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ARTICLE INFO ABSTRACT
Handling editor: A. Gies Perfluoroalkyl substances (PFASs) raise concerns about their environmental accumulation. Experimental data
have suggested that PFASs interfere with bone metabolism from the early stages of life. However, mechanisms
underlying this association are unclear. The aim of this study was to evaluate the possible association between
X i environmental exposure to PFAS and vitamin D (VitD), serum calcium and parathyroid hormone (PTH) levels in
eywords:

subjects residing in high-exposure area of the Veneto Region of Italy. In this cross-sectional observational study,
. 1174 subjects who previously adhered to the 2016-2018 Regional Surveillance Plan for plasma levels of PFASs
Environmental exposure . . . i
Calcium homeostasis were recalled in 2023 and evaluated for demographic, anthropometrics and blood analyses. Data on nutritional
Parathyroid hormone habits and VitD supplementation were obtained by a dedicated questionnaire. Serum concentrations of PFASs,

Vitamin D status
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calcium, 25-hydroxy-vitamin D (250H-VitD) and PTH were determined from blood sampling. Perfluorooctanoic
acid (PFOA), perfluorooctanesulfonate (PFOS) and perfluorohexanesulfonic acid (PFHxS) were the only three

PFASs, of 12, quantifiable in at least 90% of the samples and considered for further analyses. Generalized ad-
ditive models, using linear regression and smoothing thin plate splines, detected a positive association between
serum calcium and all considered PFAS (PFOA: § = 0.03; CI 95% 0.01-0.06; PFOS: § = 0.06; CI 95% 0.02-0.09,
PFHxS: = 0.04; CI 95% 0.01-0.06). Estimated degrees of freedom (EDF) analysis showed the approximately
linear association between serum calcium with PFOA (EDF = 1.89) and PFHxS (EDF = 1.21), but not for PFOS
(EDF = 3.69). Differently, PFAS levels showed no association with either 25-hydroxy-vitamin D or PTH, except
for In-transformed 250H-D and PFOS (B = 0.04; CI 95% 0.00-0.08). Stratified analyses confirmed the positive
association between all considered PFAS and calcium in subjects not taking a VitD supplementation. Results
show that high exposure levels to PFAS may interfere with calcium metabolism, independently of lifestyle and
dietary factors. Further elucidation on the mechanisms underlying calcium homeostasis disruption, including
multiple binding-equilibrium with serum albumin, remains to be addressed.

1. Introduction

Perfluoroalkyl substances (PFASs) are a class of synthetic molecules
used in a wide range of consumer products and industrial applications,
due to their unique physical and chemical characteristics (Conder et al.,
2008). Major concerns on the environmental spreading of these com-
pounds derive from tissue accumulation in animal species. Experimental
data have demonstrated the bio-accumulation of PFAS in the bone
marrow and bone tissue of mice exposed during embryo development
(Bogdanska et al., 2011). Similar findings have been reported also in
humans since autopsy specimens, obtained from subjects living in
exposed areas, showed significant levels of PFAS in the bone tissue,
suggesting the ability of these compounds to bio-accumulate in the
skeletal apparatus from the foetal to the adult age range, with possible
consequences on bone metabolism in the corresponding stages of life
(Koskela et al., 2017; Pérez et al., 2013). In support of this hypothesis,
toxicological studies showed reduced mineralization in in vitro cell
models and altered bone mineral density in vivo in mouse foetuses
exposed to PFASs (Koskela et al., 2017; Lau et al., 2007). In addition,
epidemiological studies have reported an association between the
exposure to PFASs and skeletal derangements (Khalil et al., 2016; Lin
et al., 2014). In particular, a significant correlation between high serum
levels of PFAS and reduced bone mineral density has been documented,
with a variable extent according to the specific PFAS molecules
considered. In this frame, a higher prevalence of osteoporosis, a lower
bone mineral density in the tibia and femur and a higher prevalence of
osteoporosis among women was associated with exposure to
perfluoro-octanoic acid (PFOA), perfluoro-nonanoic acid (PFNA), and
perfluoro-hexanesulfonic acid (PFHxS) (Khalil et al., 2016). Further-
more, a study on young girls exposed to PFAS during foetal development
showed reduced bone mass and reduced skeletal growth (Jeddy et al.,
2018). More recently these results have been confirmed by other studies
on teenager or young adults (Hu et al., 2019; Cluett et al., 2019), as has
as the association with an increased risk of caries, suggestive of
phospho-calcium disequilibrium (Wiener and Waters, 2019). More
recently, consistent associations of PFAS exposure to osteoporosis were
reported by, respectively, Fan et al. in a large group of healthy subjects
from the general population residing in southern China and by Bukley
et al. in 197 teenagers from a prospective pregnancy and birth cohort
study conducted in Ohio, USA (Buckley et al., 2024; Fan et al., 2023).
Although the increasing number of epidemiological studies supporting
the adverse association between the exposure to PFASs and skeletal
metabolism, the mechanistic aspects of this association are unclear. A
key driver in skeletal development is vitamin D (VitD), a secosteroid
hormone promoting gut reabsorption of calcium in favour of bone
anabolism (Plum and DeLuca, 2010). Of note, VitD has been recently
involved in multiple health outcomes, including cardiovascular health,
inflammatory modulation and reproductive outcome and cancer pre-
vention (Giustina et al., 2024). Several exogenous factors are known to
influence circulating VitD levels, including obesity, dietary pattern and
environmental pollution (Arabi et al.,, 2010). In addition, the

