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Abstract

Per- and polyfluoroalkyl substances (PFAS), previously known as perfluorinated compounds (PFC), are a group of synthetic
chemicals widely used over the past decades. Their extensive application, combined with their environmental persistence,
has contributed to their ubiquitous presence in the environment and the associated toxicological risks. Regarding humans,
blood serum testing remains the primary method for biomonitoring PFAS exposure, while breast milk has also been used
due to the transfer of these substances from mothers to infants during lactation. This paper aims to review the scientific
literature (using PubMed and Scopus databases) on PFAS concentrations in the breast milk of non-occupationally exposed
women. Where available, the estimated daily intake of these compounds by breastfeeding infants is also examined. The
reviewed studies are categorized by continent and country/region, revealing a significant lack of data for many countries,
including both developed and developing nations. The findings indicate substantial variability in PFAS concentrations,
influenced by factors such as geographic location, sampling year, and the specific PFAS analyzed. Among the identified
compounds, perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) are most commonly detected, along with
perfluorohexanesulfonic acid (PFHxS) and perfluorononanoic acid (PFNA), being the only PFAS with regulated maximum
levels in certain foodstuffs. Most studies were conducted before the implementation of the current (updated) tolerable weekly
intake (TWI) values for these substances. Consequently, the majority reported a low health risk for breastfeeding infants,
even in high-intake scenarios. Nevertheless, biomonitoring studies are urgently needed in countries with limited or no data,
and new investigations should assess whether current estimated intakes exceed the updated TWI. Special focus should be
given to rural and industrial areas where exposure levels remain poorly understood.

Keywords Perfluorinated compounds (PFC) - Per- and polyfluoroalkyl substances (PFAS) - Human exposure - Breast milk -
Daily intake
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Lower bound

Liquid chromatography coupled to
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Dioxins and furan
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Perfluorobutanesulfonic acid
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Perfluoroalkyl carboxylic acids
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Perfluorododecanoic acid
Perfluorododecane sulfonate
Perfluoroheptanoic acid
Perfluoroheptanesulfonic acid
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Perfluorohexanesulfonic acid
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Perfluorooctanoic acid
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Upper bound

Introduction

Perfluorinated compounds (PFC) are a group of synthetic
chemicals characterized by chains of carbon atoms, which
are fully or partially fluorinated. Around the early 2000s,
PFC were renamed as per- and polyfluoroalkyl substances
(PFAS), but the term PFAS was more widely adopted
over the following decade (Langenbach and Wilson 2021;
Evich et al. 2022). PFAS, which include a wide group
of compounds, contain carbon chains with fluorine atoms
attached, being the two primary types, perfluoroalkyl sub-
stances and polyfluoroalkyl substances, hydrophobic and
lipophobic (Kwiatkowski et al. 2020). PFAS are synthe-
sized by two processes: direct fluorination and oligomeri-
zation, being also thermally and chemically stable (Kim
etal. 2015; Leung et al. 2023). The term PFAS was intro-
duced to better categorize the diverse and very extensive
group of synthetic chemicals containing fluorinated carbon
chains, among which substances such as perfluorooctanoic
acid (PFOA) and perfluorooctane sulfonate (PFOS) were
already well known given their environmental persistence
and potential health risks. Nowadays, PFAS is the term
used by international and national environmental/regula-
tory agencies/organizations, as well as by most scientists.

Due to their durability, resistance to heat, water, and oil,
as well as non-stick properties, PFAS have been widely
used in industrial and consumer products (Gliige et al.
2020; Meegoda et al. 2020). This widespread and con-
tinued use for years, together with their persistent nature,
is responsible for their environmental occurrence (Cous-
ins et al. 2020; Zhang et al. 2022; Lohmann and Letcher
2023) and their potential human health risks (Brase et al.
2021; Panieri et al. 2022). PFAS may enter the environ-
ment through industrial discharges, landfill leachate,
wastewater treatment plant effluents, and the breakdown
of consumer products, being found in air, water, soil, and
sediments (Domingo and Nadal 2019; Hu et al. 2021a,
b; Mei et al. 2021; Post 2021; Zhang et al. 2023; Ohoro
et al. 2024). Some well-known PFAS, such as PFOS and
PFOA, can bioaccumulate in the food chain, particularly
in aquatic organisms, being a potential source of human
exposure, mainly through the consumption of fish and sea-
food (Domingo 2012; Domingo and Nadal 2017). The use
of food-contact packaging applications, non-stick cook-
ware, firefighting foams, and cosmetics, among others, are
also potential sources of human exposure to PFAS (Pelch
et al. 2019; Curtzwiler et al. 2021; Holder et al. 2024;
Wolf et al. 2024).

Regarding the toxicity of PFAS, laboratory animal
studies have demonstrated that certain PFAS, mainly the
most investigated PFOS and PFOA, cause toxic effects in
rodents, impacting multiple organ systems. Key findings
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include liver toxicity, endocrine disruption, developmental
and reproductive toxicity, and potential carcinogenicity.
Lau et al. (2007) reported that PFOA and PFOS disrupt
lipid metabolism, resulting in hyperlipidemia and fatty
liver disease. In turn, Chang et al. (2008) showed that
PFOS interferes with thyroid hormone regulation, leading
to hypothyroxinemia in rats and mice. Moreover, prenatal
exposure to some PFAS has been linked to reduced fetal
growth, delayed development, and skeletal malformations
in rodent models, while exposure to PFNA impairs fertil-
ity, reduces litter size, and disrupts ovarian function (Das
et al. 2015). In addition, PFOS induced liver, pancreatic,
and testicular tumors in rodents (Butenhoff et al. 2012).
These effects are thought to occur through mechanisms
including activation of peroxisome proliferator-activated
receptors (PPARs) and disruption of hormonal pathways.
On the other hand, in vitro studies on PFAS toxicity have
revealed their ability to disrupt cellular processes across
various systems (Behr et al. 2020). PFOA and PFOS
induce cytotoxicity in human and animal cell lines, leading
to reduced viability and increased apoptosis, while PFOS
exposure has been reported to cause oxidative stress,
increasing reactive oxygen species (ROS) levels, causing
oxidative damage, and impairing mitochondrial function
(Elumalai et al. 2023). Additionally, it has been shown that
PFAS modulate immune cell function, reducing cytokine
production and impairing immune responses (Liang et al.
2022), whereas some PFAS may also perturb neurodevel-
opmental processes in vitro (Carstens et al. 2023).

It has been reported that PFAS can cause endocrine dis-
ruption since they may interfere with hormone function,
potentially affecting thyroid function and reproductive
health (Ding et al. 2020; Rickard et al. 2022), as well as
immunotoxicity, considering that some PFAS can reduce
immune response, affecting the ability of the body to fight
against infections (Liang et al. 2022; Sonne et al. 2023; Post
et al. 2024). Evidence of a diminished production of vac-
cine antibodies caused by some PFAS, mainly PFOA, PFOS,
and PFHxS, has been provided by epidemiological investiga-
tions (Abraham et al. 2020; Crawford et al. 2023). Moreover,
exposure to PFAS has been related to increased cholesterol
levels, liver damage, and potential increased risks of meta-
bolic diseases (Sunderland et al. 2019; Wen et al. 2023; Wu
et al. 2023), while exposure to some compounds like PFOA
has been even associated with an increased risk of certain
cancers (Steenland and Winquist 2021; Boyd et al. 2022).
Key adverse health effects associated with exposure to PFAS
are summarized in Fig. 1.

On the other hand, PFAS can also harm wildlife, espe-
cially aquatic organisms and mammals (Chen et al. 2021;
Cheng et al. 2022; Pandelides et al. 2023), which in turn may
accumulate these substances through the food chain (Pan
et al. 2021; Sun et al. 2022; Hopkins et al. 2023). The Stock-
holm Convention on Persistent Organic Pollutants (POPs
Convention) has recognized the significant risks posed by
certain PFAS compounds, specifically PFOS, PFOA, and
PFHXxA, by adding them to its list of regulated substances
requiring prohibition, restriction, or minimization (UNEP

Health Effects of PFAS Exposure

Liver & Metabolic Effects
* Altered liver enzymes
* Increased cholesterol

» Metabolic dysfunction

Cancer Risks
* Increased kidney cancer risk

* Increased testicular cancer risk

Endocrine Disruption
* Reduced thyroid hormone
* Disrupted reproductive

hormone profiles

Developmental Effects
« Lower birth weights
* Impaired immune responses

» Developmental delays

Immune System Effects
* Diminished production of

vaccine antibodies

Fig. 1 Summary of key adverse health effects associated with exposure to PFAS
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2024). Given the mounting evidence of potential health
risks to the general population from chronic environmental
and dietary PFAS exposure, human biomonitoring of these
persistent chemicals has emerged as a critical public health
surveillance priority.

The persistent presence of PFAS in the environment, food
and drinking water, poses significant health risks to popula-
tions worldwide, making systematic human biomonitoring
of these chemicals a public health priority. In recent years,
several studies have quantified the concentrations of various
PFAS in humans through both invasive and non-invasive
biomonitoring methods, primarily in blood, breast milk,
urine, and occasionally in hair and nails. Like many other
POPs (Schuhmacher et al. 1999; Wang et al. 2013; Ayl-
ward et al. 2014; Thomas et al. 2017), blood serum testing
remains the most widely used biomonitoring method. This is
due to the tendency of PFAS to bind to proteins in the blood,
where they can persist for extended periods, providing a reli-
able indicator of exposure (Ericson et al. 2007; Haug et al.
2011; Wu et al. 2015; Ho et al. 2022; McAdam and Bell
2023). The aim of the present paper was to update the avail-
able scientific literature on the concentrations of PFAS in
breast milk, a non-invasive biomonitoring medium, among
non-occupationally exposed women. As PFAS can be trans-
ferred from mothers to infants through breast milk, when
data were available, the daily intake of these substances by
breastfeeding infants has also been reviewed.

Search strategy

The scientific databases Scopus (https://www.scopus.com)
(accessed on August 22, 2024) and PubMed (https://pub-
med.ncbi.nlm.nih.gov/) (accessed on August 22, 2024) were
used for the search of articles directly related with the main
topic of the present review. The search included all papers
cited in these databases without restrictions on the date
of publication of the articles. For the search, the follow-
ing terms/keywords—and their combinations—were used:
perfluorinated compounds, PFC, perfluoroalkyl substances,
polyfluoroalkyl substances, PFAS, human milk, breast milk,
breastfeeding infants, and infants’ exposure.

Data belonging to studies on the topic
conducted around the world, classified
by continents and countries/regions
ASIA

China

So et al. (2006) collected breast milk samples from 19 vol-
unteers in Zhoushan, in which the concentrations of various
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PFC were measured. The health risks for infants—via con-
sumption of mothers' breast milk—were also assessed.
Among the analyzed PFC, perfluorobutanesulfonic acid
(PFBS) and perfluorohexanoic acid (PFHxA) were not
detected in any sample, while perfluorohexanesulfonic acid
(PFHxS), PFOS, PFOA, perfluorononanoic acid (PFNA),
perfluorodecanoic acid (PFDA), and perfluoroundecanoic
acid (PFUnDA) could be quantified in all samples, with
PFOS (range 45-360 ng/L) and PFOA (range 47-210 ng/L)
being the dominant PFC. The highest levels of other ana-
lyzed PFC were the following: 100 ng/L for PFHxS, 62 ng/L
for PENA, 15 ng/L for PFDA, and 56 ng/L for PFUnDA.
With respect to the intakes of PFC for children via breast
milk, those for PFOS and PFOA were 0.030 and 0.017 pg/
kg bw/day, respectively. Only in one of the 19 analyzed sam-
ples, the hazard index (HI) for PFOS was greater than the
unity (HI> 1). Liu et al. (2010) determined the levels of 10
PFC in 24 pooled milk samples collected from 1237 indi-
viduals living in 12 provinces of China. The daily intakes of
PFC by breastfeeding infants were also assessed. Only six
PFC (PFHxS, PFOS, PFOA, PFNA, PFDA, and PFUnDA)
were detected, with the highest frequencies of detection cor-
responding to PFOS and PFNA (both 100%), followed by
PFOA and PFDA (both 87.5%), and PFHxS and PFUnDA
(both 83%). PFOS (median level 49 ng/L; range 6137 ng/L)
and PFOA (median level 34.5 ng/L; range < LOD-814 ng/L)
were the predominant PFC in all samples. The total levels of
the six detected PFC ranged between 26 and 1252 ng/L, with
a median of 133 ng/L. Regarding the estimated daily intake
(EDIs) for breastfeeding infants, the median and the highest
values of total PFC were 17.2 and 129.1 ng/kg bw/day. In
the Shanghai region (one of the examined regions in that
survey) mothers and children had a high exposure to PFC.
In a subsequent study performed by the same research group
(Liu et al. 2011), the concentrations and profiles of PFC in
maternal blood, cord blood, and human breast milk samples,
collected in Jinhu county, Jiang Su province, were deter-
mined to characterize the exposure of newborns to PFC dur-
ing the periods of gestation and lactation. Regarding breast
milk, PFOS, PFOA, PFNA, PFDA, and PFUnDA showed
the highest detection frequencies, which ranged between 72
and 100%. In general, PFC levels in milk were lower than the
matched serum concentrations. The highest median levels in
maternal serum corresponded to PFOA (1.264 x 10° ng/L)
and PFOS (2.922 x 10% ng/L), while in milk samples the
median concentrations of PFOA and PFOS were 121 and
42 ng/L, respectively. Comprehensive partition ratios of PFC
through placental barrier and lactations were found, indicat-
ing a high transport rate for PFOA. Postnatal exposure of
PFC through lactation was found to be higher than prenatal
exposure, which was especially noted for PFOA.

