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Abstract

Vitamin D has been linked to various physiological functions in pregnant women and their fetuses. 

Previous studies have suggested that some per- and polyfluoroalkyl substances (PFAS) may alter 

serum vitamin D concentrations. However, no study has investigated the relationship between 

PFAS and vitamin D in pregnant women. This study aims to evaluate the associations of serum 

PFAS with serum total and free 25-hydroxyvitamin D (25(OH)D) during pregnancy in a cohort of 

African American women in Atlanta, GA. Blood samples from 442 participants were collected in 

early pregnancy (8–14 weeks of gestation) for PFAS and 25(OH)D measurements, and additional 

samples were collected in late pregnancy (24–30 weeks) for the second 25(OH)D measurements. 

We fit multivariable linear regressions and weighted quantile sum (WQS) regressions to estimate 

the associations of individual PFAS and their mixtures with 25(OH)D concentrations. We 

found mostly positive associations of total 25(OH)D with PFHxS (perfluorohexane sulfonic 

acid), PFOS (perfluorooctane sulfonic acid), PFDA (perfluorodecanoic acid), and NMeFOSAA 

(N-methyl perfluorooctane sulfonamido acetic acid), and negative associations with PFPeA 

(perfluoropentanoic acid). For free 25(OH)D, positive associations were observed with PFHxS, 
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PFOS, PFOA (perfluorooctanoic acid), and PFDA, and a negative association with PFPeA among 

the women with male fetuses in the models using 25(OH)D measured in late pregnancy. In 

mixture models, a quartile increase in WQS index was associated with 2.88 ng/mL (95%CI 

1.14–4.59) and 5.68 ng/mL (95%CI 3.31–8.04) increases in total 25(OH)D measured in the early 

and late pregnancy, respectively. NMeFOSAA, PFDA, and PFOS contributed the most to the 

overall effects among the eight PFAS. No association was found between free 25(OH)D and the 

PFAS mixture. These results suggest that PFAS may affect vitamin D biomarker concentrations in 

pregnant African American women, and some of the associations were modified by fetal sex.
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Introduction

Per- and polyfluoroalkyl substances (PFAS) have been manufactured and used from the 

1940s. Due to their unique hydrophobic and lipophobic properties, PFAS have been applied 

in numerous consumer products such as stain- and water-resistant fabrics and textiles, 

nonstick coatings on food wrappers and cookware, personal care products, and firefighting 

foams (Herzke et al., 2012; Sunderland et al., 2018). Because of their ubiquity as well as 

the persistence, previous studies have commonly detected PFAS in the environment and 

biological samples, leading to critical concerns to the public (Harris et al., 2017; Kim et 

al., 2020; Lau et al., 2007; Paul et al., 2009). Thus, major manufacturers have voluntarily 

phased out the production of PFAS since 2002. However, over 98% the participant in the 

2015–2016 National Health and Nutrition Examination Survey (NHANES) have detectable 

serum perfluorohexane sulfonic acid (PFHxS), perfluorooctane sulfonic acid (PFOS), 

perfluorooctanoic acid (PFOA), and perfluorononanoic acid (PFNA) concentrations (US 

Department of Health and Human Services, 2019). Additionally, exposure to PFAS has been 

associated with endocrine disruption (Abbott et al., 2007; Li et al., 2020; White et al., 2011), 

metabolic syndrome (Frisbee et al., 2010), reduced immune function (Grandjean et al., 2012; 

Granum et al., 2013; Stein et al., 2016), developmental issues (Abbott et al., 2007; Lam 

et al., 2014), and adverse skeletal health (Koskela et al., 2016, 2017) in experimental and 

observational studies (Ballesteros et al., 2017; Cluett et al., 2019; Frisbee et al., 2010; Hu 

et al., 2019; Johnson et al., 2014; Khalil et al., 2016; Kim et al., 2018; Lau et al., 2006; Di 

Nisio, et al., 2020a; Rappazzo et al., 2017; Steenland et al., 2010).

Vitamin D significantly contributes to development and progression of chronic diseases, 

such cancers, autoimmune diseases, metabolic diseases, and cardiovascular diseases in 

addition to maintaining skeletal health (Bikle, 2014; Mousavi et al., 2019; Norman & 

Powell, 2014). During pregnancy, vitamin D homeostasis is essential for placentation and 

maintaining maternal and fetal health (Luk et al., 2012; Ponsonby et al., 2010; Wagner & 

Hollis, 2018; Zehnder et al., 2002). For example, vitamin D controls the secretion of some 

placental hormones, reduces infection, limits the production of pro-inflammatory cytokines, 

and supports intrauterine growth by providing calcium and phosphorous, and enhancing 
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skeletal ossification (Barrera et al., 2007, 2008; Shin et al., 2010). In two meta-analyses 

of epidemiological studies, levels of serum 25-hydroxyvitamin D (25(OH)D), a metabolite 

of vitamin D, during pregnancy were inversely associated with risks of adverse pregnancy 

and birth outcomes including pre-eclampsia, gestational diabetes, preterm birth, and small­

for-gestational age (Aghajafari et al., 2013; Wei et al., 2013). The effect of PFAS exposure 

on vitamin D hemostasis during pregnancy is of interest because perturbation of maternal 

hormone levels in this susceptible window can result in profound health risks in both 

pregnant women and their fetuses (Wagner & Hollis, 2018).

