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ABSTRACT

Per- and polyfluoroalkyl substances (PFAS) are persistent contaminants of global concern, with food and drinking water representing major exposure pathways.
Despite the regional relevance of wine as an agricultural product, the relationship between PFAS occurrence in wine and natural waters has been scarcely inves-
tigated. This study assessed the presence and composition of PFAS in wines produced within and around a highly contaminated area in Italy, examined their
relationship with PFAS in groundwater, and considered the potential implications for human exposure. Seventy-six wines were analysed by UPLC-MS/MS. At least
one PFAS was quantified in seventy-three wines. Short-chain PFAS dominated the contamination profiles, with PFBA (perfluorobutanoic acid) quantified in 93.5% of
samples (median concentration: 196 ng/L, maximum: 18,067 ng/L), followed by PFPeA and PFBS (quantified in 61.5%, and 51.3% of samples, respectively). Higher
PFBA concentrations were associated with wines from production areas overlapping the contamination plume (p = 0.009). PFBA was highly correlated with the other
most quantified PFAS in wine (PFPeA, PFBS, and PFHxA). In contrast to groundwater, long-chain PFAS were rarely detected in wine (<10%). Regression analysis
revealed a significant positive association between PFBA concentrations in wine and the nearest groundwater point for vineyards within 75 m of the aquifer (+0.48%
in PFBA concentration in wine for each +1% PFBA in groundwater, p = 0.001), suggesting spatially mediated transfer from contaminated groundwater, and
identifying PFBA as molecular marker of PFAS contamination. Estimated dietary intakes indicated exceedance of the EFSA tolerable weekly intake for 1 wine under
the highest consumption scenarios, and for 3-8 wines when relative potency factors were applied. For 3 wines, the estimated daily intake of specific PFAS exceeded
the corresponding oral reference doses. These findings indicate that, in PFAS-contaminated areas, wine may act both as a bioindicator of groundwater contamination

and as a potentially relevant dietary exposure pathway.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a class of highly
fluorinated chemicals of global concern because of their high environ-
mental persistence and ubiquitous diffusion (Evich et al., 2022), bio-
accumulation potential (Cheng et al., 2021), and negative health effects
(Fenton et al., 2021). Contaminated food and water are considered the
primary exposure pathways for humans (Sunderland et al., 2019), and
PFAS occurrence has been documented in wild and farmed animal and
plant species as well as in food products (Bonato et al., 2025; EFSA
Contam Panel et al., 2020).

PFAS-contaminated hotspots relative to natural and drinking waters
are particularly critical in terms of exposure. One of the most relevant
PFAS contamination events at the global level occurred in North-East
Italy (Veneto Region). A fluorochemical manufacturing facility was
identified as the main contributor for the decades-long release of fluo-
rinated organic monomers and the improper disposal of PFAS

* Corresponding author.
E-mail address: marcom@unive.it (A. Marcomini).

https://doi.org/10.1016/j.envpol.2026.128482

contaminated industrial waste, which caused groundwater (GW), sur-
face water (SW), and drinking water (DW) contamination over an area of
approximately 190 km? and impacting more than 100,000 residents,
mainly through the ingestion of tap water (Ingelido et al., 2018; Lava
et al., 2021; Pitter et al., 2020a). According to the Environmental Pro-
tection Agency of the Veneto Region (ARPAV, 2025), the contamination
was primarily attributed to perfluoroalkyl acids (PFAA), specifically
perfluorocarboxylic and perfluorosulfonic acids (PFCA and PFSA) with
perfluoroalkyl carbon-chain length >3. Following the discovery of the
contamination in 2013 (Ingelido et al., 2020), the Regional Authorities
implemented containment measures (e.g., installation of activated car-
bon filters in water treatment plants and exploitation of uncontaminated
aquifers), to limit DW pollution. Nevertheless, GW and SW contamina-
tion persists (ARPAV, 2025). Monitoring and surveillance of the exposed
populations revealed significantly higher serum PFAS levels among
residents of the contaminated area compared to controls, with evidence
linking exposure to adverse health outcomes and highlighting multiple
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exposure pathways, including contaminated water and possibly locally
produced food and beverages (Biggeri et al., 2024; Girardi and Merler,
2019; Ingelido et al., 2018; Pitter et al., 2020a, 2020b). Because of the
widespread use of SW and GW for agricultural purposes, the monitoring
of food and beverages produced and grown within the contaminated
area was set up by authorities (Gallocchio et al., 2022; Ingelido et al.,
2018; Zamboni et al., 2021).

PFAS in soil and water can be taken up by plants and transferred in
edible tissues (Blaine et al., 2014; Ghisi et al., 2019; Wen et al., 2014;
Zhang et al., 2020). Consequently, assessing PFAS occurrence in the
vegetal matrix as well as in plant-derived food products can provide
crucial insights into their transfer potential within terrestrial food webs,
local contamination profiles, and support long-term exposure
assessments.

Wine is derived from the fruits of the grapevine (Vitis spp.), a
perennial woody crop managed through annual pruning and canopy
control. The vineyards are commonly irrigated via drip irrigation in the
root area (Chaves et al., 2010; Pisciotta et al., 2018) using water from
sources such as GW aquifers, as grapevines may require substantial
irrigation inputs during dry periods (Miras-Avalos et al., 2021). The
grapevine may accumulate and translocate pollutants like metals and
biocides through irrigation water, atmospheric deposition, or contami-
nated soils towards roots, vine canes, grapes (Chopin et al., 2008;
Dorosh et al., 2021; Dumitriu et al., 2021; Liviz et al., 2025; Schusterova
et al., 2021).

Recently, PFAS have been quantified in grapes and in wine
(Affricano et al., 2026; Burtscher-Schaden et al., 2025; Freeling and Mira
de Orduna Heidinger, 2025; Li et al., 2019; Van Leeuw et al., 2024),
revealing their potential role as a dietary source and environmental
exposure indicators of PFAS. For example, wine and beer consumption
was positively associated with increased levels of PFAS in blood serum
of Spanish consumers (Bartolomé et al., 2017). However, excluding
ultra-short-chain PFAS, the currently available literature on PFAS
occurrence in such matrices remains very limited.

Among agricultural products, wine has a strong economic relevance
in the Veneto Region. In the sole province of Vicenza, approx. 100,000
tons of wine grapes (around 25% of the total agricultural production)
were produced in 2019 (Vicenza Province, 2019).

In the Veneto Region, GW is broadly used for civil, industrial and
agricultural purposes (Palma et al., 2023; Schiavo, 2024), as is the GW
aquifer underlying the Vicenza province (Altissimo et al., 2014).

Extraction wells are spread all over the resurgences area of the
Veneto Region (ARPAV, 2022), and it is known that private artesian
wells are widely present in the contaminated area (Veneto Region,
2019), but most of them are not officially registered and their use for
agricultural purposes cannot be ruled out (Pitter et al., 2020a), despite
the restrictions on their use by local and regional authorities.