On the other hand, in Hangzhou, Jin et al. (2020) carried
out a study aimed at characterizing the presence of PFAS
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and their concentrations in breast milk from 174 women, as
well as to estimate the PFAS exposure for infants at birth.
A total of 16 PFAS were detected, with the levels of total
PFAS (D PFAS) ranging between 9.0 and 1860 ng/L, with
a mean of 205 ng/L. The highest frequencies of detection
corresponded to PFOA (100%), 6:2 chlorinated polyfluori-
nated ether sulfonate (6:2 CI-PFESA) (100%), and PFUnDA
(84%), with more than one-half of the samples containing
perfluorobutanoic acid (PFBA), perfluoropentanoic acid
(PFPeA), long-chain perfluorocarboxylic acids (Cy-Cy;
PFCAs), PFOS, 1H,1H,2H,2H-Perfluoro-1-decanol (8:2
FTOH), and 1H,1H,2H,2H-Perfluoro-1-Dodecanol (10:2
FTOH). The highest mean concentration corresponded to
PFOA (87 ng/L), followed by PFHxA (41 ng/L), and 6:2
CI-PFESA (28 ng/L), while that of PFOS was 25 ng/L.
Increased levels of PFOA, PENA, PFDA, and 6:2 CI-PFESA
in milk were associated with decreased infant's length gain
rate. The EDIs of PFOA and PFOS for infants were lower
than the respective tolerable daily intakes (TDIs). Zheng
et al. (2022) analyzed the concentrations of 21 PFAS in
maternal serum, cord serum, and breast milk of 60 sets of
matched maternal-neonatal samples collected in Mianyang,
Sichuan Province. The pathways of transplacental transfer
during gestation, as well as breastfeeding transfer during
lactation, were compared. The prenatal and postnatal expo-
sure of newborns to PFAS were also characterized. Twelve
PFAS could be detected in the three analyzed matrices. With
respect to breast milk samples, PFOA, PFOS, and 6:2 fluoro-
telomer phosphate diester (6:2 diPAP) were the predominant
PFAS, with mean values of 87, 53, and 35 ng/L, respectively.
The highest EDIs corresponded to PFOA, 34.5 ng/kg bw/
day, PFOS, 9.7 ng/kg bw/day, and 6:2 diPAP, 11.0 ng/kg bw/
day. The results of that study showed that, in general, postna-
tal exposure to PFAS via breastfeeding was higher than the
prenatal exposure “in utero,” with legacy compounds such
as PFOA and PFOS causing a greater exposure to newborns
than emerging PFAS. On the other hand, to assess the expo-
sure of breastfed infants to toxic organic pollutants emitted
by a municipal solid waste incinerator located in Zhejiang
Province, Xu et al. (2022) performed a cross-sectional study
aimed at evaluating the concentrations of polychlorinated
biphenyl (PCB), dioxins and furans (PCDD/Fs), and PFAS
in mothers’ breast milk as well as to evaluate infants’ expo-
sure. Among the 21 analyzed PFAS, only ten were detected,
being 100% the detection frequencies of PFBA, PFOA, and
PFUnDA, while those of the rest of detected compounds
ranged between 3 and 93%. The median total PFAS level
was 250 ng/L (range 151-833 ng/L). In relation to the dis-
tribution of the PFAS, the highest percentages corresponded
to PFOA, PFOS, and perfluorotetradecanoic acid (PFTeDA),
with 46%, 15%, and 12%, respectively. In general, there were
high burdens of total PFAS, in relation to women of other
countries. However, their concentrations were comparable

to those reported in other industrial regions of China. The
infant’s mean EDIs of PFOS, PFOA, and PFNA were 5.8,
17.9, and 1.7 ng/kg bw/day, respectively. In a more recent
study, which was also focused on determining the concentra-
tions of PFAS in breast milk, Chen et al. (2024) analyzed
samples of 324 women of Yingcheng, Hubei Province.
With the obtained results, the exposure of infants through
breast milk was also assessed. Among 23 analyzed PFAS,
the highest median concentrations corresponded to PFOS
(200.7 ng/L), PFOA (63.5 ng/L), and PFHxS (25.2 ng/L).
For infants, the median EDIs were 25.1 (PFOS), 7.9 (PFOA),
and 3.2 (PFHxS) ng/kg bw per day. A summary of the stud-
ies conducted in China, in which the concentrations of PFAS
were determined in human milk samples, is presented in
Table 1.

South Korea

Kim et al. (2011) conducted a study aimed at examining the
distribution of various PFC among maternal serum, cord
serum, and breast milk of residents in Seoul. In samples of
breast milk, only PFOA, PFHxS, and PFOS were detected
at frequencies of 47%, 88%, and 100%, respectively, while
perfluoroheptanoic acid (PFHpA), perfluorododecanoic acid
(PFDoDA), PFBS, perfluorododecane sulfonate (PFDS), and
perfluorooctanesulfonamide (PFOSA) could not be detected
in any sample. PFOS and PFOA were the main contributors
(94%) to the total PFC concentrations in maternal breast
milk, with mean levels of 61 and 41 ng/L, respectively, nota-
bly higher than the mean level of PFHxS (7.2 ng/L). Based
on these results, the mean EDIs for Korean infants during
the first 6 months of life were found to be 4.7 ng/kg bw/day
for PFOA, 0.8 ng/kg bw/day for PFHxS, and 6.9 ng/kg bw/
day for PFOS. Another study on the same topic was carried
out by Kang et al. (2016), who measured the concentrations
of various PFAS in breast milk of Korean women living in
four regions of the country. The potential associated risks of
PFAS for breastfed infants were also assessed. Among the 17
analyzed compounds, the highest percentages of detection
corresponded to PFOA and PFOS (both 98.5%), with medi-
ans of 72 and 50 ng/L, respectively, while PFPeA, PFHxA,
and PFHpA were detected at percentages of 81.8, 70.8, and
67.4%, being their median values of 58, 47, and 28 ng/L,
respectively. The frequencies of detection for PENA, PFBS,
PEDS, PFUnDA, PFDoDA, and PFHxXS were all lower than
50% (range 11.7-42%). For breastfed infants, the EDIs for
PFOA and PFOS were in the range 3.4—11 ng/kg bw/day,
suggesting that exposure to these compounds poses minimal
health risks. In turn, Lee et al. (2018) determined the levels
of 16 PFAS in samples of breast milk collected from 127
Korean mothers, who were recruited from the cities of Seoul,
Pyeongchang, Ansan, and Jeju. The relationships between
the levels of PFAS and various demographic parameters
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were also examined. Moreover, the daily intakes of PFAS,
via consumption of breast milk, were estimated. PFOS was
found in 100% of samples, while other PFAS were also
detected at comparatively high/moderate frequencies: PFOA
(88%), PFUnDA (86%), PENA (63%), PFHXA (40%), PFHS
(35%), and PFHpA (26%). In contrast, the remaining ana-
lyzed compounds had detection rates lower than 5%. The
highest levels in breast milk samples corresponded to PFOS
(mean: 57.3 ng/L; range 14.8-380 ng/L) and PFOA (mean
55.6 ng/L; range < 10-657 ng/L, being 188 ng/L (range
31.7-1004 ng/L) the mean concentration of ZPFAS. It was
observed that the levels of PFAS in breast milk were signifi-
cantly correlated with maternal age, body mass index (BMI),
and parity. When exposure to PFAS through consumption
of breast milk by infants was evaluated, the mean EDI of
YPFAS was 17.5 ng/kg bw/day, 90 days after birth, while
those of PFOS and PFOA (also 90 days after birth) were
5.36 and 4.75 ng/kg bw/day, respectively. Recently, the same
research group (Kim et al. 2023) reported the results of a
survey whose main objectives were to determine (and/or
to compare) the concentrations of 14 PFAS in breast milk,
to compare the time-course trend, as well as to establish
which were the potential influencing factors. Samples were
collected proportionally to the regional fertility rate in all
regions of Korea. PFOS, PFOA, and PFDA were found in
all the analyzed samples, being their median levels: 50, 100,
and 7 ng/L, respectively. PFHxS (detection rate: 87.4%),
PFNA (87.0%), and PFHxA (72.9%) had median levels
of 55, 9, and 48 ng/L, respectively. In contrast, PFBS and
PFDS could not be detected in any sample, while PFPeA,
PFHpA, PFDoDA, and PFTeDA were only found in a few
samples (detection range 0.5-7.25%). In relation to the trend
in the concentrations of PFAS in breast milk, no significant
variation in mean PFOS level was observed in a period of
12 years, but the mean PFOA level increased approximately
three times. The main factors related to PFAS concentrations
were to live in non-metropolitan areas, the BMI, neonatal
age, as well as the consumption and frequency of some food,
mainly fish and seafood. For neonates, the EDIs of PFHxS,
PFOS, PFHxA, PFOA, PFNA, PFDA, Y perfluorosulfonic
acids (PFSAs), Y perfluoroalkyl carboxylic acids (PFCAs),
and total PFAS were 0.89, 0.81, 0.65, 1.57, 0.13, 0.11 and
3.87 ng/kg bw/day, respectively.

Jordan

Al-Sheyab et al. (2015) determined the concentrations
of PFOS and PFOA in 79 samples of human milk from
breastfeeding women (also local fresh cow milk) col-
lected in northern Jordan. PFOA could be detected in
all samples (mean: 143.64 ng/L, range 24-1220 ng/L),
while PFOS was found in 74 samples (mean: 34.78 ng/L,
range < 10-178 ng/L). The mean levels of both compounds

were significantly higher in samples of older women, while
the mean concentrations of PFOA were much higher in
multiparas.

Other Asian countries

On the other hand, Tao et al. (2008a) conducted a wide
study on the topic, in which the concentrations on nine
PFC (PFOS, PFOA, PFHxS, PFENA, PFBS, PFHpA, PFDA,
PFUnDA, and PFDoDA) were measured in human milk
from seven Asian countries (Japan, India, Malaysia, Philip-
pines, Indonesia, Vietnam, and Cambodia). PFOS was the
most detected compound in the analyzed samples, being
found in 100% of the samples from all countries, except-
ing India (85%). PFHxS and PFOA were also detected in a
high number of samples. The average EDI of total PFC was
18.2 +14.3 ng/kg bw/day, for the seven countries included
in the study. Based on the highest concentrations detected,
the average EDIs were 64.6, 41.3, and 88.7 ng/kg bw/day,
for PFOS, PFOA, and total PFC respectively.

Europe
Nordic countries

In Norway, Thomsen et al. (2010) investigated the elimina-
tion rates of various groups of POPs during lactation. Seven
PFC (PFOA, PFNA, PFDA, PFUnDA, PFHxS, perfluoro-
heptanesulfonic acid (PFHpS) and PFOS) were included
in that survey. For it, the levels of the selected compounds
were measured in longitudinally collected breast milk sam-
ples from Norwegian mothers. With respect to PFC, only
PFOS and PFOA could be quantified, being their median
(range) concentrations: 110 (28-360) ng/L and 50 (16-190)
ng/L, respectively. The EDIs were 61 and 112 ng/day for the
infants at the beginning of the breastfeeding, with signifi-
cant depuration rates of 3.8 and 7.8% per month, for PFOS
and PFOA, respectively. In a subsequent study conducted
by the same research group, the intakes of PFC from food,
drinking water, dust ingestion, and inhalation were deter-
mined for a group of Norwegian women. PFC exposure of
infants through consumption of breast milk was also esti-
mated for approximately one-half of the volunteers (Haug
et al. 2011). Among the 11 analyzed PFC, PFOS (mean:
93 ng/L, range 40-250 ng/L) and PFOA (mean: 76 ng/L,
range < 18-830 ng/L) showed, by far, the highest concen-
trations in samples of breast milk. The median estimated
intake of both compounds for six months old infants ranged
between 8.7 and 9.1 ng/kg bw/day, and between 4.3 and
4.9 ng/kg bw/day, for PFOS and PFOA, respectively. For
these infants, breast milk was found to be the main source
of PFC exposure, with the maximum intakes being rela-
tively close to the estimated TDIs for lifelong exposure. In
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another investigation performed by the same research group,
the levels of PFOS and PFOA were measured in samples of
breast milk to assess the possible association of these PFAS
with different child neuropsychological development, which
was assessed at 6, 12, and 24 months (Forns et al. 2015).
The median concentrations of PFOS and PFOA in breast
milk were 110 and 40 ng/L, respectively. The results of the
neuropsychological evaluations did not show any associa-
tion between perinatal PFOS and PFOA exposure and cog-
nitive, psychomotor, and behavioral development. On the
other hand, Iszatt et al. (2019) assessed whether various
groups of environmental toxicants (polybrominated diphenyl
ethers (PBDEs), PCBs, PFAS, and organochlorine pesticides
(OCPs)) in breast milk of Norwegian mothers could affect
the composition and function of the infant gut microbiome
at one month. PFOS and PFOA were the measured PFAS
in breast milk, showing, at one-month post-partum, the fol-
lowing mean concentrations: 126.70 (range 22.99-370.63)
ng/L and 57.60 (range 2.19-182.58) ng/L, respectively. At
that time, PFOS, but not PFOA, was associated with less
microbiome diversity. In turn, again in the line of inves-
tigating the possible relationship of the concentrations of
certain POPs in breast milk with potential adverse effects on
normal child development, the same research group (Lenters
et al. 2019) assessed the association of early-life exposure
to PBDEs, PCBs, OCPs, and PFOS and PFOA, with the
risk of attention-deficit/hyperactivity disorder (ADHD) in
a birth cohort of 2606 Norwegian mother—child pairs. The
concentrations of the POPs were measured in breast milk
samples, and postnatal exposures were estimated using a
pharmacokinetic model, in the first two years of life. Regard-
ing specifically the two analyzed PFAS, a positive associa-
tion between the median level of PFOS (117 ng/L) in breast
milk and the risks of ADHD was noted. However, it was sex
specific, being stronger and significant only in girls.

In Sweden, Kdrrman et al. (2007) determined the con-
centrations of PFC in breast milk of women from Uppsala,
and their exposure through lactation. Among the analyzed
PFC, only five (PFOS, PFHxS, PFOA, PFNA, and PFOSA)
were detected in human milk samples. Two of them, PFOS
and PFHxS, were found in all samples at mean concen-
trations of 201 and 85 ng/L, respectively. At the time
in which that study was conducted, only the results of a
previous survey on the concentrations of various PFC in
human milk of China had been reported (So et al. 2006).
The results obtained by Kédrrman et al. (2007) were com-
parable to those of So et al. (2006), excepting those for
PFOSA, a compound not included in the Chinese study, in
which other PFC (PFHpA, PFDA, and PFUnDA) was also
detected. The estimated total PFC transferred by lactation
to a breastfed infant was found to be 200 ng/day (Kaér-
rman et al. 2007). In another Swedish study, samples of
human milk were collected in Stockholm and Gothenburg
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during the periods 1972-2016 and 2007-2015 (Nyberg
et al. 2018). The inter-individual, inter-city, and temporal
trends of several PFAS (PFOS, PFOA, FOSA, branched
perfluorooctanesulfonamide (Br-FOSA), linear perfluo-
rooctanesulfonamide (L-FOSA), PFBS, PFDA, PFDoDA,
PFHpA, PFHxA, PFHxS, PFNA, branched perfluorooc-
tane sulfonate (Br-PFOS), linear perfluorooctane sulfonate
(L-PFOS), PFTeDA, perfluorotridecanoic acid (PFTrDA),
PFUnDA, methylperfluorooctanesulfonamidoacetic acid
(MeFOSAA), and ethylperfluorooctanesulfonamidoacetic
acid (EtFOSAA)) were investigated. In general, the levels,
profiles, and inter-individual variability were similar in
the samples of both cities. The profiles were dominated
by PFOS and PFOA, whose mean levels were 53 +27
and 53 + 24 ng/L, respectively. The Y PFAS concentra-
tions (lower and upper bound estimates: LB, UB) ranged
from 83 to 290 ng/L (LB) and 110-310 ng/L (UB) for
the samples of Stockholm, and 61-290 ng/L (LB) and
90-320 ng/L (UB) for those of Gothenburg. The EDIs
(LB) for YPFAS levels in infants ranged between 7.1 and
40 ng/kg bw/day, and between 5.2 and 25 ng/kg bw/day, in
Stockholm and Gothenburg, respectively. It was concluded
that while exposure to some legacy PFAS via breast milk
was declining, concentrations of other PFAS were increas-
ing in recent years, which might mean potential health
risks to infants. In a subsequent study, the same research
group (Awad et al. 2020), which was joined by Chinese
researchers, measured the concentrations of 20 PFAS in
samples of human milk from China (Shanghai, Jiaxing and
Shaoxing), being the results compared with those previ-
ously obtained by the Swedish group (Nyberg et al. 2018).
While in the Swedish survey, PFOS and PFOA were the
dominant compounds, the highest levels of PFAS in China
corresponded to PFOA, 9-chlorohexadecafluoro-3-oxanon-
ane-1-sulfonic acid (9CI1-PF30NS) (trade name “F53-B”),
and PFOS (up to 411, 976 and 321 ng/L). 9CI-PF30NS
(also 11CI1-PF30UdS) was not detected in the samples of
the Swedish survey, which was not surprising considering
that this product was produced/used exclusively in China.
The mean %,,PFAS EDIs in China were 66, 40, and 37 ng/
kg bw/day in the cities of Jiaxing, Shanghai, and Shaox-
ing, respectively, being notably lower, 11 ng/kg bw/day, in
Stockholm. The high levels of 9-C1-PF30NS found in Chi-
nese samples suggested that if the assessment of human
exposure to PFAS in breastfeeding infants is focused only
on legacy substances, it could underestimate overall PFAS
exposure. On the other hand, Sundstrom et al. (2011)
examined the temporal trend (1972-2008) of the levels
of PFOS, PFHxS, and PFOA in pooled human milk sam-
ples from mothers from Stockholm. In general, for most
of the analyzed years, the highest levels corresponded
to PFOS, whose average concentrations were about
twice that of PFOA, and 11 times that of PFHxS. The
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highest concentrations of these compounds corresponded
to the years 1997 for PFOS (237 ng/L), 1998 for PFHxS
(28 ng/L), and 1995 for PFOA (139 ng/L). For these three
compounds, increasing trends from 1972 through the late
1990s were observed, with a decline already noted in
2001, which continued until 2008. Specifically, the lev-
els of PFOS, PFHxS, and PFOA detected in 1972 were
23,<5, and 19 ng/L, while in 2008, the concentrations
were 75, 14, and 74 ng/L, for PFOS, PFHxS, and PFOA,
respectively. That was the first study focused on determin-
ing the levels of PFOS, PFHxS, and PFOA in human milk
continuously, starting in 1972, the beginning of large-scale
fluorochemical production, going through 2001, years of
the major manufacture, and ending in 2008. The authors
noted that that the temporal trend in the levels of PFOS,
PFHxS, and PFOA in human milk samples was like that
reported by other authors regarding serum concentrations
of these same compounds.

