence of vitamin D deficiency, are prone to accelerated cognitive decline in the presence of low vitamin D status [7]. Hence, sustaining adequate levels of vitamin D is crucial for overall well-being. Global estimates indicate that one billion individuals across all age groups suffer from vitamin D deficiency (VDD), defined as serum 25-hydroxyvitamin D [25(OH)D] levels below 50 nmol/L (20 ng/mL) [8]. In the U.S, nearly 20% of middle-aged and older adults exhibit vitamin D deficiency [9]. Age-related alterations are evident in both the production and metabolism of vitamin D; a recent investigation indicated a 13% decline in age-related vitamin D production per decade, resulting in a 50% reduction by age 70 compared to age 20 [10]. Consequently, older individuals face elevated odds of insufficient vitamin D concentrations.
In addition to its synthesis in the epidermis via sunlight exposure, vitamin D can be sourced from daily dietary intake or supplements. Various factors impact vitamin D concentrations, encompassing genetic factors, obesity, ethnicity, chronic diseases, and variations in sunlight exposure due to outdoor activity differences [11]. Environmental pollutants, including heavy metals and endocrine disruptors (EDCs) such as polychlorinated biphenyls (PCBs), are believed to disrupt the human vitamin D endocrine system. These pollutants may lower vitamin D concentrations by inhibiting the transcription and activity of cytochrome P450 mixed-function oxidases (CYPs), or indirectly through disorders in parathyroid hormone (PTH) and calcium homeostasis [12]. An investigation utilizing data from the 2003–2010 NHANES revealed a link between serum PFOS concentrations and decreased vitamin D concentrations, while perfluorohexane sulfonic acid (PFHxS) showed an association with increased vitamin D concentrations [13]. Given the widespread presence of PFAS contaminants in the environment and their potential to disrupt endocrine function [14], there is an imperative to examine the influence of PFAS exposure on the vitamin D status among humans, particularly within vulnerable populations. Notably, the heterogeneity in the association between PFAS exposure and vitamin D concentrations, as identified in the Etzel TM study, persisted across age, sex, and race. The authors also found that PFOA and perfluorononanoic acid (PFNA) showed no significant associations with vitamin D concentrations [13]. However, the study did not account for dietary sources of vitamin D intake, including milk consumption, which are recognized as primary dietary contributors to vitamin D concentrations [15]. Another analysis, encompassing 421 individuals, explored the relationship between various pollutants and vitamin D concentrations during pregnancy and did not identify any PFAS linked to diminished vitamin D concentrations [16]. The limited sample size might have constrained the precision of this finding. Importantly, individuals are frequently exposed not merely to a singular PFAS but to multiple PFAS simultaneously. Given the notable correlation among certain PFAS arising from common sources [17], neglecting the consideration of PFAS mixtures could introduce bias into the estimates of individual PFAS.
The concentration of PFAS tends to rise with age. Prior research conducted in New Zealand has established a positive correlation between advancing age and serum PFAS concentrations [18]. Consistently, our study observed significantly higher concentrations of all six PFAS compounds in the elderly population (P < 0.05, Table S3). Furthermore, a cross-sectional study conducted in China revealed a significant association between PFAS exposure and hypertension risk solely among individuals aged 60 years or older, with no such association observed in the younger group [19]. Consequently, the elderly population exhibits heightened susceptibility to PFAS compared to younger and middle-aged cohorts, making them particularly suitable for investigating the long-term health implications of PFAS exposure. In our investigation, we compiled cross-sectional data spanning eight NHANES cycles covering the period from 2003 to 2018. The aim was to explore the association between exposure to the six PFAS, both individually and in combination, and serum vitamin D concentrations in an aging U.S. population. Furthermore, we delved into sex-specific correlations between PFAS exposure and vitamin D concentrations, considering previous research indicating heightened sensitivity to PFAS among females [19], along with the well-established association between estrogen levels and vitamin D metabolism [20].

Methods
Study population
This study integrated cross-sectional data from eight NHANES cycles, covering the period from 2003 to 2018. NHANES, is a longstanding national survey designed to assess the health and nutritional status of the U.S. population. The research protocol obtained ethical clearance from the National Center for Health Statistics. In this investigation, participants aged 60 years and older were included, providing comprehensive data on serum PFAS concentrations, vitamin D serum biomarkers (25(OH)D), and pertinent covariates, as elaborated in the covariates section.

PFAS measurement in serum
The NHANES official website provides comprehensive documentation on the methods and procedures employed in this study. In summary, serum samples were preserved at a temperature of -20 °C. Following formic acid dilution, a 100 µL aliquot of serum underwent injection into a commercial column switching system for analyte concentration and chromatography, culminating in quantitative detection of serum PFAS via turbo ion spray ionization-tandem mass spectrometry (TIS-MS/MS). Serum PFAS concentration measurements were conducted on approximately one-third of the random subsamples in NHANES. The NHANES laboratory analyzed 14 different serum levels of PFAS. NHANES measured the PFOA and PFOS isomers in the 2013-18 cycle, and consequently, serum concentrations of PFOS and PFOA were determined as the combined sum of their respective isomer concentrations. For this study’s final analysis, PFAS compounds with detection rates exceeding 70% were considered, namely: PFOA, PFOS, PFHxS, perfluorodecanoic acid (PFDeA), PFNA, and 2-(N-methylperfluorooctane sulfonamido) acetate (MeFOSAA). The limit of detection (LOD) for the six PFAS analyzed in this study exhibited slight variation across cycles. Concentrations falling below the LOD in each cycle were expressed as the LOD divided by the square root of two. The detection rates and concentration distributions of PFAS in serum are presented in Table S1, with detection rates exceeding 70% for all six PFAS, with PFOS exhibiting the highest concentrations.

Vitamin D measurement
The standard indicator used to assess vitamin D status is the total serum concentration of 25(OH)D, which comprises the combined levels of 25-hydroxyvitamin D2 and 25-hydroxyvitamin D3. Notably, the methodology for measuring serum 25(OH)D has evolved across various NHANES survey cycles. Specifically, assessments were conducted using the DiaSorin RIA kit between 2003 and 2006, transitioning to standardized liquid chromatography-tandem mass spectrometry from 2007 to 2018 [21]. To mitigate potential methodological bias, 25(OH)D concentrations from 2003 to 2006 were transformed into LC-MS/MS equivalents using a regression equation in accordance with official NHANES recommendations [22].