Environmental endocrine-disrupting chemicals (EDCs) have been proven to affect steroid 

and thyroid hormone metabolisms via different actions, such as interaction with hormone 

receptors and serum protein transporters, and influences on steroidogenesis and clearance 

(Ghassabian & Trasande, 2018; Sanderson, 2006; Yang et al., 2015). Vitamin D metabolism 

may also be altered by EDCs through similar pathways because its active form, 1,25­

dihydroxyvitamin D (1,25(OH)2D), is akin to the molecular structure of classic steroid 

hormones, and vitamin D receptor belongs to the same superfamily of steroid and 

thyroid receptors (Norman, 2008; Pike & Meyer, 2010; Schug et al., 2011). Previous 

epidemiological studies have shown that vitamin D metabolism was disturbed by exposures 

to EDCs including polychlorinated biphenyls (Morales et al., 2013), organochlorine 

pesticides (Yang et al., 2012), bisphenol A, and phthalates (Erden et al., 2014; Johns et 

al., 2016, 2017). Additionally, studies suggest that PFAS can affect bone mineral density in 

both adults and children (Khalil et al., 2016, 2018; Cluett et al., 2019; Hu et al., 2019), and 

the disturbance of vitamin D by PFAS exposure could be a potential explanation (Di Nisio 

et al., 2020b). Therefore, we hypothesized that PFAS, which act as EDCs to disrupt sex 

steroids and thyroid hormones (Benninghoff et al., 2011; Li et al., 2020; Weiss et al., 2009), 

may also affect vitamin D metabolism.

Only few epidemiologic studies have investigated the association between PFAS and the 

vitamin D system. These studies have shown inconsistent results and some of them 

have suffered from limited statistical power due to small sample sizes (Di Nisio et al. 

2020b; Etzel et al., 2019; Khalil et al., 2018). Additionally, we are not aware of any 

study investigating the association in pregnant women. In the present study, we aimed to 

investigate the association of individual and combined serum PFAS levels with circulating 

serum total and free 25(OH)D concentrations in a population-based cohort of pregnant 

women.

2. Materials and Methods

2.1 Study population

This study utilized samples and data from the Emory University African American Vaginal, 

Oral, and Gut Microbiome in Pregnancy Study, a prospective birth cohort study in Atlanta, 

Georgia. The details of this cohort were described in a previous report (Corwin et al., 2017). 

The participants were enrolled from two hospitals, Emory University Hospital (privately 

owned) and Grady Memorial hospital (publicly run), to enhance a wider coverage of 

socioeconomic status. The inclusion criteria were U.S.-born African Americans women 

by self-report, between 8–14 weeks of gestation, between age 18–40 years, able to 
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communicate in English, experiencing no chronic medical condition nor taking prescribed 

medications. In the present study, we analyzed data from 442 women enrolled between 

March 2014 and May 2018. These subjects represent the first group of the participants in 

the cohort, whose pregnancy ended with a live birth with blood samples collected for PFAS 

and 25(OH)D measurements. Written informed consent was obtained from the participants 

at enrollment. Our study was reviewed and approved by Emory’s Institutional Review Board 

(approval reference number 68441).

2.2 Data collection

Data were collected at two routine clinical visits (Enrollment/Visit 1, at 8–14 weeks of 

gestation; Visit 2, at 24–30 weeks of gestation) through questionnaire administration and 

medical record abstraction. Sociodemographic information such as education, marital and 

cohabiting status, insurance status, income-to-poverty ratio, and tobacco, marijuana, and 

alcohol use was gathered by self-report and prenatal clinical records. Clinical data including 

maternal age, parity, fetal sex, and gestational age at time of sampling were ascertained from 

prenatal clinical records, and body mass index (BMI) was derived from height and weight 

measured at Visit 1.

A Food Frequency Questionnaire (FFQ) was administrated on a subset of women (n=292) 

at Visit 1 and Visit 2 to collect the information of fish and vitamin D supplement intake 

over the previous three months. Vitamin D supplement intake information was extracted by 

the question “how often did you take vitamin D supplements”, and fish intake information 

was obtained from the question “how often did you eat fish”. The FFQ used in this study 

was modified to collect intake information from pregnant women and validated in various 

low-income pregnant women population (Baer et al., 2005).

2.3 Biological specimens and assays

For blood sample collections, the laboratory technicians extracted additional blood from the 

routine blood draws at two prenatal clinical visits for research purposes. The blood samples 

were transported to the laboratory and centrifuged for serum separation. The serum samples 

were then stored at −80°C for future analyses. PFAS were measured in the serum samples 

from Visit 1, and total and free 25(OH)D were measured in the serum samples from both 

prenatal visits.