In Finland, Lamichhane et al. (2021) conducted a study
aimed at investigating the possible association between the
concentrations of various PFAS (PFDA, PFHxS, PFNA,
PFOA, Br-PFOS, and L-PFOS) in maternal blood and
the lipidomic profile of breast milk. The influence on the
intestinal immunomodulatory functions in the infant gut
was also assessed. A lipidomic analysis of breast milk was
carried out in samples collected 2—4 days after delivery,
as well as at 3 months of infant age. The results suggested
that exposure to PFAS decreased the nutritional quality
markers of human milk, with reduced total lipid content.
These changes were linked to altered infant growth and
intestinal inflammatory markers. In summary, exposure
to PFAS would affect the lipid composition of breast milk
lipid, especially in mothers with infants prone to autoim-
mune diseases. This finding was corroborated in a recent
study on the impact of environmental factors on human
breast milk lipidome in future immune-mediated diseases,
in which the impact of PFAS was examined (Hyotyldinen
et al. 2024).

In the Faroe Islands, Mogensen et al. (2015) conducted
a study to assess the role of breastfeeding as an exposure
pathway for five PFAS (PFOS, PFOA, PFHxS, PFENA, and
PFDA). Serum levels of these compounds were measured in
a Faroese birth cohort at birth, and at 11, 18, and 60 months.
It was observed that after cessation of breastfeeding, the
serum concentrations in infants decreased, which would be
an indirect indicator that breastfeeding is an important path-
way of exposure to PFAS in infants. However, breast milk
concentrations were not reported. The results of another
study on the effects of exposure to PFAS during infancy
were recently published by Grandjean et al (2023), in which
serum adipokine concentrations at age 9 years were used
as biomarker instead of serum-PFAS levels. The results
suggested that early postnatal PFAS exposure could affect

subsequent metabolic health. In that study, concentrations of
PFAS in milk samples were not measured/reported.

Mediterranean European countries

Kadar et al. (2011) developed a quantitative method to
measure PFC in human breast milk, which was used to ana-
lyze the concentrations of 14 PFC in 30 breast milk sam-
ples, collected at a regional scale, providing the first set of
preliminary data regarding perinatal exposure in France.
PFOS and PFOA were detected in all the analyzed sam-
ples, being the means 78 and 59 ng/L (ranges 24-171 ng/L
and 18-102 ng/L), respectively. In contrast, PFBA could
be quantified only in one sample, while the concentrations
of the remaining PFC were below the respective limits of
detection (LODs). In general, the data obtained for French
population were in the same range than previously reported
results for other countries. The same research group con-
ducted another survey aimed at determining the concentra-
tions of 14 PFAS (PFBA, PFPeA, PFHxA, PFHpA, PFOA,
PENA, PFDA, PFUnDA, PFDoDA, PFBS, PFHxS, PFHpS,
PFOS, and PFDS) in 48 breast milk samples of French
women (Antignac et al. 2013). Three PFAS, PFOS, PFOA,
and PFHxS, were detected at high percentages: 90%, 98%,
and 100%, respectively, PFBA was found in 17% of the
samples, while PFNA, PFHxA, and PFHpA were detected
only in one of the 48 analyzed samples. The rest of PFAS
were not detected in any breast milk sample. The median
(range) concentrations of PFOS, PFOA, and PFHxS were
79 (5-330) ng/L, 75 (< 50-220) ng/L, and 50 (40-79) ng/L,
respectively. No significant relationships were noted between
the exposure levels of PFAS and developmental outcomes.

In Italy, Guerranti et al. (2013) carried out a pilot study
in which the distribution and concentrations of PFOS and
PFOA in 49 milk samples (24 primiparae and 25 multiparae
women) from the Sienese area (Tuscany, central Italy) were
determined. PFOS was detected in 20 samples, with an aver-
age value of 0.88 ng/g wet weight (equivalent to 0.85 ng/mL;
range 1.02-4.28 ng/mL). PFOA could be detected only in
one sample from a primipara at a concentration of 7.78 ng/
mL, while the estimated average—calculated across the
total sample set—was 0.16 ng/mL. Based on these results,
it was concluded that intake of breast milk would not result
in health risks for infants, considering that the TDIs of
PFOS and PFOA were not exceeded. In the databases used
to prepare the current review article, two studies conducted
in the University of Bologna are cited. Barbarossa et al.
(2013) measured the concentrations of PFOS and PFOA in
human milk from Italy, and assessed the potential correla-
tions between the primipara/multipara status of the pregnant
women and the concentrations of both PFC. Thirty-seven
milk samples were collected. From these, 21 belonged to
primipara women, being the rest of women nursing for, at
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least, a second time. PFOS was quantified in 90% of the
samples of primiparous mothers (mean: 57 ng/L, range
15-288 ng/L), and in and 62% of women who had already
breastfed previously (mean: 36 ng/L, range 15-116 ng/L).
Regarding PFOA, it was quantified in 81% of cases in pri-
miparas (mean: 76 ng/L, range 24-241 ng/L), and 46% of
cases in multiparas (mean 43 ng/L, range 24-241 ng/L). It
was concluded that the toxicological risks due to the intake
of these pollutants through breastfeeding would be rather
moderate. In a more recent study, Aceti et al. (2021) assessed
the potential exposure of preterm infants to PFAS through
human milk. The levels of four PFAS (PFOS, PFOA, PFHxS,
and PFNA) in milk samples of 35 women (15 term, 10 pre-
term, and 10 donor) were measured, being the daily intake at
full enteral feeding subsequently estimated. PFOA (58.7%)
was the main contributor to total PFAS, followed by PFOS
and PFNA (in a much lower percentage), being PFHxS
practically absent. The sum concentrations of the analyzed
PFAS were 135, 130, and 112 ng/L for the term, preterm,
and donor groups, respectively. The median EDIs for total
PFAS were 20.72 ng/kg bw/day (range 10.72-107.84) and
17.92 ng/kg bw/day (range 6.4-28.96) for the preterm and
donor groups, respectively. It was concluded that exposure
of preterm infants to PFAS through human milk belonging
to the mothers (or to donors) could exceed reference values
for older infants.

In Spain, the first data regarding the occurrence of PFC in
human milk were published at the beginning of the past dec-
ade (Kdrrman et al. 2010; LLorca et al. 2010). Kédrrman et al.
(2010) determined the concentrations of 12 PFC (PFHxS,
PFOS, PFOA, PFNA, PFDA, PFBS, PFHxA, PFHpA,
PFDoDA, PFTDA, PFUnDA, and 2-(perfluorohexyl)ethane-
1-sulfonic acid (THPFOS)) in ten samples of milk of healthy
primipara mothers, living in Tarragona County, Catalonia.
Only PFHxS and PFOS were detected, with mean concen-
trations of 40 and 120 ng/L, respectively. The remaining
ten PFC could not be detected in any sample. The results
of that survey were, in general, like those reported for other
countries. In turn, Llorca et al. (2010) measured the levels
of six PFC (PFOA, PFOS, i,p-PFNA, PFNA, PFDA, and
PFDS) in different types of childbirth food, including 20
human breast milk, and evaluated the Risk Index (RI) for
daily childhood intake of these compounds. PFOS, i,p-
PFNA, and PFOA were the most frequently detected PFC,
with PFOS and i,p-PFNA being quantified in 95% of the
samples and PFOA in 45% of the analyzed samples. The
range of concentrations for these compounds were as fol-
lows: 28-865 ng/L, 21-260 ng/L, and < LOQ-907, for
PFOS, i,p-PFNA, and PFOA, respectively. With respect to
the RIs calculated for the first 6 months of life, the ingestion
rates of PFOS and PFOA (excepting one sample) did not
exceed the TDI recommended by the European Food Safety
Authority (EFSA). On the other hand, Motas Guzman et al.
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(2016) measured the levels of five PFCAs in 67 Spanish
breast milk samples collected in the region of Murcia. The
frequencies of detection ranged between 3% for PFDoDA
and 60% for PFOA. The median (range) levels (ng/L) of the
5 analyzed PFCAs were the following: 26 (< LOQ-211),
40 (15-70), 20 (<LOQ-34), 20 (16-57), and 21 (16-26),
for PFOA, PFNA, PFDA, PFUnDA, and PFDoDA, respec-
tively, being 29 (< LOQ-397) ng/L the median (range) of the
2PFCAs. When a comparison of the PFCAs concentrations
was carried out between women nursing for the first time,
with those who had nursed previously, the mean concentra-
tions were 96 (range 13-397) ng/L, in the case of mothers
lactating for the first time, and 40 (range 13-167) ng/L) in
milk samples from multiparous. As in the previous study
by Llorca et al. (2010), the EDI of PFOA, calculated for the
first 6 months of life, did not exceed the TDI. In turn, Beser
et al. (2019) developed an analytical strategy to determine in
breast milk the occurrence and concentrations of PFAS and
organophosphorus compounds (OPs). Analyses were con-
ducted in 20 milk samples obtained from 14 women living in
the region of Valencia. Among the 12 PFAS analyzed, only
four could be quantified: PFPeA (detected in 19 samples;
mean: 158 ng/L, range ND—-176 ng/L), PFOA (detected in
17 samples; mean: 152 ng/L, range ND-180 ng/L), PFOS
(detected in 11 samples; mean: 66 ng/L, range ND-78 ng/L),
and PFNA (detected only in one sample, at 70 ng/L). PFHxS
was found in six samples, but it could not be quantified.
The concentration of total PFAS ranged between 66 and
356 ng/L. The daily intakes of the most known and inves-
tigated PFAS, PFOA and PFOS, were also estimated for
two scenarios: medium and higher intake. For PFOA, these
intakes (pg/kg bw/day) were 0.0021 and 0.0029, respec-
tively, while for PFOS the EDIs were 0.0092 and 0.01254,
respectively. All the EDIs were notably lower than the TDI
for PFOA and PFOS. Recently, Serrano et al. (2021) evalu-
ated the levels and profiles of 11 PFAS in milk samples
obtained from donors in a human milk bank in Granada (SE
Spain). The highest frequencies of detection corresponded to
PFHpA (100%) with a median concentration of 19.39 ng/L,
PFOA (84.1%, and median level of 7.17 ng/L), PFNA
(70.7%, and median concentration of 2.59 ng/L), PFHxA
(65.9%, and median level of 1.58 ng/L), and PFTrDA
(62.2%, and median level of 1.69 ng/L). PFDA, PFUnDA,
PFDoDA, PFBS, PFHxS, and PFOS were detected only in
less than 40% of milk samples. The median concentration of
the sum of all 11 analyzed PFAS was 87.67 ng/L. In 2020,
the EFSA estimated that critical levels in breast milk would
be 60 ng/L for PFOA and PFNA, and 73 ng/L for PFHxS
and PFOS, being 133 ng/L the critical concentration for the
sum of these four PFAS (EFSA 2020). The authors noted
that the upper concentrations of their survey were compara-
ble to the critical levels set by the EFSA. In a recent study,
Rovira et al. (2022) determined the concentrations of various
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environmental pollutants in breast milk samples of a Span-
ish cohort, being the exposure of breastfed newborns to the
analyzed contaminants also evaluated. Seven PFAS (PFOA,
PFNA, PFDA, PFUnDA, PFHxS, PFHpS, and PFOS) were
included in that survey. PFDA, PFHxS, and PFHpS could
not be detected in any of the 60 breast milk samples, while
the remaining compounds were found at the following per-
centages: PFOS (87%), PENA (25%), PFOA (12%), and
PFUnDA (5%), being their mean values 31, 6.8, 8.2, and
5.3 ng/L, respectively. These results were similar to those
previously found in other Spanish studies (Kirrman et al.
2010, Llorca et al. 2010; Motas Guzman et al. 2016; Ser-
rano et al. 2021).

Other European countries

In Germany, Volkel et al. (2008) conducted the first study
in that country specifically focused on evaluating the expo-
sure of breastfed infants to PFOS and PFOA through human
breast milk samples, in which the concentrations of both
PFC had been previously determined. Milk samples were
obtained as follows: 38 of them were archived samples from
the breast milk bank of the University of Leipzig, while 19
were fresh milk samples from the neonatology ward of the
University of Munich. In addition, 13 samples were derived
from a study carried out in the previous decade at the chil-
dren's hospital Gyor, Hungary. Thus, the concentrations of
PFOS and PFOA were determined in 70 milk samples. PFOS
was found in the 70 samples, being the median concentration
128 ng/L (range 28—639 ng/L). In contrast, PFOA could be
quantified (LOQ: 200 ng/L) in only 16% of the samples,
in a range between 201 and 460 ng/L. In general, the con-
centrations in the Hungarian samples were higher than
those from Germany. For the German samples, the EDIs of
PFOS via breast milk were 0.095 pg/day (using the median
value) and 0.246 pg/day (using the maximum value), which
indicated a low probability of exceeded the recommended
TDI. As result of the first serious contamination by PFC
in Germany, which occurred in 2006 in Sauerland (North
Rhine-Westphalia), various studies aimed at assessing and
managing that problem were carried out. Wilhelm et al.
(2008) conducted a biomonitoring study in which the levels
of PFOS and PFOA in 183 breast milk samples of women
from that German region were measured. PFOS and PFOA
were detected in 99 and 120 samples, with mean concentra-
tions of 90 and 160 ng/L, respectively. The results suggested
that fully breastfed infants would not exceed the allowable
TDI (0.1 pg/kg bw/day) of PFC. In addition, the preliminary
value of 540 ng/L (3.PFOS + PFOA in breast milk) was not
exceeded. On the other hand, also in Germany, Fromme et al.
(2010) performed an investigation aimed at improving the
knowledge of exposure to PFC in utero and during critical
periods of infant development. Samples of maternal blood,

cord blood, blood from infants, and breast milk were col-
lected from participants in Munich. Regarding specifically
to breast milk samples, PFOS, PFOA, and PFHxS could be
quantified at percentages of 72, 2, and 3%, respectively (on
a total of 201 analyzed samples). The concentration ranges
were < 30-110, < 150-250, and <20-30 ng/L, for PFOS,
PFOA, and PFHxS, respectively. The authors concluded
that although the concentrations of PFC in breast milk were
rather low, exposure to them through breastfeeding would
explain the levels found in infants in the first 6 months,
when almost all of them are exclusively breastfed. In another
study of the same research group (Raab et al. 2013), the
concentrations of PFOA, PFOS, and PFHxS were measured
in 516 breast milk samples of Bavarian women, collected
for conducting a wide study, in which various organochlo-
rine compounds and nitro musks were also included. With
respect to the PFAS, while PFOS could be quantified in
302 samples, PFOA and PFHxS were only quantified in
seven and five samples, respectively. The mean (range)
concentrations of PFOS, PFOA, and PFHxS were 60 ng/L
(range < 20-260 ng/L), 80 ng/L (range < 80-290 ng/L), and
10 ng/L (range < 10-30 ng/L), respectively. The concentra-
tions of PFOS were significantly higher in milk samples
from women breastfeeding for the first time, than in those
who had previously breastfed. The daily intakes for PFOS
(medium intake: 0.008 pg/kg bw, and high intake: 0.021 pg/
kg bw) and PFOA (medium intake: 0.006 pg/kg bw, and
high intake: 0.025 pg/kg bw) were below the TDIs of 0.15
and 1.5 pg/kg bw estimated by the EFSA (2008). Even in
the high-intake scenario, those intakes were only approxi-
mately 14% and 2% (PFOA) of the TDI values, for PFOS
and PFOA, respectively.