Despite this, the occurrence of PFAS in wines produced in the
contaminated area has not yet been systematically assessed, nor has the
relationship between PFAS concentrations in wine and underlying
groundwater contamination been explored.

In order to determine whether wine can act as a bioindicator of
environmental contamination linked to the use of contaminated water,
and to identify which PFAS compounds may serve as reliable molecular
markers (Dorosh et al., 2021; Zhang et al., 2020), the aims of this study
were: 1) to assess the occurrence and profile of PFAS in wines produced
from grapes grown within and around the contaminated area; 2) to
investigate the relationship between the occurrence of PFAS in wines
and in GW used for irrigation; and 3) to determine if wine consumption
may represent a relevant exposure pathway for humans in this setting.
To this end, we analysed 76 wine samples collected within and around
the areas with the highest human exposure (the Red and Orange Areas,
see section 2.1), compared the PFAS profile in wine with GW data from
the regional monitoring network, and estimated dietary exposure under
different wine consumption scenarios.
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2. Study area, materials, methods, and data treatment
2.1. Study area

The contaminated area is located in between the Provinces of Vice-
nza, Verona, and Padua of the Veneto Region (Fig. 1A). The GW
contamination plume as defined by ARPAV (Fig. 1A-B), originates
halfway through the Agno Valley (Municipality of Trissino), extending
towards Vicenza municipality to the East, and Montagnana municipality
to the south, with the upper half running between the Lessini Mountains
and the Berici Hills (Fig. 1B). Fig. S1 reports on hydrogeological aspects
that are relevant to the contamination. Further details are reported
elsewhere (Lava et al., 2021). Since 2013, several measures have been
undertaken to assess the extent of the contamination and limit the
exposure of the local population to PFAS. ARPAV set up a surveillance
network (nowadays encompassing 53 sampling points) to define the
extent of GW contamination (ARPAV, 2024). The municipalities within
the impacted area were grouped in the so-called Red and Orange areas
(Menegatto et al., 2023), which are based on the exposure levels of PFAS
in surface water, groundwater, private wells and public drinking water
(Ingelido et al., 2020, 2018). The red area encompasses 23 municipal-
ities and parts of 7 additional municipalities, while the orange area
encompasses sub-areas of additional twelve municipalities (Veneto
Region, 2018) (Fig. 1C). Table S1 details all the municipalities involved.

Winemaking represents a relevant agricultural activity in the area
under study, with an approximate production area of 9000 ha (about
14% of the total agricultural surface) vineyards among all the munici-
palities involved (totally or partially) in 2020 according to the Italian
National Institute of Statistics (ISTAT, 2020).

2.2. Wine denominations and origin

The selection of the wines was based primarily on their geographical
denomination/labelling, such as DOC and IGT denominations.

DOC (Denominagzione di Origine Controllata) and IGT (Indicazione
Geografica Tipica) are official Italian wine denominations corresponding,
respectively, to the EU Protected Designation of Origin (PDO) and
Protected Geographical Indication (PGI) schemes (European Parliament
and Council of the European Union, 2013, 2024). DOC wines must be
produced from grapes originating exclusively from the delimited
geographical area and are subject to strict rules concerning - among
others - maximum yield per hectare, allowed grape varieties, wine-
making techniques, aging duration, alcohol content. Therefore, the
acquisition of local DOC wines was privileged. Areas of the DOCs rele-
vant to this study are reported in Fig. 1D, except for the DOC “Delle
Venezie”, which covers the whole Veneto and Friuli-Venezia Giulia
Regions and the Trento Province. For IGT wines, at least 85% of the
grapes must originate from the designated area. Some of the wines
sampled were labelled as Veneto IGT, i.e. the grapes must come mainly
from anywhere within the Veneto Region. For this reason, the Veneto
IGT area is not shown in Fig. 1D. Additional information on the wine
denomination system can be found in Table S2.

2.3. Sampling campaigns

A total of 76 wine bottles were bought between November 2023 (first
campaign) and October-November 2024 (second campaign). Other
relevant information on each wine (e.g., harvest year, denomination,
grape variety, wine colour) is reported in Tables S3 and 54.

In the first campaign, 17 wine bottles were purchased from 8 re-
sellers (wineries or supermarkets) located in the red or orange areas
and labelled as “W1” to “W17”. Of these wines, 71% are DOCs, 38% IGT
and 11% have no denomination. All the wines are still wines, except for
W10 and W13, which are sparkling wines. Red wines represent 59% of
the samples, while the harvest year is comprised between 2019 and
2023. The second campaign was aimed at collecting wines from locally
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Fig. 1. A) The Veneto Region. The GW contamination plume (in white) as defined by ARPAV (2018) overlaps the provinces of Verona (VR), Vicenza (VI), and Padua
(PD). The red dot represents the source of contamination; B) The contamination plume and the origin of the contamination with respect to the geological context and
the provincial borders (light green strokes); C) The municipalities of the Orange and Red Areas, and the estimated GW contamination plume; D) Geographical
extension of the DOCs in the study area. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

grown grapes by local winemakers and farmers, to geographically locate
the grapes (i.e., the wines) in the territory. A total of 59 bottles were
collected from 28 local winemakers and labelled from “1” to “59”. As a
result, a higher percentage of Veneto IGT wines (n = 26, 44%) was
sampled compared to the previous campaign, while the other wines
belonged to DOCs (n = 27, 46%) and a limited set of wines (n = 6, 10%)
didn't report any denomination. Red wines are the majority (n = 33,
56%) and the harvest year ranged between 2017 and 2023.

Based on the information collected in situ and on the winemakers’
websites, we were able to identify the vineyard location associated with
44 wines. One wine was bought twice (ID 11 and 42). Therefore, we
considered their average PFBA concentration in the spatial analysis,
resulting in 43 statistically distinct spatial units (or simply: 43 distinct
spatial units). Fig. 2 reports the masked location of the vineyards of the
georeferenced wines. A geo-masking procedure was applied to the
original coordinates by adding Gaussian noise with a standard deviation
of 0.02° on latitude and longitude coordinates (approximately 1.5-2.2
km). No vineyard locations were excluded after geo-masking, as all
perturbed coordinates remained within the study area and the original
coordinates were used for statistical analyses. The bottles were stored in
the dark at 5 °C until they were uncorked and analysed.

2.4. PFAS analysis

2.4.1. Chemicals and reagents

Standards and reference isotope-labelled standards were purchased
from Wellington Laboratories (Guelph, Ontario, Canada) as a mix of 30
standards (PFAC30PAR) and 19 isotope-labelled standards (MPFAC-
24ES), respectively. The native standard solution includes per-
fluorocarboxylates (C4-C14), perfluorosulfonates (C4-C10, linear and
branched), fluorotelomer sulfonates (4:2 FTS, 6:2 FTS, and 8:2 FTS)

FOSA, N-MeFOSAA, N-EtFOSAA, HFPO-DA, (N)ADONA, 9CI-PF30NS,
and 11CI-PF30UdS. The list of labelled internal standards is provided
in Table S7; 1000 ng/mL and 160 ng/mL stock solutions for the quan-
titative analysis were prepared from PFAC30PAR and MPFAC-24ES,
respectively. Formic acid, ammonium acetate, and LC-MS grade sol-
vents (ultrapure water, acetonitrile, and methanol) were purchased
from Merck Chemicals (Darmstadt, Germany).