2.3.1 Quantification of PFAS—Aliquots of maternal serum were measured at 

two laboratories from the Children’s Health Exposure Analysis Resource (CHEAR) 

-- Wadsworth Center/New York University Laboratory Hub (Wadsworth/NYU) and 

the Laboratory of Exposure Assessment and Development for Environmental Research 

(LEADER) at Emory University. CHEAR laboratories, supported by the U.S. National 

Institute of Environmental Health Sciences for the purpose of environmental exposure 

assessments, have followed the same quality control procedures to provide harmonized 

and quality data (Balshaw et al., 2017). All 442 samples were analyzed for PFHxS, 

PFOS, PFOA, and PFNA by these two laboratories, among which 351 samples were 

measured for 10 additional PFAS, including perfluorobutane sulfonic acid (PFBS), 

perfluorooctane sulfonamide (PFOSA), N-methyl perfluorooctane sulfonamido acetic 
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acid (NMeFOSAA), N-ethyl perfluorooctane sulfonamido acetic acid (NEtFOSAA), 

perfluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA), perfluoroheptanoic 

acid (PFHpA), perfluorodecanoic acid (PFDA), perfluoroundecanoic acid (PFUnDA), and 

perfluorododecanoic acid (PFDoA) by Wadsworth/NYU.

Further details of the analytical methods were described previously (Chang et al., 2020; 

Honda et al., 2018). Briefly, each sample was spiked with internal standards, extracted by 

solid phase extraction, and analyzed by liquid chromatography interfaced with tandem mass 

spectrometry (LC-MS/MS). Quantification of PFAS was performed using isotope dilution 

calibration. Wadsworth/NYU and LEADER have been certified by the German External 

Quality Assessment Scheme (http://g-equas.de/) twice each year for PFAS measurements. 

The results from these two laboratories have good agreements on 11 overlapped samples 

with Pearson correlation coefficients ranging from 0.88 to 0.93 and the relative percent 

differences (RPD) ranging from 0.12% to 20.2% (median 4.8%) (Table S1).

2.3.1 Quantification of vitamin D biomarkers—Serum total and free 25(OH)D were 

analyzed in the Vitamin D Research Laboratory at Emory University School of Medicine. 

The automated competitive binding chemiluminescence 25(OH)D assay (Immunodiagnostic 

Systems Ltd, Fountain Hills, AZ) was utilized to measure total 25(OH)D, with a detection 

range of 7–120 ng/mL. A competitive enzyme-linked immunosorbent assay (DIAsource 

ImmunoAssays, Louvain-la-Neuve, Belgium), calibrated against a symmetrical dialysis 

method, was used to measured free 25(OH)D. This method allows a direct measurement 

of the free fraction of 25(OH)D with a detection range of 2.4 –17.1 pg/mL and the limit 

of blank of 1.5 pg/mL. The laboratory participates in Vitamin D Metabolites Quality 

Assurance Program at the National Institute of Standards and Technology (Lippa et al., 

2020) and the Vitamin D External Quality Assessment Scheme (http://www.deqas.org/), 

providing interlaboratory comparisons to warrant the reliability of 25(OH)D measurements. 

The definition of vitamin D deficiency was based on the reference range for the general 

population prescribed by the Endocrine Society: total 25(OH)D ≤ 20 ng/mL (Holick et al., 

2011).

2.5 Statistical analysis

All the analyses were performed in R (version 3.6.1). Arithmetic means and standard 

deviations of total and free 25(OH)D at two prenatal visits were tabulated by selected 

population characteristics, and the measurements of serum 25(OH)D and PFAS below the 

limits of detection (LODs) were imputed as LOD/ 2 in the descriptive analysis (Hornung 

& Reed, 1990). No data transformation was performed for total and free 25(OH)D 

concentrations because the empirical histograms approximated normal distributions in 

this population. Due to right-skewed distribution, PFAS concentrations were natural-log 

transformed to reduce the impact of outliers before further analyses. PFBS, PFOSA, 

PFHxSA, PFHpA, NEtFOSAA, and PFDoA, which were less frequently detected (<15%), 

were excluded from this analysis, resulting in a total of eight PFAS were analyzing in this 

study. We used paired t-test to compare the means of total and free 25(OH)D concentrations 

from Visit 1 and Visit 2. Pearson correlation coefficients were calculated to investigate the 
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correlations between the serum concentrations of total and free 25(OH)D at two visits and 

serum PFAS.

Next, we fit multivariable linear regressions to estimate the associations between PFAS 

exposure and 25(OH)D concentrations measured at two prenatal visits individually. For the 

Visit 1 models, both the exposure and the outcome were collected at the same prenatal visit 

(Visit 1), which was considered as a cross-sectional study design; whereas for the Visit 

2 models, the exposure and outcome were collected at Visit 1 and Visit 2, respectively, 

which was considered as a prospective cohort study design. To explore the dose-response 

relationships, we modeled difference in total and free 25(OH)D concentrations with 

successive exposure categories (the PFAS with >90% detection frequencies grouped into 

quartiles; the PFAS with 40–50% detection frequencies were categorized into three groups: 

<LODs, and low and high exposure groups divided by median values of detectable levels) 

using multivariable linear regressions. Moreover, test for trend was performed by modeling 

the exposure categories as ordinal variables and used p-values for trend <0.05 as the 

criteria for monotonic effects. The odds of vitamin D deficiency were also modeled using 

multivariable logistic regressions.