homeostasis of VitD can be influenced by endocrine disruptors since the
biologically active metabolite of VitD, 1,25-dihydroxyvitamin D (1,
250H-VitD) is similar in structure to classic steroid hormones and its
biological effects rely on the transcriptional activity of a specific nuclear
receptor as for thyroid or steroid hormone receptors (Wang et al., 2010).
As an example, two epidemiological studies showed an inverse associ-
ation between recognized endocrine disruptors, such as bisphenol A and
phthalates, and VitD levels (Johns et al., 2016, 2017a). PFASs are also
claimed as endocrine disruptors, having been associated with
estrogen-like or anti-androgen-like activity, and the possible disrupting
activity of these compounds on VitD-related pathways is currently under
investigation (Jeseta et al., 2021). In this regard, few studies analyzed
the association between PFAS and VitD status and most focused on early
life association, such as in women during pregnancy or in subjects of
perinatal age (Berger et al., 2024; Chang et al., 2021; Liu et al., 2023).
The possible association between PFASs and VitD levels in the general
population has been investigated only recently by two studies, showing
an increased risk of hypovitaminosis D in exposed subjects (Carlsson
et al., 2023; Etzel et al., 2019). A previous experimental study from our
group showed the possible competition between PFOA and 1,250H-VitD
on the binding to VitD receptor, with major consequences on its struc-
tural flexibility at molecular dynamics analysis (Di Nisio et al., 2020a,b).
Functional correlates of this binding activity on VitD receptor were then
investigated in vitro on a human osteosarcoma cell line, whose miner-
alization activity upon stimulation with 1,250H-VitD was significantly
reduced during exposure to PFOA (Di Nisio et al., 2020a,b). This model
of interference could find a clinical counterpart in the altered response
to VitD in two different target cell populations of this hormone: osteo-
blasts and enterocytes (Cipriani and Cianferotti, 2023). Based on the
possible mechanisms through which PFAS may interfere with VitD ac-
tivity, we hypothesized a possible role for these pollutants in the path-
ogenesis of osteoporosis, the main pathology related to functional
hypovitaminosis D.

In this study we aimed to evaluate the circulating levels of VitD,
calcium and parathyroid hormone (PTH) in subjects residing in the red
zone of Veneto Region in the North East of Italy, where groundwater of a
wide area was contaminated by PFASs from a manufacturing plant
active since the late 1960s. As a result, subjects in this area were exposed
to high levels of PFASs, particularly PFOA, through drinking water until
2013, when the pollution was discovered by authorities and water
treatment by charcoal filtration was applied, successfully reducing PFAS
levels in drinking water (Pitter et al., 2020b).

2. Methods
2.1. Subjects

This study aimed to evaluate the association between serum con-
centrations of PFAS and serum concentrations of cholecalciferol, or 25-

hydroxy-vitamin D (250H-VitD), calcium and parathyroid hormone
(PTH), with a cross-sectional design, characterizing the possible
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concentration-effect correlation. It was conceived in agreement with the
Good Clinical Practice of the European Medicines Agency and the
Declaration of Helsinki (“World Medical Association Declaration of
Helsinki,” 2013) and was approved by the Ethics Committee for Clinical
Trials of the Province of Vicenza (trial code 45/22, approved during the
June 21, 2022 session).

The study involved the prospective recall of subjects resident in high
exposure areas of the Veneto Region, North-East Italy, who previously
participated to the 2016-2018 PFAS levels-evaluation campaign ac-
cording to the Regional Surveillance Plan (DGR 2133/2016 and DGR
691/2018). Subjects were invited by e-mail according to the fulfil-
ment of the first-level assessment during the 2016-2018 PFAS levels-
evaluation campaign, which involved a potentially recruitable popula-
tion of approximately 37,200 subjects (allegato7684276.pdf (quotidia
nosanita.it)). Subjects fulfilling these criteria were then recalled dur-
ing December 2022-June 2023 and evaluated for demographic data and
anthropometrics. All subjects were then consecutively recruited and
evaluated at the Unit of Epidemiology, Hospital of Vicenza - ULSS 8
Berica (Vicenza, Italy). Upon the acquisition of the signed informed
consent for participating in the study, subjects were requested to provide
a single blood sample for the quantification of 250H-VitD, calcium and
PTH levels in the period March-June 2023. Considering the narrow
period of blood sampling, seasonal variation was not included in the
subsequent analysis. Participants also received an outpatient evaluation
during which were recorded sex, age, month of sampling and anthro-
pometric data, such as height and weight for the calculation of body
mass index (BMI). Lifestyle habits, including alcohol consumption,
smoking, and use of dietary supplement, were also collected by a dedi-
cated questionnaire. Inclusion criteria were: age between 18 and 65
years, both sexes, residence in the high-exposure area of the Veneto
Region, and, in particular, afference to the local Social-Health Unit
“ULSS 8 Berica™; previous participation in the Health Surveillance Plan
of the Veneto Region (DGR 2133/2016 and DGR 691,/2018) and
completion of the lifestyle questionnaire. VitD supplementation, use of
drugs recognized to interfere with phospho-calcium metabolism (e.g.
antiepileptics, glucocorticoids, antiretrovirals, antifungals, cholestyr-
amine, orlistat) and malabsorption disease (e.g. cystic fibrosis, celiac
disease, Crohn’s disease, bariatric surgery) were considered exclusion
criteria.