Covariates
The selection of covariates was guided by prior investigations into the association between environmental pollutant exposure and vitamin D concentrations [23]. Covariates were obtained through questionnaires and encompassed age (continuous), sex (categorical), race (categorized as Mexican American, non-Hispanic Black, non-Hispanic White, other Hispanic, other race), marital status (categorized as unmarried or separated, married), education levels (highest grade; high school and below, above high school), body mass index (BMI, continuous), income-to-poverty ratio (PIR, categorized as ≤ 1.30, 1.31–3.50, > 3.50), vitamin D supplement use (yes/no), serum cotinine (a marker of exposure to environmental tobacco smoke, continuous), milk product consumption (categorized as never, rarely (less than weekly), sometimes (weekly or more often), often (once a day or more)), physical activity level (categorized as vigorous or moderate, low or none) and NHANES inspection time period (six-month examination period), which was employed as a proxy variable for season, distinguishing between November to April and May to October.

Statistical analysis
In this study, the comparison of vitamin D concentrations among diverse participant subgroups was conducted using analysis of variance (ANOVA). Given the skewed distribution of both serum vitamin D and PFAS concentrations, a natural logarithmic transformation was implemented to mitigate the influence of outliers. Vitamin D concentrations were incorporated as continuous variables in all our models. All models were adjusted for variables including age, sex, race, marital status, education, BMI, PIR, serum cotinine, vitamin D supplement use, milk product consumption, physical activity level, and six-month examination period. Furthermore, subgroup analyses based on sex were conducted, and potential sex interactions were evaluated using the likelihood ratio test. This test compares the model fit between those with and without interaction terms, thereby elucidating sex-specific associations between PFAS exposure and vitamin D concentrations.
Given the complexity of the multi-stage sampling design of NHANES, our analyses incorporated sub-sample weights in accordance with official NHANES recommendations. Specifically, the PFAS sample weights were calculated using the formula: WTSB16YR = 1/8 * WTSB2YR (where WTSB2YR represents the PFAS sample weights for each cycle, and WTSB16YR denotes the final weight utilized in the analysis). Due to the non-normal distribution of PFAS concentrations (Table S1), a natural logarithmic transformation was applied. To explore the association between individual PFAS concentrations and vitamin D concentrations, we employed survey-weighted multivariate linear regression models to estimate the incremental change in vitamin D concentrations for each 2.7-fold increase in PFAS concentration (i.e., for each unit increase in natural logarithmically transformed PFAS concentration). Furthermore, to investigate potential dose-response patterns, we categorized PFAS concentrations into quartiles, assessing the variance between the 2nd through 4th quartiles and the 1st quartile. A linear trend test was conducted across quartiles. Briefly, the regression model coefficients for the groups were evaluated for significant deviation from zero by calculating the Wald statistic and the corresponding p-value to assess the trend. Additionally, we employed a restricted cubic spline curve (RCS) with four nodes to examine potential nonlinear relationships between serum PFAS levels and vitamin D concentrations.
Given the evident correlation among most PFAS (Figure S1) and their prevalent co-occurrence in the environment, we employed a weighted quantile sum (WQS) regression model to assess the potential influence of PFAS mixtures on vitamin D concentrations. WQS regression quantifies the chemical composition and constructs weighted indices of the chemical mixtures, effectively addressing overfitting and collinearity. The WQS index was developed in this study using quartiles of mixtures of serum PFAS. We randomly assigned 40% of the samples to the test dataset and the remaining 60% to the validation dataset. Due to the non-parametric distribution of the constructed WQS index, corresponding regression coefficients and statistical inferences were derived through 1000 bootstrap samplings. Additionally, recognizing that the WQS regression inherently places directional constraints on individual pollutant effects, we adopted a quantile g-computation (qgcomp) to investigate joint effects using parametric inference. By integrating the inferential structure of WQS with the adaptive characteristics of g-computation, addressed the constraint of directional homogeneity [24]. This approach facilitates the association of various components with the target outcome in diverse directions, thereby discerning both negative and positive weights of each PFAS linked to vitamin D concentrations. It is worth noting that when the health effects of multiple pollutants are nonlinear and nonadditive, the health effect estimates and associated variances derived by qgcomp are unbiased, whereas those derived by WQS may be biased [24]. Each statistical method used to assess the health effects of exposure to mixtures of multiple pollutants has unique strengths and limitations [25]. Therefore, it is necessary to use a combination of applicable statistical methods and implement multiple comparison strategies.
To evaluate the cumulative effect of PFAS exposure on vitamin D, we introduced the Environmental Risk Score (ERS), a personalized metric aimed at assessing the collective risk associated with exposure to chemical mixtures [26]. The ERS was formulated using adaptive elasticity nets (adENET) and ridge regression. In the adENET process, we employed two adjustment parameters (lambda 1 and lambda 2) for predictor variable selection. Lambda 1 narrowed down coefficients of less influential predictor variables to zero, while lambda 2 facilitated stable variable selection amid highly associated PFAS. However, adENET’s variable selection, dependent on other predictor variables removed from the model, could be unstable. To address this, we incorporated ridge regression, a method similar to adENET but utilizing only one adjustment parameter. Ridge regression narrowed unimportant predictor variables to values close to zero (but not precisely zero), ensuring a more stable variable selection compared to adENET. The adjustment parameters for both techniques were refined using quintuple cross-validation and evaluated based on cross-validated prediction errors. The beta coefficients (β) derived from both ridge regression and adENET were applied to each participant’s PFAS concentration matrix to yield weighted concentrations of individual PFAS, subsequently summed to calculate individual ERS, with the ERS being based on the sum of ln-transformed weighted concentrations of PFAS. These ERS were then categorized into quartiles, followed by the utilization of multiple linear regressions to explore the relationships between ascending ERS quartiles and vitamin D concentrations.
To bolster the reliability of our findings, we executed multiple sensitivity analyses. Firstly, we operationally defined VDD as a serum 25(OH)D level below 50 nmol/L [8, 27]. We then explored the association between PFAS exposure and VDD using weighted multiple logistic regression models along with mixed exposure models (WQS, qgcomp). Secondly, while our study focused on individuals aged over 60, we conducted additional analyses involving the younger population aged 20–59 to provide context. Therefore, we added analyses of the association between PFAS exposure and vitamin D concentrations in the 20–59 years old population. Additionally, we utilized Bayesian kernel machine regression (BKMR) to evaluate the cumulative impact of PFAS on vitamin D concentrations. This method estimates exposure-response relationships for multiple pollutants by considering the covariance among their exposure profiles, allowing for a comprehensive fit to potentially complex nonlinear relationships and yielding more robust results [28]. However, ERS constructed using adENET remain the primary method in this study due to their adept variable selection capabilities and ability to accommodate a large number of covariates. In contrast, BKMR is a non-parametric method based on kernel smoothing and recursive partitioning, which can pose challenges when modeling a substantial number of predictors and is susceptible to overfitting [29]. Finally, considering the accumulation of PFAS and vitamin D in adipose tissue, we performed subgroup analyses by obesity level (BMI < 30, BMI ≥ 30) in the female population.
A value of P < 0.05 signifies a statistically significant difference. All statistical computations were executed using R (4.2.3).