2.4.2. Sample preparation

After gentle shaking, the wines were uncorked, and 10 mL of each
wine was transferred to a polypropylene conical tube and vortexed to
degas the sample. Subsequently, 300 pL of each sample was filtered
through a 0.2 pm regenerated cellulose Claristep® filter (Gottingen,
Germany). An aliquot (30 pL) of each sample was transferred into a
polypropylene vial and diluted 1:10 with a 4:1 v/v HyO:MeOH + 0.1%
formic acid solution, reaching a final volume of 300 pL. After addition of
20 pL of a 160 ng/L IS solution, 50 pL of each sample was used for the
analysis. Each sample (i.e. each 10 mL aliquot) was analysed in triplicate
and kept at 10 °C during the instrumental analysis. Replicate measure-
ments showed a variability of 10-15%.

2.4.3. Instrumental analysis

Samples were analysed via direct injection into an Ultra Performance
Liquid Chromatography Triple Quadrupole Mass Spectrometry (UPLC-
TQ/MS) system.

An Acquity Premier liquid chromatography system (Waters™) was
used. The chromatographic separation was achieved using a BEH C18
1.7 pm 2.1 x 50 mm column at 35 °C, with a flow rate of 0.3 mL/min.
Ultrapure water (UPW) and a 1:1 MeOH:AcCN, both containing 2 mM
ammonium formate, were used as elution solvents. The chromato-
graphic gradient elution program is reported in Table S5. The mass
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Fig. 2. Geo-masked location of the geolocalized vineyards and the related
wines collected in the second campaign (green dots). The red contour indicates
the GW contamination plume. The light blue area represents the aquifer basin.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

spectrometry analysis was performed by using an Xevo TQ Absolute
spectrometer developed by Waters™ (Milford, MA, USA). Instrumental
operative settings were as follows: ESI source temperature of 100 °C,
desolvation temperature of 350 °C, desolvation flow rate of 900 L/h, and
gas cone of 150 L/h. The spectrometer operated in negative ionization
mode. The operative conditions of the mass spectrometer, including
precursor and product ions of the analytes, retention time, cone voltage,
and collision energy, are reported in Table S6.

Peak areas were integrated using the summation peak integration
function, and quantification was performed using the 1/X weight type
function on internal standard calibration curves. Quantitation and data
processing were evaluated using the Waters Connect software (Milford,
MA, USA).

2.4.4. Method validation

The quantification of the analytes was carried out by means of a 7-
points external calibration curve (0.8-50 ng/L), correcting any instru-
mental drift with appropriate internal standards. Before performing the
analysis on the real samples, the method was validated by calculating
limit of detection (LOD), limit of quantification (LOQ), accuracy, and
reproducibility on a wine fortified with 5 ng/L (for LOD and LOQ
evaluation) and 10 ng/L (for accuracy and precision evaluation). The
validation data is reported in Table S8. Precision was considered optimal
if within +20% of the % RSD (relative standard deviation), while ac-
curacy was considered optimal if within +30% of the percent recovery.
LOD and LOQ were calculated according to the Eurachem guidelines
(Cantwell, 2025) from ten wine replicates fortified at 5 ng/L, using the
corrected standard deviation multiplied by 3 for LOD and by 10 for LOQ.
For some PFAS, although detectable at 5 ng/L, the response at this level
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was not sufficiently reliable for quantification because of matrix effects
and/or replicate variability; therefore, the final LOQ was set at a higher
concentration. Method recovery was additionally evaluated at two
fortification levels, yielding recoveries of 89-125% at 50 ng/L and
92-111% at 500 ng/L. The reported LOD and LOQ values have already
been multiplied by the dilution factor of 10. Linearity was assessed for
each analyte, and final linear ranges were determined by visual in-
spection and calculating the RSD of relative response factors (R > 0.99
and RSD <20%).

2.5. Statistical and geostatistical analysis

Data characteristics were summarized using frequencies and per-
centages for categorical variables and means with standard deviations
(SD) or medians with interquartile ranges (Q1-Q3) for continuous var-
iables. Group comparisons were conducted using Pearson's chi-squared
test for categorical variables, or Fisher's exact test when any expected
cell count was fewer than 10. For continuous variables, non-parametric
methods were applied: the Wilcoxon rank-sum test for comparisons
between two groups and the Kruskal-Wallis test for comparisons
involving more than two groups.

To predict PFBA concentrations in groundwater, a three-step geo-
statistical and regression-based approach was implemented (see Section
S1). First, point-level measurements of PFAS concentrations in ground-
water (GW) collected between 2017 and 2023, corresponding to the
harvest years of the selected wines, were retrieved from the ARPAV
database (ARPAV, 2025). Measurements within the study area (latitude
45.1°-45.8°; longitude 11.0°-11.9°) were used to generate a continuous
spatial prediction of PFBA concentrations through generalized additive
models and kriging procedures. Although robustness to alternative
spatial prediction methods was not formally evaluated, the adopted
approach was not a simple interpolation procedure, but a dedicated
three-stage model-based geostatistical framework specifically designed
for highly asymmetric, non-stationary, and left-censored spatial data.
This approach was selected a priori because it allowed spatial prediction
of PFBA concentrations in GW while appropriately accounting for het-
erogeneous sampling density, censoring below detection limits, and
residual spatial dependence. These predictions were then used to assign
PFBA concentration values to the GW points nearest to each vineyard
location (see Supplementary Section S1 for further details). Because
vineyards may be located either on plains, where GW is readily acces-
sible, or in hilly areas, where direct access to GW is limited, the mini-
mum Euclidean distance between each georeferenced vineyard and the
nearest GW basin point was calculated. Vineyards situated directly
above a GW basin were assigned a distance equal to zero. Then, to assess
the potential association between the PFBA concentration in wine and
the predicted concentration of the same PFAS in GW considering the
distance of the vineyard from the nearest GW source, we applied a
multiple linear regression model with an interaction term (equation (1)):

Y=0,+ X1 + Pl Xo <d)+pX1I(Xo <d) + ¢ (€D)]

where the outcome Y is the log-transformed concentration of PFBA
measured in the wine, X; the log-transformed predicted concentration of
PFBA in GW at the closest point, and I(X, < d) is a binary variable
structured by an indicator function I(.) equal to one if the minimum
distance between the vineyard and the GW is lower than d, and zero
otherwise. Lastly, o represents the intercept, while ¢ denotes the error
term, assumed to be a white noise and normally distributed. The value of
d was selected minimizing the Bayesian Information Criterion (BIC).
This model was used to assess the relationship between PFBA concen-
trations in wine and in GW, while accounting for the potential modifying
effect of vineyard distance from GW sources through an interaction
term. A significant interaction term would indicate that the strength of
the association between PFBA levels in GW and in wine varies according
to the vineyard's proximity to GW availability and the value d denotes
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the threshold. The model results were presented by means of regression
coefficients along with their 95% confidence intervals and associated p-
values. Statistical significance of the coefficients and hypothesis testing
was set to 5%. Statistical and geostatistical analyses were carried out via
R software 4.3, with the geoR and sp packages for spatial analysis.
Fig. 1A-D and S1B were prepared using QGIS version 3.34 with the
Google Satellite basemap layer.