2.2. PFAS quantification

Quantification of PFAS was performed on serum samples obtained
during the Health Surveillance Plan of the Veneto Region (DGR
2133/2016 and DGR 691/2018) and subsequent second round of sur-
veillance (DGR n. 1752 of 30.12.2022). High-performance liquid chro-
matography-tandem mass spectrometry (LC-MS/MS; Prominence UFLC
XR 20, Shimadzu, coupled to API 4000TM LC-MS/MS System, Sciex)
was used to quantify serum levels of twelve PFASs: per-
fluorooctanesulfonate (PFOS), PFOA, PFHxS, PFNA, perfluoroheptanoic
acid, perfluorobutanesulfonic acid, perfluorohexanoic acid, per-
fluorobutanoic  acid, perfluoropentanoic acid (PFPeA), per-
fluorodecanoic acid, perfluoroundecanoic acid and perfluorododecanoic
acid. Procedures of PFAS quantification are detailed elsewhere (Pitter
et al., 2020a).

According to the UNI CEI EN ISO/IEC 17,025 regulation, the
analytical method was validated and applied to the analyses of low- and
high-concentration pooled quality control materials, standards, reagent
blanks and study samples.

2.3. Vitamin D, calcium and parathyroid hormone measurements

VitD status was evaluated through the quantification of 250H-VitD
with ECLIA method (Roche — Cobas, Monza, Italy). The method has
been standardized with internal standards traceable to PMR ID-LC/MS/
MS for 250H-VitD with reference Material 2972 of the National Institute
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of Standards and Technology Standard (Gaithersburg, MD, USA). The
dosage was linear between 3.00 and 120 ng/mL.

Serum calcium ions were quantified photometrically with Gen.2
method (Roche — Cobas), a 5-nitro-5-methyl-(1,2-bis(o-aminophenoxy)
ethan-N,N,N’,N'-tetraacetic acid (NM-BAPTA)-based method. Briefly, in
an alkaline environment, NM-BAPTA forms an optically active com-
pound. In a second step, this complex reacts with EDTA. The change in
absorbance is directly proportional to the calcium concentration and is
measured. The limit of detection was 0.20 mmol/L (0.8 mg/dL) and the
limit of quantification (LOQ) = 0.20 mmol/L (0.8 mg/dL). The limit of
blank, limit of sensitivity and LOQ were determined in accordance with
EP17 requirements-A2 of the Clinical and Laboratory Standards Institute
(Malvern, PA, USA).

Serum PTH was quantified with ECLIA method (Roche - Cobas). The
test is based on the sandwich principle: a biotinylated monoclonal
antibody reacts with the N-terminal fragment (1-37) and a monoclonal
antibody labelled with a ruthenium complex reacts with the C-terminal
fragment (38-84). The antibodies used in the test react with epitopes in
the amino acid regions 26-32 and 37-42 of PTH. The method was
standardized against a commercially available assay (RIA) for PTH. The
recovery of the NIBSC (WHO) standard 95/646 was analyzed by ana-
lysing dilutions in human serum covering the measurement range
(40-4000 pg/mL) with average recovery of 100 + 4%.

2.4. Statistical analysis

PFAS serum concentrations and the outcomes were summarized
using mean and median values, with corresponding standard deviation
and interquartile range, both in the overall population and stratified by
supplementary VitD intake. Spearman’s rank correlation (p) was re-
ported to evaluate pairwise correlation between PFASs and between the
outcomes. Since PFASs were markedly right-skewed, we considered
them using a natural logarithmic transformation to improve the model
fit. 250H-VitD and PTH levels were also In-transformed to achieve a
normal distribution and again, improve model fit.

The correlation between PFASs and each outcome was assessed using
Generalized Additive Models (GAMs), evaluating the association be-
tween each PFAS and each outcome separately. GAMs were chosen as
they provide an accurate evaluation of nonlinear relations, which were
accounted for using thin plate splines, allowing flexibility to be adapted
on data. Exposures were included in the models using different ap-
proaches. (1) To better explore the shape of the associations, thin plate
spline smooth terms were employed for the exposures and the plots of
predicted values were obtained. The Estimated Degrees of Freedom
(EDF) for each PFAS were examined. An EDF close to 1 suggests a nearly
linear correlation, whereas higher EDF values indicate a departure from
linearity. The corresponding p-value reflects the significance of the
variable’s impact. (2) A linear association between outcomes and In-
transformed PFAS levels was considered; coefficients (f) and their
95% confidence intervals (CI) were obtained. (3) Exposures were
divided into quartiles to evaluate the approximate pattern of exposure-
response, with the aim of minimizing the impact of outlier values.

