
Contents lists available at ScienceDirect

Environment International

journal homepage: www.elsevier.com/locate/envint

Serum concentrations of perfluorinated alkyl substances in farmers living in
areas affected by water contamination in the Veneto Region (Northern Italy)

Anna Maria Ingelidoa,⁎, Annalisa Abballea, Simonetta Gemmaa, Elena Dellattea, Nicola Iacovellaa,
Giovanna De Angelisa, Valentina Marraa, Francesca Russob, Marina Vazzolerc, Emanuela Testaia,
Elena De Felipa

a Istituto Superiore di Sanità, Dipartimento Ambiente e Salute, Viale Regina Elena 299, 00161 Roma, Italy
bDirezione Prevenzione, Sicurezza Alimentare e Veterinaria della Regione Veneto, Rio Novo – Dorsoduro 3493, 30123 Venezia, Italy
c Agenzia Regionale per la Prevenzione e Protezione Ambientale del Veneto, Via Ospedale Civile 24, 35121 Padova, Italy

A R T I C L E I N F O

Handling Editor: Lesa Aylward

A B S T R A C T

Human exposure to per- and polyfluorinated alkyl substances (PFASs) is a major public health concern because
in the last decades several cases of overexposure of people to PFASs, in particular through contaminated water,
occurred worldwide. In 2013–2017 a PFAS drinking water contamination was discovered and investigated in
northern Italy (Veneto region) and high PFAS serum levels were detected in exposed people. 629 subjects were
enrolled: 257 residing in municipalities in the areas under impact, 250 residing in municipalities in areas at
presumed background exposure and 122 farmers living in contaminated rural areas producing and consuming
own livestock and vegetables and frequently using well water. The highest PFAS serum concentrations (median
PFOA concentrations 40 ng/g) were found in the subgroup of farmers. The main factors influencing PFAS serum
levels of farmers were residence area and the related extent of drinking water contamination, gender, years of
residence in the municipalities, well water consumption and consumption of own produced food. PFOA serum
concentrations in farmers residing in the areas of the Veneto region impacted by PFAS contamination are among
the highest found worldwide.

1. Introduction

Per- and polyfluorinated alkyl substances (PFASs) are persistent
amphiphilic compounds with peculiar chemical and physical properties
that have made them suitable for various industrial and commercial
applications. Since 1950 they have been widely produced and used and
for decades they entered the environment, diffused in water, soil, biota
and also entered the food web. Currently humans worldwide are ex-
posed to PFASs and interest in these contaminants has been growing,
with particular regard to toxicity, human exposure and implications for
public health.

Although an increasing number of papers have been published in
the last years, the knowledge of the overall toxicological profile of
PFASs is still affected by many uncertainties, even for the most studied
ones, PFOS and PFOA. In experimental animal toxicity studies, the liver
was a target organ for PFOS and PFOA in rodents and both have de-
velopmental neurotoxicity potential (EFSA, 2018). However, animal
studies are not fully relevant, due to the differences in PFAS

toxicokinetic between rodents and humans; on the other hand, epide-
miological studies are sometimes inconsistent (Health Council of the
Netherlands, 2013; Bundesgesundheitsbl, 2016; US EPA, 2016a; US
EPA, 2016b; ATSDR, 2018; EFSA, 2018; Health Canada, 2018a, 2018b).
A number of human epidemiological studies provide strong support in a
weight of evidence approach for causal associations between exposure
to PFOS and PFOA and increased serum levels of cholesterol in adults
and support for a causal association between exposure to PFOA and
increased serum levels of the liver enzyme alanine transferase (EFSA,
2018). The association between PFOS exposure and the decrease in
antibody response at vaccination in children was considered by Eur-
opean Food Safety Authority (EFSA) as likely to be causal (EFSA, 2018),
while for other pathologic findings related to the impairment of human
immune system the causal relationship with PFAS exposure is still
under discussion (Chang et al, 2016; EFSA, 2018).

In the general population diet is the principal source of PFAS ex-
posure, including drinking water (ATSDR, 2018; EFSA, 2012, 2018; Hu
et al., 2016; Hurley et al., 2016). Drinking water exposure is a major
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public health concern because in the last decades several cases of
overexposure of people to PFASs through contaminated water occurred
worldwide (Emmett et al., 2006; Hoffman et al., 2011; Hölzer et al.,
2008; Jakobsson et al., 2014; Steenland et al., 2009; Vieira et al., 2008;
Ingelido et al., 2018). Indeed, the extensive production and use of
PFASs, in combination with their persistency and relatively high water
solubility, has resulted in a widespread contamination of the aquatic
environment that occasionally also involved drinking water.

