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Abstract

In this review, the occurrence in the environment and human surrounding, as well as toxic action of
perfluorooctanoic acid (PFOA) and its selected short-chain analogs — perfluorohexanoic acid
(PFHxA) and perfluorobutanoic acid (PFBA) has been described. These substances belong to a group
of polyfluoroalkyl substances (PFASs) widely represented in various compartments of the
environment, including air, water and soil. They are also present in dust, drinking water and food,
which are main sources of the exposure of humans to these compounds. Due to physico-chemical
properties PFASs are strongly resistant to degradation in the biosphere and therefore, effectively
accumulate in biota, including humans. PFOA has been produced from decades, but due to its
toxicity it has been successively replacing by PFASs of shorter chain, including PFHXA and PFBA,
which presence in the environment, as well as risk of human exposure and toxicity has been poorly
investigated. It has been proven that PFOA reveals hepatotoxic and endocrine-disrupting activities,
as well as exhibits prooxidative, immunotoxic, epigenetic and carcinogenic potential. Hitherto
conducted researches have shown that PFHxA and PFBA are less toxic than PFOA, nevertheless
additional extensive studies should be conducted in order to determine environmental and
toxicological status of these compounds.

Keywords: perfluorooctanoic acid; perfluorohexanoic acid; perfluorobutanoic acid; environment;
hepatotoxicity; epigenotoxicity; immunotoxicity

1. Introduction

Industrial activity effects and changes the environment. The example is the introduction of
xenobiotics intentionally or as by-products, which is related with the production of other chemical
substances. Hazardous substances are those that effect on human health and has been relatively
poorly investigated. The example of such chemicals are per- and polyfluoroalkyl compounds
(PFASs). First introduced in 1949, PEASs became widely utilized chemicals in the industry and were
employed in various food contact materials, including anti-stick kitchen appliances or food wrapping
[1].

PFASs are a group of synthetic chemicals containing a carbon chain, in which all (per-) or part
(poly-) of the hydrogen atoms were replaced by fluorine atoms. Moreover, these substances have
specific functional groups at the end. PFASs can be divided into long-chain (containing at least 7
carbon atoms) and short-chain compounds (containing 4-6 carbon atoms). In respect to their
characteristic structure, PFASs reveal amphiphilic properties (simultaneously hydrophobic and
hydrophilic). These substances are extremely persistent in the environment, are physically,
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chemically and biologically stable, are strongly resistant to degradation, and reveal accumulation in
living organisms, including human [2].

Due to their unusual characteristics, PFASs are utilized in everyday products, such as food
packaging, waterproof clothing, non-stick cookware, textiles, cleaners and paints, cosmetics,
pesticides and pharmaceuticals [3,4].

Food and drinking water are the most important sources, from which PFASs enter the body;
however they also penetrate human organism by dust inhalation or inhalation of small particles, on
which they are absorbed. Skin is the least important route of PFASs exposure. PFASs metabolism do
not appear in the body, and their removal from human organism is slow.

Numerous research works have studied toxic effects of PFASs on the human body. The analysis
of the literature have shown that PFASs contribute to an increased risk of cancer, disrupt function of
internal organs, e.g., liver or kidney and cause endocrine and metabolic disorders, including insulin
resistance, hypertension and obesity [5].

Taking into account the common occurrence of perfluorooctanoic acid (PFOA) in the
environment and its harmful effects on living organisms, this compound was entered into the list of
persistent organic pollutants under the Stockholm Convention, and additionally the US
Environmental Protection Agency (US EPA) decided to withdraw PFOA from US territory by 2015
[6].

As aresult, more and more manufacturers started to replace PFOA with short-chain alternatives
(containing up to 6 carbon atoms). Short-chain substitutes show similar properties to long-chain
substances as they characterize by strong amphiphilic properties, stability and durability. The
examples of alternatives of PFOA are perfluorohexanoic acid (PFHxA) and perfluorobutanoic acid
(PFBA). Research workers have also developed substitutes deprived fluorine atoms, including
nanomaterials, nanoparticles and dendrimers, but these substances do not have as many useful
properties as short-chain PFASs [7]. Despite the successive elimination and depletion in the use of
PFOA, it is still determined at considerable concentrations in human tissues. Moreover, similarly to
PFOA, its substitutes of shorter chain have been detected in serum, tissue samples and urine. Despite
of a significant reduction of production of PFOA, analytical research works have proven that this
compound may exist in the highest amounts among PFASs in serum and urine, which demonstrate
its strong ability to bioaccumulate. Moreover, high amounts of PFOA and its substitutes have been
determined in human breast milk (PFOA) and human tissues, such as lungs and kidneys (PFBA), and
liver and brain (PFHxA).

In respect to the results of studies concerning harmful effects of PEASs on living organisms, the
European Food Safety Authority (EFSA) established a weekly tolerable intake of sum of PFASs only
for 4.4 ng/kg body weight per person [2].

PFOA substitutes have been introduced into the market as potentially safer compounds [8].
However, there is still too little scientific research to determine their environmental occurrence,
human bioaccumulation, toxicity and molecular mechanisms of their action.

This review aims to compare long-chain PFOA with its short-chain analogs (PFHxA, PFBA) in
terms of environmental occurrence, bioaccumulation and toxicity, with particular emphasis on
whether these substitutes can be considered as safer alternatives.

2. Chemical and Physical Properties

Perfluorooctanoic acid (PFOA) and its short-chain substitutes (i.e. PFHxA, PFBA) are man-made
chemicals having a characteristic structure, in which all hydrogen atoms within the carbon chain were
replaced by fluorine atoms (Table 1).
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Table 1. Chemical structures of PFOA, PFHxA and PFBA.

PFOA PFHxA PFBA

F F F F F F RS RF 9 RS ?
rchOH F:C WOH FiC >%(kOH
FF FF FF o F F F F F F

PFOA, PFHxA and PFBA have been classified as a perfluoroalkyl acids (PFASs), as their
functional residue placed at the end of hydrophobic chain is a hydrophilic carboxyl group. Moreover,
bond that links carbon and fluorine is very strong and stable. Physiochemical properties of discussing

compounds are presented in Table 2.

Table 2. Physiochemical properties of PFOA, PFHxA and PFBA.

Property

PFOA

PFHxA

PFBA

Reference

CAS
number
molecular
formula
molecular
mass
[g/mol]
physical
state at
room
temperature
and atmo-
spheric
pressure
boiling
point [°C]
melting
point [°C]
density
[g/cm’]
vapor
pressure
[mm Hg] at
25°C
pKa
Log P
water

solubility

335-67-1

C7FisCOOH

414.07

white/cream
solid

188 °C
54.3 °C

1.79 g/cm?

0.525

2.5

2.69

9.5

307-24-4

CsFuuCOOH CsFoCOOH

314

colorless
liquid

157 °C
14.0 °C

1.69 g/cm®*
0.908
-0.16

2.51

9.39 x 10°

375-22-4

214

colorless
liquid

121 °C
-17.5°C

1.65 g/cm?
15.8%
0.08*

1.43
2.09 x 10

[9-11]

[9-11]

[9-11]

[9] [3,10-12]

[10,11,13]
[10,11,13]

[9-11,14]

[9-11]

[9-11,15]

[9-11]
[9-11,16]
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[mol/L] at
25 °C

Abbreviations: CAS - Chemical Abstracts Service number, g/mol — grams per mole; mg/L — milligrams per liter;

°C— Celsius degree; mm Hg — millimeters of mercury, *predicted value.

Perfluoroalkyl acids (PFASs) can be created as a result of environmental degradation or
metabolic processes from other related per- and polyfluoroalkyl substances (PFASs), as well as
precursor compounds. For instance, fluorotelomer carboxylic acids (FTCAs) occurring in landfill are
often degraded to PFASs having lower number of fluorine atoms, and mainly PFHxA and PFBA [17].

PFOA, PFHxA and PFBA are weak acids that can partially dissociate in aqueous matrices to
perfluorooctanoate ions (C7F1sCOQO), perfluorhexanoate ions (CsF11COQ), perfluorobutanoate ions
(CsFoCOOr) and hydrogen ions (H*), respectively [18,19]. PFOA is comparatively stable in normal
environmental conditions, and reveals persistence in the environment, mainly in respect to its
resistance to deterioration processes. Nevertheless, PFOA degradation can appear under exposure to
high temperatures or UV radiation [20].

3. Usage

In respect to unique properties of PFOA and other PFASs, such as stability, durability and
lowering of surface tension, these substances are utilized as ingredients in firefighting foams
(aqueous film-forming foams, AFFF), textiles (membranes for waterproof and breathable clothing),
electronics devices, semiconductors, cosmetics (body creams), pesticides, automotive waxes and
polish, sports articles (ski waxes). They are also used in paints, additives on the surface of non-stick
cookware and containers [21], as well as in textile and upholstery (impregnation spray for textiles)
[22]. Moreover, they are employed in floor covering, including nylon carpets, floor polish and
laminated plastic floor covering [23,24].

4. Occurrence in the Environment and Human Surrounding

PFASs are named "perennial chemicals" as they show high accumulation and are chemically
stable. PFASs have been determined in river and marine ecosystems, estuaries, and are implicated in
hydrological cycles. In respect to their accumulation, when they reach a food chain, their occurrence
in food products and water raises [25,26]. The prevalent exposure routes of PFASs to general
population are consumption of contaminated food and polluted water, while inhalation of
contaminated air (PFASs are adsorbed on aerosols and dust particles in indoor and outdoor
environments) are less important [27] (Table 3.).

Table 3. Presence of PFOA, PFHxA and PFBA in the environment, food, drinking water and dust.