We chose covariates guided by a directed acyclic graph (DAG) to identify potential 

confounding variables in the causal association between PFAS exposure and 25(OH)D 

concentrations (Figure S1) (Greenland et al., 1999). The covariates include maternal age 

(continuous, years), education (less than high school, high school, some college, college and 

above), BMI (<18.5, 18.5–25, 25–30, ≥30 kg/m2), parity (0, 1, ≥2), fetal sex (male, female), 

marijuana use (during pregnancy, not during pregnancy), tobacco use (during pregnancy, not 

during pregnancy), and season of sample collection for 25(OH)D (spring: March to May, 

summer: June to August, fall: September to November, winter: December to February). We 

assessed potential effect modification of PFAS by fetal sex because vitamin D metabolism 

through the placenta could be modulated by sex steroid hormones, leading to differential 

sensitivities to PFAS exposure by fetal sex (Liu et al., 2018; Olmos-Ortiz et al., 2016). 

We included interaction terms in the models and used p-value <0.10 as the cut-off for 

significance. Moreover, the effect estimates by fetal sex were derived from the model with 

the interaction term.

Additionally, a weighted quantile sum (WQS) regression was performed to evaluate the joint 

associations of the highly correlated eight PFAS levels with serum 25(OH)D concentrations 

using the R gwqs and miWQS packages. WQS can address the collinearity issues of highly 

correlated exposures and identify the major contributors of pollutant mixture. Details of the 

WQS methods can be found elsewhere (Carrico et al., 2015). Specifically, we divided the 

dataset into a training set (40%) and a validation set (60%). Each exposure is empirically 

assigned a weight based on their associations with the outcomes by using bootstrap samples 

in a training set. We categorized the eight PFAS into quartiles and the bootstrapped weights 

are multiplied by these PFAS quantiles. The products of quartiles and weights were then 

summed to create an index for the PFAS mixtures. Next, the index is used to estimate the 

overall effect of the PFAS mixture on 25(OH)D using a validation set. The basic WQS 

regression model is:
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g(μ) = β0 + β1 × ∑
j = 1

8
ωj × PFASqji + Zi′φ

where β0 is the intercept, β1 is the regression coefficient for the WQS index and can be 

interpreted as the effect of the PFAS mixture on the outcomes, zi′ represents the values of 

other covariates from the ith subject, and φ denotes the corresponding regression coefficients. 

The term ∑j = 1
8 ωj × PFASqji represents the WQS index for each participant, ωj is the 

weight for the jth PFAS (0 ≤ ωj ≤ 1, ∑j = 1
8 ωj = 1) and can be used to identify the important 

chemicals in the PFAS mixture (a priori cut-point = 1/number of chemicals = 1/8 =0.125); 

PFASqji is the quantile for the jth PFAS from the ith subject. g(μ) is a monotonic link 

function linking the predictor to the mean of the continuous outcome variables. The effects 

of the PFAS mixture on 25(OH)D were estimated for both directions separately, using the 

analysis constrained in either positive or negative directions. Effect modification by fetal 

sex was evaluated by including an interaction term with the WQS index in the model, and 

the interaction term was removed if the p-value was higher than 0.10 (Brunst et al., 2017; 

Preston et al., 2020).

Single imputation with LOD/ 2 was conducted for the biomarkers with higher detection 

frequencies (87–99%), i.e., PFHxS, PFOS, PFOA, PFNA, and total and free 25(OH)D. 

A multiple imputation framework was adopted for the biomarkers with lower detection 

frequencies (40–50%), i.e., PFPeA, PFDA, PFUnDA, and NMeFOSAA, because a high 

percentage of the measurements below the LODs could introduce biases into the analyses. 

We imputed the values below the LOD by randomly sampling from a lognormal distribution 

with the estimated parameters from maximum likelihood estimates (Gilbert, 1987). To 

incorporate the uncertainty, ten datasets were created based on the different estimated 

parameters from bootstrapping. These datasets were independently analyzed in the statistical 

models and combined to reflect variabilities of the imputation process (Hargarten & 

Wheeler, 2020; Lubin et al., 2004). Analyses investigating the association between PFAS 

and 25(OH)D which produced p-values less than 0.05 were considered statistically 

significant.

Several sensitivity analyses were performed to ensure the robustness of our results. First, 

to assess the impact of the potential diet confounders, which were only available for some 

participants in the study, we performed sensitivity analyses on a subset of participants 

(n=292) to adjust for fish (yes/no) and vitamin D supplement intake (yes/no) in addition 

to the other covariates in the main models. Additionally, to remove the effect of vitamin 

D supplement intake completely, we further excluded the participants who took vitamin 

D supplement during pregnancy in the analyses (n=160). Second, because both PFAS 

and 25(OH)D can bind to albumin and circulate in the blood (Bikle & Schwartz, 2019; 

Forsthuber et al., 2020), we used data from NHANES 2011–2014 to examine the influence 

of albumin on the association between PFAS and 25(OH)D. The detailed statistical analyses 

for NHANES data were described in the supplement. Third, the results of single imputation 

with LOD/ 2 and multiple imputation for the biomarkers with lower detection frequencies, 
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i.e., PFPeA, PFDA, PFUnDA, and NMeFOSAA, were compared to determine the impact of 

different imputation methods.