We have previously described (Ingelido et al., 2018) an episode of
PFAS water contamination discovered in May 2013 in some areas of the
Veneto Region (northern Italy), mainly associated with the activity of
an industrial plant located in the area (WHO, 2017), which produced
PFASs by electrochemical fluorination for decades. After the discovery
of the contamination, the Environmental Protection Agency of the Ve-
neto Region started to analyze PFASs in surface water, groundwater and
drinking water (Regione del Veneto, 2015) and, together with other
regional authorities, to take a series of technical measures to limit
human exposure to PFASs (WHO, 2017). In particular, in July 2013 the
water-service companies installed activated carbon filters in the treat-
ment plants of the public drinking water distribution system. After the
filter installation PFAS concentrations in public drinking water of the
red area decreased considerably (PFOA decreased from about 0.32 to
0.22 μg/L, and PFOS from about 0.018 to 0.005 μg/L (Istituto Superiore
di Sanità and Regione del Veneto, 2017). In autumn, private wells were
mapped and most of the single municipalities were legally authorized to
oblige citizens to assess PFAS levels in their private wells, and to not use
well water in case of PFAS contamination. The Italian National Institute
for Health (Istituto Superiore di Sanità, ISS) provided scientific support
to the Veneto Region on dealing with the PFAS contamination to limit

population health risk. As part of these supporting activities the ISS
designed and conducted a human biomonitoring study in collaboration
with the Region and the Local Health Units (Unità Locali Socio-sani-
tarie, ULSSs) to assess the actual exposure to PFASs of citizens. The
main part of the study involved 507 subjects from the general popu-
lation and the study aims were to define the extent of exposure to PFASs
of people living in the contaminated areas with respect to a control
group of subjects living in neighboring areas not affected by water
contamination and to identify the main factors associated with PFAS
serum concentrations, exploring also the possibility of a potential as-
sociation with the presence of a polymorphic renal transporter. PFASs
are indeed good substrates of organic anion transporters (OATs) and
organic anion-transporting polypeptides (OATPs) in the luminal and
basolateral membranes of renal tubular epithelial cells, which are re-
sponsible for active transport in secretion and resorption (Andersen
et al., 2008; Harada et al., 2005). The transporters are under hormonal
control, show differences in expression levels and activity between
species and genders and are also polymorphic, possibly resulting in
interindividual difference in the elimination rate of substances (Seithel
et al, 2008).

Beside the enrollment of subjects from the general population
(consisting of 257 subjects residing in the impacted areas and 250 re-
siding in presumed background exposure areas), whose results have
already been published (Ingelido et al., 2018), a group of farmers was
also included. This latter subgroup consisted of individuals living in
contaminated rural areas considered at higher risk to be over-exposed
to PFASs since producing and consuming own livestock and vegetables,
as confirmed by results presented in this paper.

Fig. 1. PFAS exposure map (adapted from Regione del Veneto, 2017): the red area (maximum exposure area) comprises the municipalities where water con-
tamination involved public drinking water, private wells water, surface water and groundwater; the orange area comprises the municipalities where PFAS con-
tamination was detected in private wells water, surface water and groundwater while aqueducts were connected to clean water supplies; the yellow and green areas
comprise municipalities only slightly impacted by PFASs, where a monitoring programme was set up to better understand the extent of exposure.
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2. Materials and methods

2.1. Study design

The entire biomonitoring study involved 629 subjects (507 from
general population and a subgroup of 122 farmers) residing in selected
areas of the Veneto Region, affected and not affected by PFAS water
contamination. Affected areas, defined by the regional authorities on
the basis of the match between the results of this biomonitoring study
and those of the tests carried out on water, are described in Fig. 1. In the
figure, the PFAS contaminated groundwater plume is showed, together
with information on the exposure of people residing near the plume
(WHO, 2017; Regione del Veneto, 2018). Highly exposed subjects re-
sided in the red area, characterized by PFAS contamination of public
drinking water, well water, surface water and groundwater; moderately
exposed subjects resided in the orange area, where only well water,
surface water and groundwater were affected by pollution and no
contamination of the public drinking water had been identified (WHO,
2017). Although yellow and green areas were only slightly impacted by
PFAS pollution, a monitoring programme was set up to assess exposure
of subjects living in these areas. The 507 subjects from general popu-
lation comprised 257 residing in municipalities in the red and orange
areas (Fig. 1) impacted by water contamination (identified with “E” for
“Exposed” in the paper), and 250 residing in municipalities in areas at

presumed background exposure (identified with “NE” for “Not Ex-
posed”), as previously described (Ingelido et al., 2018).