Potential confounders of the investigated associations were chosen
from available variables, based on literature review and the construction
of a directed acyclic graph (Supplemental Fig. S1). For continuous var-
iables (age in years and BMI in kg/m?), thin plate splines were imple-
mented to account for the non-linear correlation between these variables
and the responses. In case of dietary supplementation, we investigated
whether the examined associations were different when considering
only subjects not taking supplementary VitD. To assess the robustness of
the results, we conducted the same analysis using models different set of
covariates: (1) age (years, continuous) and sex (male/female), (2) age,
sex, ethnicity (Caucasian/not Caucasian), smoking habits (nonsmokers/
current smokers/previous smokers), and consumption of milk and fish
(never/once a month/once a week/2+ times a week), and (3) age, sex,
ethnicity, smoking habits, consumption of milk and fish, continuous
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BMI, and supplementary VitD intake (yes/no). A sensitivity analysis was
also performed on subjects not taking VitD supplements (n = 773) to
ensure that results were not influenced by variability in the outcome
unrelated to PFAS exposure. An interaction term between sex and In-
PFAS linear coefficient was also added to the main models; however,
all analyses were still stratified by participants’ sex generalized cross-
validation was used to select the degree of smoothing (CRAN -
Package mgcv (r-project.org)). The software R (R Core Team (2023)
was used to perform statistical analyses. The statistical significance level
was set at 0.05.

3. Results

Twenty-six of the 1212 recruited subjects had missing values for all
PFAS levels considered and were therefore excluded from the analysis.
Among the remaining 1186 subjects, 12 had a missing value in at least
one of the covariates considered and were removed (Fig. 1). Analyses
were performed on a final sample size of 1174 subjects, whose de-
mographics, clinical data and exposure variables are reported in Table 1.
The population examined had an average age of 56.30 (+£6.81) years,
where 655 (55.79%) were females and 519 (44.21%) were males.
Among these subjects, 401 (34.16%) reported any VitD supplementa-
tion, while the remaining 773 (65.84%) did not.

The measuring range of the method was 0.5-500 ng/mL. The
repeatability of the method given as RSD of determined concentrations
was below 10% for all measured PFAS at different levels and the accu-
racy of the method was between 80 and 120%. Limit of detection for all
PFAS was as low as 0.1 ng/mL and LOQ was 0.5 ng/mL (Pitter et al.,
2020a,b). Concentrations below the LOQ were imputed by dividing the
LOQ by the square root of 2 prior to statistical analysis. PFASs detected
in greater than 90% of participants were included in the main analyses,
namely, PFOA (99.83%), PFOS (99.23%), and PFHxS (96.68%).

Of all 12 PFAS measured, most were quantifiable in less than 10% of
samples, with the exception of PFNAs, which was quantifiable in
32.20%. Only three compounds were quantifiable in at least 90% of the
samples and therefore considered for further analyses, respectively:
PFOA, detected in 99.83% of participants, PFOS, detected in 99.23% of
participants, and PFHxS, detected in 96.68% of participants. Details on
PFAS detection rates are reported on Supplemental Table S12.

Participants included in
the study
(n=1212)

Exclusion criteria
partecipants without PFAS levels

information
(n=26)
Partecipants
included in analysis
(n=1'186)
Missing data on covariates
(n=12)
Partecipants
included in analysis
(n=1'174)

Fig. 1. Flowchart of the study population selection.
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Table 1
Characteristics of the study population (n = 1174).

Exposure variables TOTAL (n = 1174)

Mean (SD) Min-max Median (p25-p75)

PFOA (ng/mL) 52.25(91.53)  0.35-1873.3 28.3 (12.9-59.7)
PFOS (ng/mL) 5.70 (5.33) 0.35-102 4.5 (2.7-7.1)
PFHxS (ng/mL) 7.65 (9.19) 0.35-144.5 4.9 (2.3-9.5)
Outcomes
250H-Vitamin D (ng/mL)  23.21 (12.10) 3-106  21.30 (14.6-29.4)
Calcium (mg/dL) 9.1 (0.41) 7.89-10.97 9.1 (8.84-9.37)
Parathyroid hormone 37.42(15.01) 2.9-112 34.9 (26.9-46.1)

(pg/mL)
Continuous covariates
Age (years) 56.3 (6.81) 18-65 58 (55-59)
Body mass index (kg/mz) 25.56 (4.37) 14.88-45.12 25 (22.59-27.98)
Categorical covariates Frequency

(%)

Sex

Female 655 (55.79)

Male 519 (44.21)
Ethnicity

Caucasian 1157 (98.55)

Not Caucasian 17 (1.45)
Smoking habit

Nonsmokers 744 (63.37)

Current smokers 147 (12.52)

Previous smokers 283 (24.11)

Milk and derivatives consumption
Never 47 (4.00)

Once a month 113 (9.63)
Once a week 564 (48.04)
2+ times a week 450 (38.33)
Fish consumption

Never 106 (9.03)
Once a month 302 (25.72)
Once a week 675 (57.50)
2+ times a week 91 (7.75)

Supplementary vitamin D intake
Yes 401 (34.16)
No 773 (65.84)