Results
Population characteristics
This study initially involved 80,312 NHANES participants from 2003 to 2018. After excluding 11,642 participants due to missing data on six PFAS serum concentrations and serum 25(OH)D concentrations, and further excluding 208 participants with missing covariates and 7,581 individuals younger than 60 years of age, the final analysis included 3,853 participants. Table 1 delineates the primary characteristics of the elderly participants alongside the distribution of serum vitamin D concentrations (nmol/L) based on demographic attributes. The average age of these older individuals stood at 70.4 ± 7.3 years. Furthermore, serum vitamin D concentrations exhibited a lower value among males relative to females (68.5 ± 25.6 vs. 72.3 ± 31.5, P < 0.05). Additionally, certain subgroups, such as non-Hispanic whites, the married population, those with high school education or higher, participants with a PIR > 3.5, users of vitamin D supplements, those with more frequent consumption of milk products, those engaging in vigorous or moderate levels of physical activity, and subjects sampled between May and October, demonstrated significantly higher serum vitamin D concentrations (P < 0.05).
Table 1Basic characteristics of participants: individuals aged 60 years and older, NHANES 2003–2018


	Characteristics
	Total (n = 3853)
	Serum Vitamin D (nmol/L)

	Mean (SD)
	P value

	Total participants
	3853
	70.4 (28.8)
	NA

	Age, mean (SD)
	70.4 (7.3)
	NA
	NA

	Sex, n (%)
	 	 	< 0.001

	 Male
	1919 (49.8)
	68.5 (25.6)
	 
	 Female
	1934 (50.2)
	72.3 (31.5)
	 
	Race, n (%)
	 	 	< 0.001

	 Mexican American
	528 (13.7)
	59.2 (24.6)
	 
	 Other Hispanic
	309 (8.0)
	69.7 (26.9)
	 
	 Non-Hispanic white
	2000 (51.9)
	76.9 (27.5)
	 
	 Non-Hispanic black
	738 (19.2)
	59.9 (29.5)
	 
	 Other race
	278 (7.2)
	73.7 (30.3)
	 
	Marital status, n (%)
	 	 	0.004

	 Unmarried or separated
	1700 (44.1)
	68.9 (30.3)
	 
	 Married
	2153 (55.9)
	71.6 (27.4)
	 
	Education, n (%)
	 	 	< 0.001

	 High school and below
	2170 (56.3)
	67.2 (27.4)
	 
	 Above high school
	1683 (43.7)
	74.6 (29.9)
	 
	PIR, n (%)
	 	 	< 0.001

	 < 1
	1142 (29.6)
	64.4 (26.7)
	 
	 1–3
	1608 (41.7)
	71.2 (29.7)
	 
	 > 3
	1103 (28.6)
	75.6 (28.3)
	 
	BMI (kg/m3), mean (SD)
	28.9 (6.2)
	NA
	NA

	Cotinine (ng/ml), mean (SD)
	41.1 (113.7)
	NA
	NA

	Vitamin D supplement use, n (%)
	 	 	< 0.001

	 Yes
	1554 (40.3)
	87.0 (28.5)
	 
	 No
	2299 (59.7)
	59.2 (22.9)
	 
	Milk product consumption, n (%)
	 	 	< 0.001

	 Never
	650 (16.9)
	67.5 (34.2)
	 
	 Rarely
	522 (13.5)
	67.9 (30.3)
	 
	 Sometimes
	983 (25.5)
	69.8 (29.2)
	 
	 Often
	1698 (44.1)
	72.7 (25.4)
	 
	Physical activity level, n (%)
	 	 	0.004

	 Vigorous or moderate
	1455 (37.8)
	72.1 (27.7)
	 
	 Low or none
	2398 (62.2)
	69.4 (29.4)
	 
	Six-month examination period, n (%)
	 	 	< 0.001

	 Nov-Apr
	1774 (46.0)
	67.2 (29.0)
	 
	 May-Oct
	2079 (54.0)
	73.1 (28.3)
	 

Notes Continuous variables were expressed as mean (SD); Categorical variables were presented as n (%). n, numbers of subjects; %, percentage; SD: standard deviation; BMI: body mass index; PIR: income-to-poverty ratio
Bold:P < 0.05



Table S1 presents the distribution of concentrations for the six PFAS in the serum of the elderly population, all with detection rates exceeding 70%. PFOS exhibited the highest average concentration (17.31 ng/mL), succeeded by PFOA (3.58 ng/mL), while the mean values for other PFAS ranged between 0.41 and 2.59 ng/mL. Pearson’s correlations among the six PFAS were weak to moderate (r = 0.19 to 0.71) (see Figure S1).