The 122 farmers (identified with “EF” for “Exposed Farmers”) lived
in 17 municipalities in the red and orange areas, comprising all the
(seven) municipalities of residence of the E group. The 17 munici-
palities were under the territorial competence of five different ULSSs of
the Veneto Region: ULSSs 5, 6, 17, 21, 22 (at sampling time, lately ULSS
classification was modified). Water pollution and people exposure were
not homogenous in the five ULSSs: ULSS 6 was in the orange area while
the other ULSSs were in the red area.

Participants were selected in each area and stratified by gender and
age (age classes: 20–29, 30–39, and 40–51 years). Each subject had
resided in an area for at least 10 years. The additional selection criteria
for EF were to produce fruits or vegetables and/or to raise farm ani-
mals.

The genetic analysis was focused on the OATP1A2*3 allelic variant.
The transporter is expressed in the human kidney at the apical mem-
brane of the distal nephron (Lee et al., 2005; Roth et al., 2012). It
corresponds to the rat transporter Oatp1a1, which is expressed on the
apical membrane of the proximal tubule cells, where it has been shown
to transport PFOA from the urine back into the proximal tubule cells
facilitating renal reabsorption (Weaver et al., 2010). OATP1A2 was
shown in vitro not to be directly involved in the cellular uptake of
perfluorocarboxylates (Yang et al., 2010; Han et al., 2012). However,
the studied Single Nucleotide Polymorphism (SNP) has been shown to
have an altered activity with some substrates, when compared to the
wild type (Gong and Kim, 2013), likely due to a change in the affinity
for the substrates: this could occur also for PFASs, thus recognized as in
vivo substrates.

In this paper only results of the analysis of serum samples of the 122
EF are described, data from the other two groups (E and NE), reported
in Ingelido et al. 2018, were only considered as reference groups.

2.2. Sampling and analysis

The study was approved by the local ethical committees. Written
informed consent was obtained from each participant.

Sampling was performed by ULSSs 5, 6, 17, 21 and 22 personnel
between July 2015 and January 2017. Participants were randomly
chosen from ULSS registers on the basis of selection criteria and eligible
individuals were asked to take part in the study.

A blood sample of about 5 mL was withdrawn from each partici-
pant; 1 additional mL of blood was collected to genotype the population
for a polymorphic allele coding for the renal transporter OATP1A2,
with the aim of investigating if a particular genetic trait could be able to
influence internal exposure.

A questionnaire was administered by interview to all study parti-
cipants; self-reported information were about anthropometric and
socio-demographic characteristics, lifestyle, drinking-water consump-
tion, diet (with specific focus on consumption of own produced food),
and water use in agricultural and breeding practices.

Analyses were carried out at ISS: 9 perfluorocarboxylic acids (PFBA,
PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUdA, and PFDoA) and 3
perfluorosulfonates (PFBS, PFHxS, and PFOS) were determined in
serum samples. About 250 µL of serum were spiked with labelled in-
ternal standards, mixed with acetonitrile, centrifuged and reduced to
300 µL for instrumental analysis (Ingelido et al., 2018). Instrumental
analysis was carried out by HPLC (Waters Alliance 2695, Waters Cor-
poration, Milford, MA, USA) interfaced with a triple quadrupole mass
spectrometer (Micromass QuattromicroTM API, Waters Corporation,
Milford, MA, USA). The laboratory is accredited for the analysis of POPs
according to ISO/IEC 17025 and participate in the intercomparison
exercise organized by the Institut National de Santé Publique du
Québec, Centre de Toxicologie du Québec (Canada), and has met the
performance acceptability criteria for PFASs in human serum. The
limits of quantification ranged from 0.01 to 0.5 ng/g. Genotyping of

Table 1
Characteristics of the study participants (exposed and not exposed subjects data
are from Ingelido et al., 2018).

Exposed
farmers

Exposed (general
population)

Not exposed
(general population)

n (%) n (%) n (%)

Gender
Females 58 (48) 130 (51) 123 (49)
Males 64 (52) 127 (49) 127 (51)

Age (years)
20–29 39 (32) 80 (31) 79 (32)
30–39 39 (32) 85 (33) 82 (33)
40–51 44 (36) 92 (36) 89 (36)

Body Mass Index (kg/m2)
Underweight 5 (4) 12 (5) 10 (4)
Normal 74 (61) 169 (66) 153 (61)
Overweight 35 (29) 60 (23) 68 (27)
Obese 8 (6) 16 (6) 19 (8)

Residence area
Urban 8 (7) 128 (50) 78 (31)
Suburban 70 (57) 70 (27) 131 (52)
Rural 44 (36) 58 (23) 41 (16)

Grow and consume own fruits/vegetables
Yes 114 (93) 103 (40) 117 (47)
No 8 (7) 151 (59) 132 (53)

Raise and consume own animals
Yes 75 (61) 21 (8) 55 (22)
No 47 (39) 233 (91) 192 (77)