Among the measured PFASs, PFOA presented the highest levels
(median 28.3 ng/mL), followed by PFHxS (median 4.9 ng/mL) and PFOS
(median 4.5 ng/mL), as reported on Table 1. Pairwise correlations be-
tween concentrations were quite high, especially between PFOA and
PFHxS (p = 0.85), whereas the correlations between PFOSs with PFHxS
and PFOA were 0.73 and 0.67, respectively. When considering the
outcomes, the correlations between 250H-VitD and calcium, and 250H-
VitD and PTH were 0.17 and —0.22, respectively, while calcium and
PTH exhibited a lower correlation (p = —0.07). Median values for 250H-
VitD were strongly different, as expected, between individuals taking
VitD supplementation (median 30.6 ng/mL) and those who did not
(median 17.3 ng/mL) (Supplemental Table S1), whilst calcium and PTH
median levels were quite similar in the two groups (9.12 mg/dL, 33.6
pg/mL and 9.09 mg/dL, 35.3 pg/mlL, respectively, Supplemental
Table S1). After stratification for sex, males were reported having higher
PFOA, PFOS and PFHxS levels compared with women, and lower 250H-
VitD (Supplemental Table S2). The distribution of outcomes, except for
calcium, was not approximately normal and therefore they were In-
transformed in subsequent analyses.

Supplemental Figures S2, S3 and S4 show the adjusted
concentration-response curves in the whole study group between PFASs
and the outcomes, respectively 250H-VitD, calcium and PTH. These
analyses highlighted the positive associations between serum calcium
and all considered PFASs (all p-values <0.05) (Fig. S3). In particular, the
correlation was approximately linear with PFOA (EDF = 1.89) and
PFHxS (EDF = 1.21), but not for PFOS (EDF = 3.69, Supplemental
Table S3). For 250H-VitD and PTH, associations with PFASs were not
significant, except for the one between In-transformed 250H-D and
PFOS (B = 0.04, 95%CI 0.00-0.08) (Table 2). The trends were persisted
when PFAS levels were considered as In-transformed or categorical
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Table 2
Association between PFASs and considered outcomes from GAM models (n =
1174), adjusted” B coefficients and 95% confidence intervals (CI).

PFASs Natural log of 25- Calcium Natural log of
OH vitamin D (mg/dL) parathyroid
(In-ng/mL) hormone
(In-pg/mL)
B a1 p cI B c
(95%) (95%) (95%)
PFOA per In- 0.02 (-0.01; 0.03 (0.01; 0.00 (-0.02;
ng/mL 0.04) 0.06) 0.02)
1Q 2.75" 9.13" 3.67°
(0.35-12.9)
2Q —0.04 (-0.12; 0.04 (-0.02; —0.02 (-0.09;
(12.9-28.3) 0.03) 0.11) 0.05)
3Q 0.03 (-0.05; 0.09 (0.02; 0.00 (-0.07;
(28.3-59.7) 0.11) 0.16) 0.07)
4Q —0.01 (-0.09; 0.08 (0.01; 0.01 (-0.06;
(59.7-1874) 0.08) 0.16) 0.08)
PFOS per In- 0.04 (0.00; 0.06 (0.02; —0.02 (-0.05;
ng/mL 0.08) 0.09) 0.01)
1Q (0.35-2.7) 2.73 9.15" 3.67°
2Q (2.7-4.5) 0.06 (-0.02; 0.06 (-0.01; 0.02 (-0.05;
0.13) 0.12) 0.08)
3Q (4.5-7.1) —0.01 (-0.08; 0.06 (-0.00; 0.01 (-0.05;
0.07) 0.13) 0.08)
4Q (7.1-102) 0.05 (-0.03; 0.08 (0.01; —0.02 (-0.09;
0.13) 0.15) 0.05)
PFHXxS per In- 0.02 (-0.01; 0.04 (0.01; 0.01 (-0.02;
ng/mL 0.04) 0.06) 0.03)
1Q (0.35-2.3) 2.74" 9.15 3.66"
2Q (2.3-4.9) 0.01 (-0.06; 0.02 (-0.04; 0.01 (-0.06;
0.09) 0.09) 0.08)
3Q (4.9-9.5) 0.04 (-0.04; 0.07 (-0.00; 0.03 (-0.04;
0.12) 0.14) 0.10)
4Q (9.5-144) 0.02 (-0.07; 0.08 (0.00; 0.02 (-0.05;
0.10) 0.15) 0.10)

Figures in bold are statistically significant results (p-value <0.05).