Reference
Compound PFOA PFHxA PFBA
s
4,470 (Sweden)
2,510 (China) [28]
Groundwater 4000 (USA)
34.96 (Thailand) 70 (Italy) [29]
(ng/L) 90 (Italy)
Presence 3,260 (Canada) [30]
in the 24,000 (USA)
environment 522 (Sweden)
1.8-8.1 [26]
Surface water 223.8 (China) 1.6-15 (Bangladesh)
(Bangladesh) [31]
(ng/L) 10.7 (Thailand) 2.64 (Canada)
1.96 (Canada) [32]
20 (Canada)
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11,000 (USA)
1.0-7.5
(Bangladesh)
Soil (ng/g) 1290 8000 6200 [33]
Air (pg/m?3) 1.25-64.28 0.3-1.2 0.1-0.7 [26,34]
perch 5.22-67.8 beef 1.21
eggs 81.4
eels 5.73-68.8 oysters 1.2
meat 0.06-3
Food (ng/g) mussels 8.56-157 liver 1.69 [35-38]
) pork offal 20
eggs 0.05-4.83 chicken 1.02
cereals 140
Human meat 8.78-12,1 eggs 0.82
surrounding 100 (Sweden) [28,29,39-
1.3 (Spain)
Drinking water 9.7 (China) 41]
1400 (USA) 17.87 (China)
(ng/L) 7.6 (Canada)
6.9-9.0 (USA)
4,300 (USA)
Dust (ng/g) 10-653 3.6-72.5 271 pg/m? [42,43]
4.1. Food

Based on literature data, food consists the highest concentrations of PFASs. PFOA has been
determined in fish (in perch from 5.22 to 67.8 ng/g; in eels from 5.73 to 68.8 ng/g), crustaceans (from
8.56 to 157 ng/g) [35], eggs (from 0.05 to 4.83 ng/g, while the mean PFBA concentration was 81.4 ng/g),
as well as in meat and meat products (from 8.78 to 12.1 ng/g) [37,44]. The European Food Safety
Authority (EFSA) has established the tolerable daily intake (TDI) of PFOA at 150 ng/kg body weight
[45]. This value was based on the level of observed adverse effect that was estimated for 0.06 mg/kg
b.w./day. For instance, in Taiwan, the exposure to PFOA associated with consumption of
contaminated food is 85.1 ng/kg b.w./day [46]. Is worth noting that PFASs, including PFOA are
widely used in materials that are in contact with food. For instance, PFASs are employed in materials,
such as kitchen accessories with non-stick surfaces, fast food packaging, as well as microwaveable
popcorn packaging, which may lead to penetration of these substances into food [46]. It has been
proven that this migration rises along with the increase of temperature, longer contact time with food,
and the occurrence of emulsifiers in the food. The degree of migration is compound-specific,
nevertheless long-chain compounds, such as PFOA show faster migration than short-chain
substitutes [47]. Therefore, the European Union has established maximum PFOA levels in selected
food products, in which its concentrations have been determined to be the highest (Table 4.).

Table 4. Comparison of permissible levels of PFOA in selected food products. Own elaboration based on the

European Union Commission Regulation [48].

Maximum permissible level of

Food products
PFOA (ug/kg dry weight)
€88s 0.3
fish meat - Baltic herring, sprat, pike, catfish, 10
tench, whitefish, wild salmon, wild trout
crustaceans and mussels 0.7
sheep meat 0.2
pork, beef, poultry and mutton offal 0.7

4.2. Water

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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PFOA and its short-chain analogs often enter the body through ingestion of contaminated
drinking water, and such contamination usually occurs near industrial plants. Based on literature
data, PFOA can enter groundwater through the soil, as well as from river or well water [49]. Surface
and groundwater pollution by PFOA is common, while industrial discharges, firefighting facilities,
military operations, factories through leaking pipelines, and transportation have been considered as
the main sources. Maximum PFOA concentrations determined in surface water were found to be very
different, such as 10.7 ng/L in Thailand, 20 ng/L in Canada, 223.8 ng/L in China, 522 ng/L in Sweden
and 11,000 ng/L in USA. In groundwater, PFOA levels have also be found to be variable, for instance
low concentration was found in Thailand (34.96 ng/L), high in China (2,510 ng/L), Canada (3,260
ng/L) and Sweden (4,470 ng/L), and as high as 24 pg/L in USA. Generally, in drinking water much
lower PFOA concentrations have been determined, such as 7.6 ng/L in Canada, 9.7 ng/L in China,
16.5 ng/L in Thailand and 100 ng/L in Sweden, nevertheless sometimes its level may be very high -
4,3 pg/L in USA [28]. In water of Bangladesh (industrial centers of Dhaka), PFBA, PFHxA and PFOA
were detected at low concentrations range from 1.0 to 7.5 ng/L for PFOA, from 1.6 to 15 ng/L for PFBA
and from 1.8 to 8.1 ng/L for PFHxA [31]. PFBA, PFHXA and PFOA have been often determined in
high concentrations in comparison to another PFASs (e.g., PFOS). For instant, in Canadian freshwater
the level of PFBA, PFHXA and PFOA was detected to be 2.64 ng/L, 1.96 ng/L, 1.52 ng/L, respectively
[32]. These results show that intensive implementation of short-chain analogs replacing of those
PFASs with longer chains occurs.

Similar results were achieved in the study of distribution of 23 PFASs in groundwater and
surface water samples taken in urban areas in Brazil (Porto Alegre) [50]. It was revealed that PFOA
range in surface water was from 4 to 8 ng/L, PFBA from 0.2 to 2 ng/L, and PFHXA from 1 to 3 ng/L,
while PFOA was the most commonly detected. Moreover, the authors observed that concentrations
of PFASs were higher in tributary waters than in larger water bodies. For instance, in China, total
concentrations of PFASs were up to 260 ng/L in the Huang He River mainstream and at 1526 ng/L in
its tributaries, which showed the importance of dilution process and subsequent population exposure
[51]. The study conducted in 2019 on surface water and sediments in Melbourne (Australia), showed
that among PFASs, PFOA (13 ng/L) was the most commonly determined in urban areas, whereas
PFBA (5.7 ng/L) was the most frequently determined in rural areas [52]. The authors excluded
contamination from areas near the airport, where the total concentration of 33 PFAS in surface water
was as high as 4261 ng/L. They also revealed that median total concentration of 33 types of PFASs in
surface water was 63.5 ng/L, while the highest average concentrations were found for PFBA (11.3
ng/L), PFHxA (9.2 ng/L) and PFOA (8.3 ng/L) with the PFOA most frequently detected.

In another study, drinking water contamination by fluoropolymer production plant in Huantai
County, China was observed. PFOA was the prevalent reagent in the plant, which discharged it into
Xiaoqging River in an amount of 160 kg/day. As a result, high concentration of PFOA were detected
in drinking water (5.95-19.3 ng/L), as well as in groundwater (up to 104 ng/L) and soil (4.40 —189
ng/g) [53]. Moreover PFOA was detected in significant concentration in vegetables from local
suppliers, including wedge onion pseudostem (64.8 ng/g), wedge onion (825 ng/g), celery (2678 ng/g)
and carrots (5303 ng/g) [54]. One of the country realizing monitoring of xenobiotics to assess their
human exposure dynamics is Slovenia. Runkel et al. (2023) [27]determined PFOA in all samples
tested (0.87-1.16 ng/mL) in Slovenia, whereas the highest concentration of PFOA (1.16 ng/mL) was
determined in the population inhabiting of the Ravensko region.

As mentioned above, PFASs are often found in drinking water. These compounds have been
frequently determined in drinking water treatment plants that use traditional treatment methods that
fail to remove these substances. Worldwide, it has been evaluated that PFOA levels in tap water are
in the range from a few ng/L to pg/L. Nevertheless, according to EPA, the concentration of PFOA in
prevalent tap waters is very low - about 4 pg/L. Highly advanced technologies may provide better
results in removal of PFASs, but this effect also depends on PFASs properties and their concentration
in raw water [28].

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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In 2018, the Agency for Toxic Substances and Disease Registry (ATSDR) established PFOA
admissible concentration in drinking water at 11 ng/L. In 2022, the US Environmental Protection
Agency (US EPA) proposed much stricter standards in which the level of PFOA in drinking water
should not exceed 4 pg/L [55]. However, in March 2023, the US EPA changed this limit to 4 ng/L [28].

4.3. Air and Surface Snow

PFASs levels are not systematically monitored in air or snow. Bjornsdotter et al. (2021) [56]
investigated seasonal levels and distribution of short-chain PFASs, such as perfluoropropanoic acid
(PFPrA) and PFBA in snow cover on the Spitsbergen island (Norwegian Arctic). They detected PFPrA
- 0.79-16 ng/m? and PFBA - 0.19-170 ng/m? in most of the studied samples. It must be noting that the
above mentioned compounds were detected in samples collected from the locations, in which their
occurrence can only results from long-range processes, such as geographic migration from the cities,
in which they are produced and utilized. Moreover, positive association was found between the flux
of these substances and solar radiation. In another study conducted near Fayetteville (North Carolina,
USA) the presence of PFASs was noted in the air near to a fluoropolymer manufacturing facility [34].
It was found that among short-chain substances, PFBA (0.1-0.7 pg/m?) and PFHxA (0.3-1.2 pg/m?)
were determined in higher levels than other analyzed PFASs.

4.4, Dust

Many studies have proven that PFASs have an affinity for atmospheric particles, and therefore
they can migrate for long distances, for instance, from cities or factories to distant areas without
industrial development. Such contamination is associated with both point sources (particular area of
pollution), as well the influence of atmospheric factors [26].

Taking into account that 90% of human population's time is spent indoors (homes, schools,
workplaces), dust and other kinds of particles are essential sources of human exposure to PFASs [57].
This exposure is linked to processes that release these compounds from everyday products (e.g.,
clothing, cleaning products, furniture) and leads to their adsorption on dust particles surface. PFOA
was determined in 93% of samples of household dust, which were taken in Sweden (median
concentration was 13 ng/g) [58]. Differently, a research study realized in China (Tianjin) showed that
PFOA and its short-chain analog PFBA were dominant substances in dust samples collected from
homes among 23 tested PFASs (PFOA and PFBA were determined in all analyzed samples). It was
noted that median PFBA concentrations were 165 pg/m? and 271 pg/m? in hotels and homes,
respectively [43]. The study realized in the Thessaloniki (Greece) showed a range of PFHxA in dust
trapped by central air conditioner (i.e. restaurants and electronics shops) in the concentrations
ranging from 3.6 to 72.5 ng/g (occurrence in 85% of all analyzed samples), whereas 90-95% of samples
consisted of PFOA in significantly higher concentrations range from 10 to 653 ng/g [42].

5. Human Biomonitoring

PFOA has been repeatedly determined in humans environmentally exposed, including serum
(0.006-38.5 ng/mL) [59], urine (mean 7.3 ng/mL) [60] and in high concentration in women milk (mean
336 ng/mL) [61]. Due its hydrophobic properties, it has also been detected in kidney (mean 1.5 ng/g),
liver (mean 4 ng/g) and lungs (mean 12.1 ng/g) [62]. In humans occupationally exposed, high
concentrations of PFOA in full blood (up to 535 ng/mL) were detected [63].