3. Results

3.1 Distribution of study variables

The demographic characteristics of the cohort are described in Table 1. The majority of the 

participating women were between 18 and 25 years of age, and predominantly at a lower 

socioeconomic status – about 55% with a high school or below education, 57% below 150% 

income-to-poverty ratio, 78% with Medicaid as medical insurance, and 60% enrolled at a 

public hospital. A total of 52% of the participants had given birth one or more times; 21% 

were overweight, and 36% were obese.

In the paired t-test analyses, the mean concentrations of total and free 25(OH)D significantly 

increased from Visit 1 to Visit 2 (p <0.01 for both total and free). On average, the total 

25(OH)D levels were 19.5 ng/mL (standard deviation (SD) = 8.7) and 23.3 ng/mL (SD = 

11.1), and the free 25(OH)D concentrations were 3.7 pg/mL (SD = 1.4) and 4.0 pg/mL (SD 

= 1.7) at Visit 1 and Visit 2, respectively. Similar concentrations were found in the subset 

of the participants with FFQ data. Total and free 25(OH)D concentrations were generally 

higher among people in high socioeconomic groups, including the women with college 

and above education, ≥300% income-to-poverty ratio, private insurance, and being enrolled 

in the private hospital. In addition, higher 25(OH)D concentrations were mostly observed 

among the women with no partner, less parity, and with male fetuses. The other variables 

shown different 25(OH)D concentrations include the consumption of marijuana, tobacco, 

and vitamin D supplement, and the season of sample collection. Among two prenatal visits, 

detection frequencies for total and free 25(OH)D were in a range of 87–94% in this study 

population (Table S2).

The exposure distributions of PFAS of this cohort have been described in detail previously 

(Chang et al., 2020). Briefly, PFHxS, PFOS, PFOA, and PFNA were detected in >95% 

samples with PFOS having the highest geometric mean (2.03 ng/mL, geometric SD = 2.08). 

NMeFOSAA, PFPeA, PFDA, and PFUnDA were detected in approximately 40–50% of 

the participants (Table S3). Total 25(OH)D was positively correlated with most PFAS (r = 

0.10–0.34), and negatively correlated with PFPeA (r = −0.23 and −0.21). Free 25(OH)D 

was weakly correlated with PFDA (r = 0.13 and 0.15) and PFOS (r = 0.10) but showed no 

correlation with the other PFAS. Moderate and strong correlations were found between total 

and free 25(OH)D concentrations with the coefficients ranging from 0.43 to 0.77 (Schober et 

al., 2018) (Table S4).

3.2 Association between individual PFAS and vitamin D biomarkers

The associations between serum PFAS and 25(OH)D are presented in Table 2 by fetal sex. 

Each natural-log unit increase in PFHxS, PFOS, PFDA, and NMeFOSAA was associated 

with a significant increase in total 25(OH)D concentrations among the women with either 

male or female fetuses, except for NMeFOSAA in the Visit 1 model. PFHxS in the Visit 2 

models showed the largest effects (βmale = 4.71, 95%CI 2.28–7.14; βfemale = 3.53, 95%CI 
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1.28–5.77). Negative associations between total 25(OH)D and serum PFPeA were observed 

among the women with male fetuses in both the Visit 1 and 2 models (Visit 1: βmale = −2.23, 

95%CI −3.50, −0.95, pint = 0.14; Visit 2: βmale = −3.53, 95%CI −5.68, −1.38, pint = 0.08), 

and null associations among those with female fetuses (Visit 1: βfemale = −0.88, 95%CI 

–2.21, 0.45; Visit 2: βfemale = −0.77, 95%CI −2.70, 1.16). Additionally, some significant but 

inconsistent associations of total 25(OH)D across the Visit 1 and 2 models were found in 

PFOA, PFNA, and PFUnDA. For free 25(OH)D, positive associations were found in PFHxS, 

PFOS, PFOA, and PFDA, and negative association was found in PFPeA only among the 

women with male fetuses in the Visit 2 models. PFHxS also showed the largest effects for 

free 25(OH)D (βmale = 0.41, 95%CI 0.03–0.79, pint = 0.05). The associations between PFAS 

and 25(OH)D among all participants were presented in Table S5.

Table S6 and Figure S2 show the dose-response relationships between PFAS and 25(OH)D 

by fetal sex. Monotonic responses of total 25(OH)D were generally found in PFHxS, PFOS, 

PFDA, and NMeFOSAA among the women with both fetal sexes, and PFPeA and PFUnDA 

among the women with male fetuses. For free 25(OH)D, significant p-values for trend were 

observed in PFOS, PFPeA, and PFDA among the women with male fetuses.

There were 238 (54%) and 140 (32%) participants at Visit 1 and Visit 2 who were 

vitamin D deficient. As shown in Table S7, increases in serum PFHxS, PFOS, PFDA, and 

NMeFOSAA concentrations were generally associated with decreased odds of vitamin D 

deficiency among the women with both fetal sexes, with PFHxS among the women with 

female fetuses in the Visit 1 model showing the largest effects (ORfemale = 0.32, 95%CI 

0.19–0.54). However, an increase in PFPeA concentrations was associated with increased 

odds of vitamin D deficiency among the women with male fetuses (ORmale = 1.58, 95%CI 

1.00–2.48 for Visit 1; ORmale = 2.06, 95%CI 1.24–3.44 for Visit 2). Some significant but 

inconsistent findings were shown in PFOA, PFNA, and PFUnDA across the Visit 1 and 2 

models.