# Adjusted by sex, age, ethnicity, smoking habits, milk and fish consumption,
BMI and supplementary vitamin D intake.

b predicted values of each outcome for the 1st quartile of the PFAS
distribution.

predictors (Table 2). The In-transformed 250H-VitD appeared to be
positively associated with PFOS levels: a unitary In-increase in PFOS was
associated to an increase of 0.04 In-ng/mL (95% CI 0.00-0.08 In-ng/mL)
in the In-transformed 250H-VitD. However, there is no clear dose-
response effect, as evidenced by the estimated coefficients for the

Table 3
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PFOS quartiles (Table 2). On the other hand, all three considered PFASs
were positively associated with serum calcium levels. A unitary In-
increase increase in PFOA, PFOS and PFHxS was associated, respec-
tively, with 0.03 mg/dL (95% CI 0.01-0.06), 0.06 mg/dL (95% CI
0.02-0.09), and 0.04 mg/dL (95% CI 0.01-0.06) increased calcium
levels and exposure quartiles’ coefficients were greater for upper quar-
tiles groups (Table 2). No significant associations were found between
different PFASs and In-transformed PTH. Explorative analyses indicated
no issues of multicollinearity among the covariates included in the
models. The robustness of the main analysis was tested through several
sensitivity analyses, involving different sets of confounding variables,
which showed similar results, confirming the above-mentioned findings
(Supplemental Tables S4, S5, and S6).

The inclusion of the interaction term between sex and exposure in
the models did not yield p-values lower than 0.05. Nevertheless, results
stratified by sex for the overall population are presented in Supple-
mental Tables S7, S8, and S9, whilst Supplemental Tables S10, S11, and
S12 show sex-stratified results in subjects not taking VitD supplements.
In the analysis focused only on those subjects who did not take VitD
supplementation (n = 773), the positive association between all
considered PFAS and calcium was confirmed, whereas 250H-VitD and
PTH showed no significant associations with any of the PFASs (Table 3).
On the other hand, in stratified analysis on VitD-supplemented subjects,
no significant association was reported (Table 4).

4. Discussion

This study aimed to systematically analyse the data collected within
the framework of the Regional Health Surveillance plan on a large
population of subjects highly exposed to PFAS in Italy, addressing the
possible interference of these compounds on phospho-calcium meta-
bolism. We found significant associations between PFOA, PFOS and
PFHxS concentrations with serum calcium in the whole sample and in
subgroup stratified analyses. Only PFOS showed a positive association
with 250H-VitD in the whole group, which was not maintained after
exclusion of subjects taking VitD oral supplementation.

The peculiar environmental context in which the study was con-
ducted, together with the large size of the study population and the wide
range of PFAS serum values, offered a unique opportunity to re-evaluate
associations already shown in different contexts and to better investigate
the possible dose-response correlation between PFAS exposure levels
and health outcomes. The study involved residents of the red area of the
Veneto Region (North-Eastern Italy), featured by a severe environmental

Association between PFASs and considered outcomes from GAM models (n = 773), adjusted” p coefficients and 95% confidence intervals (CI) considering only subjects

not taking supplemental vitamin D.

PFASs Natural log of vitamin D (In-ng/mL) Calcium (mg/dL) Natural log of PTH (In-pg/mL)

iR CI (95%) [} CI (95%) [iN CI (95%)
PFOA per In-ng/mL 0.01 (-0.02; 0.05) 0.04 (0.01; 0.06) 0.01 (-0.02; 0.03)
1Q (0.35-12.5) 2.77° 9.11° 3.62"
2Q (12.5-28.7) —0.11 (-0.21; -0.01) 0.02 (-0.07; 0.10) —0.00 (-0.09; 0.08)
30Q (28.7-61.6) 0.06 (-0.04; 0.17) 0.08 (-0.01; 0.17) 0.04 (-0.05; 0.13)
4Q (61.6-1874) —0.03 (-0.14; 0.08) 0.09 (-0.00; 0.18) 0.01 (-0.08; 0.10)
PFOS per In-ng/mL 0.05 (-0.00; 0.10) 0.06 (0.02; 0.11) —0.01 (-0.05; 0.03)
1Q (0.35-2.7) 2.77° 9.12" 3.61°
2Q (2.7-4.5) 0.03 (-0.07; 0.12) 0.06 (-0.02; 0.15) 0.07 (-0.01; 0.15)
3Q (4.5-7.1) —0.05 (-0.15; 0.05) 0.06 (-0.02; 0.15) 0.07 (-0.02; 0.16)
4Q (7.1-102) 0.06 (-0.05; 0.16) 0.10 (0.01; 0.18) —0.02 (-0.11; 0.07)
PFHxS per In-ng/mL 0.02 (-0.02; 0.05) 0.04 (0.01; 0.07) 0.01 (-0.02; 0.04)
1Q (0.35-2.3) 2.76" 9.12 3.61°
2Q (2.3-5.1) 0.05 (-0.06; 0.15) 0.03 (-0.05; 0.11) 0.01 (-0.07; 0.10)
3Q (5.1-9.9) 0.05 (-0.05; 0.16) 0.09 (0.00; 0.18) 0.07 (-0.01; 0.16)
4Q (9.9-144) 0.00 (-0.11; 0.11) 0.09 (-0.01; 0.18) 0.04 (-0.06; 0.13)

Figures in bold are statistically significant results (p-value <0.05).

@ Adjusted by sex, age, ethnicity, smoking habits, milk and fish consumption and BMI.

b predicted values of each outcome for the 1st quartile of the PFAS distribution.
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Table 4

Association between PFASs and considered outcomes from GAM models (n =
401), adjusted” B coefficients and 95% confidence intervals (CI) considering only
subjects taking supplemental vitamin D.