Generally, PFHxA has been found in comparable or higher concentrations than PFOA in human
tissues. PFHXA was detected in serum of humans environmentally and occupationally exposed in
the concentrations range from 0.07 to 100 ng/mL [64,65]. Moreover, significant concentrations of
PFHxA have been determined in liver (mean 68.3 ng/g), brain (mean 141 ng/g) and lung (mean 207
ng/g) [62].

Interestingly, PFBA has been found in the highest concentrations among discussing PFASs in
kidney (mean 263 ng/g) and lungs (807 ng/g) of humans environmentally exposed [62]. Moreover
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PFBA was determined in brain (mean 1.4 ng/g) and liver (mean 3 ng/g) [62]. In serum of
environmentally and occupationally exposed humans, PFBA has been determined in the range from
0.008 to 2.5 ng/mL and from 3.7 to 5.4 ng/mL, respectively [66,67].

Detailed results of human biomonitoring studies concerning PFOA, PFHxA and PFBA are
presented in Table 5 and 6.

Table 5a. Presence of PFOA, PFHxA and PFBA in serum of subjects after environmental exposure.

C trati Y f
Compound Material oncentration Subjects Location ear o Literature
(ng/mL) study
men,
PFOA serum 0.3-38.5 Sweden 2008-2020 [59]
women
men,
PFHxA serum 0.1-100 Norway 2013-2014 [64]
women
PFBA serum 0.008-2.5 met, USA 2020 [67]
women

Table 5b. Presence of PFOA, PFHxA and PFBA in serum of subjects after environmental exposure.

Compou . Concentration . Locati Year of Literatu
Material Subjects
nd (ng/mL) on study re
men, women, o 4
wede
serum 2.9-11 breastfeeding n 2018 [68]
PFOA women
full of Swed
weo 4.8-535 men WEEE a0072010  [63]
blood n
Swede
PFHxA serum 0.07-12.2 men A 2007-2009 [65]
Norwa
PFBA serum 3.7-5.4 men 2008-2009 [69]
y
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Table 6. PFOA, PFHxA and PFBA concentrations in solid tissues.
Y f
Compound Material Concentration Subjects Location ;:31;10 Literature

y
urine 7.3 ng/mL men, women China 2019 [60]

human breastfeeding 2020-

L hi 1

milk 336 ng/ women China 2021 [61]

. . 2010-
PFOA hair 0.1-6 ng/g men, women Spain 2011 [62]
liver 4 ng/g men, women Spain 2008 [62]
bone 209 ng/g men, women Spain 2008 [62]
lung 12.1 ng/g men, women Spain 2008 [62]
kidney 1.5 ng/g men, women Spain 2008 [62]

men, women, 2013
urine 0.3 ng/mL children from 7 USA 2014 [70]
years of age

PFHXA b'ram 141 ng/g men, women SpaTn 2008 [62]
liver 68.3 ng/g men, women Spain 2008 [62]
bone 1.5 ng/g men, women Spain 2008 [62]
lung 207 ng/g men, women Spain 2008 [62]
kidney 2.7 ng/g men, women Spain 2008 [62]

. . 2010-
urine 0.1-09ng/mL men, women Spain 2011 [62]
brain 1.4 ng/g men, women Spain 2008 [62]
PFBA liver 3ng/g men, women Spain 2008 [62]
bone 0.8 ng/g men, women Spain 2008 [62]
lung 807 ng/g men, women Spain 2008 [62]
kidney 263 ng/g men, women Spain 2008 [62]

6. Toxicity

The accumulation of PFOA and other PFASs is associated with their ability to bind to circulating
serum albumin, through which they are transported to the liver and other organs, where they
accumulate and cause damage [71]. Additionally, these substances can disrupt endocrine function by
changing estrogen and androgen receptor activity and affecting thyroid hormone homeostasis [72].
Rodent studies have shown that PFASs also impact glucose levels [73], increase leptin and insulin
concentrations, and potentially are involved in weight gain [71]. Other adverse effects include liver,
pancreatic, and breast cancers, abnormal protein metabolism, and hepatomegaly [44,74-76].

6.1. Hepatotoxicity

PFASs accumulate mainly in the liver, therefore inducing hepatoxicity. PFASs, such as PFOA
have been revealed to induce liver damage in animal models, such as mice, rats and monkey showing
hepatotoxicity as an important toxicological activity [77-79].

In in vitro study, Amstutz and co-workers (2022) [80] assessed the effect of PFASs with different
carbon chain-length and functional head-groups (0 — 800 uM) on viability of HepG2 cells and reactive
oxygen species (ROS) formation. They noticed that cytotoxic potential of PFASs, as well as ROS
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formation by these substances was dependent on chain-length as stronger effects were observed for
PFOA and weaker for PEFHXA and PFBA, which exhibited similar toxic potential in tested cells.

The results achieved in animal studies showed that PFASs induce different alterations in the
liver, including changes in metabolism, as well as in lipids and protein levels, and caused liver
damage. For instance, Das et al. (2017) [81] observed a dose-dependent increase in hepatocellular
hypertrophy, and liver weight in response to PFASs, including PFHxA. It must be noted that liver
has been considered as one of the main targets of PFHXA toxicity. Sub-chronic toxicity study showed
that PFHXA could induce centrilobular hepatocellular hypertrophy in rats [82], while exposure to
sub-lethal dosage of PFHxA altered liver cell metabolism in zebrafish [83]. Similarly in an experiment
performed on Sprague Dawley rats, it was shown that PFOA significantly changed alanine
transferase (ALT) level and induced liver edema and liver toxicity by mechanisms connected with
specific protein denaturation [84].

Peroxisome proliferator receptor alpha (PPAR«) is a member of nuclear hormone receptor
superfamily. The central physiological role of PPARa is as a ligand activated transcription factor
whose target genes encode enzymes and proteins implicated in fatty acid transport and catabolism.
The activation of PPAR«a by PFAAs, including PFOA, PFHxS and PFBS has been recognized as the
primary mechanism of action in rodent hepatocyte-induced proliferation. For instance, Foreman et
al (2009) [85] evaluated the role of PPARa in mediating hepatotoxic effects of PFBA (350 mg/kg/day)
in PPAR-a null mice and a mouse line expressing human PPARa in the absence of mouse PPARa.
The authors shown that PFBA modulated lipid metabolism, increased liver weight and hepatocyte
hypertrophy in wild-type and PPARa humanized mice. They also noticed that PFBA induced
hepatocyte focal necrosis with inflammatory cell infiltrate only in wild-type mice. As a result, they
concluded that PFBA can activate both the mouse and human PPARg, but a species difference exists
in the hepatotoxic response to this chemical. In another study, PFBA induced peroxisome
proliferation and increased peroxisomal fatty acid oxidation in rat liver, which are biomarkers of
PPARa activity [86]. In addition, when pregnant Kunming mice were exposed to PFOA, it reduced
the growth and development of the pups and induced liver damage, which altered the secretion of
enzymes implicated in PPARa-induced fatty acid oxidation, which led to hepatic bleeding, local
necrosis, enlargement of hepatocytes, and depletion in histone acetylation [87].

PFASs are activators of PPARa, but biological effects of these chemicals are probably also
mediated by other factors in addition to PPARa. In order to evaluate this hypothesis, the effects of
PFASs, male wild-type and PPARa null mice were administrated by oral gavage with PFHxA (3 or
10 mg/kg/day) for 7 days, and liver expression of genes was assessed by full-genome microarrays.
Using data available through a microarray database, PFHXA expression of genes profiles were not
found to reveal considerable similarity to profiles from mouse tissues exposed to agonists of the
constitutive activated receptor (CAR), estrogen receptor a (ERa), and PPARy. In conclusion, a
negative relationship was found in all treated wild-type mice along with similar but muted effects in
PARPa-null mice exposed to PFHXA. In recent study, Robarts et al. (2024) [88] studied human-
relevant mechanisms of PFASs action, including PFOA-induced hepatic effects using FRG liver-
chimeric humanized mice with livers repopulated with functional human hepatocytes. Male FRG
humanized mice were treated with low doses of 0.145 mg/L of PFOA in drinking water for 28 days.
They noticed that PFOA induced a decrease in total serum cholesterol and LDL/VLDL fractions, as
well as caused significant hepatocyte proliferation. RNA-sequencing with alignment to the human
genome showed a total of 162 differentially expressed genes as a result of PFOA exposure. Moreover,
upstream regulator analysis showed that PFOA caused activation of p53 and inhibited androgen
receptor and nuclear receptor subfamily 1 group D member 1 (NR1D1), which is a transcriptional
repressor important in circadian rhythm. Further biochemical studies confirmed NR1D1 inhibition.
The authors concluded that new human-relevant molecular mechanism of PFASs exists, including
their previously unknown effect on circadian rhythm.

Several studies have shown the effect of PFASs on liver function, metabolism and damage. For
instance, PFOA (5 mg and 10 mg/kg) induced steatosis, raised fatty acid translocase and lipoprotein
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lipase expression, as well as depleted oxidation of fatty acids, which led to depletion of energy
production in mature 8-week old male mice [89]. In another study, Atemma and co-workers (2022)
[90] administrated PFOA at a dose of 0.3 mg/kg to male wild type mice and nuclear PPAR«a playing
essential role in transcriptional regulation of lipid homeostasis [91]. They noted that PFOA disrupted
hepatic metabolism in studied animals. PFOA improved glucose and insulin tolerance but reduced
body weight and raised liver weight in wildtype and PPARa mice. PFOA in a PPARa-dependent
manner also depleted plasma cholesterol and triglycerides. Specifically, 88% of the regulation of gene
expression by high-dose of PFOA in mouse liver was dependent on PPAR«. In conclusion the authors
suggested that the effects caused by PFOA were mediated by multiply nuclear receptors. In another
research, exposure to PFOA affected blood cholesterol levels and triglycerides and non-alcoholic fatty
liver disease in humanized PPARa mice fed with an American diet [92]. An extended study was
conducted by Stoffels et al. (2023) [93] who assessed a global lipidomic analysis on the liver of PFOA-
exposed mice. Among all hepatic detected lipids, the levels of more than 350 were statistically raised
or depleted. It was also noticed that the levels from many lipid species of various lipid classes, mostly
phosphatidylethanolamine, phosphatidylcholine and triacyglycerols were significantly changed.
Furthermore, subsequent lipidomic analysis highlighted the pathways substantially affected by
PFOA, with the glycerophospholipid metabolism being the most changed and the alterations in the
lipidome network, which connects all the lipid species together. In conclusion, this analysis showed
heterogeneous distribution of the lipids altered by PFOA, showing different areas of lipid expression
connected to PFOA localization.