3.3 Association between the PFAS mixture and vitamin D biomarkers

Figure 1 summarizes the results of WQS regression analyses (see also Table S8). Because 

there was no significant effect modification by fetal sex in the WQS analyses, we presented 

the effects of the PFAS mixtures on 25(OH)D for all the participants collectively. The WQS 

index was positively associated with total 25(OH)D. More specifically, a quartile increase in 

the WQS index was associated with increases of 2.88 ng/mL (95%CI 1.14–4.59) and 5.68 

ng/mL (95%CI 3.31–8.04) total 25(OH)D in the Visit 1 and Visit 2 models, respectively. 

Within the PFAS mixture, NMeFOSAA (weight = 0.36 for Visit 1; 0.38 for Visit 2), PFDA 

(weight = 0.41 for Visit 1; 0.17 for Visit 2), and PFOS (weight = 0.24 for Visit 2) had 

weights exceeding the cut-point of 0.125, suggesting major contributions of these PFAS to 

the overall effect of the mixture. No negative regression coefficients in the bootstrapped 

models for total 25(OH)D were found; thus, we were unable to present the results of 

negative direction models. Additionally, no association was found between free 25(OH)D 

concentrations and the PFAS mixture in both directionalities.
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3.4 Sensitivity analysis

In the sensitivity analyses, additionally adjusting for fish and vitamin D supplement intake 

or excluding the participants taking vitamin D supplement did not substantially change 

the results among a subset of the participants (Table S9). Similarly, additional adjustment 

for albumin had little impact on the estimates in the NHANES 2011–2014 participants, 

even when stratifying by age, race/ethnicity, and sex (Table S10). Table S8 and S11 shows 

the difference between single imputation with LOD/ 2 and multiple imputation for the 

values below the LODs. Changes in estimates were calculated between the two imputation 

methods, and the range of percentage change [(βmultiple-βsingle)/βsingle] was between −133% 

and 33% with a median of −35%. We observed overall larger effect sizes using single rather 

than multiple imputation.

Discussion

In this cohort of 442 healthy pregnant African American women, we report general 

findings of positive associations of circulating total 25(OH)D with PFHxS, PFOS, PFDA, 

and NMeFOSAA concentrations. We noted positive associations of total 25(OH)D with 

PFOA and PFNA, and negative associations of total 25(OH)D with PFPeA and PFUnDA 

among certain fetal sex. Although the statistical significance levels of these findings were 

inconsistent between the Visit 1 and the Visit 2 models for PFOA, PFNA, PFUnDA, and 

NMeFOSAA, the direction of associations remains consistent for the same PFAS. For free 

25(OH)D, we observed positive associations with PFHxS, PFOS, PFOA, and PFDA, and 

an inverse association with PFPeA among the women with male fetuses in the Visit 2 

models. A joint effect of the eight PFAS was also positively associated with total 25(OH)D 

concentrations, with NMeFOSAA, PFDA, and PFOS as the most important contributors, 

explaining 79–85% of the total weight. No significant association between free 25(OH)D 

and the PFAS mixture was found.

To date, limited human research have evaluated the associations between PFAS exposure 

and vitamin D biomarkers. Altered vitamin D levels associated with serum PFAS 

concentrations were observed in the general U.S. population using the data from NHANES 

2003–2010 participants (n=7040), where a positive association of total 25(OH)D with 

PFHxS and an inverse association with PFOS concentrations were found predominantly 

in non-Hispanic whites than the other races/ethnicities (Etzel et al., 2019). No association 

between total 25(OH)D and PFAS was reported by Khalil et al. (2018) or Di Nisio et al. 

(2020b) with their smaller cohorts of obese children aged 8–12 years (n=47) and healthy 

males aged 18–21 years (n=100), respectively. The inconsistent findings across these studies 

suggest that more epidemiological studies with larger samples size are needed.

It is somewhat unexpected to observe that most PFAS exposures are associated with 

elevated 25(OH)D concentrations given the majority of environmental pollutants showing 

inverse associations with total 25(OH)D (Johns et al., 2016, 2017; Morales et al., 

2013; Yang et al., 2012). Although the positive associations could be due to residual 

confounding, including behaviors and socioeconomic status, it is also possible that our 

results only partially captured non-monotonic dose-response relationships, which have been 

observed in numerous EDCs, especially given the relatively narrow range of serum PFAS 
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concentrations in an environmental exposure cohort or lower 25(OH)D concentrations in 

African Americans (Ginde et al., 2010; Li et al., 2007; Vandenberg et al., 2012). The 

positive associations also suggest that PFAS may have different actions in the vitamin D 

system from the other environmental pollutants (Etzel et al., 2019).