Drink tap water
Yes 36 (30) 142 (55) 92 (37)
No 86 (70) 115 (45) 158 (63)

Drink well water
Yes 36 (30) 6 (2) 87 (35)
No 86 (70) 251 (98) 163 (65)

Use of water to water fruits/vegetables
Tap water 20 (16) 61 (24) 21 (8)
Well water 87 (71) 27 (10) 93 (37)
Surface water

(rivers, lakes…)
5 (4)

Use of water to water animals
Tap water 15 (13) 12 (5) 10 (4)
Well water 60 (49) 7 (3) 46 (18)
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rs11568563, a SNP present in OATP1A2/SLCO1A2 gene, known to be
functional determining a change in the activity toward different sub-
strates, was performed as previously described (Ingelido et al., 2018).
No checks were carried out for other variants, since the number of
enrolled individuals was not high enough to give statistical power to the
study, considering the frequency of the mutated allele.

2.3. Statistical analysis

Data distribution was tested by the Shapiro-Wilk W test for nor-
mality; as variables were not normally or log-normally distributed (with
the only exception of PFOS), non-parametric statistics was applied.
Analyses were carried out using Statistica 8.0 (StatSoft Inc. Tulsa, OK,
USA). Mann–Whitney and Kruskal-Wallis tests and the Spearman cor-
relation were used to investigate the statistical significance of the dif-
ferences in PFAS serum concentrations between groups and the corre-
lations between PFAS concentrations and variables from the
questionnaires.

Data below the limit of quantification (LOQ) were included as LOQ/
√ 2 in performing statistical analysis. Only median values are reported
in the text for all the 12 PFASs analyzed; all the other statistical ana-
lyses were applied only to the PFASs determined in more than half of
the samples (PFHpA, PFOA, PFNA, PFDA, PFUdA, PFHxS and PFOS).

The χ2 test was applied to investigate if observed and expected
genotype frequencies of OATP1A2/SLCO1A2 locus were in Hardy-
Weinberg equilibrium. A p < 0.05 was considered to be statistically
significant.

3. Results and discussion

3.1. Characteristics of the study participants

Characteristics of the study participants are shown in Table 1.
Subjects’ sex and age were well balanced, and in accordance with the
study design. Body mass index (BMI) distribution was in line with data
reported for the Italian population (ISTAT, 2008). Characteristics of the
EF subjects were very similar to those of individuals enrolled within the

general population (E and NE). The exceptions were, as expected and
requested on purpose by the study design, the residence area and
consumption of own products (both of vegetal and animal origin) and
well water, both higher in the EF group. Nearly all the EF participants
(93%) lived in rural or suburban areas, and grew and consumed own
fruits or vegetables; in addition, about 61% of them raised and con-
sumed their own animals. Water from wells was the most frequent
source of water for watering fruits, vegetables and animals. A sig-
nificant percentage of subjects declared to consume bottled water, re-
flecting people’s recent concern for water PFAS pollution in the area,
although the use of tap or well water for drinking cannot be excluded
and it can be expected to have occurred in the past.

3.2. PFAS serum concentrations

Most frequently detected PFASs in serum samples were PFOA,
PFNA, PFDA, PFHxS and PFOS (> LOQ in more than 90% of the
samples) followed by PFUdA (77%) and PFHpA (54%). PFOA was found
at the highest concentration (Table 2). All the other PFASs were above
their respective LOQ in less than 35% of the samples. Their median
serum concentrations in EF group were: PFBA 0.076 ng/g, PFPeA
0.064 ng/g, PFHxA 0.061 ng/g, PFDoA 0.16 ng/g, PFBS 0.13 ng/g.

As to the relative contribution of the different PFASs in EF, PFOA
was detected at relatively highest levels, accounting for about 68% of
the total PFAS concentration. A similar PFAS distribution was found in
serum samples of E subjects, while in NE subjects the greatest relative
contribution to PFAS concentration derived from PFOS (56% of the
total) and 14% only from PFOA. PFOS and PFOA relative concentration
measured in NE subjects (PFOS ≫ PFOA) was very similar to the one
most frequently observed in Italian general population exposed to
background levels of environmental contamination (Ingelido et al.,
2010; De Felip et al., 2015). The PFAS distribution observed in E sub-
jects (PFOA ≫ PFOS) was interpreted as determined by the over ex-
posure to contaminated water and as a consequence, although the ex-
posure scenarios in EF was more complex, drinking water seems to be
still the predominant source of exposure compared to dietary exposure
in contaminated areas.

Table 2
Descriptive statistics of PFAS serum concentrations (ng/g) assessed in exposed farmers, exposed and not exposed subjects (exposed and not exposed subject’s data are
from Ingelido et al., 2018).