Schlezinger et al. (2020) [94] tested the hypothesis that PFOA exposure at a human-relevant level
dysregulates genes expression that control cholesterol homeostasis in livers of mice that expresses
human PPARa (hPPARa). Female and male hPPARa and PPARa null mice were fed with American
diet for 6 weeks. The authors noticed that PFOA raised liver mass, which was connected to
histologically-evident lipid accumulation. Moreover, PFOA increased serum cholesterol level and
caused PPARa activation and constitutive expression of androstane receptor target gene in liver.
Moreover, genes expression in four pathways, which regulate cholesterol homeostasis were noted.
Furthermore, the authors noticed that PFOA depleted expression of 3-hydroxy-3-methylglutaryl-
CoA reductase (Hmgcr) in a PPARa-dependent manner, as well as reduced expression of low-density
lipoprotein receptor (Ldlr) and cholesterol 7 alpha-hydroxylase (Cyp7al) in a PPARa-independent
manner. They concluded that obtained results provided new insight into the effect of PFOA on
cholesterol regulation in the liver and the role of hPPARa.

A interesting research was conducted by Jiang et al. (2021) [95] who studied the transcriptomic,
proteomic, and metabolomic parameters in mice exposed to PFHxA. Among 24,893 RNAs and 2246
proteins, 566 transcripts and 238 proteins were substantially changed in mice exposed to PFHxA. The
authors identified processes, which were implicated in liver damage, such as alterations in
biosynthesis of fatty acids, as well as pathways of degradation like purine metabolism (a depletion
levels of xanthine and uric acid) and glutathione (GSH) metabolism that might be triggered by PPAR
signaling pathway. They also observed that PFHxA caused oxidative stress because an increase in
SOD activity and a decrease in GSH level were noticed.

It was shown that high doses of PFOA can induce hepatocellular adenomas in rats [96]. It is
known that inhibition of gap-junctional intercellular communication (GJIC) is needed, however
insufficient, step of tumorigenesis, and it is therefore a typical response of cells to tumor promoters,
oncogenes, growth factors, and nongenotoxic carcinogens, including peroxisome proliferators [97].
PFOA has been recognized as peroxisome proliferators that trigger hepatomegaly and
hepatocarcinogenesis in rodents, and have been shown as classic non-genotoxic carcinogens
inhibiting GJIC in carcinogenesis.

Upham et al. (2005) [98] noted that PFOA inhibited GJIC and triggered hepatomegaly in rat
livers. Although, serum biochemistry of liver enzymes did not revealed any cytotoxic response to
this compound, in vitro analysis of mitogen-activated protein kinase (MAPK) showed that PFOA
activated the extracellular receptor kinase (ERK). The authors also noticed that inhibition of GJIC in
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vitro by PFOA depended on ERK and phosphatidylcholine-specific phospholipase C (PC-PLC)
activation in the dysregulation of GJIC in an oxidative-dependent mechanism. In conclusion, they
stated that in vitro analysis of GJIC as an epigenetic marker of tumor promoters, can predict the in
vivo activity of PFOA, which can dysregulate GJIC via ERK and PC-PLC [98].

The gut microbiome functions as a ‘metabolic organ’ that interacts with the host for a mutually
beneficial coexistence. Perturbation in gut microbiome can disrupt gut barrier permeability leading
to production of translocated bacteria and leakage of gut-derived products that reach the liver
through the portal venous system. This results in inflammation, oxidative stress and liver diseases
[99], suggesting a ‘liver-gut-axis’ existence. In the present study, the impact of subacute (30 mg/kg)
and subchronic doses (3 mg/kg) of PFOA (administrated orally for 14 days) on liver and gut
microbiota in C57BL/6] mice was evaluated. It was revealed that subchronic and subacute exposure
to PFOA induced inflammation of liver, changed antioxidative homeostasis and caused liver
histological abnormalities, such as hepatomegaly that led to liver damage. Moreover 165 rRNA
sequencing analysis revealed that mice exposed to subacute doses of PFOA had changed amount of
intestinal flora, such as Dehalobacterium and Bacteroides genera, which contributed to inflammation
of liver and oxidative stress. Moreover, the exposure to subchronic doses mostly caused a reduction
in commensal probiotics, such as Lactobacillus and Bifidobacterium genera that are potentially
beneficial when liver damage occurs. In conclusion, the authors suggested that liver damage caused
by PFOA was partly related to the gut microbiota dysbiosis.

In occupational surveys, the association between human exposure to PFASs and higher risk of
liver damage and disfunction have been observed. Choi et al. (2022) [100] in review and meta-analysis
evaluated relationship between exposure to PFOA and hepatic diseases by determination of alanine
aminotransferase (ALT), which is the standard screening tool for detecting acute hepatic injury. The
results showed that people exposed to PFOA had elevated ALT activity in comparison to individuals
not exposed to this substance. Nevertheless, the authors of this study concluded that due to limited
number of individuals tested in the analysis it is prematurely suggest that PFOA exposure is
connected with development of hepatic diseases in humans. Nevertheless, Sen et al. (2022) [101]
found a positive association between PFASs, including PFHxA levels in serum and nonalcoholic fatty
liver disease (NALFD)-associated lipid changes in human livers. In another research the association
between PFOA level in serum and liver enzymes was analyzed using 9523 Americans aged 20 years
or older (National Health and Nutrition Examination Survey). The authors suggested that alterations
in liver enzymes, including ALT, aspartate aminotransferase and gamma-glutamyl transferase were
associated with PFOA exposure [102]. Also, Sen et al. (2021) [101] investigated the effects of PFASs,
including PFOA and PFHxA exposure on liver metabolism in human NAFLD cohort of 105
individuals (70 female and 35 male) in order to evaluate metabolism of liver, and in particular
metabolism of bile acids. As a result, they noted upregulation of bile acids, triacylglycerols and
ceramides, as well as altered glucose level (insulin resistance) and amino acids (alanine, aspartate
and glutamate) metabolism. In conclusion, they stated that human exposure to tested PFASs caused
metabolic processes connected with NAFLD, and that the observed effect is different and generally
stronger in females in comparison to males. To note, the study of Jin et al. (2020) [103] also showed
that PFOA caused fatty liver in adults and non-alcoholic fatty liver in children.

Children are potentially more susceptible to toxicants, including PFASs. Seventy-four children
with physician-diagnosed nonalcoholic fatty liver disease were recruited from Children’s Healthcare
of Atlanta between 2007 and 2015 to evaluate metabolic dysregulation associated with PFASs,
including PFOA and PFHXA. An integrative analysis showed a cluster of children with nonalcoholic
steatohepatitis (NASH), which was characterized by raised PFASs levels and changed metabolite
patterns, such as higher plasma levels of phosphoethanolamine, tyrosine, phenylalanine, aspartate
and creatine, and depleted plasma levels of betaine, which proved dysregulation of lipid and amino
acid pathways associated with NAFLD pathogenesis. In conclusion, higher PFASs exposure was
linked to more severe disease in children with NAFLD, and the authors of the study concluded that
tested PFASs may be important toxicants contributing to NAFLD progression [103]. An interesting
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study of Stratakis et al. (2020) [104] showed that prenatal exposure to PFASs, including PFOA was
linked to raised susceptibility to liver functions in children. They noted that increased levels of PFOA
in maternal blood were connected with higher concentrations of ALAT, aspartate aminotransferase,
and gamma-glutamyltransferase in children serum. Moreover, substantial perturbations in amino
acids and glycerophospholipid metabolism were noticed.

Stronger associations between exposure to toxicants and adverse effects are usually observed in
occupational surveys. In a study, 40 occupational workers from a factory in China and 52 control
subjects from the general population were studied in an investigation on the potential health
problems of occupational exposure to PFASs using mass spectrometry-based metabolomics analysis.
It was noted that the levels of PFASs, including PFOA (0.57 ug/mL), PFHxA (2.15 pg/mL) and PFBS
(0.22 pug/mL) were much higher in workers than in control individuals. In the study, 14 potential
biomarkers were determined, and they were found to be linked to oxidative stress, fatty acid (-
oxidation, and kidney injury. The authors concluded that the health effects of workers were
associated with exposure to tested PFASs [105].

6.2. Endocrine-Disrupting Activity

The World Health Organization [106] defines endocrine disruptors (EDs) as, ,Exogenous
substances that alter function(s) of the endocrine system and consequently cause adverse health
effects in an intact organism or its progeny, or (sub)populations.” Some studies have shown that
perfluoroalkyl acids behave as endocrine disruptors. Borghoff and co-workers (2018) [107] analyzed
in their review, data of endocrine potential of PFHXA evaluating estrogen, androgen, thyroid and
steroidogenesis pathways as defined by WHO on different models, such as Japanese medaka, juvenile
rainbow trout, chickens or reproductive parameters in northern bobwhite. They concluded that
PFHxA showed no endocrine potential in J. medaka, juvenile rainbow trout, chickens or reproductive
alterations in northern bobwhite with no significant activity in rodent repeated-dose toxicity, life time
cancer, or reproductive and developmental studies. The authors also pointed on that in studies of
repeated-dose in mammals PFHxA did not significantly altered organs/tissues (weights or
histopathology), such as testes, ovaries, thyroid, prostate, pituitary, mammary gland, or uterine.
PFHXA also exhibited negative activity in vitro and in vivo for disrupting steroidogenesis. Only in
vitro, weak or negative activity for thyroid (T) transport protein or activation of estrogen (E),
androgen (A) or T receptors (T) was noted. Based on this analysis, the authors concluded that PFHxA
does not induce alterations in endocrine activity in these models, and therefore it would not be
characterized as an endocrine disruptor according to the WHO definition.