In Belgium, Roosens et al. (2010) measured the con-
centrations of PFC, at different life stages, using pooled
samples of human milk from various cities/regions of the
country. For the analyzed PFC, the frequencies of detec-
tion followed this order: PFHxA > PFNA > PFOS ~ PFOA
> PFDA > PFBS > PFHxS, while PFBA was not detected.
For PFOS and PFOA, the median (range) concentrations
were 2.9 (<0.4-28.2) ng/mL and 0.3 (<0.3-3.5) ng/mL,
respectively, being the median XPFC, 7.7 (<0.5-29) ng/mL.
Interestingly, in that study the maximum levels of PFOS
(28 ng/mL) and PFHxS (5.3 ng/mL) were among the highest
values reported at that time in the scientific literature. In the
Czech Republic, Cerna et al. (2020) measured the concen-
trations of 23 PFAS in samples of milk belonging to Czech
breastfeeding primiparas, living in large agglomerations,
industrial cities, smaller towns, and rural municipalities. To
assess the temporal trends, samples were collected in four
time periods (2006, 2010/2011, 2014, and 2017), being the
number of milk samples 46, 183, 164, and 232 for each of
these four sampling periods. The potential health risks for
breastfed infants were also evaluated. Only PFOS and PFOA
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could be quantified in more than 90% of samples, being their
median concentrations 75, 59, 35, and 23 ng/L for PFOA,
and 45, 31, 29, and 20 ng/L for PFOS, respectively, in the
sampling years 2006, 2010/11, 2014, and 2017. In turn, in
the 2017 sampling, PFNA could be quantified in 99% of
milk samples with a median concentration of 7 ng/L. For
both, PFOA and PFOS, a significant downward trend with
time was noted. The EDIs of PFOS and PFOA from breast-
feeding were clearly lower than the TDI for both compounds
set by the EFSA (2008). However, the comparison of PFAS
intake with the provisional tolerable weekly intake (PTWI)
would mean a potential increased risk for infants. In Ireland,
Abdallah et al. (2020) determined the levels of ten PFAS in
16 pooled samples of milk from primiparas obtained at two
maternity hospitals of Dublin. Only PFOA (100% of sam-
ples), PENA (69%), PFHxS (31%), and PFOS (62%) were
detected, being their median concentrations 100, 14, <40,
and 20 ng/L, respectively. In contrast, the concentrations
of MeFOSAA, ethylperfluorooctanesulfonamidoethanol
(EtFOSE), methylperfluorooctanesulfonamidoethanol
(MeFOSE), FOSA, EtFOSAA, and PFBS, were all under
the LODs (< 50-100 ng/L). In that study, the exposures of a
one-month nursing infant to the detected PFAS through the
human milk were estimated to be 18, 2.1, 3.5, and 2.4 ng/kg
bw/day, for PFOA, PFHxS, PFOS, and PFNA, respectively,
being below than the tolerable weekly intakes (TWIs) set by
the EFSA (2008) for PFOA and PFOS.

The results of recent (2018-2024) European studies
in which the concentrations of PFAS were determined in
human milk samples are summarized in Table 2.

America
United States

Using in PubMed “perfluorinated compounds (PFC) in
human milk” as search term, the first paper cited corre-
sponds to Kuklenyik et al. (2004). These authors developed
a method for measuring trace levels of 13 PFC in samples
of milk and serum. While the concentrations of PFC in the
analyzed blood samples were given, the results regarding
human milk were not reported. Anyhow, it was suggested
that PFC might not be as prevalent in milk as they were in
serum. The first study reporting the occurrence and levels of
PFC in breast milk from USA was carried out by Tao et al.
(2008b). In the State of Massachusetts, these researchers col-
lected 45 human milk samples, in which the concentrations
of nine PFC (PFOS, PFOA, PFHxS, PFNA, PFHpA, PFDA,
PFUnDA, PFDoDA, and PFBS) were measured. The daily
intake of PFC in breastfed infants was subsequently esti-
mated. PFOS and PFOA were the most detected, with per-
centages of 100% and 98%, respectively, while PFHxS and
PFNA were found in 93% of the samples. The mean values
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of these 4 PFC were 131, 43.8, 14.5, and 7.26 ng/L, respec-
tively. The rest of the analyzed compounds were detected
only in a few samples. The mean EDI of total PFC by infants
was estimated to be 23.5 ng/kg bw/day, being 87.1 ng/kg bw/
day the highest intake. In a subsequent study, von Ehren-
stein et al. (2009) measured the concentrations of nine PFC
(PFOS, PFOA, PFNA, PFHxS, PFOSA, 2-(N-Methyl-per-
fluorooctane sulfonamido) acetic acid (Me-PFOSA-AcOH),
2-(N-Ethyl-perfluorooctane sulfonamido) acetic acid (Et-
PFOSA-AcOH), PFBS, and perfluorodecanoate) in serum
and milk samples of 34 breastfeeding women in North Caro-
lina. PFC concentrations were lower than the respective lim-
its of quantification (LOQs) set between 150 and 600 ng/L.
Consequently, the partition coefficient from serum to milk
could not be calculated. However, it was stated that milk
concentrations were notably lower than serum concentra-
tions. On the other hand, Zheng et al. (2021) analyzed 39
PFAS (nine short-chain PFAS and 30 long-chain PFAS) in
50 samples of breast milk collected from mothers. Sixteen
of these PFAS were detected in 4-100% of the samples,
with a Y PFAS concentration ranging from 52 to 1850 ng/L
(median concentration of 121 ng/L). PFOS and PFOA were
the predominant compounds (medians of 30 and 14 ng/L,
respectively). Nevertheless, they were generally lower than
those found in breast milk samples from United States. The
authors highlighted the fact that although PFOS and PFOA
had been declining, occurrence of emerging short-chain
PFAS had been increasing in the last years.

Canada

Kubwabo et al. (2013) developed methods for the extraction
and determination in human milk of these compounds: five
perfluorinated carboxylic acids (PFHxA, PFHpA, PFOA,
PFNA, and PFDA), two perfluorinated sulfonates (PFHxS
and PFOS), and eight polyfluorinated disubstituted phos-
phate surfactant congeners (4:2, 4:2/6:2, 6:2, 6:2/8:2, 8:2,
8:2/10:2, 10:2, and 10:2/12:2 diPAPS). Only PFOA was
detected at a high percentage (85%) in the human milk
samples analyzed, while most compounds could not be
detected at concentrations above the method detection lim-
its. The mean concentration of PFOA was 250 ng/L (range
ND-520 ng/L). In turn, four diPAPS were detected and
quantified in the milk samples at different concentrations,
which ranged between < 10 and 830 ng/L.

Africa

To the best of our knowledge, there are only a couple of
studies conducted in Africa on the topic of this review, or at
least cited in PubMed or Scopus. Miiller et al. (2019) evalu-
ated prenatal exposure to various POPs (including six PFAS)
in Tanzanian infants. The distribution of the measured POPs
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between breast milk, maternal and cord blood, and placenta
and cord blood was also assessed. Samples were collected
from 150 healthy primiparous mothers at a hospital in Aru-
sha. However, data on the levels of PFAS in breast milk were
not specifically reported. In turn, Macheka et al. (2022) ana-
lyzed the concentration of 15 PFAS in breast milk of nurs-
ing mothers from South Africa. The median concentrations
of individual PFAS ranged between < LOQ and 0.730 ng/L,
while the median levels of X5 PFAS ranged from <LOQ to
420 ng/L. While short-chain PFAS contributed to 55% of the
mean concentration, PFOA and PFUnDA were detected in
94% of the samples. The EDIs ranged from 0.11 to 81.27 ng/
kg bw/day, and 0.21 to 151.38 ng/kg bw/day for average
and high-volume consuming infants, respectively. The EDI
for PFOS was lower than the TWI for average consuming
infants. In turn, HQ was below the unity, indicating negligi-
ble risk, while that of PFOA and ), PFAS (PFOS, PFOA,
PFNA, and PFHxS) presented considerable risk for breast-
feeding babies.

Discussion and conclusions

As stated in the introduction, blood is the most widely
accepted and accurate medium for biomonitoring most POPs
in general, and for PFC/PFAS in particular. In turn, breast
milk has been often used as in biomonitoring studies carried
out to detect environmental contaminants, being a vehicle
for the accumulation of lipophilic and persistent substances,
such as PFC/PFAS (Arendt 2008; Iribarne- Duran et al.
2022). In recent years, it has been shown that there is close
relationship between the levels of certain PFAS (mainly
PFOS and PFOA), in human blood of non-occupational
exposed individuals and the concentrations in the drinking
water consumed by those individuals (Wilhelm et al. 2009;
Domingo and Nadal 2019; Pitter et al. 2020; Lahne et al.
2024). Similarly, the highest levels of PFAS of breast milk
found in some of the above revised studies could be attrib-
uted to maternal exposure through contaminated drinking
water, considering that drinking water can be a major expo-
sure pathway in highly contaminated areas (Gyllenhammar
et al. 2021; Mogensen et al. 2015). In April 2024, the US
EPA announced Maximum Contaminant Levels (MCLs)
for six PFAS in drinking water. PFOA and PFOS are now
limited to 4 ppt, whereas PFNA, PFHxS, and HFPO-DA
are limited to 10 ppt (US EPA 2024). In turn, some Euro-
pean countries have also opted to adopt stricter limits on the
total concentration of PFAS-4 (PFOA, PFOS, PFNA, and
PFHxS), aligning more closely with USA standards. Exam-
ples include Denmark (2 ppt), Sweden (4 ppt), and Germany
(20 ppt, effective by 2028) (Gage et al. 2024).

The importance of breast milk, along with blood, relies
on the fact that it reflects the mother’s exposure to these

compounds through the diet and the environment. Alto-
gether, it makes breast milk an invaluable tool to assess
exposure to vulnerable populations, like lactating babies.
Breastfeeding occurs in a critical developmental stage when
the exposure to potentially toxic compounds like PFAS
could have long-term implication for the infants, since
organ, hormonal system, or nervous system are maturing
(Lehmann et al. 2014). Therefore, in this context, biomoni-
toring is essential to understand the extent of exposure in
the first years of life. Thus, measuring the presence of PFAS
in breast milk not only provides information about mater-
nal exposure but also offers valuable data on the transfer of
these compounds from mother to infant. At the same time,
it should help authorities implement more effective public
health policies and preventive measures to protect children's
health.

PFC/PFAS, which have been widely used in industries
such as non-stick cookware, water-repellent clothing, and
firefighting foams, are highly persistent in the environment
and in living organisms, making them a long-term public
health concern (Gliige et al. 2020; Meegoda et al. 2020).
With respect to human exposure to these environmental
pollutants, studies conducted in various countries have
shown that certain regions experience high levels of these
compounds, particularly PFOA and PFOS. In fact, in some
regions of China, the HI was greater than the unity (at least
for some samples), while other studies found that women
from those areas had higher burdens than women from
other regions and countries (So et al. 2006; Xu et al. 2022).
Although there are more than 4000 different PFAS, there
is only regulation for maximum levels in certain foodstuffs
(and drinking water), and only for some of them, PFOA,
PFOS, PFHxS, and PFNA, as well as the sum of these four
compounds (Commission Regulation (EU) 2023/915) (EC
2023, 2024). Recently, the EFSA established a TWI of
4.4 ng/kg bw for the sum of PFOA, PFNA, PFHxS, and
PFOS (EFSA 2020) meaning that the previous individual
TDI for PFOS (150 ng/kg bw) and for PFOA (1.5 pg/kg
bw) (EFSA 2008) should not be longer used as a toxicologi-
cal threshold for exposure estimation. Most of the studies
here reviewed were conducted before the implementation
of the new TWI, suggesting all of them a low health con-
cern for breastfeeding infants, even in a high-intake scenario
(Kang et al. 2016; Guerranti et al. 2013; Llorca et al. 2010;
Motas-Guzman et al. 2016; Beser et al. 2019; Volkel et al.
2008; Wilhelm et al. 2008; Raab et al. 2013; Cerna et al.
2020). However, recently Reinikainen et al. (2024) reported
that EU’s regulatory PFAS thresholds were impractical and
with inconsistencies in the current risk-based approaches
to PFAS. Outlooks for a potential improvement were sug-
gested. Certainly, new studies should be carried out to check
whether the EDIs are exceeding the current TWI. In this
sense, the European Commission recommended Member
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States to monitor the presence of PFAS in food from 2022
to 2025 (EC 2021, 2023).

On the other hand, long-chain perfluorinated carboxylic
acids (C9-C21 PFCAs) are being considered for inclusion in
the Stockholm Convention, which will conclude in a global
elimination, while PFHxA will face restrictions starting
April 2026 (EC 2024). In addition, C9-C14 PFCAs have
been restricted since February 2023 (Commission Regula-
tion (EU) 2021/1297) (EC 2021). Due to the stricter regula-
tion, in some regions and countries, particularly in Europe
and North America, there has been a gradual decrease in the
levels of legacy PFAS (Sunderland et al. 2019; Nyberg et al.
2018; Sundstrom et al. 2011; Cerna et al. 2020). However,
emerging PFAS, which are used as substitutes of legacy
PFAS and do not have regulation, are becoming dominant in
the environment (Li et al. 2020). Therefore, focusing only on
legacy PFAS to calculate the exposure to these compounds
would mean an underestimation of their exposure (Awad
et al. 2020).

Throughout the twenty-first century, various authors have
reviewed the state of the art regarding the concentrations of
PFC/PFAS in human milk. Fromme et al. (2009) provided
an early review on biomonitoring human exposure to PFC,
discussing data on their concentrations in breast milk, blood,
and human tissues within the general population of Western
countries. In turn, Macheka-Tendenguwo et al. (2018) sum-
marized data on PFAS in human breast milk, highlighting
analytical challenges and the potential transfer pathways
from maternal blood to milk. Similarly, Jian et al. (2018)
reviewed studies on PFAS concentrations in various human
tissues, including milk, and examined their distribution pat-
terns. Focusing specifically on Arctic populations, Abass
et al. (2018) presented an overview of temporal trends in
environmental pollutants, including PFAS, and their health
effects, using data from the Arctic Monitoring and Assess-
ment Programme (AMAP) and Russian scientific literature.
Breast milk was among the biological matrices reviewed
by Abass et al. (2018). VanNoy et al. (2018) examined the
relationship between PFAS exposure and breastfeeding,
concluding that lactation served as a significant excretion
pathway for PFAS in women, being human milk a criti-
cal exposure route for infants. In another review, Liu et al.
(2020) explored pre- and neonatal exposure to PFAS across
various biological matrices, such as umbilical cord blood,
placenta, and fetal organs, with breast milk being one of
the key matrices examined. Focusing on China, Hu et al.
(2021b) reviewed studies assessing the concentrations and
profiles of persistent organic pollutants (POPs), including
PFAS, in human breast milk. That review evaluated poten-
tial health risks for breastfed infants under six months of
age. Under the global monitoring plan (GMP) established
by the Stockholm Convention on POPs, ambient air, human
milk, blood, and water are key matrices for assessing the
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temporal and spatial distribution of POPs. Fiedler and Sadia
(2021), Fiedler et al. (2022), and van der Veen et al. (2023)
conducted reviews on PFAS concentrations in human milk,
consistently identifying PFOS as the predominant PFAS.
In Brazil, Barbosa Machado Torres et al. (2022) reviewed
the occurrence of PFAS (listed as POPs under the Stock-
holm Convention), finding PFOS to be the most prevalent
in terms of both, concentration and frequency. Recently,
LaKind et al. (2023) provided a global comparison of PFAS
levels in breast milk and infant formula, juxtaposed against
health-based drinking water screening values for infants. It
was concluded that the levels of PFOA and PFOS in breast
milk frequently exceeded the screening values, regardless of
geographical location.