2.6. Estimation of weekly PFAS intake by wine consumption and
comparison with health-based reference values

The Weekly Intake (WI) of PFAS was calculated for each wine and
compared to the Tolerable Weekly Intake (TWI) proposed by EFSA (4.4
ng/kg b.w., as sum of PFOA, PFOS, PFNA, and PFHxS) assuming a body
weight (BW) of 70 kg, by using the following equation (eq. (2)):

_ G*DI*7 days

EWI BW

()
where EWI (Estimated Weekly Intake) for each PFAS was calculated
based on the concentration of the selected PFAS in each wine (C;) and on
the daily intake of wine (DI) multiplied by 7.

Four different daily consumption scenarios were considered, i.e. the
consumption of 1, 2, 3, and 4 alcoholic units of wine (i.e., 125 to 500 mL
per day). According to the National Health Institute (ISS, Istituto
Superiore di Sanita), 1 alcoholic unit corresponds to approx. 12 g of pure
ethanol, or 125 mL of a 12% wine (or: wine at 12% alcohol) (ISS, 2022).

Relative potency factors (RPFs) are used to compare the toxicological
strength of a group of similar chemicals. They can help overcome the
difficulties and the pitfalls of assessing individual compounds, as sub-
stances like PFAS are usually found as mixtures in the environment and
in the biota. RPFs are approximately equivalent to the toxic equivalency
factors (TEFs) used to assess the toxicity of mixtures of dioxins and
dioxin-like compounds (Backhaus, 2023). Bil et al. derived RPFs for 23
PFAS on the basis of available literature data of existing subchronic oral
toxicity studies in male rats, taking absolute liver weight increase as an
endpoint (Bil et al., 2021). The same RPFs are currently applied in the
ongoing EU revision of PFAS water quality standards (EQS), where an
RPF-based sum of 24 PFAS expressed as PFOA-equivalents is used for
surface waters (Backhaus, 2023; Council of the European Union, 2026).
As an alternative approach, the EWIs were recalculated by first applying
RPFs to calculate PFOA-equivalent concentrations by multiplying the
concentration of each PFAS (C;) by the corresponding RPF of the
quantified (>LOQ) analytes (Table S11). Their sum was considered as
the PFOA-equivalent concentration as shown in equation (3):

PFOA.; = 2C; X RPF; 3

To further contextualize the potential health implications of PFAS
detected in wine, we compared the estimated daily intake (EDI) of each
PFAS with the oral reference dose (RfD) proposed by the U.S. Environ-
mental Protection Agency (EPA), if available. Table S12 reports avail-
able RfDs for noncancer chronic (C) and subchronic (SC) effects
proposed by U.S. EPA with respect to PFAS quantified in this study (see
Section 3). RfDs represent health-protective thresholds for non-cancer
adverse effects, derived from critical endpoints observed in experi-
mental or epidemiological studies, such as developmental toxicity, im-
mune suppression, hepatic alterations, or thyroid hormone disruption.
More in detail, an RfD represents estimates of a daily oral exposure to a
chemical that is likely to be without appreciable risk of adverse health
effects over a lifetime (IRIS glossary, 2025). For example, the RfD for
PFOA (3 x 1078 mg/kg bw/day) is based on reduced vaccine antibody
response in children, while that for PFBS (3 x 10~* mg/kg bw/day) is
based on decreased serum T4 levels in neonatal mice. Each RfD in-
corporates uncertainty factors to account for interspecies variability,
human sensitivity, and data limitations. By comparing the PFAS-specific
daily intake values (referred to the hypothetical consumption of each
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wine) with these health-based benchmarks, we aimed to identify
whether any consumption scenario may lead to doses approaching or
exceeding toxicologically relevant thresholds. For every quantified an-
alyte, the EDI was calculated according to equation (4), assuming a body
weight of 70 kg:

C;*DI

EDI = B ()]

3. Results

The evaluation of the results was based on the LOQ values that were
taken as operational cutoff to ensure a conservative estimation of total
PFAS occurrence and the geospatial and correlational analyses.

3.1. Occurrence of PFAS in wines

Table 1 summarizes the analytical results for the full set of 76 wines
(i.e., bottles collected in both campaigns), and the complete dataset is
provided in Table S9. Only PFAS that were both quantifiable and rele-
vant for the GW contamination, i.e. PFAA C4-C8 and HFPO-DA, are
reported and discussed. PFAS were detected (values > LOD) in 75 out of
76 wines, and at least one PFAS was quantified (values > LOQ) in 73 out
of 76 wines. Total PFAS concentration (values > LOQ) ranged between
10.1 and 21,810 ng/L (average and median value of 1088 and 232 ng/L,
respectively). In detail, 17 wines (22.4%) showed a total PFAS concen-
tration <99 ng/L, 42 wines (55.3%) ranged between 100 and 999 ng/L,
and 17 (22.4%) exceeded 1000 ng/L.

PFBA clearly dominates the PFAS profile, both in terms of quantifi-
cation frequency and concentration levels. It exceeded the limit of
quantification (LOQ) in approximately 94% of samples, with a
maximum concentration of 18,067 ng/L and a median value of 196 ng/
L. Other short-chain PFAA, namely PFPeA, PFHxA, and PFBS, were also
widely detected. PFPeA was quantified in 61.5% of the wines, generally
at lower concentrations than PFBA (median: 14.9 ng/L; maximum:
2750 ng/L). PFBS and PFHxA were quantified in 51.3% and 44.7% of
samples, respectively. Although their overall concentrations were lower
than those of PFBA and PFPeA, elevated values were observed in some
cases (maximum: 291 ng/L for PFBS and 676 ng/L for PFHxA). HFPO-
DA, PFOA, PFHpA, and PFHpS were quantified less frequently (<10%
of samples), though some wines exhibited relatively high concentrations
(maximum: 155 ng/L for PFOA and 105 ng/L for HFPO-DA). PFHxS and
PFOS did not exceed the LOQ in any of the samples analysed. Among the
georeferenced wines, samples 3, 4, 43 and 44 showed the highest overall
concentrations (1861- 8133 ng/L).