Individual PFAS and vitamin D status
In single chemical models, elevated concentrations of all four PFAS, with the exception of PFHxS and PFDeA, were associated with reduced serum vitamin D concentrations. All four PFAS showed statistical significance in continuous metric: PFOS (β: -0.03, 95% CI: -0.05, -0.02), PFOA (β: -0.03, 95% CI: -0.05, -0.01), PFNA (β: -0.03, 95% CI: -0.05, -0.01), and MeFOSAA (β: -0.03, 95% CI: -0.04, -0.01). Additionally, we observed that the highest quartile (Q4) of PFOA, PFOS, PFNA, MeFOSAA was associated with lower concentrations of vitamin D compared to the lowest quartile (Q1) (refer to Table 2), and a linear trend was evident for all four PFAS in the quartile-based linear trend test (P < 0.05). In sex-based subgroup analyses, the relationship between PFAS exposure and vitamin D concentrations differed between males and females. Findings suggested that increased concentrations of the five PFAS (PFOA, PFOS, PFNA, PFDeA and MeFOSAA) were associated with decreased serum vitamin D concentrations in the female elderly population. The same trend was observed in different quartiles (see Table 2). In contrast, no significant association between individual PFAS exposures and vitamin D concentrations was observed in the male population (P > 0.05). Moreover, sex interaction analysis using the likelihood ratio test revealed a significant interaction between the five PFAS compounds (PFOA, PFOS, PFNA, PFDeA, and MeFOSAA) in the sex subgroups (P value for interaction < 0.05, Table 2).
Table 2Association of PFAS with vitamin D concentrations (adjusted difference in total 25(OH)D per unit increase in PFAS): individuals aged 60 years and older, NHANES 2003–2018


	Variables
	Continuous
	P value for interaction
	Q1
	Q2
	Q3
	Q4
	P for
trend

	β (95% CI)
	-
	β (95% CI)
	β (95% CI)
	β (95% CI)

	Serum PFAS
	 	 	 	 	 	 
	PFOA
	 	 	 	 	 	 
	 Total
	-0.03 (-0.05, -0.01)
	< 0.001
	Ref
	-0.02 (-0.06, 0.03)
	-0.07 (-0.11, -0.03)
	-0.08 (-0.12, -0.06)
	< 0.001

	 Male
	0.00 (-0.02, 0.03)
	-
	Ref
	0.06 (0.00, 0.12)
	0.06 (0.01, 0.11)
	-0.02 (-0.07, 0.04)
	0.002

	 Female
	-0.06 (-0.09, -0.03)
	-
	Ref
	-0.08 (-0.14, -0.02)
	-0.16 (-0.22, -0.09)
	-0.13 (-0.19, -0.07)
	< 0.001

	PFOS
	 	 	 	 	 	 
	 Total
	-0.03 (-0.05, -0.02)
	< 0.001
	Ref
	-0.05 (-0.10, 0.01)
	-0.06 (-0.10, -0.02)
	-0.09 (-0.14, -0.05)
	< 0.001

	 Male
	-0.00 (-0.02, 0.02)
	-
	Ref
	0.04 (-0.01, 0.10)
	0.03 (-0.03, 0.08)
	-0.03 (-0.08, 0.03)
	0.002

	 Female
	-0.06 (-0.08, -0.03)
	-
	Ref
	-0.11 (-0.17, -0.05)
	-0.15 (-0.21, -0.10)
	-0.15 (-0.21, -0.09)
	< 0.001

	PFHxS
	 	 	 	 	 	 
	 Total
	0.00 (-0.02, 0.02)
	0.262
	Ref
	-0.02 (-0.06, 0.02)
	-0.02 (-0.06, 0.03)
	0.01 (-0.03, 0.05)
	0.472

	 Male
	-0.01 (-0.03, 0.02)
	-
	Ref
	-0.01 (-0.06, 0.04)
	-0.02 (-0.08, 0.03)
	0.00 (-0.06, 0.06)
	0.783

	 Female
	0.01 (-0.02, 0.03)
	-
	Ref
	-0.05 (-0.11, 0.02)
	-0.04 (-0.10, 0.03)
	0.01 (-0.05, 0.07)
	0.167

	PFNA
	 	 	 	 	 	 
	 Total
	-0.03 (-0.05, -0.01)
	< 0.001
	Ref
	-0.04 (-0.08, 0.00)
	-0.02 (-0.07, 0.02)
	-0.06 (-0.10, -0.02)
	0.036

	 Male
	0.01 (-0.01, 0.04)
	-
	Ref
	0.03 (-0.03, 0.08)
	0.04 (-0.01, 0.10)
	0.01 (-0.05, 0.07)
	0.400

	 Female
	-0.05 (-0.08, -0.03)
	-
	Ref
	-0.07 (-0.13, -0.01)
	-0.07 (-0.13, -0.02)
	-0.12 (-0.17, -0.06)
	< 0.001

	PFDeA
	 	 	 	 	 	 
	 Total
	-0.01 (-0.03, 0.01)
	0.002
	Ref
	-0.02 (-0.06, 0.02)
	0.02 (-0.03, 0.06)
	-0.04 (-0.09, 0.01)
	0.053

	 Male
	0.02 (-0.00, 0.04)
	-
	Ref
	0.23 (0.08, 0.37)
	0.06 (0.02, 0.10)
	0.01 (-0.04, 0.07)
	0.002

	 Female
	-0.04 (-0.07, -0.01)
	-
	Ref
	-0.07 (-0.13, -0.01)
	-0.04 (-0.10, 0.01)
	-0.11 (-0.18, -0.04)
	0.012

	MeFOSAA
	 	 	 	 	 	 
	 Total
	-0.03 (-0.04, -0.01)
	0.016
	Ref
	-0.02 (-0.06, 0.02)
	-0.10 (-0.14, -0.05)
	-0.06 (-0.10, -0.02)
	< 0.001

	 Male
	-0.01 (-0.03, 0.01)
	-
	Ref
	0.02 (-0.03, 0.08)
	-0.05 (-0.11, 0.00)
	-0.03 (-0.08, 0.03)
	0.032

	 Female
	-0.04 (-0.06, -0.02)
	-
	Ref
	-0.04 (-0.11, 0.02)
	-0.13 (-0.18, -0.07)
	-0.09 (-0.15, -0.03)
	< 0.001