Anyhow, the above reviewed studies suggest a decline in
the concentrations of legacy PFAS (e.g., PFOS, PFOA) in
breast milk in Europe and North America, which would be
attributed to stricter regulations and reduced use of these
compounds. However, in some regions, concentrations of
PFAS like PFOA have remained stable, or have even shown
an increase over time, despite regulatory efforts. On the
other hand, in recent years there is growing detection of
emerging PFAS, which indicates a shift in exposure patterns
due to the replacement of legacy PFAS. As happens with
the levels of PFAS in blood samples, temporal trends in the
concentrations of PFAS in human milk differ notably across
regions and countries, reflecting local industrial activities,
regulatory measures, and environmental conditions. Overall,
the findings of this review underscore breast milk’s dual
role as a reflection of maternal exposure and a pathway for
infant exposure, urging continued and expanded monitoring
and regulation.

Author contributions Both authors contributed equally to the study's
design, the drafting of the original manuscript, and its subsequent
review and editing.

Funding Open Access funding provided thanks to the CRUE-CSIC
agreement with Springer Nature.

Data availability Data are available from the authors on request.

Declarations

Conflict of interest The authors declare no known competing finan-
cial interests or personal relationships that influenced the work here
reported.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in



Archives of Toxicology (2025) 99:1843-1864

1859

the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abass K, Emelyanova A, Rautio A (2018) Temporal trends of contami-
nants in Arctic human populations. Environ Sci Pollut Res Int
25(29):28834-28850. https://doi.org/10.1007/s11356-018-2936-
8 (Erratum in: Environ Sci Pollut Res Int. 2019;26(21):22101.
https://doi.org/10.1007/s11356-019-05377-7)

Abdallah MA, Wemken N, Drage DS, Tlustos C, Cellarius C, Cleere K,
Morrison JJ, Daly S, Coggins MA, Harrad S (2020) Concentra-
tions of perfluoroalkyl substances in human milk from Ireland:
implications for adult and nursing infant exposure. Chemosphere
246:125724. https://doi.org/10.1016/j.chemosphere.2019.125724

Abraham K, Mielke H, Fromme H, Vilkel W, Menzel J, Peiser M,
Zepp F, Willich SN, Weikert C (2020) Internal exposure to per-
fluoroalkyl substances (PFASs) and biological markers in 101
healthy 1-year-old children: associations between levels of per-
fluorooctanoic acid (PFOA) and vaccine response. Arch Toxicol
94(6):2131-2147. https://doi.org/10.1007/s00204-020-02715-4

Aceti A, Barbarossa A, Gazzotti T, Zironi E, Pagliuca G, Vitali F,
Beghetti I, Corvaglia L (2021) Exposure to perfluoroalkyl sub-
stances through human milk in preterm infants. Eur J Pediatr
180(9):3047-3051. https://doi.org/10.1007/s00431-021-04073-4

Al-sheyab NA, Al-Qudah KM, Tahboub YR (2015) Levels of per-
fluorinated compounds in human breast milk in Jordan: the
impact of sociodemographic characteristics. Environ Sci Pol-
lut Res Int 22(16):12415-12423. https://doi.org/10.1007/
s11356-015-4462-2

Antignac JP, Veyrand B, Kadar H, Marchand P, Oleko A, Le Bizec B,
Vandentorren S (2013) Occurrence of perfluorinated alkylated
substances in breast milk of French women and relation with
socio-demographical and clinical parameters: results of the
ELFE pilot study. Chemosphere 91(6):802—808. https://doi.org/
10.1016/j.chemosphere.2013.01.088

Arendt M (2008) Communicating human biomonitoring results to
ensure police coherence with public health recommendations:
analysing breastmilk whilst protecting, promoting and support-
ing breastfeeding. Environ Health 5:7. https://doi.org/10.1186/
1476-069X-7-S1-S6

Awad R, Zhou Y, Nyberg E, Namazkar S, Yongning W, Xiao Q, SunY
ZhuZ, Bergman A, Benskin JP (2020) Emerging per- and poly-
fluoroalkyl substances (PFAS) in human milk from Sweden and
China. Environ Sci Process Impacts 22(10):2023-2030. https:/
doi.org/10.1039/d0em00077a

Aylward LL, Hays SM, Kirman CR, Marchitti SA, Kenneke JF, English
C, Mattison DR, Becker RA (2014) Relationships of chemical
concentrations in maternal and cord blood: a review of available
data. J Toxicol Environ Health B Crit Rev 17(3):175-203. https://
doi.org/10.1080/10937404.2014.884956

Barbarossa A, Masetti R, Gazzotti T, Zama D, Astolfi A, Veyrand
B, Pession A, Pagliuca G (2013) Perfluoroalkyl substances in
human milk: a first survey in Italy. Environ Int 51:27-30. https://
doi.org/10.1016/j.envint.2012.10.001

Barbosa Machado Torres F, Guida Y, Weber R, Machado Torres JP
(2022) Brazilian overview of per- and polyfluoroalkyl substances
listed as persistent organic pollutants in the stockholm conven-
tion. Chemosphere 291(Pt 3):132674. https://doi.org/10.1016/j.
chemosphere.2021.132674

Behr AC, Kwiatkowski A, Stahlman M, Schmidt FF, Luckert C, Brae-
uning A, Buhrke T (2020) Impairment of bile acid metabolism
by perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic
acid (PFOS) in human HepaRG hepatoma cells. Arch Toxicol
94(5):1673-1686. https://doi.org/10.1007/s00204-020-02732-3

Beser MI, Pardo O, Beltran J, Yusa V (2019) Determination of 21
perfluoroalkyl substances and organophosphorus compounds in
breast milk by liquid chromatography coupled to orbitrap high-
resolution mass spectrometry. Anal Chim Acta 1049:123-132.
https://doi.org/10.1016/j.aca.2018.10.033

Boyd RI, Ahmad S, Singh R, Fazal Z, Prins GS, Madak Erdogan
Z, Irudayaraj J, Spinella MJ (2022) Toward a mechanistic
understanding of poly- and perfluoroalkylated substances and
cancer. Cancers (Basel) 14(12):2919. https://doi.org/10.3390/
cancers14122919

Brase RA, Mullin EJ, Spink DC (2021) Legacy and emerging per-
and polyfluoroalkyl substances: analytical techniques, environ-
mental fate, and health effects. Int J Mol Sci 22(3):995. https://
doi.org/10.3390/ijms22030995

Butenhoff JL, Chang SC, Olsen GW, Thomford PJ (2012) Chronic
dietary toxicity and carcinogenicity study with potassium
perfluorooctanesulfonate in Sprague Dawley rats. Toxicology
293(1-3):1-15. https://doi.org/10.1016/j.t0x.2012.01.003

Carstens KE, Freudenrich T, Wallace K, Choo S, Carpenter A,
Smeltz M, Clifton MS, Henderson WM, Richard AM, Patle-
wicz G, Wetmore BA, Paul Friedman K, Shafer T (2023)
Evaluation of per- and polyfluoroalkyl substances (PFAS) in
vitro toxicity testing for developmental neurotoxicity. Chem
Res Toxicol 36(3):402-419. https://doi.org/10.1021/acs.chemr
estox.2c00344

Cerna M, Grafnetterova AP, Dvotakova D, Pulkrabova J, Maly M,
Jano§ T, Vodrazkova N, Tupa Z, Puklova V (2020) Biomoni-
toring of PFOA, PFOS and PFNA in human milk from Czech
Republic, time trends and estimation of infant’s daily intake.
Environ Res 188:109763. https://doi.org/10.1016/j.envres.2020.
109763

Chang SC, Thibodeaux JR, Eastvold ML, Ehresman DJ, Bjork JA,
Froehlich JW, Lau C, Singh RJ, Wallace KB, Butenhoff JL
(2008) Thyroid hormone status and pituitary function in adult
rats given oral doses of perfluorooctanesulfonate (PFOS). Toxi-
cology 243(3):330-339. https://doi.org/10.1016/j.tox.2007.10.
014

Chen Y, FuJ, Ye T, Li X, Gao K, Xue Q, Lv J, Zhang A, FuJ (2021)
Occurrence, profiles, and ecotoxicity of poly- and perfluoroalkyl
substances and their alternatives in global apex predators: a criti-
cal review. J Environ Sci (China) 109:219-236. https://doi.org/
10.1016/j.jes.2021.03.036

Chen HC, Cao WC, Liu XF, Liu X, Cheng QY, Zhou Y, Wen S (2024)
Contamination levels of perfluorinated and polyfluoroalkyl com-
pounds in breast milk and assessment of their exposure risk to
infants. Se Pu 42(2):211-216. https://doi.org/10.3724/SP.J.1123.
2023.09023. (in Chinese)

Cheng H, Lv C, LiJ, Wu D, Zhan X, Song Y, Zhao N, Jin H (2022)
Bioaccumulation and biomagnification of emerging poly- and
perfluoroalkyl substances in marine organisms. Sci Total Envi-
ron 851(Pt 2):158117. https://doi.org/10.1016/j.scitotenv.2022.
158117

Cousins IT, DeWitt JC, Gliige J, Goldenman G, Herzke D, Lohmann
R, Ng CA, Scheringer M, Wang Z (2020) The high persistence
of PFAS is sufficient for their management as a chemical class.
Environ Sci Process Impacts 22(12):2307-2312. https://doi.org/
10.1039/d0em00355¢g

Crawford L, Halperin SA, Dzierlenga MW, Skidmore B, Linakis
MW, Nakagawa S, Longnecker MP (2023) Systematic review
and meta-analysis of epidemiologic data on vaccine response in
relation to exposure to five principal perfluoroalkyl substances.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s11356-018-2936-8
https://doi.org/10.1007/s11356-018-2936-8
https://doi.org/10.1007/s11356-019-05377-7
https://doi.org/10.1016/j.chemosphere.2019.125724
https://doi.org/10.1007/s00204-020-02715-4
https://doi.org/10.1007/s00431-021-04073-4
https://doi.org/10.1007/s11356-015-4462-2
https://doi.org/10.1007/s11356-015-4462-2
https://doi.org/10.1016/j.chemosphere.2013.01.088
https://doi.org/10.1016/j.chemosphere.2013.01.088
https://doi.org/10.1186/1476-069X-7-S1-S6
https://doi.org/10.1186/1476-069X-7-S1-S6
https://doi.org/10.1039/d0em00077a
https://doi.org/10.1039/d0em00077a
https://doi.org/10.1080/10937404.2014.884956
https://doi.org/10.1080/10937404.2014.884956
https://doi.org/10.1016/j.envint.2012.10.001
https://doi.org/10.1016/j.envint.2012.10.001
https://doi.org/10.1016/j.chemosphere.2021.132674
https://doi.org/10.1016/j.chemosphere.2021.132674
https://doi.org/10.1007/s00204-020-02732-3
https://doi.org/10.1016/j.aca.2018.10.033
https://doi.org/10.3390/cancers14122919
https://doi.org/10.3390/cancers14122919
https://doi.org/10.3390/ijms22030995
https://doi.org/10.3390/ijms22030995
https://doi.org/10.1016/j.tox.2012.01.003
https://doi.org/10.1021/acs.chemrestox.2c00344
https://doi.org/10.1021/acs.chemrestox.2c00344
https://doi.org/10.1016/j.envres.2020.109763
https://doi.org/10.1016/j.envres.2020.109763
https://doi.org/10.1016/j.tox.2007.10.014
https://doi.org/10.1016/j.tox.2007.10.014
https://doi.org/10.1016/j.jes.2021.03.036
https://doi.org/10.1016/j.jes.2021.03.036
https://doi.org/10.3724/SP.J.1123.2023.09023
https://doi.org/10.3724/SP.J.1123.2023.09023
https://doi.org/10.1016/j.scitotenv.2022.158117
https://doi.org/10.1016/j.scitotenv.2022.158117
https://doi.org/10.1039/d0em00355g
https://doi.org/10.1039/d0em00355g

1860

Archives of Toxicology (2025) 99:1843-1864

Environ Int 172:107734. https://doi.org/10.1016/j.envint.2023.
107734

Curtzwiler GW, Silva P, Hall A, Ivey A, Vorst K (2021) Significance of
perfluoroalkyl substances (PFAS) in food packaging. Integr Envi-
ron Assess Manag 17(1):7-12. https://doi.org/10.1002/ieam.4346

Das KP, Grey BE, Rosen MB, Wood CR, Tatum-Gibbs KR, Zehr RD,
Strynar MJ, Lindstrom AB, Lau C (2015) Developmental toxicity
of perfluorononanoic acid in mice. Reprod Toxicol 51:133-144.
https://doi.org/10.1016/j.reprotox.2014.12.012

Ding N, Harlow SD, Randolph JF Jr, Loch-Caruso R, Park SK (2020)
Perfluoroalkyl and polyfluoroalkyl substances (PFAS) and their
effects on the ovary. Hum Reprod Update 26(5):724—752. https://
doi.org/10.1093/humupd/dmaa018

Domingo JL (2012) Health risks of dietary exposure to perfluorinated
compounds. Environ Int 40:187-195. https://doi.org/10.1016/j.
envint.2011.08.001

Domingo JL, Nadal M (2017) Per- and polyfluoroalkyl substances
(PFAS:s) in food and human dietary intake: a review of the recent
scientific literature. J Agric Food Chem 65(3):533-543. https://
doi.org/10.1021/acs.jafc.6b04683

Domingo JL, Nadal M (2019) Human exposure to per- and polyfluoro-
alkyl substances (PFAS) through drinking water: a review of the
recent scientific literature. Environ Res 177:108648. https://doi.
org/10.1016/j.envres.2019.108648

EC (2021) COMMISSION REGULATION (EU) 2021/1297 of 4
August 2021 amending Annex XVII to Regulation (EC) No
1907/2006 of the European Parliament and of the Council as
regards perfluorocarboxylic acids containing 9 to 14 carbon
atoms in the chain (C9-C14 PFCAs), their salts and C9-C14
PFCA-related substances. Official Journal of the European
Union. Available at: https://eur-lex.europa.eu/legal-content/EN/
TXT/?uri=celex%3A32021R1297. Accessed 21 Nov 2024

EC (2023) COMMISSION REGULATION (EU) 2023/915 of 25 April
2023 on maximum levels for certain contaminants in food and
repealing Regulation (EC) No 1881/2006. Official Journal of
the European Union. https://eur-lex.europa.eu/legal-content/en/
TXT/uri=CELEX%3A32023R0915. Accessed 21 Nov 2024

EC (2024) COMMISSION REGULATION (EU) 2024/2462 of 19
September 2024 amending Annex XVII to Regulation (EC)
No 1907/2006 of the European Parliament and of the Council
as regards undecafluorohexanoic acid (PFHxA), its salts and
PFHxA-related substances. Official Journal of the European
Union. https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=
OJ%3AL_202402462. Accessed 21 Nov 2024