Table 2 shows the concentrations of the most frequently quantified
PFAS (PFBA, PFPeA, PFBS, and PFHXA - see Table 1) clustered by wine
denomination (DOC, Veneto IGT, and wines without denomination).
DOC wines were further categorized according to whether their pro-
duction areas partially overlapped the PFAS GW plume (“DOC inside
plume”) or not (“DOC outside plume”). Wines produced in DOC areas
partially overlapping the contamination plume (n = 29) showed
significantly higher concentrations of all selected PFAS compared with
DOC wines outside the plume, Veneto IGT wines, and wines without
denomination. Wines from DOC areas within the plume had a median
PFBA concentration of 539 ng/L, compared with 79.9 ng/L for DOCs
outside the plume, 80.3 ng/L for Veneto IGT wines, and 148 ng/L for
wines without denomination (Table 2; p = 0.009). Differences were
even more pronounced when considering mean concentrations by
denomination. A similar pattern was observed for PFPeA and PFHxA,
with higher median (and mean) concentrations in DOC wines produced
within the plume area compared with other denominations (p < 0.05).
PFBS represented the only exception: although DOC wines outside the
plume showed the lowest concentrations, the highest values were not
exclusively associated with DOC wines within the plume area.

As shown by the marked difference between the mean and the
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Table 1

Distribution of PFAS concentrations by analyte, including the % of measurements below the LOQ; N = number of samples.
PFAS N Min 5% 25% 50% 75% 95% Max %<LOQ
PFBA 76 <50 <50 89.7 196 793 5565 18,067 6.58
PFPeA 76 <11 <11 <11 14.9 71.6 679 2750 39.5
PFBS 76 <7 <7 <7 7.22 13.9 66.2 291 48.7
PFHxA 76 <5 <5 <5 <5 16.7 107 676 55.3
HFPO-DA 76 <18 <18 <18 <18 <18 26.2 105 94.4
PFOA 76 <20 <20 <20 <20 <20 <20 155 96.1
PFHpA 76 <11 <11 <11 <11 <11 <11 13 98.7
PFHpS 76 <44 <44 <44 <44 <44 <44 47.5 98.7
PFHxS 76 <8 <8 <8 <8 <8 <8 <8 100
PFPeS 76 <8 <8 <8 <8 <8 <8 <8 100
PFOS 76 <19 <19 <19 <19 <19 <19 <19 100

Table 2 The concentration profiles of the same analytes measured in GW
able

Summary statistics of the analysed PFAS with at least 40% of measurements
above the LOQ, clustered by wine denomination. Values below or equal the LOQ
were imputed as LOQ/+/2.

PFAS DOC DOC No Veneto p-
inside outside denomination IGT value’
plume plume N=38 N =29
N=29 N=10

PFBA 0.009

Mean 1613 227 (329) 511 (643) 576

(SD) (3542) (1303)
Median 539 79.7 (29.0, 80.3 (35.4, 148
(Min, (35.4, 1037) 1570) (51.6,
Max) 18,067) 6365)
PFPeA 0.025
Mean 226 (540)  24.0 58.2 (78.3) 82.4
(SD) (36.5) (266)
Median 56.2 (7.8, 7.8 (7.8, 12.5 (7.8, 204) 14.3 (7.8,
(Min, 2750) 122) 1415)
Max)
PFHxA 0.033
Mean 46.7 8.7 (10.1) 12.5(14.1) 17.6
(SD) (125) (50.9)
Median 13.8 (3.5, 3.5(.5, 5.3 (3.5, 39.3) 3.5(3.5,
(Min, 676) 31.8) 265)
Max)
PFBS 0.054
Mean 22.8 8.6 (3.97) 27.8 (35.7) 12.4
(SD) (52.3) (20.9)
Median 11.8 (4.9, 8.0 (4.9, 12.6 (4.9, 106) 4.9 (4.9,
(Min, 291) 14.0) 103)
Max)

! Kruskal-Wallis rank sum test.

median value, the distribution of the considered PFAS is highly skewed.
A correlation analysis was conducted to examine the relationships
among the same PFAS with the highest quantification frequency in wine
samples, after log transformation (Fig. 3). Because most analytes
exhibited a high proportion of <LOQ results, the analysis was restricted
to the four PFAS with the highest quantification frequency. The results
indicated several significant positive correlations between PFAS
compounds.

Notably, log-PFBA, log-PFHxA, and log-PFPeA showed a strong
positive pairwise correlations (Spearman's r > 0.75, p < 0.001). Mod-
erate correlations were observed between log-PFBA, log-PFHxA, and
log-PFPeA with log-PFBS (Spearman's r, p < 0.001).

3.2. Statistical and geostatistical analysis results

Under the hypothesis of the use of GW for agricultural irrigation, we
compared the PFAS concentration and composition in GW from the
ARPAV database (ARPAV, 2025) with those found in the analysed
wines. The ARPAV database constitutes an exceptionally large dataset
and includes approximately 5000 determinations per analyte over the
2017-2024 period (Table 3).

between 2017 and 2023 within the selected area (see Section 2.5)
indicate that PFOA, PFBA, and PFBS were the most abundant PFAS
(Table 3). In detail, PFOA showed the highest median and upper
percentile concentrations, followed by PFBA and PFBS. PFHxA and
PFPeA were quantified in most of the examined GW samples, and
notable concentrations of PFOS and PFHpA were also recorded. Overall,
the distribution and relative abundance of PFAS in GW differ markedly
from those observed in wine samples, where long-chain PFAS were
rarely quantified.

Fig. S2 reports the distribution of log-transformed PFAS compound
in the GW samples, the pairwise scatterplot and Spearman's correlation
with relative p-value. The pairwise scatterplot matrix reveals strong and
statistically significant positive associations among most of the log-
transformed PFAS compounds in GW. Short- and long-chain PFCA (e.
g., PFHxA, PFPeA, PFOA) and PFBS display very high correlations
(Spearman's r > 0.85-0.95; p < 0.001), consistent with a common
contamination source or pathway within the study area. PFOS and
PFHpA also exhibit moderate-to-strong correlations with several com-
pounds, although these associations are generally weaker than those
observed among the carboxylic acids. In contrast, HFPO-DA and PFHpS
show comparatively lower correlation coefficients with the other PFAS.
The density plots further indicate that the distributions remain right-
skewed even after log transformation.

Consistently with the results, PFBA emerged as the most informative
proxy of the site-specific PFAS contamination profile, combining major
occurrence in groundwater, strong correlation with the other PFAS in
groundwater, and the highest detection frequency and concentration
levels in wine. The three-step geostatistical model (see details in
Supplementary Section S1) allowed the estimation of the log-trans-
formed PFBA concentration in the area where the aquifer underlies,
which basically covers the plain part of the study area (see Figure S1.1).
Twelve vineyards are located on the plain part of the study area, while
the other 31 vineyards are located on a hilly area and they are located at
a variable distance from the aquifer (between 37 and 1490 m; average
519 m). The log-PFBA concentration in the wine significantly decreases
with the increasing distance of the related vineyards from the aquifer
based on the estimated log-PFBA value in the GW at the closest point to
the vineyard (Spearman's r: —0.468 p < 0.01), and at the same time the
correlation between the log-PFBA in the wine and in the closest GW
points is weakly positive, but not statistically significant (Fig. 4).