Exposed farmers N Minimum P5 P25 Median Geometric mean Mean P75 P95 Maximum

PFHpA 122 0.015 0.024 0.039 0.062 0.073 0.12 0.12 0.36 1.4
PFOA 122 0.036 3.0 12 40 40 110 160 500 720
PFNA 122 0.049 0.19 0.37 0.56 0.55 0.68 0.92 1.5 2.3
PFDA 122 0.072 0.12 0.26 0.43 0.42 0.54 0.72 1.3 2.1
PFUdA 122 0.027 0.069 0.13 0.24 0.22 0.27 0.38 0.63 0.80
PFHxS 122 0.090 0.58 2.1 4.5 5.3 12 15 49 71
PFOS 122 1.6 3.3 5.5 12 12 17 23 46 66

Exposed N Minimum P5 P25 Median Geometric Mean Mean P75 P95 Maximum

PFHpA 257 0.011 0.016 0.030 0.050 0.054 0.075 0.10 0.21 0.42
PFOA 257 0.70 2.2 4.9 14 19 61 87 250 750
PFNA 257 0.046 0.22 0.40 0.61 0.58 0.70 0.88 1.5 2.5
PFDA 257 0.042 0.094 0.22 0.33 0.32 0.40 0.51 0.86 2.0
PFUdA 257 0.012 0.037 0.093 0.16 0.16 0.22 0.30 0.56 1.0
PFHxS 257 0.090 0.20 1.2 3.0 2.8 5.5 6.9 21 43
PFOS 257 0.93 2.7 5.5 8.7 8.9 12 15 29 70

Not exposed N Minimum P5 P25 Median Geometric Mean Mean P75 P95 Maximum

PFHpA 250 0.010 0.010 0.016 0.032 0.033 0.048 0.066 0.13 0.26
PFOA 250 0.32 0.57 1.1 1.6 1.6 1.9 2.2 3.9 28
PFNA 250 0.039 0.23 0.41 0.58 0.57 0.68 0.80 1.3 7.7
PFDA 250 0.026 0.12 0.24 0.32 0.33 0.41 0.49 0.97 3.1
PFUdA 250 0.010 0.010 0.11 0.18 0.16 0.24 0.30 0.62 1.4
PFHxS 250 0.029 0.18 1.4 2.5 1.9 2.8 4.0 6.0 9.1
PFOS 250 0.56 2.1 3.9 5.8 6.2 8.3 9.3 21 120
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A strong positive correlation (p < 0.05) was observed among dif-
ferent analytes, with the exception of PFNA (not significantly correlated
with PFHpA and PFUdA) and PFUdA (significantly correlated only with
PFDA). The observed correlation is suggestive of a common and pre-
valent source of environmental contamination for most of PFASs found
in human serum, that could have been released from the source as such,
or derive from common precursors.

Data distributions were right skewed for all the substances ana-
lyzed, in particular for PFHxS (P95 value more than 10 times higher
than the median) and PFOA (P95 value more than 12 times higher than
the median).

The concentrations of the most frequently detected PFASs were

generally higher in EF group than in E and NE groups (Fig. 2), with
PFOA showing the highest median concentration: it was almost three
times higher than in E group (14 ng/g) and 25 times higher than in NE
group (1.6 ng/g). On the whole, PFAS serum levels in EF subjects were
significantly higher (Mann-Whitney test, p < 0.05) than in NE and E
subjects from general population for all the considered PFASs with the
only exception of PFNA (Table 3). This finding confirmed the hypoth-
esis that exposure to sources other than the direct consumption of
public contaminated drinking water contributed to enhance PFAS in-
ternal dose in the study areas because E and EF municipalities were
supplied by the same aqueduct. Indeed, the exposure scenario char-
acterizing the EF subjects is more complex than subjects from the
general population with the same kind of drinking water consumption
(E subjects). It is very likely that additional PFAS exposure is attribu-
table to a more diffused consumption and use of non-public drinking
water (in particular well water), and to the use of well water and
groundwater to water vegetables and raise animals for own consump-
tion at least during the 10 years residing in a rural environment, which
was one of the study inclusion criteria.

This observation is supported by results previously described in NE
group, where highest PFAS serum concentrations related with years of
residence in the areas as well as with growing own vegetables and
raising own livestock (Ingelido et al., 2018), and suggest a possible
diffusion of the contamination to other environmental media also in
geographical areas adjacent to those directly affected by drinking water
contamination.

3.3. Correlation between PFAS serum levels and characteristics of the study
participants

Results of Spearman correlation, Mann-Whitney and Kruskal-Wallis
tests to assess the associations between PFAS serum levels and EF
characteristics are reported in Table 3.