EFSA (2020) Panel on Contaminants in the Food Chain (EFSA CON-
TAM Panel), Risk to human health related to the presence of
perfluoroalkyl substances in food. EFSA J 18(9):e06223

EFSA (2008) Perfluorooctane sulfonate (PFOS), perfluorooctanoic
acid (PFOA) and their salts. Scientific Opinion of the Panel on
Contaminants in the Food Chain. https://www.efsa.europa.eu/en/
efsajournal/pub/653. Accessed 8 Nov 2024

Elumalai S, Karunakaran U, Won KC, Chung SM, Moon JS (2023)
Perfluorooctane sulfonate-induced oxidative stress contributes
to pancreatic f-cell apoptosis by inhibiting cyclic adenosine
monophosphate pathway: prevention by pentoxifylline. Environ
Pollut 320:120959. https://doi.org/10.1016/j.envpol.2022.120959

Ericson I, Gomez M, Nadal M, van Bavel B, Lindstrom G, Domingo
JL (2007) Perfluorinated chemicals in blood of residents in Cata-
lonia (Spain) in relation to age and gender: a pilot study. Environ
Int 33(5):616-623. https://doi.org/10.1016/j.envint.2007.01.003

Evich MG, Davis MJB, McCord JP, Acrey B, Awkerman JA, Knappe
DRU, Lindstrom AB, Speth TF, Tebes-Stevens C, Strynar MJ,
Wang Z, Weber EJ, Henderson WM, Washington JW (2022)
Per- and polyfluoroalkyl substances in the environment. Science
375(6580):eabg9065. https://doi.org/10.1126/science.abg9065

@ Springer

Fiedler H, Sadia M (2021) Regional occurrence of perfluoroalkane sub-
stances in human milk for the global monitoring plan under the
Stockholm Convention on Persistent Organic Pollutants during
2016-2019. Chemosphere 277:130287. https://doi.org/10.1016/].
chemosphere.2021.130287

Fiedler H, Sadia M, Baabish A, Sobhanei S (2022) Perfluoroalkane
substances in national samples from global monitoring plan pro-
jects (2017-2019). Chemosphere 307(Pt 3):136038. https://doi.
org/10.1016/j.chemosphere.2022.136038

Forns J, Iszatt N, White RA, Mandal S, Sabaredzovic A, Lamoree M,
Thomsen C, Haug LS, Stigum H, Eggesbg M (2015) Perfluoro-
alkyl substances measured in breast milk and child neuropsycho-
logical development in a Norwegian birth cohort study. Environ
Int 83:176-182. https://doi.org/10.1016/j.envint.2015.06.013

Fromme H, Tittlemier SA, Volkel W, Wilhelm M, Twardella D (2009)
Perfluorinated compounds—exposure assessment for the gen-
eral population in Western countries. Int J Hyg Environ Health
212(3):239-270. https://doi.org/10.1016/j.ijheh.2008.04.007

Fromme H, Mosch C, Morovitz M, Alba-Alejandre I, Boehmer S,
Kiranoglu M, Faber F, Hannibal I, Genzel-Boroviczény O,
Koletzko B, Volkel W (2010) Pre- and postnatal exposure
to perfluorinated compounds (PFCs). Environ Sci Technol
44(18):7123-7129. https://doi.org/10.1021/es101184f

Gage G, De Kervenoael M, Guillet C, Malarkey B, Simeon B (2024)
Understanding new PFAS regulations in the US and EU. https://
www.rolandberger.com/en/Insights/Publications/Opportunit
ies-challenges-in-new-regulations-of-forever-chemicals.html.
Accessed 26 Dec 2024

Gluge J, Scheringer M, Cousins IT, DeWitt JC, Goldenman G, Herzke
D, Lohmann R, Ng CA, Trier X, Wang Z (2020) An overview of
the uses of per- and polyfluoroalkyl substances (PFAS). Environ
Sci Process Impacts 22(12):2345-2373. https://doi.org/10.1039/
dOem00291¢g

Grandjean P, Shih YH, Jgrgensen LH, Nielsen F, Weihe P, Budtz-
Jgrgensen E (2023) Estimated exposure to perfluoroalkyl sub-
stances during infancy and serum-adipokine concentrations in
later childhood. Pediatr Res 94(5):1832—1837. https://doi.org/
10.1038/541390-023-02665-4

Guerranti C, Perra G, Corsolini S, Focardi SE (2013) Pilot study on
levels of perfluorooctane sulfonic acid (PFOS) and perfluorooc-
tanoic acid (PFOA) in selected foodstuffs and human milk from
Italy. Food Chem 140(1-2):197-203. https://doi.org/10.1016/].
foodchem.2012.12.066

Gyllenhammar I, Aune M, Fridén U, Cantillana T, Bignert A, Lignell
S, Glynn A (2021) Are temporal trends of some persistent organ-
ochlorine and organobromine compounds in Swedish breast milk
slowing down? Environ Res 197:111117. https://doi.org/10.
1016/j.envres.2021.111117

Haug LS, Huber S, Becher G, Thomsen C (2011) Characterisation of
human exposure pathways to perfluorinated compounds—com-
paring exposure estimates with biomarkers of exposure. Environ
Int 37(4):687-693. https://doi.org/10.1016/j.envint.2011.01.011

Ho SH, Soh SXH, Wang MX, Ong J, Seah A, Wong Y, Fang Z, Sim S,
Lim JT (2022) Perfluoroalkyl substances and lipid concentrations
in the blood: a systematic review of epidemiological studies. Sci
Total Environ 850:158036. https://doi.org/10.1016/j.scitotenv.
2022.158036

Holder C, Cohen Hubal EA, Luh J, Lee MG, Melnyk LJ, Thomas
K (2024) Systematic evidence mapping of potential correlates
of exposure for per- and poly-fluoroalkyl substances (PFAS)
based on measured occurrence in biomatrices and surveys of
dietary consumption and product use. Int J Hyg Environ Health
259:114384. https://doi.org/10.1016/j.ijheh.2024.114384

Hopkins KE, McKinney MA, Saini A, Letcher RJ, Karouna-Renier
NK, Fernie KJ (2023) Characterizing the movement of per- and
polyfluoroalkyl substances in an avian aquatic-terrestrial food


https://doi.org/10.1016/j.envint.2023.107734
https://doi.org/10.1016/j.envint.2023.107734
https://doi.org/10.1002/ieam.4346
https://doi.org/10.1016/j.reprotox.2014.12.012
https://doi.org/10.1093/humupd/dmaa018
https://doi.org/10.1093/humupd/dmaa018
https://doi.org/10.1016/j.envint.2011.08.001
https://doi.org/10.1016/j.envint.2011.08.001
https://doi.org/10.1021/acs.jafc.6b04683
https://doi.org/10.1021/acs.jafc.6b04683
https://doi.org/10.1016/j.envres.2019.108648
https://doi.org/10.1016/j.envres.2019.108648
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32021R1297
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32021R1297
https://eur-lex.europa.eu/legal-content/en/TXT/?uri=CELEX%3A32023R0915
https://eur-lex.europa.eu/legal-content/en/TXT/?uri=CELEX%3A32023R0915
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=OJ%3AL_202402462
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=OJ%3AL_202402462
https://www.efsa.europa.eu/en/efsajournal/pub/653
https://www.efsa.europa.eu/en/efsajournal/pub/653
https://doi.org/10.1016/j.envpol.2022.120959
https://doi.org/10.1016/j.envint.2007.01.003
https://doi.org/10.1126/science.abg9065
https://doi.org/10.1016/j.chemosphere.2021.130287
https://doi.org/10.1016/j.chemosphere.2021.130287
https://doi.org/10.1016/j.chemosphere.2022.136038
https://doi.org/10.1016/j.chemosphere.2022.136038
https://doi.org/10.1016/j.envint.2015.06.013
https://doi.org/10.1016/j.ijheh.2008.04.007
https://doi.org/10.1021/es101184f
https://www.rolandberger.com/en/Insights/Publications/Opportunities-challenges-in-new-regulations-of-forever-chemicals.html
https://www.rolandberger.com/en/Insights/Publications/Opportunities-challenges-in-new-regulations-of-forever-chemicals.html
https://www.rolandberger.com/en/Insights/Publications/Opportunities-challenges-in-new-regulations-of-forever-chemicals.html
https://doi.org/10.1039/d0em00291g
https://doi.org/10.1039/d0em00291g
https://doi.org/10.1038/s41390-023-02665-4
https://doi.org/10.1038/s41390-023-02665-4
https://doi.org/10.1016/j.foodchem.2012.12.066
https://doi.org/10.1016/j.foodchem.2012.12.066
https://doi.org/10.1016/j.envres.2021.111117
https://doi.org/10.1016/j.envres.2021.111117
https://doi.org/10.1016/j.envint.2011.01.011
https://doi.org/10.1016/j.scitotenv.2022.158036
https://doi.org/10.1016/j.scitotenv.2022.158036
https://doi.org/10.1016/j.ijheh.2024.114384

Archives of Toxicology (2025) 99:1843-1864

1861

web. Environ Sci Technol 57(48):20249-20260. https://doi.org/
10.1021/acs.est.3c06944

Hu H, Zhang Y, Zhao N, Xie J, Zhou Y, Zhao M, Jin H (2021a) Leg-
acy and emerging poly- and perfluorochemicals in seawater and
sediment from East China Sea. Sci Total Environ 797:149052.
https://doi.org/10.1016/j.scitotenv.2021.149052

Hu L, Luo D, Wang L, Yu M, Zhao S, Wang Y, Mei S, Zhang G
(2021b) Levels and profiles of persistent organic pollutants in
breast milk in China and their potential health risks to breastfed
infants: a review. Sci Total Environ 753:142028. https://doi.org/
10.1016/j.scitotenv.2020.142028

Hyéotyldinen T, Ghaffarzadegan T, Karthikeyan BS, Triplett E, Oresic¢
M, Ludvigsson J (2024) Impact of environmental exposures on
human breast milk lipidome in future immune-mediated diseases.
Environ Sci Technol 58(5):2214-2223. https://doi.org/10.1021/
acs.est.3c06269

Iribarne-Durdan LM, Serrano L, Peinado FM, Pefia-Caballero M, Hur-
tado JA, Vela-Soria F, Fernandez MF, Freire C, Artacho-Cordén
F, Olea N (2022) Biomonitoring bisphenols, parabens, and ben-
zophenones in breast milk from a human milk bank in Southern
Spain. Sci Total Environ 830:154737. https://doi.org/10.1016/j.
scitotenv.2022.154737

Iszatt N, Janssen S, Lenters V, Dahl C, Stigum H, Knight R, Mandal
S, Peddada S, Gonzalez A, Midtvedt T, Eggesbg M (2019) Envi-
ronmental toxicants in breast milk of Norwegian mothers and gut
bacteria composition and metabolites in their infants at 1 month.
Microbiome 7(1):34. https://doi.org/10.1186/s40168-019-0645-2

Jian JM, Chen D, Han FJ, Guo Y, Zeng L, Lu X, Wang F (2018) A
short review on human exposure to and tissue distribution of
per- and polyfluoroalkyl substances (PFASs). Sci Total Environ
636:1058-1069

Jin H, Mao L, Xie J, Zhao M, Bai X, Wen J, Shen T, Wu P (2020)
Poly- and perfluoroalkyl substance concentrations in human
breast milk and their associations with postnatal infant growth.
Sci Total Environ 713:136417. https://doi.org/10.1016/].scito
tenv.2019.136417

Kadar H, Veyrand B, Barbarossa A, Pagliuca G, Legrand A, Bosher
C, Boquien CY, Durand S, Monteau F, Antignac JP, Le Bizec
B (2011) Development of an analytical strategy based on liquid
chromatography-high resolution mass spectrometry for measur-
ing perfluorinated compounds in human breast milk: application
to the generation of preliminary data regarding perinatal expo-
sure in France. Chemosphere 85(3):473—480. https://doi.org/10.
1016/j.chemosphere.2011.07.077

Kang H, Choi K, Lee HS, Kim DH, Park NY, Kim S, Kho Y (2016)
Elevated levels of short carbon-chain PFCAs in breast milk
among Korean women: current status and potential challenges.
Environ Res 148:351-359. https://doi.org/10.1016/j.envres.2016.
04.017

Kidrrman A, Ericson I, van Bavel B, Darnerud PO, Aune M, Glynn A,
Lignell S, Lindstrom G (2007) Exposure of perfluorinated chemi-
cals through lactation: levels of matched human milk and serum
and a temporal trend, 1996-2004, in Sweden. Environ Health
Perspect 115(2):226-230. https://doi.org/10.1289/ehp.9491

Kéarrman A, Domingo JL, Llebaria X, Nadal M, Bigas E, van Bavel B,
Lindstrom G (2010) Biomonitoring perfluorinated compounds in
Catalonia, Spain: concentrations and trends in human liver and
milk samples. Environ Sci Pollut Res Int 17(3):750-758. https://
doi.org/10.1007/s11356-009-0178-5

Kim SK, Lee KT, Kang CS, Tao L, Kannan K, Kim KR, Kim CK, Lee
JS, Park PS, Yoo YW, Ha JY, Shin YS, Lee JH (2011) Distribu-
tion of perfluorochemicals between sera and milk from the same
mothers and implications for prenatal and postnatal exposures.
Environ Pollut 159(1):169-174. https://doi.org/10.1016/j.envpol.
2010.09.008

Kim M, Li LY, Grace JR, Yue C (2015) Selecting reliable physico-
chemical properties of perfluoroalkyl and polyfluoroalkyl sub-
stances (PFASs) based on molecular descriptors. Environ Pollut
196:462-472. https://doi.org/10.1016/j.envpol.2014.11.008

Kim JH, Moon N, Lee JW, Mehdi Q, Yun MH, Moon HB (2023) Time-
course trend and influencing factors for per- and polyfluoroalkyl
substances in the breast milk of Korean mothers. Chemosphere
310:136688. https://doi.org/10.1016/j.chemosphere.2022.136688

Kubwabo C, Kosarac I, Lalonde K (2013) Determination of selected
perfluorinated compounds and polyfluoroalkyl phosphate sur-
factants in human milk. Chemosphere 91(6):771-777. https://
doi.org/10.1016/j.chemosphere.2013.02.011

Kuklenyik Z, Reich JA, Tully JS, Needham LL, Calafat AM (2004)
Automated solid-phase extraction and measurement of per-
fluorinated organic acids and amides in human serum and milk.
Environ Sci Technol 38(13):3698-3704. https://doi.org/10.1021/
es040332u

Kwiatkowski CF, Andrews DQ, Birnbaum LS, Bruton TA, DeWitt JC,
Knappe DRU, Maffini MV, Miller MF, Pelch KE, Reade A, Soehl
A, Trier X, Venier M, Wagner CC, Wang Z, Blum A (2020)
Scientific basis for managing PFAS as a chemical class. Environ
Sci Technol Lett 7(8):532-543. https://doi.org/10.1021/acs.estle
tt.0c00255

Lahne H, Gerstner D, Volkel W, Schober W, Aschenbrenner B, Herr
C, Heinze S, Quartucci C (2024) Human biomonitoring follow-
up study on PFOA contamination and investigation of possible
influencing factors on PFOA exposure in a German population
originally exposed to emissions from a fluoropolymer production
plant. Int J Hyg Environ Health 259:114387. https://doi.org/10.
1016/j.ijheh.2024.114387

LaKind JS, Naiman J, Verner MA, Lévéque L, Fenton S (2023) Per-
and polyfluoroalkyl substances (PFAS) in breast milk and infant
formula: a global issue. Environ Res 219:115042. https://doi.org/
10.1016/j.envres.2022.115042