In order to choose the value of the distance from the GW that min-
imizes the BIC value, we estimated a series of models obtaining an es-
timate for d equal to 75 m. The results of the linear regression analysis
are reported in Table S10. The interaction term (p3 = 0.44, 95% CI: 0.18
to 0.70) is positively and highly statistically significant (p = 0.001),
indicating that the log-PFBA concentration in wines from vineyards
within 75 m from the GW positively correlates with the log-PFBA con-
centration estimated at the closest GW point. Based on the regression
coefficient, a 1% increase in PFBA concentration in GW corresponds to
an estimated 0.48% increase in PFBA concentration in wine. Fig. 5
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Fig. 3. Distribution of log-transformed PFAS compound in the wines, pairwise scatterplot and Spearman's correlation with relative p-value (*p < 0.05, **p < 0.01,

*#%p < 0.001). Values below or equal the LOQ were imputed as LOQ/+/2.

Table 3

PFAS concentrations (ng/L) in groundwater samples; N = number of samples.
PFAS N Min 5% 25% 50% 75% 95% Max %<LOQ
PFBA 4937 <5 <5 <5 20 125 1210 11,900 36.3
PFOA 4937 <4 <10 <10 21 253 2803 32,523 36.6
PFBS 4933 <2 <5 <5 15 90 663 9315 37.1
PFHxA 4937 <2 <5 <5 9 51 536 7230 43.0
PFPeA 4936 <5 <5 <5 7 50 541 7540 45.6
PFOS 4935 <4 <10 <10 <10 27 140 1901 57.3
PFHpA 4937 <2 <5 <5 <5 13 144 3540 57.9
PFHxS 4936 <2 <5 <5 <5 8 39 443 68.7
HFPO-DA 3997 <2 <2 <5 <5 <25 12 6461 93.6
PFHpS 4017 <2 <2 <5 <5 <10 <25 98 96.2

illustrates the estimated relationship between log-transformed PFBA
concentrations in wine and the corresponding predicted log-PFBA con-
centrations in GW, accounting for the distance between each vineyard
and the nearest GW point. For vineyards located within 75 m of GW,
PFBA concentrations in GW are positively associated with those
measured in wine (blue line). In contrast, this association is weaker and
not statistically significant for vineyards located farther from GW (red
line). Although the regression model includes only two main predictors
and their interaction term, it explains a substantial proportion of the
variance (65.2%), highlighting the strong spatial and environmental
influence of GW contamination, modulated by vineyard proximity to
GW, on PFBA accumulation in wine. The model residuals approximate
the normal distribution and fitting appears adequate (Fig. S3).

3.3. Estimation of weekly PFAS intake from wine consumption

As far as the EFSA TWI is concerned, PFNA, PFOS and PFHxS were
not quantified, and only PFOA contributed to the calculated WI. Only for
three wines (samples 43, 44, W8) concentrations of one or more of the
four PFAS included in the EFSA TWI were quantified, resulting in a WI >
0. Table 4 summarizes the number of wines exceeding the considered
health-based benchmarks under each consumption scenario, including
the EFSA TWI approach, the RPF-adjusted approach, and the compound-
specific RfD.

The TWI (EFSA Contam Panel et al., 2020) was exceeded only for one
wine (sample 43) under the hypothesis of consumption of 375 or 500
mL/day (corresponding to 5.8 and 7.8 ng/kg b.w., respectively), while
WIs of the other 2 wines resulted in a total intake far below the reference

threshold (1.1 - 1.3 ng/kg b.w.) under the 500 mL/day scenario. The
exceedance is mainly attributable to the presence of PFOA in that spe-
cific wine (155 ng/L).

When applying PFOA-equivalent RPFs as described in section 2.6,
the potency-adjusted TWI benchmark was exceeded for 3, 5, 6, and 8
wines in the 125 to 500 mL consumption scenarios, respectively.

The U.S. EPA carried out comprehensive evaluations to derive RfDs
of selected PFAS, including PFBA, although evidence from animal
studies (mammals) was necessarily integrated to epidemiological evi-
dence to provide sufficient insight into potential effects on the thyroid,
liver, reproductive system, or developmental effects (U.S. EPA, 2022).
RfDs for PFOA and PFOS are based on human epidemiological studies,
hence the higher confidence level with respect to the other compounds
(Table S12). Although no explicit confidence level was assigned, the U.S.
EPA RfDs for HFPO-DA is based on robust animal studies, and the main
study from which chronic and sub-chronic RfDs were derived was
classified as “high quality” (U.S. EPA, 2021). According to the estimated
daily intakes and under the same consumption scenarios, none of the
detected PFAS exceeded their respective reference doses (RfDs), with the
exception of PFOA. In detail, wines W8, 43 and 44 were associated with
PFOA intake levels exceeding its RfD across all consumption scenarios.
Notably, under the lowest consumption scenario (125 mL/day), the
estimated daily intake for these wines were 4.7 x 105, 2.8 x 107 and
4.0 x 10”8 mg/kg/day (i.e., 1.6, 9.3 and 1.3 times higher than the RfD),
respectively, while under the highest consumption scenario (500
mL/day), the associated EDI were 1.9 x 1077, 1.1 x 10°% and 1.6 x
107 mg/kg/day (i.e., 6.3, 37 and 5.4 times higher than the RfD),
respectively.
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Fig. 4. Distribution of log-transformed PFBA concentrations in wines, distance of vineyards from groundwater (GW), and log-transformed predicted PFBA con-
centrations at the closest GW point, together with pairwise scatterplots and Spearman's correlation coefficients. Values below or equal to the LOQ were imputed as

LOQ/ /2.
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Fig. 5. Predicted log-PFBA concentration in the wine in relationship to log-
PFBA closest GW point and the distance from the GW. Shaded regions repre-
sent pointwise 95% confidence band.

4. Discussion
4.1. Occurrence of PFAS in wine

To date and to the authors’ knowledge, this is the first peer-reviewed
study to systematically assess the concentration of a broad set of PFAS in
wine from a contaminated area, and to explore the relationship between
the occurrence of PFAS in wine and underlying GW.

All the analytes quantified in the wine samples were produced by the
company responsible for the contamination. Among them, PFOA and
PFOS were the PFAS produced over the longest time span (end of 60s-
2013), whereas the perfluoroether carboxylic acid HFPO-DA (a novel
substitute for PFOA) was more recently introduced and processed (2014-
2018) (ARPAV, 2019; Italian Parliamentary Commission of Inquiry,
2022). The presence of this compound in the GW of the contaminated
area has been confirmed by ARPAYV starting from 2018 (ARPAV, 2025;

Table 4
Summary of exceedances of health-based benchmarks across the four hypo-
thetical wine consumption scenarios.