Thyroid hormones (THs) play crucial roles in the human endocrine system by regulating protein
synthesis, energy metabolism, growth, and development. They also regulate the heart rate and blood
pressure and activate hepatic lipolytic enzymes to regulate blood lipids [108]. Chengelis et al. (2009)
[82] conducted 90-day toxicity study, in which male and female Sprague-Dawley rats were treated
with PFHxA by oral gavage at dose up to 200 mg/kg/day. As a result of this investigation, no changes
in endpoints showing endocrine disrupting potential, such as estrogen, androgen and thyroid
receptors, or steroidogenesis pathways were observed. Similarly, a study conducted in Japanese
medaka at aqueous concentrations of sodium or ammonium salt of PFHxA of 10 mg/L and 100 mg/L
[109] did not show any significant differences in fecundity, fertility, survival or estrogen biomarker
vitellogenin (Vtg) in comparison to control fish.

Nevertheless, Wasel et al. (2020) [110] reported developmental toxicity of PFASs in zebrafish and
showed decreasing LCso values with increasing chain-length for PFBA, PFHxA and PFOA. PFOA can
result in the endocrine disruption by altering the functions of growth and sex hormones, including
activating the estrogen receptor (ER) and inducing ER-mediated transcriptions in cells [111]. For
instance, in vitro studies, PFOA induced expression of estrogen-responsive genes based on different
cell lines, such as human CHO-K1 cell line and HepG2 cell line [112]. The ER transcriptional
activation of PFOA, was also noticed in different species in vivo, including rainbow trout
(Oncorhynchus mykiss), in which induction of Vtg was noticed. In the same study, the authors
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observed a weak interaction of PFHxA with the estrogen pathway, showing a competitive binding
affinity in rainbow trout to be < 0.01% of E2; however, they concluded that observed weak affinity
did not translate to an in vivo response. In other study, Zhang et al. (2014) [113], treated male mice
with PFOA (0-20 mg/kg/day) by oral gavage for 28 days. They observed that PFOA considerably
caused damage to the seminiferous tubules and decreased progesterone and testosterone levels in
the testis in a dose-dependent manner. Moreover, exposure to PFOA caused an increase in sperm
quality. Using a quantitative proteomic approach, the authors determined 93 differentially expressed
proteins in tested animals treated with PFOA at 5 mg/kg/day. Among determined proteins, insulin
like-factor 3 (INSL3) and cytochrome P450 cholesterol side-chain cleavage enzyme (CYP11Al) as
Leydig-cell-specific markers were considerably reduced. The authors also detailly assessed the
expression patterns of CYP11A1 and related genes implicated in steroidogenesis in the mouse testis.
They found that PFOA in a dose-dependent manner, depleted mRNA and protein levels of CYP11A1,
and mRNA levels of 17p-hydroxysteroid dehydrogenase (173-HSD). Additionally, in vitro study
revealed a decrease in progesterone level, which was accompanied by reduction in expression of
CYP11A1 in cAMP-stimulated mLTC-1 cells. The authors concluded that exposure to PFOA can
impair male reproductive function, possibly by altering testosterone levels, and CPY11A1 may be a
key steroidogenic enzyme targeted by PFOA.

The mammary gland is particularly vulnerable tissue because of developmental end points, such
as functional, milk protein gene expression, and developing neonatal and peripubertal structures. In
the study of White et al. (2011) [114] one group of dams of mice was treated with 0, 1, or 5 mg of
PFOA/kg/day during 17 days of gestation. Additionally, a second group of female mice was treated
with PFOA at 1 mg/kg/day during gestation and their F1 and F2 offsprings were continuously treated
with low concentration of PFOA (5 ng/mL) in drinking water. The authors found that gestational
treatment with PFOA caused delay in mammary gland development or/and lactational
differentiation within three tested mice generations. Interestingly, chronic treatment of mice with
low-concentrations of PFOA in drinking water (relevant to its level in human water supplies) also
changed mammary morphological development in tested animals. Zhao et al. (2012) [115] aimed to
study the underlying mechanism of mammary gland development in various developmental stages
in mice exposed to PFOA. Female 3-week old female wild mice were treated with PFOA at 2.5 mg
and 7.5 mg/kg body weight for 2 weeks. The authors observed that PFOA considerably inhibited
growth of mammary gland both in Balb/c and C57Bl/6 wild type mice, but not in C57Bl/6 PPARa
knockout mice. The authors of the study also observed that PFOA caused a delay or absence of
vaginal opening and induced lack of estrous cycling during the experimental period. PFOA also
depleted the levels of ovarian steroid hormonal synthetic enzyme and decreased expression of
estrogen- or progesterone-induced mammary growth factors. The authors concluded that PFOA
effects on ovaries leading to mammary gland development, and that PPARa expression is a
contributing factor in tested animals.

Endocrine-disrupting potential of PFOA has also been observed in occupational surveys. Jain et
al. (2013) [116] determined the effect of PFASs, including PFOA on thyroid stimulating hormone
(TSH), free and total thyroxine (FT4, TT4), free and total triiodothyronine (FT3, TT3), and
thyroglobulin (TGN) in general population of USA based on data from National Health and Nutrition
Examination Survey for the years 2007-2008. It was found that PFOA caused an increase of TSH and
TT3 levels. Other epidemiological study assessed the association between PFOA concentrations in
the general U.S. adult population and their current thyroid disease (data from the U.S. NHANES
from 1999 to 2006) [117]. This study found that high concentrations of PFOA in serum were
potentially associated with current thyroid disease. In other study, Tan et al. (2024) [118] evaluated
association between the exposure of the elderly (n=746, aged >60 years) from Taiwan to several
PHASs, including PFOA, PFHxA and PFBA and thyroid hormones levels, such as thyroid-
stimulating hormone (TSH), thyroxine (T4), triiodothyronine (T3), free T4 (FT4), and free T3 (FT3) in
plasma samples of tested subjects. Interestingly, they observed that the presence of PFBA was
negatively correlated with FT4 level, while for PFOA and PFHXxA the correlation has not been found.
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Generally, the authors observed that PFASs were associated with decreased TSH and FT4 levels and
increased T4 and T3 levels, which suggested that PFASs could cause thyroid-disrupting effects in the
elderly population. Infants and children are particularly vulnerable to chemical substances. Kim et
al. (2016) [119] determined exposure levels of 16 PFASs in South Korean infant serum and correlated
these levels with thyroid hormones (THs). A case group of infants suffered from congenital
hypothyroidism. They observed a weak correlation between the concentration of PFOA and the level
of thyroid-stimulating immunoglobulin (TSI) antibodies in serum of tested individuals from case
group. In the study of Liu et al. (2020) [120] the association between PFASs, including PFOA and
glucocorticoids (11-deoxycortisol, cortisol and cortisone) and 2 progestogens [progesterone, 17-
hydroxyprogesterone (170HP)] in the cord sera of 374 neonates (Wuhan, China) was analyzed. They
found that PFOA was capable of significantly changing 11-deoxycortisol concentrations in cord sera.
In other study, Liu et al. (2021) [121] determined the associations between PFASs, including PFOA
with estrogens, including estrone, estriol and estradiol levels in cord sera in newborns (n=942, 2013-
2014) in Wuhan, China. They found that there was a correlation between PFOA level and estradiol
level in neonates. In the review study of Balesteros et al. (2017) [122] the associations between PFASs,
including PFOA and thyroid-stimulating hormone (TSH), triiodothyronine (T3), thyroxin (T4) levels
or thyroid dysfunctions in pregnant women and children were assessed. The authors found positive
associations between PFOS level and TSH level measured in maternal blood.

6.3. Immunotoxicity

Studies have found association between some PFASs and several aspects of immunotoxicity,
including immunosuppression, hypersensitivity, and autoimmunity. A number of general
population studies have also found significant inverse associations mainly between serum PFOA
levels and antibody responses to vaccines.

Recent in vitro study assessed the effect of PFBA, PFHxA and PFOA on cytotoxic and oxidative
parameters in human peripheral blood mononuclears cells (PBMCs). It was found that PFBA and
more strongly PFOA at 100 pg/mL and 200 pg/mL after 24 h of incubation decreased viability of
PBMCs, while PFHXA did not change this parameter even at 200 pg/mL. Moreover, PFOA and PFBA
after 1 h and particularly after 24 h of incubation significantly depleted ATP level. The authors also
noted that all studied PFASs at different concentrations caused oxidative stress and damage in
PBMCs (0.1 — 50 pg/mL, 1 h incubation) as they increased ROS and reactive nitrogen species (only
PFOA) levels, as well as caused damage to lipids and proteins in studied cells. Generally, most of
tested parameters were most strongly altered by PFOA, while PFBA revealed more pronounced
alterations that PFHxA [123].

In vivo studies of high, acutely toxic dietary doses of PFOA up to 75 mg/kg/day resulted in
suppression of antigen-specific immunoglobulin M (IgM) antibody production, splenic and thymic
atrophy, and altered T-cell phenotypic distribution in male C57BL/6 mice [124]. In a TDAR (the T-
Dependent Antibody Response assay) study with mice exposed to PFOA, an overall reduction of Th2
cytokines (significant: IL-5 and IL-13; non-significant: IL-4), and response for Thl cytokines
(significant reduction of IL-6, IL-12 and TNF-a) were observed by De Guise and Levin (2007) [125].
This showed a favorable Thl balance and a general decrease in pro-inflammatory cytokines. The
authors postulated a potential role for T helper (Th) cells in the immunotoxicity of PFOA. Significant
dose-dependent changes in IgM level (which is involved mainly in early, primary immunity) in
response to T-dependent antigens, such as sheep red blood cells (sRBCs) or horse red blood cells were
observed in acute and intermediate oral administration in C57BL/6] and C57BL/6N female mice,
while the lowest-adverse-effect was observed for a dose of 3.75 mg/kg/day in mice exposed to PFOA
in drinking water for 15 days [124,126]. By contrast, no effect on antibody responses was found in
Sv/129 rats dosed by PFOA at 30 mg/kg/day in drinking water for 15 days [124], suggesting strain
differences in susceptibility to PFOA. Rats appeared to be less sensitive than mice, as no changes in
IgM levels were noticed in these animals administered with PFOA (even at acutely toxic oral doses
up to 30 mg/kg/day) via gavage for 28 days [127]. Similarly, the exposure of male rats to 50 mg/kg/day
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with PFOA by gavage for 14 days did not significantly change the number of T cells, NK cells, or
helper T cells [128]. In a developmental mouse study, splenic Treg numbers cells were reduced at the
highest dose of PFOA at 2 mg/kg bw/day, whereas isolated CD4* cells from adult offsprings, exposed
via the dams to PFOA during gestation and through weaning, secreted lower amounts of the
immunosuppressive cytokine IL-10 than cells from controls males only. More recently, Erlich et al.
(2023) [2] reported that in mice, a reduced number of thymocytes, splenic lymphocytes and marrow
B-lymphoid cells decreased following exposures to PFOA (0.002% w/w in diet). Similarly to the above
mentioned studies, Erlich et al. (2023) [2] concluded that PFOA may be recognized as
immunosuppressant in rodents, and pointed that rats are more susceptible than mice to antibody
immunosuppression induced by PFOA.