Lamichhane S, Siljander H, Duberg D, Honkanen J, Virtanen SM,
Oresi¢ M, Knip M, Hyétyldinen T (2021) Exposure to per- and
polyfluoroalkyl substances associates with an altered lipid com-
position of breast milk. Environ Int 157:106855. https://doi.org/
10.1016/j.envint.2021.106855

Langenbach B, Wilson M (2021) Per- and polyfluoroalkyl substances
(PFAS): significance and considerations within the regula-
tory framework of the USA. Int J Environ Res Public Health
18(21):11142. https://doi.org/10.3390/ijerph182111142

Lau C, Anitole K, Hodes C, Lai D, Pfahles-Hutchens A, Seed J (2007)
Perfluoroalkyl acids: a review of monitoring and toxicological
findings. Toxicol Sci 99(2):366-394. https://doi.org/10.1093/
toxsci/kfm128

Lee S, Kim S, Park J, Kim HJ, Choi G, Choi S, Kim S, Kim SY, Kim S,
Choi K, Moon HB (2018) Perfluoroalkyl substances (PFASs) in
breast milk from Korea: Time-course trends, influencing factors,
and infant exposure. Sci Total Environ 612:286-292. https://doi.
org/10.1016/j.scitotenv.2017.08.094

Lehmann GM, Verner MA, Luukinen B, Henning C, Assimon SA,
LaKind JS, McLanahan ED, Phillips LJ, Davis MH, Powers
CM, Hines EP, Haddad S, Longnecker MP, Poulsen MT, Farrer
DG, Marchitti SA, Tan YM, Swartout JC, Sagiv SK, Welsh C,
Campbell JL Jr, Foster WG, Yang RS, Fenton SE, Tornero-Velez
R, Francis BM, Barnett JB, EI-Masri HA, Simmons JE (2014)
Improving the risk assessment of lipophilic persistent environ-
mental chemicals in breast milk. Crit Rev Toxicol 44(7):600—
617. https://doi.org/10.3109/10408444.2014.926306

Lenters V, Iszatt N, Forns J, Cechova E, Kocan A, Legler J, Leonards
P, Stigum H, Eggesbg M (2019) Early-life exposure to persistent
organic pollutants (OCPs, PBDEs, PCBs, PFASs) and attention-
deficit/hyperactivity disorder: a multi-pollutant analysis of a

@ Springer


https://doi.org/10.1021/acs.est.3c06944
https://doi.org/10.1021/acs.est.3c06944
https://doi.org/10.1016/j.scitotenv.2021.149052
https://doi.org/10.1016/j.scitotenv.2020.142028
https://doi.org/10.1016/j.scitotenv.2020.142028
https://doi.org/10.1021/acs.est.3c06269
https://doi.org/10.1021/acs.est.3c06269
https://doi.org/10.1016/j.scitotenv.2022.154737
https://doi.org/10.1016/j.scitotenv.2022.154737
https://doi.org/10.1186/s40168-019-0645-2
https://doi.org/10.1016/j.scitotenv.2019.136417
https://doi.org/10.1016/j.scitotenv.2019.136417
https://doi.org/10.1016/j.chemosphere.2011.07.077
https://doi.org/10.1016/j.chemosphere.2011.07.077
https://doi.org/10.1016/j.envres.2016.04.017
https://doi.org/10.1016/j.envres.2016.04.017
https://doi.org/10.1289/ehp.9491
https://doi.org/10.1007/s11356-009-0178-5
https://doi.org/10.1007/s11356-009-0178-5
https://doi.org/10.1016/j.envpol.2010.09.008
https://doi.org/10.1016/j.envpol.2010.09.008
https://doi.org/10.1016/j.envpol.2014.11.008
https://doi.org/10.1016/j.chemosphere.2022.136688
https://doi.org/10.1016/j.chemosphere.2013.02.011
https://doi.org/10.1016/j.chemosphere.2013.02.011
https://doi.org/10.1021/es040332u
https://doi.org/10.1021/es040332u
https://doi.org/10.1021/acs.estlett.0c00255
https://doi.org/10.1021/acs.estlett.0c00255
https://doi.org/10.1016/j.ijheh.2024.114387
https://doi.org/10.1016/j.ijheh.2024.114387
https://doi.org/10.1016/j.envres.2022.115042
https://doi.org/10.1016/j.envres.2022.115042
https://doi.org/10.1016/j.envint.2021.106855
https://doi.org/10.1016/j.envint.2021.106855
https://doi.org/10.3390/ijerph182111142
https://doi.org/10.1093/toxsci/kfm128
https://doi.org/10.1093/toxsci/kfm128
https://doi.org/10.1016/j.scitotenv.2017.08.094
https://doi.org/10.1016/j.scitotenv.2017.08.094
https://doi.org/10.3109/10408444.2014.926306

1862

Archives of Toxicology (2025) 99:1843-1864

Norwegian birth cohort. Environ Int 125:33—42. https://doi.org/
10.1016/j.envint.2019.01.020

Leung SCE, Wanninayake D, Chen D, Nguyen NT, Li Q (2023) Phys-
icochemical properties and interactions of perfluoroalkyl sub-
stances (PFAS)—challenges and opportunities in sensing and
remediation. Sci Total Environ 905:166764. https://doi.org/10.
1016/j.scitotenv.2023.166764

Li J, He J, Niu Z, Zhang Y (2020) Legacy per- and polyfluoroalkyl
substances (PFASs) and alternatives (short-chain analogues,
F-53B, GenX and FC-98) in residential soils of China: present
implications of replacing legacy PFASs. Environ Int 135:105419.
https://doi.org/10.1016/j.envint.2019.105419

Liang L, Pan Y, Bin L, Liu Y, Huang W, Li R, Lai KP (2022) Immu-
notoxicity mechanisms of perfluorinated compounds PFOA and
PFOS. Chemosphere 291(Pt 2):132892. https://doi.org/10.1016/j.
chemosphere.2021.132892

LiuJ, LiJ, Zhao Y, Wang Y, Zhang L, Wu Y (2010) The occurrence
of perfluorinated alkyl compounds in human milk from different
regions of China. Environ Int 36(5):433-438. https://doi.org/10.
1016/j.envint.2010.03.004

LiulJ, LiJ, Liu Y, Chan HM, Zhao Y, Cai Z, Wu Y (2011) Comparison
on gestation and lactation exposure of perfluorinated compounds
for newborns. Environ Int 37(7):1206—1212. https://doi.org/10.
1016/j.envint.2011.05.001

Liu Y, Li A, Buchanan S, Liu W (2020) Exposure characteristics for
congeners, isomers, and enantiomers of perfluoroalkyl sub-
stances in mothers and infants. Environ Int 144:106012. https://
doi.org/10.1016/j.envint.2020.106012

Llorca M, Farré M, Pico Y, Teijon ML, Alvarez JG, Barcel6 D (2010)
Infant exposure of perfluorinated compounds: levels in breast
milk and commercial baby food. Environ Int 36(6):584-592.
https://doi.org/10.1016/j.envint.2010.04.016

Lohmann R, Letcher RJ (2023) The universe of fluorinated polymers
and polymeric substances and potential environmental impacts
and concerns. Curr Opin Green Sustain Chem 41:100795. https://
doi.org/10.1016/j.cogsc.2023.100795

Macheka LR, Abafe OA, Mugivhisa LL, Olowoyo JO (2022) Occur-
rence and infant exposure assessment of per and polyfluoroalkyl
substances in breast milk from South Africa. Chemosphere
288(Pt 2):132601. https://doi.org/10.1016/j.chemosphere.2021.
132601

Macheka-Tendenguwo LR, Olowoyo JO, Mugivhisa LL, Abafe
OA (2018) Per- and polyfluoroalkyl substances in human
breast milk and current analytical methods. Environ Sci Pol-
lut Res Int 25(36):36064-36086. https://doi.org/10.1007/
s11356-018-3483-z

McAdam J, Bell EM (2023) Determinants of maternal and neonatal
PFAS concentrations: a review. Environ Health 22(1):41. https://
doi.org/10.1186/512940-023-00992-x

Meegoda JN, Kewalramani JA, Li B, Marsh RW (2020) A review of the
applications, environmental release, and remediation technolo-
gies of per- and polyfluoroalkyl substances. Int J Environ Res
Public Health 17(21):8117. https://doi.org/10.3390/ijerph1721
8117

Mei W, Sun H, Song M, Jiang L, Li Y, Lu W, Ying GG, Luo C, Zhang
G (2021) Per- and polyfluoroalkyl substances (PFASs) in the
soil-plant system: sorption, root uptake, and translocation. Envi-
ron Int 156:106642. https://doi.org/10.1016/j.envint.2021.106642

Mogensen UB, Grandjean P, Nielsen F, Weihe P, Budtz-Jgrgensen E
(2015) Breastfeeding as an exposure pathway for perfluorinated
alkylates. Environ Sci Technol 49(17):10466—10473. https://doi.
org/10.1021/acs.est.5b02237

Motas Guzman M, Clementini C, Pérez-Carceles MD, Jiménez Rejon
S, Cascone A, Martellini T, Guerranti C, Cincinelli A (2016) Per-
fluorinated carboxylic acids in human breast milk from Spain and

@ Springer

estimation of infant’s daily intake. Sci Total Environ 544:595-
600. https://doi.org/10.1016/j.scitotenv.2015.11.059

Miiller MHB, Polder A, Brynildsrud OB, Grgnnestad R, Karimi M, Lie
E, Manyilizu WB, Mdegela RH, Mokiti F, Murtadha M, Nonga
HE, Skaare JU, Solhaug A, Lyche JL (2019) Prenatal exposure
to persistent organic pollutants in Northern Tanzania and their
distribution between breast milk, maternal blood, placenta and
cord blood. Environ Res 170:433-442. https://doi.org/10.1016/j.
envres.2018.12.026

Nyberg E, Awad R, Bignert A, Ek C, Sallsten G, Benskin JP (2018)
Inter-individual, inter-city, and temporal trends of per- and
polyfluoroalkyl substances in human milk from Swedish moth-
ers between 1972 and 2016. Environ Sci Process Impacts
20(8):1136-1147. https://doi.org/10.1039/c8em00174;j

Ohoro CR, Amaku JF, Conradie J, Olisah C, Akpomie KG, Malloum
A, Akpotu SO, Adegoke KA, Okeke ES, Omotola EO (2024)
Effect of physicochemical parameters on the occurrence of per-
and polyfluoroalkyl substances (PFAS) in aquatic environment.
Mar Pollut Bull 208:117040. https://doi.org/10.1016/j.marpo
1bul.2024.117040

Pan CG, Xiao SK, Yu KF, Wu Q, Wang YH (2021) Legacy and
alternative per- and polyfluoroalkyl substances in a subtropi-
cal marine food web from the Beibu Gulf, South China: fate,
trophic transfer and health risk assessment. J] Hazard Mater
403:123618. https://doi.org/10.1016/j.jhazmat.2020.123618

Pandelides Z, Conder J, Choi Y, Allmon E, Hoskins T, Lee L, Hov-
erman J, Sepilveda M (2023) A critical review of amphibian
per- and polyfluoroalkyl substance ecotoxicity research stud-
ies: identification of screening levels in water and other useful
resources for site-specific ecological risk assessments. Environ
Toxicol Chem 42(10):2078-2090. https://doi.org/10.1002/etc.
5695

Panieri E, Baralic K, Djukic-Cosic D, Buha Djordjevic A, Saso L
(2022) PFAS molecules: a major concern for the human health
and the environment. Toxics 10(2):44. https://doi.org/10.3390/
toxics 10020044

Pelch KE, Reade A, Wolffe TAM, Kwiatkowski CF (2019) PFAS
health effects database: protocol for a systematic evidence map.
Environ Int 130:104851. https://doi.org/10.1016/j.envint.2019.
05.045

Pitter G, Da Re F, Canova C, Barbieri G, Zare Jeddi M, Dapra F, Manea
F, Zolin R, Bettega AM, Stopazzolo G, Vittorii S, Zambelli L,
Martuzzi M, Mantoan D, Russo F (2020) Serum levels of per-
fluoroalkyl substances (PFAS) in adolescents and young adults
exposed to contaminated drinking water in the Veneto Region,
Italy: a cross-sectional study based on a health surveillance pro-
gram. Environ Health Perspect 128(2):27007. https://doi.org/10.
1289/EHP5337

Post GB (2021) Recent US state and federal drinking water guidelines
for per- and polyfluoroalkyl substances. Environ Toxicol Chem
40(3):550-563. https://doi.org/10.1002/etc.4863

Post CM, McDonough C, Lawrence BP (2024) Binary and quaternary
mixtures of perfluoroalkyl substances (PFAS) differentially affect
the immune response to influenza A virus infection. J Immuno-
toxicol 21(1):2340495. https://doi.org/10.1080/1547691X.2024.
2340495

Raab U, Albrecht M, Preiss U, Volkel W, Schwegler U, Fromme H
(2013) Organochlorine compounds, nitro musks and perfluori-
nated substances in breast milk—results from Bavarian Monitor-
ing of Breast Milk 2007/8. Chemosphere 93(3):461-467. https://
doi.org/10.1016/j.chemosphere.2013.06.013

Reinikainen J, Bouhoulle E, Sorvari J (2024) Inconsistencies in the
EU regulatory risk assessment of PFAS call for readjustment.
Environ Int 186:108614. https://doi.org/10.1016/j.envint.2024.
108614


https://doi.org/10.1016/j.envint.2019.01.020
https://doi.org/10.1016/j.envint.2019.01.020
https://doi.org/10.1016/j.scitotenv.2023.166764
https://doi.org/10.1016/j.scitotenv.2023.166764
https://doi.org/10.1016/j.envint.2019.105419
https://doi.org/10.1016/j.chemosphere.2021.132892
https://doi.org/10.1016/j.chemosphere.2021.132892
https://doi.org/10.1016/j.envint.2010.03.004
https://doi.org/10.1016/j.envint.2010.03.004
https://doi.org/10.1016/j.envint.2011.05.001
https://doi.org/10.1016/j.envint.2011.05.001
https://doi.org/10.1016/j.envint.2020.106012
https://doi.org/10.1016/j.envint.2020.106012
https://doi.org/10.1016/j.envint.2010.04.016
https://doi.org/10.1016/j.cogsc.2023.100795
https://doi.org/10.1016/j.cogsc.2023.100795
https://doi.org/10.1016/j.chemosphere.2021.132601
https://doi.org/10.1016/j.chemosphere.2021.132601
https://doi.org/10.1007/s11356-018-3483-z
https://doi.org/10.1007/s11356-018-3483-z
https://doi.org/10.1186/s12940-023-00992-x
https://doi.org/10.1186/s12940-023-00992-x
https://doi.org/10.3390/ijerph17218117
https://doi.org/10.3390/ijerph17218117
https://doi.org/10.1016/j.envint.2021.106642
https://doi.org/10.1021/acs.est.5b02237
https://doi.org/10.1021/acs.est.5b02237
https://doi.org/10.1016/j.scitotenv.2015.11.059
https://doi.org/10.1016/j.envres.2018.12.026
https://doi.org/10.1016/j.envres.2018.12.026
https://doi.org/10.1039/c8em00174j
https://doi.org/10.1016/j.marpolbul.2024.117040
https://doi.org/10.1016/j.marpolbul.2024.117040
https://doi.org/10.1016/j.jhazmat.2020.123618
https://doi.org/10.1002/etc.5695
https://doi.org/10.1002/etc.5695
https://doi.org/10.3390/toxics10020044
https://doi.org/10.3390/toxics10020044
https://doi.org/10.1016/j.envint.2019.05.045
https://doi.org/10.1016/j.envint.2019.05.045
https://doi.org/10.1289/EHP5337
https://doi.org/10.1289/EHP5337
https://doi.org/10.1002/etc.4863
https://doi.org/10.1080/1547691X.2024.2340495
https://doi.org/10.1080/1547691X.2024.2340495
https://doi.org/10.1016/j.chemosphere.2013.06.013
https://doi.org/10.1016/j.chemosphere.2013.06.013
https://doi.org/10.1016/j.envint.2024.108614
https://doi.org/10.1016/j.envint.2024.108614