The observed positive associations could also be explained by a compensatory mechanism 

due to inefficient binding of vitamin D to its receptor. PFOA was shown to compete for 

vitamin D receptors with 1,25(OH)2D, the active metabolite of vitamin D (Di Nisio et al., 

2020b) (Figure S3). The competition may reduce the activation of vitamin D receptor on 

the responsive gene expression and cause a functional hypovitaminosis D. For example, 

CYP24A1, a major 25(OH)D-inactivating cytochrome P450 enzyme in the liver, can be 

transcriptionally upregulated by activated vitamin D receptors (Jones et al., 2012; Ohyama 

et al., 1993). The antagonistic activity of PFOA via receptor competition may result in 

downregulation of CYP24A1, thus elevation of circulating 25(OH)D. Similarly, PFOA may 

dysregulate CYP27B1 in the kidney, and lead to altered levels of 1,25(OH)2D and of 

25(OH)D (Bikle, 2014; Johnson et al., 2014). It is worth noting that besides acting as a 

passive antagonist through competing for receptor binding, an EDC ligand bound to the 

hormone receptor may also function as agonist or active antagonist to induce or repress 

gene expression through recruiting coactivators or corepressors in a tissue context-dependent 

manner (Li et al., 2007; Smith et al., 1997; Smith & O’Malley, 2004). It is therefore possible 

that the biological effects of PFAS through vitamin D receptors can be bidirectional. 

Moreover, the homeostasis of vitamin D is also tightly regulated through feedbacks 

involving parathyroid hormone, calcium, phosphorus, and fibroblast growth factor; thus, it is 

possible for PFAS to influence vitamin D levels through interacting with the concentrations 

of these metabolites (Christakos et al., 2010; Johns et al., 2017). However, future studies are 

necessary to establish the actions of PFAS on the vitamin D system and elucidate the clinical 

and public health relevance of these findings.

The effects of PFAS on free 25(OH)D were not as predominant and consistent as those 

on total 25(OH)D across the Visit 1 and the Visit 2 models. Free 25(OH)D is present at 

very low concentrations (i.e., parts per-trillion, 10−12) with low variance, which makes their 

measurements very challenging; the current immunoassay method has not been rigorously 

validated in a broad human population with various physiological conditions (Feldman et 

al., 2017; Jukic et al., 2018). Thus, the potential measurement errors coupled with relatively 

small variance could bias the associations between PFAS and free 25(OH)D to the null. 

Additionally, the associations between PFAS and total 25(OH)D may be driven by vitamin 

D binding proteins (DBP) or the affinity of DBP for 25(OH)D, which, in turn, may largely 

impact the levels of total 25(OH)D but not free 25(OH)D since approximately 85% of total 

25(OH)D is bound to DBP and <1% is in its free form. Previous studies have shown that 

DBP production increases with elevated estrogen, glucocorticoids, and certain cytokine such 

as IL-6, and the affinity of DBP for 25(OH)D was also affected by estrogen concentrations 

(Best et al., 2019; Bikle & Schwartz, 2019; Pop et al., 2015). Since these physiological 

factors were also associated with PFAS exposure (Benninghoff et al., 2011; Li et al., 

2020; Liu et al., 2020; Pereiro, 2014; Son et al., 2009), it is possible that PFAS only 

indirectly influence DBP and total 25(OH)D through affecting endocrine systems or immune 

responses.
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Some evidence of effect modification by fetal sex was observed in this study. Generally, we 

found larger effects on both total and free 25(OH)D among the women with male fetuses 

in the Visit 2 models. The heterogeneous effect by fetal sex may be due to the differences 

in vitamin D systems in the placenta. Previous studies have shown the levels of vitamin 

D receptors and CYP24A1 gene expression were higher in the placentas of women with 

male than female fetuses (Liu et al., 2018). Moreover, testosterone, which is higher on 

average in male fetuses, stimulates CYP24A1 and inhibits CYP27B1 gene expressions in the 

placenta (Olmos-Ortiz et al., 2016). It is thus likely that the clearance of 25(OH)D through 

CYP24A1 may be higher in the women with male fetuses than female fetuses, rendering 

it more sensitive to perturbations by PFAS as discussed above. Additionally, we observed 

larger effects of PFAS on both total and free 25(OH)D concentrations in the Visit 2 than 

the Visit 1 models. These findings could be explained by the higher means of total and free 

25(OH)D concentrations measured at Visit 2 than at Visit 1. Although a higher mean of total 

25(OH)D at Visit 2 is expected due to the increase in DBP during pregnancy, it is unclear 

why free 25(OH)D is also higher since its concentrations often remain the same or decrease 

during gestation (Bikle & Schwartz, 2019; Tsuprykov et al., 2019).

In addition to the single-PFAS models, we also investigated the associations between the 

PFAS mixtures and 25(OH)D concentrations. We identified that PFHxS has the strongest 

positive association with total 25(OH)D in the single-PFAS models but found PFHxS 

contributed little weight to the overall effects in the WQS regression models. Accordingly, 

PFPeA was inversely associated with total 25(OH)D in the single-chemical models, but 

no overall negative association between the PFAS mixture and total 25(OH)D was found. 