Several epidemiological studies have found associations between current serum PFOA levels
and diagnosis of asthma in children and adults, while a case-control study found significantly higher
serum PFOA levels in asthmatic adolescents as compared to adolescents without asthma [129].
Similarly, positive associations with two immune conditions were detected in two independent
studies. The prevalence of self-reported asthma was significantly positively associated with residence
in a PFOA-contaminated water district [130] and Taiwanese children [131]. A significant inverse
association between eosinophil count among non-asthmatic subjects, C-reactive protein, wheezing,
eczema and PFOA level was found by food allergy and otitis media [132]. In the study of Lopez-
Espinosa and co-workers (2021) [133], associations were found between peripheral white blood cells
counts in a human population in the Mid-Ohio Valley, U.S. and PFOA level in drinking water. In this
study, PFOA was positively associated with absolute lymphocyte count and the counts of T-cells, B-
cells, and natural killer (NK) cells, whereas, no significant associations were reported for changes in
the percentages of B, Th and Tc lymphocyte subsets. The cross-sectional study of osteoarthritis
(autoimmune condition) was based on 3731 adults with osteoarthritis and 45,701 without
osteoarthritis who lived, worked, or attended school in one of six PFOA-contaminated water districts
in the Mid-Ohio Valley and were enrolled in the C8 Health Project. Significant positive associations
were found between increasing serum PFOA levels and osteoarthritis prevalence, while the observed
association was limited to adults under age of 55 years and those who were not obese [134]. Validated
self-reported autoimmune diseases were also analyzed separately among the 3713 polymer plant
workers. In this cohort study, more frequently ulcerative colitis and rheumatoid arthritis were
reported [135]. Studies evaluating the immunosuppressive effects of PFOA have examined disease
resistance and antibody responses. Granum et al. (2013) [136] performed prospective birth cohort
study of mother—child pairs in Norway and found associations between a 1-ng/mL increase in
maternal perinatal plasma PFOA level and number of episodes of the common cold and other
respiratory tract infections, as well as the number of episodes of gastroenteritis with vomiting or
diarrhea in the first three years of life and during the third year of children. Also Granum et al. (2013)
[136] found significant positive associations between a 1-ng/mL increase in maternal perinatal plasma
PFOA and number of episodes of the common cold. In a study of Wang et al. (2019), 21 PFAS were
identified in 198 Chinese women of childbearing age. In single PFAS, including PFOA, PFAS were
positively associated with Th1 and regulatory T-cell (Treg) cytokines, and negatively associated with
Th2 and Thl17 cytokines. In this study, the Bayesian Kernel Machine Regression (BKMR) model
showed a significantly positive association of PFAS mixture with TGF-{3 and a negative association
with IL-10. A deviation of the immune system from Th2 toward Thl has been implicated in
pregnancy complications, such as recurrent miscarriage, preeclampsia and fetal growth restriction.
In another study, Knudsen and co-workers (2018) [137] investigated the association between the sum
of 15 PFAS, including PFOA and haematological markers in 189 Greenlandic pregnant women. The
markers investigated included white blood cells, lymphocytes, neutrophils and monocytes, which
were significantly inversely associated with the sum of PFASs suggesting an immunosuppressive
potential of PFASs in pregnancy. Prenatal exposure to PFASs has been inconsistently linked to
asthma and allergy, and increased number of infections in early childhood. Impinen et al. (2019) [138]
evaluated the association between exposure to PFASs, including PFOA of Norwegian Mothers (1270
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women) and asthma, allergies and common infectious diseases in their children up to 7 years old. As
a result, no association between PFOA levels and allergy and asthma were found. The authors also
suggested that asthma and allergy in children may be linked to exposure to longer PFASs, as they,
and other scientists [139] observed such association for perfluoroundecanoic acid (PFUnDA) and
perfluorotriodecanoic acid (PFTrDA).

Abraham et al. (2020) [140] observed considerable associations between PFOA serum level and
levels of vaccine antibodies against Haemophilus infuenza type b, tetanus and diphtheria in 101 healthy
1-year-old children. PFOA levels were negatively associated with production of interferon gamma
(IFNY) in ex-vivo lymphocytes after stimulation with tetanus and diphtheria toxoid. The study
showed no effect of PFOA on infections during the first year of life, but obtained results that
confirmed negative associations between PFOA level and parameters of the immune response, which
had been observed in other epidemiological studies. The results connected with PFASs, including
PFOA immunotoxicity concerning a study of 99 Norwegian children at 3 years old revealed that
maternal serum concentration of PFOA was linked to depleted vaccine responses in children, and in
particular toward rubella vaccine, as well as raised cases of common cold and gastroenteritis [136].
Similarly, the research of Mogensen et al. (2015) [141] showed that prenatal exposure to PFOA was
particularly associated with the pre-booster antibody concentration at 5 years of age, and concomitant
exposure was linked to response to 5-year booster, while concentrations of antibody at 7 year
depended mostly on the current exposure to PFOA level. The prospective study was also conducted
in adolescents (516 subjects) to assess PFOA-associated alterations in antibody responses to
childhood vaccines at 7 years of age. The results revealed that diphtheria but not tetanus antibody
concentration was depleted by 25% at increased serum level of PFOA at the age of 13. In adults, a
decrease in antibody response against influenza A H3N2 virus were associated with increasing serum
PFOA levels; however, there were no associations with two other strains of influenza virus (influenza
A HINT1 and influenza B) [142]. Interesting study was conducted by Grandjean et al. (2020) [143] who
used (from Danish biobanks) samples of plasma from 323 non-pregnant subjects (aged 30-70 years)
with confirmed SARS-CoV-2 infection and determined concentrations of five PFAS, including PFOA
and PFBA. They observed that only increased level of PFBA in plasma was linked to an elevated risk
of more severe course of COVID-19. The authors concluded that it may be due to accumulation of
PFBA in the lungs.

In order to elucidate immunotoxic effect of PFASs, the EFSA panel (2020) [144] proposed
transactivation of several nuclear receptors, as observed from in vivo and in vitro studies, including
PPARs, NF-kB (nuclear factor kappa B), CAR (constitutive activated receptor), Nrf2 (nuclear factor
erythroid 2-related factor 2), PXR (pregnane X receptor) and RXR (retinoid X receptor). Although
some of these nuclear receptors may have an indirect effect on immune health, the following sections
were focused on the modulation of NF-kB and PPARs. This selection was made because of the
observed interactions of NF-kB and PPARs with the immune system, while data on other nuclear
receptors were less conclusive.

6.4. Epigenotoxicity

Epigenetic modifications play a considerable role in regulation of various functions of organisms
during its development. These modifications, include methylation of DNA, modifications of histones,
as well as small non-coding RNAs expression of regulating genes [145].

Liu and Irudayaraj (2020) [146] studied epigenetic changes and inhibitory mechanisms of PFOA
in human breast epithelial cells (MCF7). They observed that exposure to PFOA at 100 uM and 200
UM (24 h or 48 h) changed mobility of DNA (cytosine-5)-methyltransferase 3A (DNMT3A) and
caused inhibition of enzymatic activity of DNA methyl transferases (DNMTs), which resulted in
global DNA demethylation. Based on distribution profile of histone 3 lysine 9 tri-methylation
(H3K9me3), which is considered to be a hallmark for constitutive organization of heterochromatin,
the authors deduced that PFOA (200 pM and 400 uM) significantly altered organization of
heterochromatin, increasing its redistribution around periphery of the nucleus. The authors of this
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study proposed detailed explanation for their findings. They suggested that PFOA caused
dissociation of DNMTs from the nucleosome, which resulted in loss of its function to methylate CpG
sites even at presence of increased expression of DNMT3a mRNA, which led to a reduced level of
global methylation of DNA. At this level, the global 5 mC loss induced changes in chromatin
packaging at the single nucleosome level. The obtained results showed that PFOA caused epigenetic
changes and alterations in heterochromatin packaging by direct effected on DNMTs, which may
enhance susceptibility to diseases, such as cancer.

DNA methylation is one of the crucial epigenetic mechanism mainly regulated by ten-eleven
translocation (TET) methylcytosine dioxygenases and DNMTs controlling gene expression by adding
or removing methyl groups on cytosine at specific Cytosine — Guanine (CpG) sites in those genes
[147].

Wen et al. (2020) [148] observed that PFOA caused global epigenetic changes, particularly DNA
methylation, in mouse liver (1 mg or 10 mg/kg/day; 10 days), as well as induced tissue-specific
changes in RNA binding proteins affecting alternative splicing factors. Moreover PFOA caused gene
expression in mammalian target of rapamycin (mTOR) pathway, as well as decreased phosphatase
and tensing homolog (Pten) expression, which is primary inhibitor of mTOR pathway. In another
study, Rashid et al. (2020) observed that PFOA decreased the expression of DNA methyltransferases
(Dnmt1, Dnmt3a, Dnmt3b) in CD1 mice (1-20 mg/kg/day; 10 days), in the colon and small intestine.
Moreover, they observed that expression of ten-eleven translocation genes (Tet2 and Tet3) was
dysregulated in the small intestine, while in the colon Tets remained unaffected. The tight junction
genes Claudins (Cldn), Occludin (Ocln), and Tight Junction Protein (Tjp) were also strongly changed
in the small intestine. The authors concluded that PFOA induces DNA methylation and changes
genes expression crucial for maintaining the physical barrier of the intestine, with stronger effects
observed in small intestine in comparison to the colon. Similarly, PFOA has been shown to induce
epigenetic changes in kidney of CD-1 mice (1-5 mg/kg/day; 10 days). The authors noted that PFOA
caused variable methylation yielding 879 differentially methylated regions. The mRNA expression
showed significant rise in Dnmtl and depleted RAS protein activator like 1 (Rasall) expression,
which is an early indicator of fibroblast activation in kidney. They also noticed considerable increase
in histone deacetylase (Hdac) 1, 3 and 4, which are critically altered in some renal diseases.
Furthermore substantial increase in mRNA expression levels of beta tumor growth factor (TGF-f)
and alpha smooth muscle actin (a-SMA) was noted. Finally, the KEGG and Go enrichment pathways
analysis of decreased representation bisulfite data also showed pathways involved in renal fibrosis.
The author concluded that obtained results suggested that epigenetic alterations in kidney trigger the
expression of early markers of fibroblast activation.