Models were adjusted for age, sex, race, marital status, education, BMI, PIR, serum cotinine, vitamin D supplement use, milk product consumption, activity and six-month examination period
β: beta coefficient; Continuous, ln-transformed concentration of variables; P for trend: the P value for trend test; Q: quartile
PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonic acid; PFHxS, perfluorohexane sulfonic acid; PFNA, Perfluorononanoic acid; PFDeA, Pefluorodecanoic acid; MeFOSAA, 2-(N-methylperfluorooctane sulfonamido) acetate;
Bold:P < 0.05



The results of the RCS spline regression, depicted in Fig. 1, reveal that serum concentrations of PFOA, PFOS, and PFDeA exhibit a nonlinear association with serum vitamin D concentrations (P-value < 0.01 for all; P-values for nonlinearity: <0.001, < 0.001, and 0.012, respectively, Fig. 1A, B, E). In contrast, PFNA and MeFOSAA demonstrate linear relationships with serum vitamin D concentrations (P-values of 0.002 and < 0.001, respectively; nonlinearity P-values stood at 0.139 and 0.371, respectively, Fig. 1D, F).
[image: ]
Fig. 1Dose-response relationship between ln-transformed levels of PFAS and serum vitamin D concentrations were estimated by RCS models in female population. (A) PFOA, (B) PFOS, (C) PFHxS, (D) PFNA, (E) PFDeA, (F) MeFOSAA. Models were adjusted for age, race, marital status, education, BMI, PIR, serum cotinine, vitamin D supplement use, milk product consumption, activity and six-month examination period. β: beta coefficient; Solid line: beta coefficient; grey-shade: 95%CI



PFAS mixtures and vitamin D status
The WQS model results suggest a negative association between PFAS mixtures and vitamin D concentrations, indicating that concurrent exposure to PFAS correlates with reduced vitamin D concentrations (β: -0.02, 95% CI: -0.04, -0.00, see Fig. 2A), individual PFAS were weighted more heavily (see Figure S2 A-C). In sex-stratified subgroup analyses, a pronounced association emerged between PFAS co-exposure and reduced vitamin D concentrations among females (β: -0.04, 95% CI: -0.07, -0.01), while in the male population, PFAS co-exposure showed no significant association with vitamin D concentrations (β: 0.01, 95% CI: -0.01, 0.03). Within the qgcomp modeling framework, which avoids presupposing a particular direction of PFAS exposure, the estimated exposure weights spanned both negative and positive values. These trends were echoed in the qgcomp analysis, highlighting association between PFAS co-exposure and diminished vitamin D concentrations (β: -0.02, 95% CI: -0.04, -0.00; see Fig. 2B). Subgroup analyses within the female population showed a more pronounced association (β: -0.04, 95% CI: -0.07, -0.02), and the individual PFAS weights, both positive and negative, are illustrated in Figure S2 D-F.
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Fig. 2Association of co-exposure to PFAS mixtures with vitamin D concentrations in both the total population and sex subgroups, as evaluated by WQS (A) and qgcomp (B) modeling. Models were adjusted for age, sex, race, marital status, education, BMI, PIR, serum cotinine, vitamin D supplement use, milk product consumption, activity and six-month examination period. β: beta coefficient


Table S2 displays the PFAS screened in adENET and ridge regression that influenced vitamin D concentrations and their corresponding weights. In both the total and female, PFOS, PFHxS, and MeFOSAA emerged as stronger predictors in both adENET and ridge regression. However, in the male subgroup, both adENET and ridge regression produced weaker weights. In the linear regression model, PFAS-ERS served as the exposure variable to investigate the association between PFAS mixture exposure and vitamin D concentrations. Table 3 outlines the association between PFAS-ERS quartiles and vitamin D concentrations. Notably, PFAS-ERS in the highest quartile (Q4) exhibited a significant negative association with vitamin D concentrations compared to the lowest quartile (Q1) (adENET: β: -0.083, 95% CI: -0.117, -0.048; ridge regression: β: -0.077, 95% CI: -0.111, -0.042). In the female subgroup, this association was more pronounced (adENET: β: -0.168, 95% CI: -0.218, -0.117; ridge regression: β: -0.177, 95% CI: -0.227, -0.126), and all revealed a significant linear trend (P < 0.05) based on quartile results. Interestingly, although not significant in the male population, the ERS for PFAS was significantly and negatively associated with vitamin D concentrations in the third quartile (Q3) compared to the Q1 (adENET: β = -0.046, 95% CI: -0.090, -0.002).
Table 3The association of quartiles of environmental risk score (ERS) with vitamin D concentrations: adjusted difference in total 25(OH)D per unit increase in ERS


	Outcome
	β (95% CI)

	Q1
	Q2
	Q3
	Q4
	P for trend

	Adaptive Elastic Net
	 	 	 	 
	 Total
	Ref
	-0.037 (-0.069, -0.003)
	-0.066 (-0.099, -0.032)
	-0.083 (-0.117, -0.048)
	< 0.001

	 Male
	Ref
	0.006 (-0.038, 0.050)
	-0.046 (-0.090, -0.002)
	-0.032 (-0.077, 0.013)
	0.061

	 Female
	Ref
	-0.063 (-0.113, -0.014)
	-0.117 (-0.166, -0.067)
	-0.168 (-0.218, -0.117)
	< 0.001

	Ridge Regression
	 	 	 	 
	 Total
	Ref
	-0.025 (-0.059, 0.008)
	-0.072 (-0.105, -0.038)
	-0.077 (-0.111, -0.042)
	< 0.001

	 Male
	Ref
	-0.004 (-0.047, 0.040)
	-0.037 (-0.081, 0.007)
	-0.038 (-0.083, 0.007)
	0.173

	 Female
	Ref
	-0.085 (-0.134, -0.036)
	-0.123 (-0.172, -0.073)
	-0.177 (-0.227, -0.126)
	< 0.001


Models were adjusted for age, sex, race, marital status, education, BMI, PIR, serum cotinine, vitamin D supplement use, milk product consumption, activity and six-month examination period
β: beta coefficient; P for trend: the P value for trend test; Q: quartile
Bold:P < 0.05