PFASs Natural log of Calcium (mg/dL) Natural log of PTH
vitamin D (In-ng/ (In-pg/mL)
mL)
p° CI(95%) p° CI(95%) p° CI (95%)
PFOA per In- 0.02  (-0.01; 0.02  (-0.0% —0.00  (-0.04;
ng/mL 0.06) 0.06) 0.03)
1Q 3.23" 9.17° 3.71°
(0.35-13.6)
2Q 0.03  (-0.08; 0.08  (-0.04; -0.00  (-0.11;
(13.6-27.3) 0.14) 0.20) 0.11)
3Q 0.00  (-0.11; 011  (-0.01; —-0.05  (-0.16;
(27.3-55.8) 0.11) 0.23) 0.06)
4Q 0.05  (-0.07; 0.05  (-0.07; 0.02  (-0.10;
(55.8-802) 0.17) 0.18) 0.14)
PFOS per In- 0.03  (-0.0% 0.04  (-0.0% —-0.03  (-0.09;
ng/mL 0.09) 0.10) 0.02)
1Q (0.35-2.7) 3.22" 9.21" 3.72"
2Q (2.7-4.5) 0.10  (-0.01; 0.06  (-0.06; -0.07  (-0.18;
0.20) 0.17) 0.03)
3Q (4.5-7) 0.07  (-0.04; 0.07  (-0.04; -0.07  (-0.18;
0.18) 0.19) 0.04)
4Q (7-60.4) 0.03  (-0.08; 0.04  (-0.08; -0.01  (-0.13;
0.14) 0.16) 0.10)
PFHXS per In- 0.02 (0.0 0.03  (-0.01; 0.01  (-0.04;
ng/mL 0.06) 0.08) 0.05)
1Q (0.35-2.4) 3.24" 9.17° 3.71°
2Q (2.4-4.7) —0.00  (-0.11; 0.04  (-0.08; -0.00  (-0.11;
0.10) 0.15) 0.11)
3Q (4.7-8.9) 0.02  (-0.10; 011  (-0.01; -0.04  (-0.15;
0.13) 0.23) 0.07)
4Q (8.9-51.4) 0.02  (-0.10; 0.05  (-0.08; 0.03  (-0.09;
0.14) 0.18) 0.15)

# Adjusted by sex, age, ethnicity, smoking habits, milk and fish consumption
and BMI.

b predicted values of each outcome for the 1st quartile of the PFAS
distribution.

exposure to PFASs, particularly PFOA, due to water contamination since
the late 1960s (Pitter et al., 2020b).

Evidence on environmental exposure to PFASs show wide variation
of serum levels according to the geographical and political setting. Data
from Fromme et al., in 2017, evaluating serum PFAS levels in 396 blood
donors living in three different areas of South Germany, showed that
median PFOS level ranged between 1.5 and 6.0 ng/mL, whilst PFHxS
and PFOA were 0.2-0.7 ng/mL and 1.1-20.2 ng/mL (Fromme et al.,
2017). Differently, Li et al., in a study cohort of 1945 Swedish adults
exposed to PFASs by contaminated drinking water, reported median
level of serum PFOS, PFHxS and PFOA of respectively 157 ng/mL, 136
ng/mL and 8.6 ng/mL (Li et al., 2020). On the other hand, recent North
American data from Hall et al. on exposed subject resident in Central
North Carolina document serum levels of PFOS, PFHxS and PFOA of
respectively 9.8 ng/g, 2.6 ng/g and 5.3 ng/g (Hall et al., 2023). Similar
data are those from Daly et al.,, obtained in exposed subjects to
contaminated drinking water in New Hampshire, showing median
serum levels of the three contaminants of respectively 8.9 ng/mL, 4.2
ng/mL and 3.2 ng/mL (Daly et al., 2018). Here we report median levels
of 4.5 ng/mL, 4.9 ng/mL and 28.3 ng/mL, showing some consistency
with Midde-Europe data.

Consistent experimental evidence suggests that PFAS may affect VitD
signalling in vitro (Azhagiya Singam et al., 2023; Di Nisio et al., 2020a,
b), but epidemiological evidence is scarce. The largest study to date
investigating the association between serum levels of a panel of PFAS,
composed by PFOA, PFOS, PFHxS, and PFNA, and vitamin D has found
the associations of two PFASs with total serum 250H-VitD levels in a
nationally representative sample of 7040 subjects from the United
States. In particular, higher serum PFOS concentrations were
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monotonically associated with lower 250H-VitD levels, whereas PFHxS
was associated with higher 250H-VitD levels (Etzel et al., 2019).
Interestingly, stronger associations were observed in particular de-
mographic subpopulations, such as in elder individuals (>60 years of
age) and in non-Hispanic Caucasian subjects. However, different from
our findings, serum PFOA or PFNA was not associated with 25(OH)-VitD
concentrations. In a second study on a smaller cohort of 442 healthy
pregnant African American women, evaluating serum levels of a larger
panel of PFASs including PFHxS, PFOS, PFOA, PFNA, PFPeA, PFDA,
PFUnDA, and NMeFOSAAD, positive associations of 250H-VitD levels
with PFHxS and PFOS were reported (Chang et al., 2021). Interestingly,
in the latter, sensitivity analyses involving the adjustment for fish and
VitD supplementation, did significantly change the associations.
Consistent with these studies, we found a marginally positive association
between PFOS and 250H-VitD in the whole sample, which was not
confirmed at subgroup analyses after exclusion of subjects receiving oral
VitD supplementation. The EDF in the VitD model for PFOA and PFOS,
respectively, equal to 5.65 and 3.02, indicate a non-linear relationship.
Positive PFAS association with 250H-VitD concentrations may be un-
expected, given the majority of environmental pollutants showing in-
verse associations with VitD metabolism, such as BPA, phthalates (Johns
et al.,, 2016), polychlorinated biphenyl (Morales et al., 2013) and
organochlorine pesticides (Yang et al., 2012). A possible explanation of
these associations could rely on compensatory mechanisms due to
competitive binding of VitD to its receptor and in turn the reduced re-
ceptor signalling may reduce the activation of VDR-responsive genes
causing a functional hypovitaminosis D, despite normal or even
increased VitD levels (Di Nisio et al., 2020a,b). Indeed, a compensatory
increase of PTH was observed in a small population of young men from
the same polluted area of Italy of our study (Di Nisio et al., 2020a,b).