An interesting study was conducted by Ahmad et al. (2021) [147] who assessed accumulation of
PFOA in lungs, and studied alterations in mRNA expression of methylation of DNA regulator genes
DNA methyltransferases (Dnmts), as well as ten-eleven translocation (Tets) along with membrane
proteins angiotensin transforming enzyme 2 (Ace2) and transmembrane Serine Protease 2 (Tmprss2)
genes implicated in the infection of SARS-CoV-2 virus. They used CD1 mice that were orally exposed
to 5 mg and 20 mg/kg/day PFOA for 10 days. The authors observed that PFOA accumulated in lungs
in a dose-dependent manner. They also observed that Dnmts and Tets were considerably
downregulated, while expression level of angiotensin-converting enzyme 2 (Ace2) and
transmembrane serine protease 2 (Tmprss2) significantly increased. Moreover, they noted
considerable hypomethylation in CpG islands in the promotor region of Tmprss2. In conclusion, it
was stated that PFOA by increased expression of tested membrane receptors possibly cause higher
susceptibility of SARS-CoV-2 infections. The confirmation of the above findings may be the results of
Grandjean et al. (2020) [149] who assessed samples from 323 subjects (3070 years old) from Denmark
with known SARS-CoV-2 infection on the presence PFASs. As a result, they noticed that increased
PFBA plasma concentrations (PFAS that accumulates in the lungs) were associated with an elevated
risk of a more severe course of COVID-19.
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6.5. Genotoxicity and Cancerogenicity

Genotoxicity refers to the capability of a substance to damage the genetic material of a cell
leading to mutations that may finally cause cancer or hereditary genetic disorders. The substances
that reveal genotoxic influence can act directly or indirectly on DNA, for example, by ROS formation
that cause oxidative deterioration of genetic material.

PFOA, PFHxA and PFBA reveal characteristics, which are typical for the group of peroxisome
proliferators. PPARa activation in in vivo models, including mice and rats is believed to be connected
with ROS induction and damage to DNA that may be implicated in peroxisome proliferator-
mediated carcinogenesis. Nevertheless, this mode of activity has been revealed to be highly species-
specific and the most probably has small importance in humans [150,151].

Eriksen et al. (2010) [152] studied the effect of perfluorinated compounds (PFCs), including
PFOA and PFHxA on intracellular ROS formation and DNA damage in HepG2 cells. The authors of
the study noticed that PFOA raised ROS production by 1.52-fold, but did not caused DNA damage,
which was measured by determination of DNA strand-breaks, alkali-labile sites and purine
oxidation. They also noticed that PFHxA did not increase ROS level nor caused DNA damage.
Summing up, achieved results proved that only PFOA was capable of inducing ROS level, while both
investigated compounds did not exhibit genotoxic potential in a cell line representing the human
liver. In in vivo study, Crebelli et al. (2019) [153] evaluated genotoxic potential of PFOA (0.1, 1 and 5
mg/kg body weight) and PFBA (5 mg/kg body weight) that were given in drinking water for mice for
5 weeks. They noted that PFOA administration at its highest dose revealed considerable liver
hypertrophy with signs of cell injury. The authors also observed that ALT and AST levels were raised,
while no lipid peroxidation and oxidative stress occurred. After PFBA administration, only mild liver
hypertrophy was noticed. Moreover, tested substances did not induce genotoxic alterations. The
authors concluded that PFOA caused significantly stronger liver damage than PFBA, which was not
due to oxidative stress, whereas none of tested compounds induced genotoxic effects in liver, as well
as in the other tested tissues, such as bone marrow (micronucleated reticulocytes), spleen
(splenocytes) and testis.

According to scientific literature focused on the study and analysis of carcinogenic substances,
several features of PFASs, such as PFOA can be recognized that assist in carcinogenic risk or the
likelihood of cancer development. These characteristics embrace: metabolic activation, induction of
oxidative stress, inflammation, immunosuppressive influence, and the ability to transform cells,
making them “immortal” [151,154].

Among perfluorocarboxylic acids (PFCAs), PFOA has been the most thoroughly investigated. It
has been shown that exposure to PFOA is positively related with development of liver, pancreas,
colon, breast, and testicles cancers [155]. Literature analyses have proven that PFOA is carcinogenic
in mice [156], and large doses of PFOA induced hepatocellular adenomas in rats [96]. The mechanism
of PFOA action connected with potential tumorigenic activity in breast cancer was studied by
Pierozan et al. (2018) [157]. They used human breast epithelial cells (MCF-10A) that after exposure to
PFOA at 50 uM and 100 pM revealed a higher rate of proliferation by accelerating G0/G1 to S phase
transition of the cell cycle. Moreover, it was observed that PFOA raised levels of cyclin-dependent
kinases, including D1, CDK4 and CDK®, along with a depletion of the level of kinase inhibitor p27.
It is worth noting that estrogen receptor antagonist did not reveal any effect on promotion of cell
proliferation by PFOA, whereas PPAR«a antagonist was capable of preventing of proliferation of
tested cells. Achieved results revealed that the underlying mechanisms of action of PFOA implicates
PPARa-dependent pathways. Interestingly, the authors noted that PFOA was able to stimulate of cell
migration and invasion, what may suggest its potential to provoke neoplastic transformation of
human breast epithelial cells.

In epidemiological studies, it has been proven that elevated serum concentrations of PFOA was
connected with a higher risk of various cancer types [158].

Barry et al. (2013) [159] studied the correlation between residents in Mid-Ohio Valley
(Washington, West Virginia, U.S) who were exposed to PFOA in drinking water polluted with
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chemical plant and cancer incidence. The cohort consisted of 32,254 adults who were interviewed in
2008-2011 to achieve medical history, whereas retrospective PFOA serum levels were determined for
each participant from 1952 to 2011. The authors evaluated the correlation between cumulative PFOA
exposure and 21 different cancer types, and found positive associations for kidney, thyroid and
testicular cancers. In other epidemiological study conducted by Girardi and Merler (2019) [160], the
association between PFASs exposure and mortality (1970-2018) of 462 male employees who had
worked at production of PFOA since 1968 was evaluated. They determined very high PFOA
concentrations in serum of 120 workers (2000-2013), which were from 19 to 91,900 ng/mL. They
showed association between cumulative PFOA level and increased mortality related to liver cancer,
as well as malignant neoplasm of lymphatic and hematopoietic tissue. Studies concerning highly
exposed humans to PFOA revealed an association between exposure to this chemical and elevated
incidence of kidney cancer, whereas it was unclear if PFOA or other PFASs behave as renal
carcinogens, and thus, may increase risk of renal cell carcinoma (RCC) in humans environmentally
exposed. In other study, Shearer et al. (2021) evaluated the association between the concentrations of
PFOA in serum of the general population of U.S (with 324 RCC cases) and incidence of RCC risk. The
experiment revealed that there was a positive association between exposure to PFOA and RCC risk.
The authors of the study concluded that PFOA is a renal carcinogen and may pose a significant threat
to people. Recent study that used serum samples from individuals occupationally exposed to PFOA,
such as workers in chemical plants producing PFASs, as well as residents living near such facilities,
revealed a correlation between elevated PFOA levels and the incidence of breast cancer in women,
particularly tumors lacking hormone receptors [161].

Since PFOA was previously classified as “possibly carcinogenic to humans” many new research
have evaluated the relationship between exposure to this substance and cancer risk in both animals
and humans.

In the light of these findings, in 2024, the International Agency for Research on Cancer (IARC)
decided to reclassify PFOA as carcinogenic to humans (Group 1), taking into consideration sufficient
evidence archived from both human and animal studies, as well as mechanistic data.

A panel of 30 scientists reached this conclusion based on:

. sufficient evidence in animals, showing elevated incidences of benign and malignant
tumors in both sexes;

J strong evidence in humans, revealing that PFOA causes epigenetic alterations (e.g.,
changes in methylation of CpG, modifications of histone and miRNA expression), oxidative stress
induction (e.g., elevated ROS formation);

J immunosuppressive effects, including depletion of immune responses to vaccines and
elevated susceptibility to infectious diseases, as PFOA has been observed to suppress production of
cytokine and decrease of lymphocyte level [162].

The IARC expert group also point out that PFOA elevated cellular proliferation by promotion
of the activity of glycolytic pathway, and caused cell proliferation and migration. They also
underlined that PFOA was able to influence pathways connected to nutrient and energy supply,
which can lead to cell death [156].

As for PFBA, the available data are insufficient to assess its carcinogenic potential. Animal
studies have not shown satisfactory evidence concerning cancer induction by this substance [163].
For example, a 2-year toxicology and carcinogenicity research was conducted in male and female
Sprague-Dawley rats, which were orally treated with PFBA (7 days per week) at doses ranging from
2.5 to 100 mg/kg/day (males) or from 5 to 200 mg/kg/day (females) [164]. As a result, there was no
evidence that PFBA is capable of inducing of tumors. Regarding PFHxA, no carcinogenic effects have
been noticed in rats [164]. An overview of in vivo, ex vivo, in vitro, clinical and epidemiological studies
on PFAS toxicity is presented in Table 7.
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Table 7. Overview of in vitro, ex vivo, in vivo, clinical and epidemiological studies on PFASs toxicity.
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methyltransferase
(DNMT) activity,
leading to global
DNA demethylation

Adverse effects
were seen at 0.75
mg/kg/day (PFOS)
and included
mortality in 2 of 6

0, 0.03, 0.15,
males, decreased
Cynomolgus 6-8 0.75 bodv weicht
Invivo  monkeys (male monkeys/  mg/kg/day incre};se d ﬁve’r [77]
and female) sex/dose orally for 182 .
davs weight, and reduced
y levels of cholesterol,
triiodothyronine
.5 (without
'§-‘ hypothyroidism),
@ and estradiol
b PFOA disrupts
E Human vitamin D receptor
o
S osteosarcoma cell signaling through
;ﬁ Saos-2 cells and endocrine
. ) ) culture PFOA .
In vitro epithelial ) interference, [167]
experime 400 ng/mL :
colorectal nts altering gene
adenocarcinoma responses and
Caco-2 cells reducing osteoblast
mineralization
PFOA may impair
Primary bovi (iiuu 04 and40 grézulosa C('?Hb [168]
rimary bovine  culture steroidogenesis
In vitro Y '° LM PFOA for [COBENESIS by
granulosa cells  experime inducing
48 and 96 h ) )
nts mitochondrial
dysfunction

The key molecular mechanisms underlying the toxicity of PFOA and its short-chain analogs are

summarized in Table 8.
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Table 8. Summary of molecular mechanisms of action of PFOA and its selected short-chain analogs (PFHxA,

PFBA) highlighting both shared and compound-specific pathways based on selected studies discussed in the

toxicity section.