Archives of Toxicology (2025) 99:1843-1864

1863

Rickard BP, Rizvi I, Fenton SE (2022) Per- and poly-fluoroalkyl sub-
stances (PFAS) and female reproductive outcomes: PFAS elim-
ination, endocrine-mediated effects, and disease. Toxicology
465:153031. https://doi.org/10.1016/j.tox.2021.153031

Roosens L, D’Hollander W, Bervoets L, Reynders H, Van Campenhout
K, Cornelis C, Van Den Heuvel R, Koppen G, Covaci A (2010)
Brominated flame retardants and perfluorinated chemicals, two
groups of persistent contaminants in Belgian human blood and
milk. Environ Pollut 158(8):2546-2552. https://doi.org/10.
1016/j.envpol.2010.05.022

Rovira J, Martinez MA, Mari M, Cunha SC, Fernandes JO, Marmelo
I, Marques A, Haug LS, Thomsen C, Nadal M, Domingo JL,
Schuhmacher M (2022) Mixture of environmental pollutants in
breast milk from a Spanish cohort of nursing mothers. Environ
Int 166:107375. https://doi.org/10.1016/j.envint.2022.107375

Schuhmacher M, Domingo JL, Llobet JM, Lindstrom G, Wingfors
H (1999) Dioxin and dibenzofuran concentrations in blood
of a general population from Tarragona, Spain. Chemosphere
38(5):1123-1133. https://doi.org/10.1016/50045-6535(98)
00363-4

Serrano L, Iribarne-Duran LM, Suérez B, Artacho-Cordén F, Vela-
Soria F, Pefia-Caballero M, Hurtado JA, Olea N, Fernandez MF,
Freire C (2021) Concentrations of perfluoroalkyl substances in
donor breast milk in Southern Spain and their potential determi-
nants. Int J Hyg Environ Health 236:113796. https://doi.org/10.
1016/j.ijheh.2021.113796

So MK, Yamashita N, Taniyasu S, Jiang Q, Giesy JP, Chen K, Lam
PK (2006) Health risks in infants associated with exposure to
perfluorinated compounds in human breast milk from Zhoushan,
China. Environ Sci Technol 40(9):2924-2929. https://doi.org/
10.1021/es060031f

Sonne C, Desforges JP, Gustavson K, Bossi R, Bonefeld-Jgrgensen
EC, Long M, Rigét FF, Dietz R (2023) Assessment of exposure
to perfluorinated industrial substances and risk of immune sup-
pression in Greenland and its global context: a mixed-methods
study. Lancet Planet Health 7(7):e570-e579. https://doi.org/10.
1016/S2542-5196(23)00106-7

Steenland K, Winquist A (2021) PFAS and cancer, a scoping review
of the epidemiologic evidence. Environ Res 194:110690. https://
doi.org/10.1016/j.envres.2020.110690

Sun JM, Kelly BC, Gobas FAPC, Sunderland EM (2022) A food web
bioaccumulation model for the accumulation of per- and poly-
fluoroalkyl substances (PFAS) in fish: how important is renal
elimination? Environ Sci Process Impacts 24(8):1152—-1164.
https://doi.org/10.1039/d2em00047d

Sunderland EM, Hu XC, Dassuncao C, Tokranov AK, Wagner CC,
Allen JG (2019) A review of the pathways of human exposure
to poly- and perfluoroalkyl substances (PFASs) and present
understanding of health effects. ] Expo Sci Environ Epidemiol
29(2):131-147. https://doi.org/10.1038/s41370-018-0094-1

Sundstrom M, Ehresman DJ, Bignert A, Butenhoff JL, Olsen GW,
Chang SC, Bergman A (2011) A temporal trend study (1972—
2008) of perfluorooctanesulfonate, perfluorohexanesulfonate, and
perfluorooctanoate in pooled human milk samples from Stock-
holm. Sweden Environ Int 37(1):178-183. https://doi.org/10.
1016/j.envint.2010.08.014

Tao L, Ma J, Kunisue T, Libelo EL, Tanabe S, Kannan K (2008a) Per-
fluorinated compounds in human breast milk from several Asian
countries, and in infant formula and dairy milk from the United
States. Environ Sci Technol 42(22):8597-8602

Tao L, Kannan K, Wong CM, Arcaro KF, Butenhoff JL (2008b) Per-
fluorinated compounds in human milk from Massachusetts,
U.S.A. Environ Sci Technol 42(8):3096-3101. https://doi.org/
10.1021/es702789k

Thomas A, Toms LL, Harden FA, Hobson P, White NM, Mengersen
KL, Mueller JF (2017) Concentrations of organochlorine

pesticides in pooled human serum by age and gender. Environ
Res 154:10-18. https://doi.org/10.1016/j.envres.2016.12.009

Thomsen C, Haug LS, Stigum H, Frgshaug M, Broadwell SL, Becher G
(2010) Changes in concentrations of perfluorinated compounds,
polybrominated diphenyl ethers, and polychlorinated biphenyls
in Norwegian breast-milk during twelve months of lactation.
Environ Sci Technol 44(24):9550-9556. https://doi.org/10.1021/
es1021922

UNEP, United Nations Environmental Program (2024) Per- and
polyfloroalkyl substances (PFAS), 2024, Geneva, Switzerland.
https://www.unep.org/topics/chemicals-and-pollution-action/
pollution-and-health/persistent-organic-pollutants-pops/and.
Accessed 30 Oct 2024

US EPA, US Environmental Protection Agency (2024) Final PFAS
national primary drinking water regulation. https://www.epa.gov/
system/files/documents/2024-04/drinking-water-utilities-and-
professionals-technical-overview-of-pfas-npdwr.pdf. Accessed
26 Dec 2024

van der Veen I, Fiedler H, de Boer J (2023) Assessment of the per-
and polyfluoroalkyl substances analysis under the Stockholm
Convention - 2018/2019. Chemosphere 313:137549. https://
doi.org/10.1016/j.chemosphere.2022.137549

VanNoy BN, Lam J, Zota AR (2018) Breastfeeding as a predictor
of serum concentrations of per- and polyfluorinated alkyl sub-
stances in reproductive-aged women and young children: a
rapid systematic review. Curr Environ Health Rep 5(2):213—
224. https://doi.org/10.1007/s40572-018-0194-z

Voélkel W, Genzel-Boroviczény O, Demmelmair H, Gebauer C,
Koletzko B, Twardella D, Raab U, Fromme H (2008) Per-
fluorooctane sulphonate (PFOS) and perfluorooctanoic acid
(PFOA) in human breast milk: results of a pilot study. Int J
Hyg Environ Health 211(3-4):440-446. https://doi.org/10.
1016/j.ijheh.2007.07.024

von Ehrenstein OS, Fenton SE, Kato K, Kuklenyik Z, Calafat AM,
Hines EP (2009) Polyfluoroalkyl chemicals in the serum and
milk of breastfeeding women. Reprod Toxicol 27(3-4):239—
245. https://doi.org/10.1016/j.reprotox.2009.03.001

Wang HS, Jiang GM, Chen ZJ, Du J, Man YB, Giesy JP, Wong
CK, Wong MH (2013) Concentrations and congener profiles
of polybrominated diphenyl ethers (PBDEs) in blood plasma
from Hong Kong: implications for sources and exposure route.
J Hazard Mater 261:253-259. https://doi.org/10.1016/j.jhazm
at.2013.07.033

Wen ZJ, Wei YJ, Zhang YF, Zhang YF (2023) A review of cardiovas-
cular effects and underlying mechanisms of legacy and emerg-
ing per- and polyfluoroalkyl substances (PFAS). Arch Toxicol
97(5):1195-1245. https://doi.org/10.1007/s00204-023-03477-5

Wilhelm M, Kraft M, Rauchfuss K, Holzer J (2008) Assessment
and management of the first German case of a contamination
with perfluorinated compounds (PFC) in the Region Sauerland,
North Rhine-Westphalia. J Toxicol Environ Health A 71(11-
12):725-733. https://doi.org/10.1080/15287390801985216

Wilhelm M, Holzer J, Dobler L, Rauchfuss K, Midasch O, Kraft M,
Angerer J, Wiesmiiller G (2009) Preliminary observations on
perfluorinated compounds in plasma samples (1977-2004) of
young German adults from an area with perfluorooctanoate-
contaminated drinking water. Int J Hyg Environ Health
212(2):142-145. https://doi.org/10.1016/.ijheh.2008.04.008

Wolf N, Miiller L, Enge S, Ungethiim T, Simat TJ (2024) Analysis of
PFAS and further VOC from fluoropolymer-coated cookware
by thermal desorption-gas chromatography-mass spectrometry
(TD-GC-MS). Food Addit Contam Part A Chem Anal Control
Expo Risk Assess 23:1-16. https://doi.org/10.1080/19440049.
2024.2406007

Wu XM, Bennett DH, Calafat AM, Kato K, Strynar M, Andersen E,
Moran RE, Tancredi DJ, Tulve NS, Hertz-Picciotto I (2015)

@ Springer


https://doi.org/10.1016/j.tox.2021.153031
https://doi.org/10.1016/j.envpol.2010.05.022
https://doi.org/10.1016/j.envpol.2010.05.022
https://doi.org/10.1016/j.envint.2022.107375
https://doi.org/10.1016/s0045-6535(98)00363-4
https://doi.org/10.1016/s0045-6535(98)00363-4
https://doi.org/10.1016/j.ijheh.2021.113796
https://doi.org/10.1016/j.ijheh.2021.113796
https://doi.org/10.1021/es060031f
https://doi.org/10.1021/es060031f
https://doi.org/10.1016/S2542-5196(23)00106-7
https://doi.org/10.1016/S2542-5196(23)00106-7
https://doi.org/10.1016/j.envres.2020.110690
https://doi.org/10.1016/j.envres.2020.110690
https://doi.org/10.1039/d2em00047d
https://doi.org/10.1038/s41370-018-0094-1
https://doi.org/10.1016/j.envint.2010.08.014
https://doi.org/10.1016/j.envint.2010.08.014
https://doi.org/10.1021/es702789k
https://doi.org/10.1021/es702789k
https://doi.org/10.1016/j.envres.2016.12.009
https://doi.org/10.1021/es1021922
https://doi.org/10.1021/es1021922
https://www.unep.org/topics/chemicals-and-pollution-action/pollution-and-health/persistent-organic-pollutants-pops/and
https://www.unep.org/topics/chemicals-and-pollution-action/pollution-and-health/persistent-organic-pollutants-pops/and
https://www.epa.gov/system/files/documents/2024-04/drinking-water-utilities-and-professionals-technical-overview-of-pfas-npdwr.pdf
https://www.epa.gov/system/files/documents/2024-04/drinking-water-utilities-and-professionals-technical-overview-of-pfas-npdwr.pdf
https://www.epa.gov/system/files/documents/2024-04/drinking-water-utilities-and-professionals-technical-overview-of-pfas-npdwr.pdf
https://doi.org/10.1016/j.chemosphere.2022.137549
https://doi.org/10.1016/j.chemosphere.2022.137549
https://doi.org/10.1007/s40572-018-0194-z
https://doi.org/10.1016/j.ijheh.2007.07.024
https://doi.org/10.1016/j.ijheh.2007.07.024
https://doi.org/10.1016/j.reprotox.2009.03.001
https://doi.org/10.1016/j.jhazmat.2013.07.033
https://doi.org/10.1016/j.jhazmat.2013.07.033
https://doi.org/10.1007/s00204-023-03477-5
https://doi.org/10.1080/15287390801985216
https://doi.org/10.1016/j.ijheh.2008.04.008
https://doi.org/10.1080/19440049.2024.2406007
https://doi.org/10.1080/19440049.2024.2406007

1864

Archives of Toxicology (2025) 99:1843-1864

Serum concentrations of perfluorinated compounds (PFC)
among selected populations of children and adults in Cali-
fornia. Environ Res 136:264-273. https://doi.org/10.1016/j.
envres.2014.09.026

WuB, Pan Y, Li Z, Wang J, Ji S, Zhao F, Chang X, Qu Y, Zhu Y, Xie
L, Li Y, Zhang Z, Song H, Hu X, Qiu Y, Zheng X, Zhang W,
Yang Y, GuH, LiF, CaiJ, Zhu Y, Cao Z, Ji JS, Lv Y, Dai J, Shi
X (2023) Serum per- and polyfluoroalkyl substances and abnor-
mal lipid metabolism: a nationally representative cross-sectional
study. Environ Int 172:107779. https://doi.org/10.1016/j.envint.
2023.107779

Xu P, Zheng Y, Wang X, Shen H, Wu L, Chen Y, Xu D, Xiang J,
Cheng P, Chen Z, Lou X (2022) Breastfed infants’ exposure to
polychlorinated biphenyls, polychlorinated dibenzo-p-dioxins
and dibenzofurans, and per- and polyfluoroalkyl substances: a
cross-sectional study of a municipal waste incinerator in China.
Chemosphere 309(Pt 2):136639. https://doi.org/10.1016/j.chemo
sphere.2022.136639

Zhang Z, Sarkar D, Biswas JK, Datta R (2022) Biodegradation of per-
and polyfluoroalkyl substances (PFAS): a review. Bioresour
Technol 344(Pt B):126223. https://doi.org/10.1016/j.biortech.
2021.126223

@ Springer

Zhang L, Wang M, Zhang M, Yang D (2023) Per- and polyfluoro-
alkyl substances in Chinese surface waters: a review. Ecotoxicol
Environ Saf 262:115178. https://doi.org/10.1016/j.ecoenv.2023.
115178

Zheng G, Schreder E, Dempsey JC, Uding N, Chu V, Andres G, Sath-
yanarayana S, Salamova A (2021) Per- and polyfluoroalkyl sub-
stances (PFAS) in breast milk: concerning trends for current-use
PFAS. Environ Sci Technol 55(11):7510-7520. https://doi.org/
10.1021/acs.est.0c06978

Zheng P, Liu Y, An Q, Yang X, Yin S, Ma LQ, Liu W (2022) Prenatal
and postnatal exposure to emerging and legacy per-/polyfluoro-
alkyl substances: levels and transfer in maternal serum, cord
serum, and breast milk. Sci Total Environ 812:152446. https://
doi.org/10.1016/j.scitotenv.2021.152446

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.envres.2014.09.026
https://doi.org/10.1016/j.envres.2014.09.026
https://doi.org/10.1016/j.envint.2023.107779
https://doi.org/10.1016/j.envint.2023.107779
https://doi.org/10.1016/j.chemosphere.2022.136639
https://doi.org/10.1016/j.chemosphere.2022.136639
https://doi.org/10.1016/j.biortech.2021.126223
https://doi.org/10.1016/j.biortech.2021.126223
https://doi.org/10.1016/j.ecoenv.2023.115178
https://doi.org/10.1016/j.ecoenv.2023.115178
https://doi.org/10.1021/acs.est.0c06978
https://doi.org/10.1021/acs.est.0c06978
https://doi.org/10.1016/j.scitotenv.2021.152446
https://doi.org/10.1016/j.scitotenv.2021.152446

	PFCPFAS concentrations in human milk and infant exposure through lactation: a comprehensive review of the scientific literature
	Abstract
	Introduction
	Search strategy

	Data belonging to studies on the topic conducted around the world, classified by continents and countriesregions
	ASIA
	China
	South Korea
	Jordan
	Other Asian countries

	Europe
	Nordic countries
	Mediterranean European countries
	Other European countries

	America
	United States
	Canada
	Africa


	Discussion and conclusions
	References