Sensitivity analysis
The results were as follows. Firstly, the odds of VDD prevalence were assessed using odds ratios (OR) and 95%CI. A significant increase in VDD odds was observed solely in the female subgroup in the PFOS single-chemical exposure analyses, particularly with exposures to PFOS, PFNA, PFDeA, and MeFOSAA. Specifically, we observed a 30% increase in VDD odds for each 2.7-fold increase in PFOS (OR = 1.30, 95% CI: 1.09–1.55), a 27% increase for each 2.7-fold rise in PFNA (OR = 1.27, 95% CI: 1.06–1.54), a 25% increase for each 2.7-fold increase in PFDeA (OR = 1.25, 95% CI: 1.02–1.53), and a 24% increase for every 2.7-fold rise in MeFOSAA (OR = 1.24, 95% CI: 1.06–1.45). This association persisted in the analysis of mixed PFAS exposure, but no significant associations were noted in the overall or male subgroups (see Table 4). Secondly, stratified analyses by age groups revealed lower vitamin D concentrations and levels of six serum PFAS in individuals aged 20–59 years compared to those aged 60 years and older (P < 0.05, see Table S3). However, in the analysis of the association between PFAS exposure and vitamin D concentrations, some PFAS exposures were positively associated with vitamin D concentrations in the 20–59 years old population, including PFOA, PFOS, PFHxS, and PFDeA, contrary to results in the elderly population (Table S4). In addition, the BKMR results aligned with previous analyses, indicating a significant negative association between mixed PFAS exposure and serum vitamin D concentrations. Notably, this association was markedly stronger in the female population and not significantly different in the male population (see Figure S3). Additionally, the BKMR results indicated that PFOS and MeFOSAA were the primary contributors to the association between mixed PFAS exposure and vitamin D concentrations in both the overall and female populations, aligning with the findings of WQS and qgcomp analyses (Figure S2, S3). Finally, Subgroup analyses based on obesity levels revealed that the association between PFAS exposure and vitamin D concentrations differed between individuals with BMI < 30 and those with BMI ≥ 30, with a more pronounced reduction in vitamin D concentrations among those with BMI ≥ 30. However, interaction analyses showed a significant interaction only for PFDeA in the obesity level subgroups (P value for interaction < 0.05, Table S5).
Table 4Associations of PFAS with vitamin D deficiency: survey-weighted logistic regression analysis for continuous variables and mixture of WQS and qgcomp analysis


	Variables
	Continuous
	Q1
	Q2
	Q3
	Q4
	P for trend

	 	OR (95%CI)
	 	OR (95%CI)
	OR (95%CI)
	OR (95%CI)
	 
	PFOA
	 	 	 	 	 	 
	 Total
	1.06 (0.92,1.22)
	ref
	0.96 (0.67,1.36)
	1.29 (0.92,1.82)
	1.24 (0.89,1.72)
	0.209

	 Male
	0.97 (0.79,1.18)
	ref
	0.69 (0.43,1.11)
	0.62 (0.39,0.98)
	1.10 (0.70,1.71)
	0.033

	 Female
	1.15 (0.95,1.40)
	ref
	1.11 (0.68,1.82)
	2.01 (1.25,3.23)
	1.37 (0.87,2.16)
	0.018

	PFOS
	 	 	 	 	 	 
	 Total
	1.12 (0.98,1.28)
	ref
	1.23 (0.86,1.77)
	1.19 (0.83,1.70)
	1.49 (1.05,2.11)
	0.151

	 Male
	0.95 (0.78,1.16)
	ref
	0.58 (0.36,0.92)
	0.65 (0.40,1.05)
	0.96 (0.59,1.55)
	0.034

	 Female
	1.30 (1.09,1.55)
	ref
	2.09 (1.25,3.49)
	2.33 (1.44,3.76)
	2.33 (1.44,3.75)
	0.002

	PFHxS
	 	 	 	 	 	 
	 Total
	1.02 (0.89,1.16)
	ref
	0.84 (0.62,1.16)
	1.24 (0.90,1.72)
	0.90 (0.65,1.23)
	0.120

	 Male
	1.05 (0.87,1.27)
	ref
	0.81 (0.52,1.26)
	1.38 (0.87,2.19)
	0.96 (0.61,1.52)
	0.160

	 Female
	1.01 (0.85,1.21)
	ref
	1.13 (0.74,1.74)
	1.37 (0.85,2.20)
	1.03 (0.66,1.62)
	0.578

	PFNA
	 	 	 	 	 	 
	 Total
	1.09 (0.95,1.27)
	ref
	1.18 (0.84,1.64)
	1.32 (0.94,1.83)
	1.26 (0.91,1.75)
	0.397

	 Male
	0.91 (0.72,1.15)
	ref
	0.81 (0.50,1.31)
	0.99 (0.63,1.55)
	0.86 (0.54,1.37)
	0.767

	 Female
	1.27 (1.06,1.54)
	ref
	1.57 (0.99,2.51)
	1.51 (0.95,2.41)
	1.89 (1.20,2.98)
	0.049

	PFDeA
	 	 	 	 	 	 
	 Total
	1.08 (0.92,1.25)
	ref
	1.20 (0.85,1.70)
	1.05 (0.74,1.50)
	1.33 (0.93,1.91)
	0.331

	 Male
	0.90 (0.71,1.15)
	ref
	0.30 (0.10,0.88)
	0.72 (0.50,1.03)
	0.94 (0.59,1.49)
	0.061

	 Female
	1.25 (1.02,1.53)
	ref
	1.65 (1.03,2.66)
	1.74 (1.08,2.81)
	2.01 (1.22,3.33)
	0.043

	MeFOSAA
	 	 	 	 	 	 
	 Total
	1.12 (0.99,1.26)
	ref
	1.00 (0.72,1.38)
	1.59 (1.09,2.33)
	1.27 (0.91,1.77)
	0.037

	 Male
	0.98 (0.83,1.16)
	ref
	0.73 (0.46,1.15)
	1.00 (0.61,1.64)
	0.92 (0.57,1.48)
	0.450

	 Female
	1.24 (1.06,1.45)
	ref
	1.22 (0.74,2.02)
	1.97 (1.25,3.11)
	1.62 (1.03,2.55)
	0.021