Gender related differences in serum concentrations were observed
for most PFASs (males showed serum concentrations significantly
higher than females); in particular, PFOA and PFHxS median con-
centrations in males (respectively 110 and 12 ng/g) were about 5 times
higher than in females (respectively 20 and 2.6 ng/g) and PFOS con-
centrations about 3 times higher (20 ng/g in males and 6.9 in females).
This variability in PFAS concentrations between men and women was
also found in the E group (Ingelido et al., 2018) and in other studies
(Bartolomé et al., 2017; Calafat et al., 2007a, 2007b; Góralczyk et al.,
2015; Siebenaler et al., 2017; Steenland et al., 2009). The reasons for
this difference in humans are not yet fully explained. Although females
have specific elimination routes such as menstrual loss or breastfeeding,
it has been also hypothesized a greater efficiency in the renal elim-
ination of PFASs (the expression of the involved OATP is under sexual
hormone control (Wong et al., 2014)), in analogy to what was observed
in rats (Worley and Fisher, 2015), but this hypothesis has not yet been
experimentally confirmed (Bartell et al., 2010; Seals et al., 2011). In
addition, although women had mostly shorter PFAS half-lives compared
with men, the differences in half-lives are marked for some PFASs and
modest for others (Bartell et al., 2010; Li et al., 2017) and elimination
pathways seemed to be not only sex specific but also substance specific
(Li et al., 2017). This observation is supported by results described in
this study, where women who breastfeed showed lower PFAS con-
centrations, significantly lower for PFOA (p = 0.049) and PFHxS
(p = 0.032).

Age influence on PFAS serum concentration was limited to PFOS for
which a direct significant correlation with age was detected as pre-
viously reported (Hsu et al., 2013). No correlation with age was ob-
served when the general population living in the area was considered (E
and NE) (Ingelido et al., 2018); however, with this parameter a wide
range of possible results (positive, negative, partial or no correlation)
has been reported so far (Ji et al., 2012; Lindh et al., 2012; Fromme
et al., 2007; Zeng et al., 2015; Frisbee et al., 2009).
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All the considered PFAS concentrations showed an increasing trend
with increasing BMI, but the correlation reached the statistical sig-
nificance for PFOA, PFHxS and PFOS only and seems to be influenced
by sex: serum PFAS concentrations of females inversely (but not sig-
nificantly) correlated with BMI and in males a direct correlation is
significant for PFHxS and PFOS only. Since PFAS bioaccumulation is
not related to body fat, these results are not surprising; due to the re-
levance of binding to both plasma and liver protein (especially al-
bumin), gender differences in protein relative content could be one of
the possible explanation.

Most PFAS concentrations, particularly PFOA, PFUdA, PFHxS and
PFOS levels directly correlated with years of residence in the munici-
palities. This correlation supported the hypothesis of a years-long ex-
posure of the local population, which started long before the discovery
of water contamination in 2013.

In the EF group, subjects from different ULSSs showed significantly
different serum concentrations (Kruskal-Wallis test p < 0.05) for all
the considered PFASs with the exception of PFUdA (Table 3). PFOA,
PFHxS and PFOS concentrations in EF, E and NE subjects from different
ULSSs are showed in Fig. 3. The highest serum concentrations in EF
subjects were observed mostly in ULSS 5 (N = 59, PFOA median
concentration 160 ng/g) and the lowest in ULSS 6 (N = 22, PFOA
median concentration 7.2 ng/g). In ULSSs 17, 20 and 21 intermediate
levels were detected: PFOA median concentrations were respectively
57, 27, 36 ng/g. Very similar results were already observed in the E
group of general population (Ingelido et al., 2018), reflecting the dif-
ferences in water pollution in the five ULSSs, with individuals in ULSS 6
being exposed only to sources other than the public drinking water
consumption (WHO, 2017). This difference reinforced the hypothesis
that the predominant source of PFAS exposure in the Veneto Region is
consumption of contaminated public drinking water.

Subjects who declared to raise and consume their own livestock
showed higher serum concentrations of all the analyzed PFASs (of
PFDA, PFOS and to a minor extend, p = 0.052, PFNA significantly
higher) than subjects that did not consume own food of animal origin.
The difference in consumption of own produced vegetables was not
investigated because of the limited number (n = 8) of subjects who
declared not to produce/consume own fruits or vegetables.