Benchmark N° of samples exceeding benchmark  Samples ID exceeding
for each consumption scenario threshold
125 250 375 500
mL mL mL mL

EFSA TWI 0 0 1 1 43

EFSA TWI (RPF- 3 5 6 8 W8, W9, 3, 4, 29, 30,

adjusted) 43, 44
RfD 3 3 3 3 WS, 43, 44

2019). Despite being more recently introduced, HFPO-DA was detected
in 4 out of 59 wines analysed.

Only a few studies reported the presence of C > 3 PFAS in grapes or
wine. Van Leeuw et al. (2024) investigated PFAS occurrence in different
food products from the Belgian market and reported PFBA concentra-
tions of 62-130 ng/L in three wine samples. Li et al. (2019) examined
PFAS occurrence in different matrices collected downstream of a fluo-
rochemical industrial park. Among the analysed food items, grapes
contained eight detected PFAS (XgPFAS = 2.2 ng/g ww, n = 16), with
main contributions of PFBA (~50%), followed by PFOA and PFPeS.
Assuming a grape-to-wine conversion of 1.0-2.5 kg/L (Tsalidis et al.,
2022) and 100% transfer to wine, this would correspond to a PFBA
concentration of approx. 1100-2750 ng/L in wine. Despite the rough
extrapolation, these values are broadly consistent with the
background-to-upper range of concentrations observed in the wines
analysed in the present study.

Upon literature research, it emerged that no peer-reviewed study has
explored the relationship between the properties of specific PFAAs and
the underlying bioaccumulation mechanisms in Vitis vinifera L. or other
grapevine species. Nevertheless, the predominance of short-chain PFAS
in the analysed wines is consistent with the broader literature on plant
uptake, which generally reports greater mobility and transfer of short-
chain PFAAs to aboveground plant compartments, whereas longer-
chain compounds tend to be more strongly retained in soils and roots
(Ghisi et al., 2019; Felizeter et al., 2014, 2012; Lesmeister et al., 2021;
Zhang et al., 2020). The same literature also indicates generally lower
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transfer of PFSAs than the corresponding carboxylic acids of similar
chain length (Lesmeister et al., 2021).

Among on-field research, two studies are particularly valuable for
interpreting our findings. Gredelj et al. (2020) investigated the uptake of
PFAAs in red chicory using both irrigation water and soil enriched with
PFAS to reach concentrations comparable to those measured in the
PFAS-contaminated areas of the Veneto Region. They observed a clear
chain-length-dependent accumulation pattern, with PFBA, PFPeA,
PFHxA, and PFBS occurring at comparatively high levels in edible tis-
sues. Similarly, Battisti et al. (2024) reported that grafted tomato plants
cultivated in the same PFAS-affected area investigated here and irri-
gated with contaminated GW showed preferential occurrence of
short-chain carboxylic acids such as PFBA, PFPeA, and PFHXA in fruits,
whereas longer-chain PFAS and sulfonates were much less represented
in the edible fraction. Both studies also highlighted the role of the soil as
a barrier for the bioavailability of long-chain PFAS, as these compounds
were often detected in the soil but not in the plant tissues.

Overall, these studies provide a useful context for interpreting the
PFAS concentration patterns observed in wine vs GW: the decrease of
plant uptake efficiency with increasing carbon chain length suggests a
plant-mediated fractionation during transfer and, relatively, the
enrichment and accumulation of highly mobile short-chain PFAS in
grape-derived products. However, since no soil or grapevine tissues
were analysed here, the current dataset does not allow direct assessment
of the intermediate processes governing PFAS transfer from ground-
water to the final wine matrix.

The strong positive correlations observed among most PFAS in GW
indicate a common contamination source or shared transport pathway
within the aquifer. Such correlation structures are typical of point-
source industrial contamination, where multiple PFAS are co-released
in relatively stable compositional ratios (Hu et al., 2016; Sunderland
et al.,, 2019). The high correlation between PFOA and shorter-chain
carboxylates may reflect historical emissions combined with environ-
mental redistribution processes, including differential mobility along
GW flow paths.

By comparing the PFAS profiles of the samples, it emerges that wines
with PFBA concentration below 100 ng/L are either unlabelled, labelled
as 'Veneto IGT', or belong to DOCs located far from (Breganze DOC) or
not overlapping (Soave DOC) the contamination plume. Given that the
non-DOC denomination allows for the blending of grapes sourced from
different areas within the Veneto Region, the measured concentrations
of PFBA, regarded here as a possible marker of local PFAS contamination
in the grapes, may be influenced in both directions: diluted by the
addition of grapes from less impacted zones, or elevated by those orig-
inating from areas with higher contamination levels. Nevertheless, the
regression findings indicate that PFBA levels in wine increase both with
proximity to the contamination plume and with GW PFBA concentra-
tions, consistent with the use of GW for irrigation and winemaking in the
region. This confirms the potential of PFBA as a key environmental
marker for PFAS contamination, with geographic proximity to the
contaminated area acting as a primary driver of its transfer from GW to
wine. Notably, other PFAS detected in GW, such as PFOA, were not
transferred to wine to the same measurable extent as PFBA. However,
the positive association between PFBA in wine and GW suggests that
groundwater is effectively being used in the agricultural system. In this
context, PFBA in wine may act not only as a marker of direct transfer to
the final product, but also as an indicator of the broader upward
mobilization of the PFAS mixture present in GW, including compounds
that may be less efficiently transferred to grapes and wine but may still
accumulate in soils, biota, or other food matrices within the surrounding
agricultural environment.

4.2. Considerations on human exposure to PFAS by wine consumption

PFBA was by far the most frequently quantified analyte and occurred
at the highest concentrations, thus deserving particular consideration.
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Among PFCA homologues, it has gained increasing attention in the
context of the global-level shift toward short-chain PFAS that increased
its environmental relevance. Despite the significantly shorter serum
half-lives (Fenton et al., 2021), short-chain PFAS are considered very
persistent and very mobile substances, and experts proposed the
phasing-out of their non-essential uses (Cousins et al., 2020). Although
toxicological information is vastly limited to the long-chain PFAA
(Fenton et al., 2021), PFBA has been associated with adverse effects on
the biota, such as reproductive toxicity, endocrine disruption, and
hepatotoxicity (Crebelli et al., 2019; Ivantsova et al., 2024; Liu et al.,
2025; Sana et al., 2023; Weatherly et al., 2021; Zhang et al., 2025). In
the abovementioned toxicological review, the U.S. EPA concluded that
PFBA is likely associated with liver, thyroid, and developmental effects
in humans, while also concluding that the epidemiological data is
limited, often of low-confidence, and insufficient to inform on exposure
towards sensitive subpopulations or life stages (U.S. EPA, 2022). Recent
in-vitro evidence in human neuronal cells showed that PFBA induced
oxidative stress and metabolic disruption as possible mechanisms of
toxicity (Obiako et al., 2024).