	Mixture of WQS
	 	 	 	 	 	 
	 Total
	1.04 (0.90, 1.20)
	-
	-
	-
	-
	0.571

	 Male
	0.86 (0.71, 1.04)
	-
	-
	-
	-
	0.129

	 Female
	1.36 (1.12, 1.64)
	-
	-
	-
	-
	0.002

	Mixture of qgcomp
	 	 	 	 	 	 
	 Total
	1.07 (0.95, 1.20)
	-
	-
	-
	-
	0.265

	 Male
	1.07 (0.90, 1.25)
	-
	-
	-
	-
	0.713

	 Female
	1.23 (1.07, 1.40)
	-
	-
	-
	-
	0.005


Models were adjusted for age, sex, race, marital status, education, BMI, PIR, serum cotinine, vitamin D supplement use, milk product consumption, activity and six-month examination period
P for trend: the P value for trend test; Q: quartile. Bold: P < 0.05





Discussion
In this study, we identified a robust negative association between the exposure to PFOA, PFOS, PFNA, and MeFOSAA alone, and serum vitamin D concentrations within an elderly population. RCS modeling provided support for both linear and nonlinear relationships observed in the data. Furthermore, PFAS mixture exposure models showed a significant negative correlation between higher PFAS levels and vitamin D concentrations. Notably, these associations were exclusively observed in older females. Furthermore, our supplementary examination of vitamin D deficiency indicated that exposure to PFAS, either individually or in combination, significantly heightens the likelihood of vitamin D deficiency among older females.
Human exposure to PFAS is extensive, and despite the existence of up to 4000 commercially reported PFAS, PFOA and PFOS remain the primary compounds detected in humans, with PFHxS and PFNA closely following [30]. Limited epidemiological studies have suggested associations between PFAS and total 25(OH)D concentrations. A neonatal birth cohort study in Wuhan, China, revealed that exposure to PFNA, PFUnDA, PFTrDA, PFHxS, and PFOS in umbilical cord blood was linked to elevated total 25(OH)D concentrations in male infants [31]. Similarly, among African American women, a positive association was observed between 25(OH)D concentrations and PFHxS, PFOS, PFOA, and PFDeA, while PFPeA showed a negative association specifically in pregnancies with male fetuses [32]. Conversely, in a cross-sectional study of obese children, PFNA exposure was significantly associated with adverse skeletal parameters, with no observed relationship between the four PFAS exposures and 25(OH)D concentrations [33]. Furthermore, an analysis based on NHANES data indicated that a two-fold increase in serum PFOS was associated to a 0.9 nmol/L decrease in total 25(OH)D concentration, with a more pronounced effect observed in the elderly [13]. Conversely, a two-fold increase in PFHxS was associated to a 0.8 nmol/L increase in total 25(OH)D. Notably, PFOA and PFNA exhibited no significant association with total 25(OH)D concentrations, and this lack of association remained consistent across age, sex, and race [13]. Conversely, our investigation produced distinct findings, revealing significant negative correlations between PFOS, PFOA, PFNA, and MeFOSAA exposures and serum total 25(OH)D concentrations in the elderly population. Moreover, employing various statistical methods to analyze mixed PFAS exposures consistently supported the conclusion that exposure to a PFAS mixture significantly diminishes serum total 25(OH)D concentrations in the elderly. Notably, our sensitivity analyses indicated positive associations between PFOA, PFOS, PFHxS, and PFDeA exposures and serum total 25(OH)D concentrations among individuals aged 20–59 years, aligning with findings from previous studies [31, 32].
We provide the following explanations for some of the disparities observed compared to previously reported findings. Firstly, our results’ robustness is significantly bolstered by the inclusion of the extended NHANES cycle (2003–2018), the broadening of the study population pool, and the incorporation of additional covariates, including dietary conditions, and physical activity. Secondly, Etzel’s earlier NHANES-based analyses did not integrate subsample weights for PFAS in the multiple linear regression analyses, although cluster and strata weights in the population dataset were considered [13]. In contrast, our study results were derived from a survey-weighted multiple linear regression model. The study suggests that within the NHANES dataset, the unweighted model’s performance was exaggerated compared to the weighted model, with the latter offering a more accurate reflection of model predictions in the target population [34]. This discrepancy might also underlie some of the inconsistencies observed in our study’s outcomes.
The mechanism by which PFAS affects vitamin D concentrations in the body is not fully understood; however, some studies propose that endocrine-disrupting chemicals could influence vitamin D homeostasis [16]. We observed a significant negative correlation between higher levels of PFAS exposure and vitamin D concentrations in an elderly population. Given that vitamin D is pivotal for mineral and bone homeostasis, its depletion in the body intensifies with age, particularly as the elderly encounter heightened bone loss. Exposure to PFAS may disrupt the metabolic profile of vitamin D, exacerbating depletion levels. Inadequate vitamin D concentrations impede optimal calcium absorption, resulting in compensatory mechanisms such as elevated PTH levels (secondary hyperparathyroidism), this, in turn, stimulates bone resorption, hastening bone loss and potentially contributing to osteoporosis [35]. A prospective study from the POUNDS-LOST trial demonstrated that higher plasma PFAS concentrations were associated not only with lower baseline bone mineral density (BMD) but also with a faster decline in BMD in a bariatric trial setting. The authors further noted that, with the exception of PFHxS, all four PFAS compounds were negatively correlated with BMD at multiple skeletal sites [36]. In our study, we similarly observed a significant negative correlation between five PFAS compounds (excluding PFHxS) and vitamin D concentrations. Additionally, prospective analyses from two child cohorts suggest that bone may be a target tissue for PFAS, as higher exposure levels were linked to lower BMD Z-scores [37, 38]. Another multi-cohort study found that PFOS is associated with long-term changes in BMD, with exposure during adolescence and young adulthood leading to reduced BMD [39]. Intriguingly, in a case-control study conducted in Saudi Arabia, exposures to PFAS were linked to an elevated risk of osteoporosis [40]. Analogously, findings from a Swedish cohort study highlighted the detrimental impact of PFAS on osteoporosis, particularly pronounced in individuals aged 50 and above [41]. Furthermore, a study utilizing molecular docking and free energy binding calculations explored the potential binding sites of PFAS to the VDR, revealing that 83 out of 256 PFAS exhibited stronger binding to the VDR than PFOA [42]. Intriguingly, our study identified four PFAS (PFOA, PFOS, PFNA, and MeFOSAA) significantly and negatively correlated with serum vitamin D concentrations, all of which were among the 83 PFAS highlighted in the aforementioned investigation. Furthermore, research has shown that the activation of VDR can lead to the transcriptional upregulation of 25-dihydroxyvitamin D-24-hydroxylase (CYP24A1), a key cytochrome P450 enzyme involved in the metabolism of 25(OH)D in the liver [43]. PFAS, through binding to VDR, may induce abnormal activation of CYP24A1, resulting in decreased serum vitamin D concentrations.