Going down into details, we compared the serum PFAS concentra-
tion in farmers consuming own produced food versus farmers con-
suming food from the retailer level for the single food categories,
namely: beef, chicken, eggs, legumes, vine. In relation to these food
items, all PFAS serum levels were higher (in some cases significantly) in
farmers that consumed own produced food (Table 3), mostly for PFNA,
PFDA, PFHxS and PFOS and to a minor extend for PFOA. This finding
supported the hypothesis that watering vegetables and animals with
contaminated well water and groundwater contributed to increase
farmers' exposure trough food consumption. For some other food ca-
tegories (e.g. milk, cheese, lamb, fish, vegetable oil) it was not possible
to carry out this analysis, because of the very small percentage (< 20%)
of subjects in one of the tested categories. Our results are supported by
available data on contamination of locally produced food, gathered in a
recent Report published by the ISS Department of Food Safety, Nutri-
tion and Veterinary Public Health (Istituto Superiore di Sanità, 2019): it
was possible to estimate from these data that consumption of local
products from local farms (in particular eggs, and beef) gives a sig-
nificant contribution to overall exposure although water consumption
(mainly well water) represents the predominant source of exposure.
Because of such prevailing contribution of water, and because the
amounts of food eaten were quantified on the basis of self-reported data
in a questionnaire, the contribution to serum concentrations associated
to local food consumption could not be adequately characterized, this
representing a limitation of the study.

According to the questionnaire answers, tap water and well water
consumption was very limited (only 36% of subjects declared to drink
tap and/or well water, Table 1); no significant correlation was found
between PFAS serum levels and tap water consumption while PFNA,
PFHxS and PFOS (and to a minor extent PFOA, p = 0.055 and PFDA,
p = 0.077) concentrations positively and significantly correlated with
well water consumption (Table 3).

The relative contribution of the different PFASs in EF subgroups
stratified by tap water consumption, well water consumption and own
produced food consumption is very similar (characterized by PFOA at
relatively highest levels) and almost the same observed in the entire EF
group, confirming drinking water as the predominant source of ex-
posure compared to dietary exposure in contaminated areas also for

Table 3
Characteristics of exposed farmers (EF) and relationship with PFAS serum concentrations. Significant p values (p < 0.05) are shown in bold.

PFHpA PFOA PFNA PFDA PFUdA PFHxS PFOS

Spearman correlation R (p) a R (p) R (p) R (p) R (p) R (p) R (p)
Age (years) −0.25 (0.0052) 0.043 (0.63) −0.028 (0.76) 0.084 (0.36) 0.16 (0.070) 0.090 (0.32) 0.21 (0.018)
Body Mass Index (kg/m2) 0.0036 (0.97) 0.21 (0.022) 0.060 (0.51) 0.059 (0.52) 0.082 (0.37) 0.28 (0.0021) 0.25 (0.0053)
Residence in the municipalities (years) −0.061 (0.50) 0.21 (0.023) 0.082 (0.37) 0.090 (0.32) 0.19 (0.039) 0.31 (<0.001) 0.40 (< 0.001)

Mann-Whitney test p b p p p p p p
EF vs NE serum concentrations ≪0.001 ≪0.001 0.93 0.0011 0.013 ≪0.001 ≪0.001
EF vs E serum concentrations 0.0087 ≪0.001 0.46 ≪0.001 ≪0.001 ≪0.001 0.0032
Gender (male/female) 0.023 ≪0.001 0.0051 0.026 0.93 ≪0.001 ≪0.001
Tap water consumption (yes/no) 0.12 0.48 1.00 0.15 0.68 0.73 0.83
Well water consumption (yes/no) 0.18 0.055 0.034 0.077 0.44 0.042 0.0030
Raise and consume own livestock (yes/

no)
0.65 0.28 0.052 0.0039 0.24 0.23 0.012

Food origin (retailer level/own
production)c

Beef 0.20 ≪0.001 0.034 ≪0.001 0.84 0.0025 ≪0.001
Chicken 0.76 0.062 ≪0.001 ≪0.001 0.97 0.043 ≪0.001
Eggs 0.56 0.58 0.0047 0.0025 0.59 0.31 0.048
Legumes 0.73 0.062 0.039 0.10 0.61 0.041 0.020
Vine 0.70 0.21 0.11 0.044 0.65 0.23 0.010

Kruskal-Wallis test
ULSSs ≪0.001 ≪0.001 0.034 0.005 0.079 ≪0.001 ≪0.001
a Spearman’s R correlation coefficient (p value)
b p value for Mann-Whitney and Kruskal-Wallis test for differences between groups
c Some food items (milk, cheese, lamb, fish, vegetable oil) were not tested for differences because of the very small percentage (< 20%) of subjects in one of the tested categories. Only

tested food items are shown in the table.
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subjects consuming their own animal products.
The highest PFOA concentration (720 ng/g) was observed in a

44 years old man, which was the only subject with serum concentra-
tions of 5 PFASs (PFHpA, PFOA, PFDA, PFHxS, PFOS) above their re-
spective P95 values. This subject has all the main determinants of ex-
posure detected in the study: he is a male, born and resident in ULSS 5,
he drank tap water and consumed own fruits, vegetables and animals
grown and raised with local water.