4.2.1. Application of RPFs and RfDs

Even if a proper risk assessment should consider the general diet of
the exposed population, the results of this study indicate the possible
exceedance of health-based reference values (TWI) by solely drinking
wine for a very limited number of samples, overall suggesting that wine
may contribute non-negligibly to PFAS exposure under specific sce-
narios, depending on the benchmark applied.

At the same time, the use of RPFs and RfDs for PFAS remains subject
to scientific debate and methodological limitations, which should be
considered when interpreting the observed benchmark exceedances.

Concerning the RPFs proposed by Bil et al. (2021), some authors
(Backhaus, 2023; Rietjens et al., 2022) pointed out: i) the discrepancy
between the toxicological endpoints proposed and those used for other
reference thresholds (the TWI established by EFSA is derived from
immunotoxic effects in humans, and not hepatotoxicity); ii) the different
relative toxic potency of specific compounds with respect to different
endpoints (e.g. PFNA is reported to be 17-fold more toxic than PFHxS,
while EFSA's TWI assumes their equal potency); iii) the use of data from
studies conducted in different laboratories, with varying rat strains,
exposure durations, and administration routes (e.g. PFOA); iv) the high
sensitivity of the RPFs to modelling approaches. Nevertheless, subse-
quent work by the same authors (Bil et al., 2023) showed broadly
consistent and similar PFAS potency rankings for immunological end-
points (rat lymphoid organ weights). While further work is necessary
with regard to human relevance, their results support the use of RPFs as
a reasonable tool for estimating aggregate exposure to PFAS mixtures.

RfDs, and more generally health-based guidance values for PFAS,
have changed substantially in the last decade. This is particularly true
for the legacy compounds (PFOA, PFOS), for which the lowering of
safety doses is primarily driven by the increase of human epidemiolog-
ical data along with more precautionary regulatory approaches, there-
fore affecting the points of departure (PoDs) and uncertainty factors
(UFs) applied when calculating such thresholds (Dong et al., 2017).

For example, the medium-to-high confidence level of EPA's RfD for
PFOA (3 x 10~® mg/kg bw/day) is justified by robust human epide-
miological evidence (reduced antibody response in children), model-
based dose extrapolation, and robust uncertainty factors, whereas the
toxicological basis for PFBA is less consolidated. Alternative PFOA RfDs
(Burgoon et al., 2023) are substantially higher (1 x 107> to 7 x 107°
mg/kg-day), mainly because of differences in the selected critical
endpoint, the evidence base (human vs. animal data), and the uncer-
tainty factors applied. Overall, the EPA value is more precautionary, as it
prioritizes human epidemiological evidence and includes a 10-fold un-
certainty factor to account for human variability.
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4.2.2. Considerations on the exposure of the population to PFAS in wine

Exposure to PFAS through wine consumption may vary significantly
with respect to demographic characteristics and drinking habits.

National and regional ISTAT-based data (see Supplementary section
2) indicate that wine consumption is more prevalent among adults and
older individuals than among younger groups, in whom beer and alco-
holic aperitifs are more common, and that the Veneto Region shows
wine consumption levels above the national average, particularly among
males (ISTAT, 2024a; 2024b; Scafato et al., 2025). Overall, these data
suggest that wine-related PFAS exposure may be more relevant in spe-
cific subgroups, particularly males and older adults.

The estimation of the exposure of the local population to PFAS by
wine ingestion on the basis of national and regional data of wine con-
sumers is not possible, mainly because i) the non-stochastic sampling of
wines and ii) the weak assumption that local residents (of the Red and
Orange areas) coincide with consumers. The potential contribution of
wine consumption to PFAS exposure in the local population is supported
by previous epidemiological evidence from the same contaminated area.
Ingelido et al. (2018) reported a significant positive association between
serum PFAS concentrations and alcohol intake, particularly wine con-
sumption, in the contaminated area. After stratification by sex, the as-
sociation with beer and total alcohol intake lost statistical significance,
whereas the correlation with wine consumption remained significant,
although weaker and involving a reduced number of PFAS analytes.
Furthermore, Ingelido et al. (2020) reported significantly higher serum
concentrations of several PFAS among local farmers living in the
contaminated area, compared to the exposed and non-exposed general
population. Contaminated public drinking water remained the pre-
dominant source, while private well water and consumption of
self-produced food further contributed to internal exposure. This finding
underscores a specific risk for agricultural workers, whose dietary habits
may increase their exposure.

In the context of this work, this suggests that wine may represent a
non-negligible dietary exposure pathway in the studied area, and that
local winemakers, especially male subjects, may be more exposed to
PFAS ingestion by wine consumption than the local general population.

5. Conclusions

The monitoring of PFAS in local agricultural products is essential in
areas with a known contamination history. In this study, we provide the
first evidence of a PFAS contamination of wines produced in one of
Europe's most impacted PFAS settings. The contamination mainly in-
volves short-chain PFAS, especially PFBA. The different PFAA distribu-
tion profiles in groundwater and wines are consistent with a chain
length-dependent uptake and bioconcentration mechanism from
groundwater to roots and fruits, as suggested by available peer-reviewed
literature on PFAS uptake by vegetable species.

The geospatial data analysis on wines from georeferenced vineyards
highlighted a correlation between the occurrence levels of PFAS in wine
and in groundwater, confirming the possibility to trace the potential
environmental contamination by using wines as a bioindicator, although
with limitations. The statistical evidence supports the initial hypothesis
that contaminated groundwater contributed to the presence of PFAS in
wines. However, contributions of other sources, such as surface water,
cannot be ruled out.

Estimated weekly intakes of PFAS based on specific wine consump-
tion scenarios indicated how high consumers can ingest a dose of PFAS
higher than the EFSA-recommended TWI by solely drinking wine. The
exceedance is more pronounced when taking into account specific
relative potency factors. Moreover, under the hypothesis of daily con-
sumption of some wines, daily intake of specific compounds was higher
than recently proposed human health reference doses. These results
suggest that wine, as a widely consumed local agricultural product, may
represent a non-negligible pathway of human exposure to PFAS.
Attention should be given to health risks for specific population
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subgroups who may continue to experience higher exposure levels over
time.

These findings should nevertheless be interpreted cautiously, as
health-based benchmarks for short-chain PFAS such as PFBA remain less
established than those for legacy compounds such as PFOA and PFOS.

The results of this study call for both a more tailored investigation
and for the development of practical measures capable of protecting
human health as well as traditional agricultural activities that are
intertwined with territorial identity and economic interests. It would be
advisable to plan implementable solutions that allow the exploitation of
alternative, cost-effective treated water.
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