Although free 25(OH)D was significantly associated with some individual PFAS in women 

with male fetuses in the Visit 2 models, no significant effects nor significant effect 

modifications were observed in the mixture models. The inconsistent results between the 

mixture and single chemical models indicate the possibility of confounding effects among 

PFAS in the single-chemical models and also highlight the importance of incorporating 

mixture analysis when there are high correlations and similar biological functions among the 

exposures of interest (Carrico et al., 2015).

Although we found that serum PFAS were associated with decreased odds of vitamin D 

deficiency, it is unlikely that PFAS would be “protective” to the vitamin D system. Because 

of its longer half-life, 25(OH)D is considered the best indicator to monitor vitamin D 

status compared with the other metabolites in the vitamin D system such as 1,25(OH)2D. 

Accordingly, vitamin D deficiency, which is associated with many adverse health outcomes, 

was often diagnosed by low serum total 25(OH)D concentrations (e.g., ≤ 20 ng/mL) 

(Holick et al., 2011). However, the reference level of vitamin D deficiency remains 

controversial, especially among African Americans due to genetic polymorphisms (Powe et 

al., 2018). Thus, the clinical implication of this finding remains unknown and needs further 

investigation. However, our findings in the models with the continuous 25(OH)D indicate 

that elevated PFAS concentrations were associated with changes in 25(OH)D concentrations 

and may cause perturbation on the vitamin D system.

Although the use of serum biomarkers to assess PFAS exposure is advantageous because 

of their ability to provide an integrated internal dose, many physiological conditions that 
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influence serum biomarker concentrations may also affect or be affected by the health 

outcomes of interest, suggesting a possibility of introducing confounding effects. For 

example, it is possible that the observed associations were partly confounded by a third 

unknown factor which transports, metabolizes, or excretes both serum PFAS and 25(OH)D 

in the same fashion. This confounding issue is especially concerning in a cross-sectional 

study design (Fitz-Simon et al., 2013; Savitz & Wellenius, 2018; Steenland et al., 2009). 

A strength of our study was the repeated 25(OH)D measurements, which provide an 

opportunity to examine the associations in not only a cross-sectional (the Visit 1 models) but 

a prospective cohort (the Visit 2 models) study design. Confounding is less problematic in a 

cohort study design because the third unknown confounding factor may not simultaneously 

affect the exposure and outcome measured at two different time points. Additionally, the 

mixture models, which mutually adjusted for the other PFAS, can remove the confounding 

effects if the physiological parameters (e.g., transportation, metabolism, and excretion) 

regulating the eight PFAS are correlated (Fletcher & Webster, 2020).

Our study was limited in several ways. First, several potential confounders that were either 

not measured or only measured in a subset of the participants, such as vitamin D supplement 

intake, fish intake, and albumin concentrations, were not included in the main analyses. 

However, we performed sensitivity analyses on either a subset of our cohort or different 

sub-populations in the NHANES to evaluate the impact of these covariates. The results 

show little impact of these variables on the associations between PFAS and 25(OH)D. 

Second, the low detection frequencies of PFPeA, PFDA, PFUnDA, and NMeFOSAA could 

bias the results. We found single imputation with LOD/ 2 biased the effect estimates away 

from the null hypothesis in this study; thus, we presented the results using multiple instead 

of single imputation to mitigate the impact of the measurements below their respective 

LODs. Third, the possible compensatory mechanism due to vitamin D receptor competition 

might be unmasked by evaluating parathyroid hormone. Parathyroid hormone as well as 

the other vitamin D related metabolites and proteins such as calcium, phosphorous, and 

DBP, which we did not measure, may improve our understanding of how PFAS may disturb 

vitamin D metabolism. Finally, our results from pregnant African American women limit the 

generalizability to other populations.

Conclusions

Our study provides suggestive evidence that exposure to PFAS might disturb vitamin D 

metabolism among pregnant African American women and that some of these effects might 

be modified by fetal sex. These results show potential explanations of the relationships 

between PFAS exposure and some adverse health effects reported by the previous studies, 

such as adverse skeletal health, and pregnancy and birth outcomes. Future experimental and 

observational studies are warranted to understand the underlying biological mechanisms, to 

confirm the findings in different populations, and to determine the implications of these 

findings to clinical practice and public health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Associations of the PFAS mixture with (a) total 25(OH)D concentrations, and with 
(b) free 25(OH)D concentrations based on weighted quantile sum regression (WQS) analyses in 
pregnant African American women in the Atlanta area, 2014–2018.
The models were adjusted for maternal age, education, BMI, parity, fetal sex, tobacco use, 

marijuana use, and season of sample collection for 25(OH)D. We ran each model twice, one 

in positive and one in negative direction of effects. Sample numbers are 346, 261, 348, and 

264 for the models of total 25(OH)D at Visit 1, total 25(OH)D at Visit 2, free 25(OH)D at 

Visit 1, and free 25(OH)D at Visit 2, respectively. Note: Visit 1 = 25(OH)D collected at 8–14 

weeks of gestation; Visit 2 = 25(OH)D collected at 24–30 weeks of gestation; the dashed 

line on the right bar chart represent the a priori cut-point for identification of important 

agents: 1/numer of chemicals = 1/8 = 0.125.
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