3.4. Correlation between PFAS serum levels and genetic features of the
study participants

Regarding the genetic analysis aimed to find a possible relationship
between the OATP1A2*3 allelic variant and the blood levels of PFASs,
results indicated that the Hardy Weinberg equilibrium was respected
(p = 0.22) in the population recruited for the project, indicating that
the selection was not biased. The allelic frequencies (w = 0.97 and
m = 0.044) were comparable with those reported in the general

population (w = 0.95 and m= 0.050) (Ingelido et al., 2018) and in the
literature (Bosó et al., 2014; Laitinen and Niemi, 2011). The Chi Square
test (χ2) indicated that there was no significant differences in the allelic
distribution among the different groups in the overall study (EF, E, and
NE) (χ2 = 0.86p = 0.35). The correlation between PFAS serum con-
centrations and the differences in genotype distribution could not be
investigated in the EF subgroup, due to the limited number of subjects
with at least one mutant allele (only 5 w/m individuals), not adequate
to allow the performance of a reliable statistical analysis.

However, results obtained in the general population showed that
there are no relationships between the OATP1A2*3 allelic variant and
the blood levels of PFASs, suggesting that this polymorphism is not able
to alter PFAS elimination in a way capable to change the blood levels in
the carrier individual (Ingelido et al., 2018). Including the EF within
the E group did not change the overall results.

3.5. Comparison with results of other biomonitoring studies on populations
exposed to contaminated drinking water

Several human biomonitoring studies were conducted all over the
word in communities affected by PFAS contaminated drinking water
(ATSDR, 2013; Brede et al., 2010; Frisbee et al., 2009; Gyllenhammar
et al., 2015; Kari et al., 2009; Li et al., 2017) that experienced an in-
creased exposure similar to E and EF subjects of this study, resulting in
PFAS serum concentrations higher than concentrations observed in
general population. Serum concentrations of PFOA, PFOS, and PFHxS
(the most frequently analyzed substances) from this study have been
found mostly comparable with concentrations in people exposed to
contaminated drinking water in other countries (Fig. 4), with the ex-
ception of PFHxS and PFOS data from Sweden 2014–2016 (Li et al.,
2017) that are consistently higher than the others. The relative occur-
rence of these three different PFASs in serum samples is very different
in the considered studies, probably depending on the origin of the
contamination. In our study PFOA, considered as a suitable marker for
drinking water contamination as the major source, was detected at
relatively higher levels and indeed PFOA serum concentrations in EF
group are the highest observed in studies reporting other cases of water
contamination.

4. Conclusions

Serum concentrations of most of the analyzed PFASs in exposed
farmers were higher than those measured in exposed subjects from
general population and consistently higher than those measured in not
exposed subjects. These results showed that environmental exposure
sources other than contaminated public drinking water consumption
also played a role in determining PFAS internal dose of subjects residing
in contaminated areas of the Veneto Region. Indeed, although the
consumption of contaminated public drinking water was the pre-
dominant source of exposure, private well water and local food con-
sumption contributed to increase PFAS concentrations in the EF group.

The main factors influencing PFAS serum levels of farmers were
residence area (ULSS) and the related extent of drinking water con-
tamination, gender, years of residence in the municipalities, well water
consumption and consumption of own produced food.

PFOA serum concentrations in farmers residing in the areas of the
Veneto Region impacted by PFAS contamination are among the highest
found worldwide, in particular for the most contaminated subgroup
(subjects from ULSS 5).

Comparing levels detected in the EF with the derived health-related
guidance values (HBM I values) for PFOA and PFOS in blood plasma (2
and 5 ng/mL, respectively (Apel et al., 2017; Bundesgesundheitsbl,
2016)), it is evident that the great majority of the enrolled EF (97% for
PFOA and 79% for PFOS) exceeded the limits. Also in the other two
groups included in our study (E and NE) a high percentage of subjects
showed PFOA and PFOS concentrations above these limits (Ingelido
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et al., 2018). Exposure to PFASs of people living in (and near) the
contaminated areas of the Veneto Region is expected to decline fol-
lowing the actions taken by the local authorities to remove PFASs from
the public water supplies. Nevertheless, other contamination sources
(e.g. well water, groundwater, local food) are more difficult to take
under control and it is important to continue efforts to reduce the level
of PFASs in the local environment, and to follow-up the residing po-
pulation both looking at the possible health effect and the internal dose.
Particular attention must be taken in most exposed subgroups that,
even after prompt end of exposure from public water, could experience,
in a life-course perspective, an overexposure due to residual environ-
mental contamination.
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