The homeostasis of 250H-VitD is tightly regulated through feed-
backs involving PTH and calcium, suggesting the possible role of PFASs
in modifying 250H-VitD levels through the interaction with these me-
tabolites (Christakos et al., 2010; Di Nisio et al., 2022; Johns et al.,
2017b). To this end, we aimed to evaluate calcium metabolism by
assessing plasma PTH and serum calcium content. We observed a
consistent positive association of PFOA, PFOS and PFHxS, the three
major PFASs detected in >90% of subjects, with calcium levels, with no
involvement of PTH, which was confirmed also in sensitivity analyses.
This result is consistent with that from a large cross-sectional study,
which reported a small but significant increase of calcium levels with
increased PFOA, PFOS, PFDA, PFHxS, and PFNA levels (Cakmak et al.,
2022). Interestingly, authors suggested the role of PFOA endocrine
disruption of thyroid function, which in turn affects serum calcium. This
observation may be important given that even subclinical hyperthy-
roidism is associated with osteoporosis and an increased risk of bone
fractures (Blum et al., 2015). However, this hypothesis requires further
investigation and other mechanisms could explain the reported associ-
ation of PFOA with calcium. For example, a possible interference of
PFASs on PTH receptor has been reported (Galloway et al., 2015), which
could have an indirect effect on intracellular calcium levels by interac-
tion with calmodulin 1, mediating intracellular interactions between
calcium and downstream targets, without modifying circulating PTH
levels (Chin and Means, 2000). Alternatively, increased levels of serum
calcium might be the result of a direct effect of PFASs on bone osteo-
clasts. Indeed, a general tropism of these compounds for hydroxyapatite
has been documented by several authors, resulting in variable, though
specific, PFAS accumulation in bone tissue [Koskela et al., 2016; Yang
et al., 2025]. Among the functional consequences associated with this
evidence, an increased osteoclast activity and bone resorption has been
described by in vitro approaches upon PFOA exposure [Koskela et al.,
2016, 2017]. Despite this model requiring further confirm, the increased
osteoclast activity could justify the higher prevalence of both bone de-
rangements and increased calcium levels associated with PFAS
exposure.

Limitations of this study are related to the cross-sectional study
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design and lack of complete biochemical data to better elucidate
phospho-calcium metabolism, such as urinary calcium and phosphorus
levels, and the possible involvement of other branches of its tight
regulation (Rana et al., 2022). In addition, given the large correlation
between VitD status and nutritional/lifestyle habits, we decided to
exclude socio-economic status descriptors and ethnic characterization of
study participants as possible confounders. Finally, serum albumin is
recognized as a major binding protein for both calcium and PFASs
(Erstad, 2021; Maso et al., 2021; Moro et al., 2022). On this base, the
analysis of sex-stratified adjustments of calcium would have benefit
from the evaluation of serum albumin to disclose possible multiple
equilibrium influencing the correlation between serum PFAS concen-
trations and serum calcium. Unfortunately, serum albumin dosing was
beyond the aims of the present study and we acknowledge that as a
major drawback. Nonetheless, this study shows that in a large popula-
tion of subjects exposed to high doses of PFASs through drinking water
contamination lasting more than 30 years, PFASs may interfere with the
phospho-calcium balance, independent of lifestyle and dietary factors.
Although typically exposure to PFASs in the general population is
mainly due to daily contact with consumer products, diet and/or
occupational settings, it’s not surprising that in our study these factors
do not interfere with PFAS associations in our results. The study popu-
lation herein considered represents a very specific case with long-lasting
PFAS exposure form a single-source and highly-polluted underground
water basin, leading to much higher serum PFAS levels in the residents,
and specifically PFOA, PFOA and PFHxS, compared to the general
population, and therefore probably reducing the magnitude effect of
daily sources of PFAS exposure. Future studies are necessary to better
elucidate the mechanisms of PFAS interference on calcium homeostasis
in order to address the clinical and public health relevance of these
findings.
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