Remarkably, our study revealed a sex-specific effect in the relationship between PFAS exposure and vitamin D concentrations, with females demonstrating a greater sensitivity to these associations. Furthermore, it’s worth noting that menstruation serves as a significant pathway for PFAS elimination in premenopausal women [44]. Animal studies also suggest potential sex-specific clearance rates for PFAS in males and females [45]. While epidemiological studies have not extensively explored this sex disparity in the impact of PFAS on vitamin D concentrations, a U.S. population-based study indicated associations between elevated serum PFAS concentrations and reduced osteoporosis and bone mineral density, predominantly observed among women [46]. Reproductive hormones, such as estrogen, may contribute to this phenomenon, as studies have indicated associations between PFAS concentrations and lower estrogen levels in women [47]. In vitro studies have further demonstrated that PFAS attenuates estradiol-stimulated luciferase activity at concentrations comparable to those found in human serum [48]. Importantly, research indicates that estrogen enhances the functionality of vitamin D, facilitating its accumulation and elevating the expression of VDR. In contrast, vitamin D reduces the expression of aromatase in immune cells, resulting in diminished estrogen levels [20]. This intricate interplay may render females more sensitive to PFAS toxicity. Additionally, in the ERS constructed based on PFAS mixtures, we observed interesting results: in males within the Q4 of ERS, we observed a negative association with vitamin D concentrations. Although this correlation did not attain statistical significance, and the linear trend test based on ERS quartiles was also not statistically significant (P = 0.061), suggesting that the male population might possess a higher threshold for PFAS exposure. Additional studies are needed to clarify the sex-specific effects of PFAS exposure on vitamin D concentrations.
In sensitivity analyses, age-specific associations between PFAS exposure and 25(OH)D concentrations were observed, particularly positive associations between PFOA, PFOS, PFHxS, and PFDeA exposures and serum total 25(OH)D concentrations in individuals aged 20–59. While residual confounders could contribute, reverse causality appears to be a more plausible explanation. Epidemiological studies have demonstrated a positive association between PFAS (PFOA, PFOS, PFDeA, PFHxS, and PFNA) exposure and serum calcium levels [49]. In vitro experiments have further indicated that PFOS-induced autophagy leads to increased mitochondrial calcium accumulation and elevated intracellular calcium ion levels [50]. Notably, heightened serum calcium levels inhibit PTH release via the calcium-sensitive receptor (CaSR), subsequently inhibiting the activity of CYP27B1—the primary enzyme responsible for converting 25(OH)D to its active metabolite, 1,25(OH)2D, in the kidney [51]. Negative feedback regulation due to heightened serum calcium levels results in increased circulating 25(OH)D concentrations. However, studies indicate that in the elderly population, serum calcium levels are typically lower and tend to decline with age [52]. Consequently, the elevation of serum calcium induced by PFAS exposure may not be as pronounced in the elderly, thereby masking its effects, partially elucidating the age-specific association between PFAS exposure and 25(OH)D concentrations.
A notable strength of our study is its extensive sample size combined with national representativeness. Rigorous quality control measures within the NHANES framework ensured the precision of both exposure and outcome assessments. Furthermore, our findings exhibited robustness, as evidenced by consistent results across multiple sensitivity analyses, including the relationship between PFAS exposure and VDD. Furthermore, this study stands as the most comprehensive investigation to date on the relationship between exposure to six PFAS mixtures and vitamin D concentrations within the elderly U.S. population. We employed multiple mixture modeling approaches, including WQS, qgcomp, and ERS construction, thereby offering a thorough assessment of mixing effects. Lastly, the ample sample size empowered us to discern sex-specific associations between PFAS exposure and vitamin D concentrations, a facet less explored in preceding studies. Several limitations warrant consideration in interpreting our findings. Firstly, the cross-sectional design of our study precludes the establishment of temporal relationships between exposure and outcomes, thereby limiting our ability to infer causality. Secondly, despite our efforts to control for potential confounders by adjusting for numerous covariates, the absence of data on sunscreen usage and duration of outdoor sun exposure among older adults in the NHANES questionnaire may introduce bias into our analyses. Thirdly, due to the design limitations of the multipollutant model, we were unable to incorporate NHANES subsample weights in our modeling, which may have introduced bias. However, we enhanced the robustness of our results by comparing multiple statistical methods. Lastly, it’s worth noting that real-world human exposure extends beyond the six common PFAS compounds we examined; notably, the NHANES dataset provided scant information on short-chain PFAS. Consequently, future research should explore a broader array of PFAS compounds and their combinations in diverse human exposure contexts.

Conclusion
In summary, our study revealed an inverse association between serum levels of four PFAS compounds (PFOA, PFOS, PFNA, and MeFOSAA) and vitamin D concentrations among individuals aged 60 years and older in the U.S. Moreover, exposure to PFAS mixtures associated with diminished serum vitamin D concentrations. Notably, this association was exclusively observed in females. These findings are pertinent for assessing the potential health risks posed by PFAS, particularly in vulnerable populations such as women aged 60 years and older. Moreover, they may furnish epidemiological evidence crucial for crafting more targeted regulatory policies. Further prospective and experimental investigations are essential to confirm or dispute the causal link between PFAS exposure and serum vitamin D concentrations and to elucidate the underlying mechanisms.
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