Molecul
Mechanism PFOA PFHxA PFBA olect ar References
targets/pathway
PPARaq, lipid

PI.’AR.a S’.cron.g S’Fron.g S’Fron‘g metabolism (85,88,94]

activation activation activation  activation genes, (3
oxidation
ROS,
tioxidant
Oxidative stress St St St antoxt (ggD
rong rong rong enzymes ,

ROS/RNS 80,95,123
(energtion) induction induction  induction GSH), [ |
& mitochondrial

dysfunction
Est
Well- strogen
documented receptor (ER),

Endocrine o Weak or Limited androgen [107,111-

. . (ER activation, . .
disruption ; . negligible  evidence pathways, 113]

steroidogenesis .
disruption) thyroid
p hormones
Well-
d ted
(z:;‘;;ir;; Cytokines (IL-6,
. . Weak to  Moderately TNF-a), T/B
Immunotoxicity antibody [124,126,136]
moderate  supported cells, IgM
response,
_ response
cytokine
modulation)
Well-
documented
DNMTs, TET
(DNA en rsnes
Z ,
Epigenetic methylation, Poorly Limited his}’;one [146-
modifications DNMT studied evidence . 148,169]
o modifications
inhibition,
) (H3K9me3)
histone
changes)
PPARg, lipid
Lipid Well Moderately ~ limited transport,
ell- oderate imite ransport,
metabolism y P [89,92,93]
, , documented  supported  evidence cholesterol
disruption ]
homeostasis
Mitochondrial Well- Limited = Moderately ATP (123]
dysfunction / documented evidence  supported production,
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energy (reduced ATP mitochondrial
metabolism levels) respiration
Infl ¢ NF-«B,
nflammator
Y Well- Limited = Moderately cytokines,
pathways . : [45,99]
o documented evidence supported immune
activation ) )
signaling
Cardi ] Well- Cell
arcinogenic-
relati d documented Not well Not proliferation, (151,157,159]
(non-genotoxic established established = ERK/MAPK, Y
pathways .
mechanisms) PPARa

7. Conclusions

Perfluorooctanoic acid (PFOA) and its selected short-chain analogs — perfluorohexanoic acid
(PFHxA) and perfluorobutanoic acid (PFBA) belong to a group of perfluoroalkyl acids (PFASs). Due
to their unique properties, i.e. stability, durability and lowering of surface tension, they have found
many applications in different branches of industry and are used in various everyday products.
PFASs are named "perennial chemicals" because they exhibit strong resistance to degradation in the
environment and exhibit high accumulation in biota, including humans. It has been proven that the
main exposure routes of these substances to general population is consumption of contaminated food
and water, as well as inhalation of dust. These substances have been determined in surface, and in
higher concentrations, in ground waters, in which PFBA, PFHxA and PFOA are quite often
determined with higher frequency than another PFASs. PFOA and its substitutes have also been
repeatedly detected in drinking water that is one of the most important sources of exposure of general
population to these compounds. It has also been proven that food, and particularly fish, meat and
meat products (PFOA) and cereals (PFBA), are the most significant sources of the exposure of humans
to PFASs. Dust on which PFASs are adsorbed is also essential source of exposure to these toxicants
to humans, as it contains high concentrations of PFBA, PFHxA and PFOA. PFASs concentrations are
not systematically measured in the air; however discussed compounds and PFBA in the highest
concentrations have been detected in the atmosphere.

PFOA has been produced from decades, but due to its toxicity it was successively replaced by
PFASs of shorter chain, including PFHxA and PFBA. Generally PFASs, and particularly PFOA and
PFHxA accumulate mainly in the liver, therefore inducing hepatoxicity. Nevertheless, PFBA
accumulates more effectively in lungs in comparison to PFHxA and PFOA. Several studies have
shown the effect of discussed PFASs on liver function, metabolism and damage.

The activation of PPARa by PFASs, including PFOA, PFHxS and PFBS has been recognized as
the primary mechanism of action in rodent hepatocyte-induced proliferation. It was also observed
that PFOA caused activation of p53 and inhibited androgen receptor and nuclear receptor subfamily
1 group D member 1, which showed that new human-relevant molecular mechanism of PFASs exists,
including its previously unknown effect on circadian rhythm. PFOA was also revealed to be partly
responsible for the gut microbiota dysbiosis. Moreover, occupational surveys, have found association
between human exposure to PFBA, PFHxA and PFOA and higher risk of liver damage and
disfunction. Some PFASs are known as endocrine-disrupting compounds. PFHxA have not been
shown to induce alterations in endocrine activity in various animal models. In contrast, PFOA can
induce endocrine disruption by altering the functions of growth and sex hormones, including
activating the estrogen receptor (ER), The authors also suggested that exposure to PFOA can impair
reproductive function, possibly by altering testosterone levels, and CPY11A1l. Endocrine-disrupting
potential of PFOA has also been observed in occupational surveys, which revealed that it increased
thyroid stimulating hormone and triiodothyronine levels. Generally, the obtained results may point
that high concentrations of PFOA in serum may be potentially associated with thyroid disease.
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Another study showed that the presence of PFBA was negatively correlated with thyroxine level,
while for PFOA and PFHxA such correlation has not been found. Immunotoxic potential of PFASs
has been shown both in vivo and in epidemiological studies. In mice PFOA caused suppression of
antigen-specific immunoglobulin M antibody production, splenic and thymic atrophy, and altered
T-cell phenotypic distribution. It also altered Th1 cytokine balance and decreased pro-inflammatory
cytokines. Therefore, the author concluded that PFOA may be recognized as immunosuppressant in
rodents. Several epidemiological studies have found associations between serum PFOA levels and
diagnosis of asthma in children and adults, as well as positive correlation has been found between
PFOA levels and osteoarthritis, ulcerative colitis and rheumatoid arthritis. Moreover maternal serum
concentration of PFOA was linked to deplete various vaccine responses in children. Interestingly,
increased PFBA, but not PFOA level was positively associated with elevated risk of more severe
course of COVID-19, which might be due to higher accumulation of PFBA in the lungs. EFSA panel
suggested that transactivation of several nuclear receptors, particularly PARPs and NF-«kB (nuclear
factor kappa B) may be responsible for immunotoxic potential of PFASs, such as PFOA and PFBA.
The studies have also shown that PFOA exhibited epigenetic potential as it caused global DNA
demethylation and significantly altered organization of heterochromatin, which may contribute to
development of diseases, such as cancer. It was also observed that PFOA caused DNA global
methylation in liver and changes in genes expression crucial for maintaining the physical barrier of
the intestine. Moreover, PFOA induced considerable increase in histone deacetylases, which function
is critically important in some renal diseases. Epigenetic changes induced by PFOA seem to be the
most probably involved in development of various cancer types and other diseases. The results
concerning epigenetic activity of PFHxA and PBMA are scarce. It was noticed that increased PFBA
plasma concentrations were associated with an elevated risk of a more severe course of COVID-19.
PFASs, including PFOA, PFHxA and PFBA have shown properties, which are characteristic for the
group of peroxisome proliferators that are recognized as non-genotoxic chemical substances. The
result of the studies showed that although PFOA, PFHxA and PFBA induced ROS formation, they
did not caused damage to DNA. Among perfluorocarboxylic acids (PFCAs), carcinogenic potential
of PFOA has been the most thoroughly studied. It has been proven that exposure of rodents to PFOA
were positively associated with liver, pancreas, colon, breast, and testicles cancers. Obtained results
showed that the underlying mechanisms of carcinogenic PFOA action involves PPARa-dependent
and kinases-dependent pathways. In epidemiological studies, it has been proven that increased
serum concentrations of PFOA have been associated with a higher risk of different cancer types,
including liver, kidney, thyroid and testicular cancers, as well as malignant neoplasm of lymphatic
and hematopoietic tissue. In the light of these findings, in 2024, the International Agency for Research
on Cancer (IARC) classified PFOA as carcinogenic to humans (Group 1). As for PFBA, the available
data are insufficient to evaluate its carcinogenic potential, animal studies have not provided
conclusive evidence of its carcinogenicity. Regarding PFHxA, no carcinogenic effects have been
observed in rats.

Hitherto conducted researches have shown that PFHxA and PFBA are less toxic than PFOA,
nevertheless additional extensive studies should be conducted in order to determine environmental
and particularly toxicological status of these compounds.
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Abbreviations

170OHP 17-hydroxyprogesterone

173-HSD 17B-hydroxysteroid dehydrogenase

A Androgen

Ace2 Membrane proteins angiotensin transforming enzyme 2
AFFF Aqueous film-forming foams

ALT Alanine aminotransferas

ATSDR Agency for Toxic Substances and Disease Registry
BKMR Bayesian Kernel Machine Regression

CAR Constitutive activated receptor

CERI Centre for Educational Research and Innovation
Cldn Genes Claudins

CpG Cytosine at specific Cytosine — Guanine sites
CYP11A1 Cytochrome P450 cholesterol side-chain cleavage enzyme
Cyp7al Cholesterol 7 alpha-hydroxylase

DNA Deoxyribonucleic acid

DNMT3A DNA (cytosine-5)-methyltransferase 3A
DNMTs DNA methyl transferases

Dnmts DNA regulator genes DNA methyltransferases
EFSA European Food Safety Authority

ER Estrogen receptor

ERK Extracellular receptor kinase

ER« Estrogen receptor o

FT3 Free triiodothyronine

FT4 Free thyroxine

GJIC Gap-junctional intercellular communication
GSH Glutathione

H Estrogen

H3K9me3 Histone 3 lysine 9 tri-methylation

Hdac Histone deacetylase

Hmgcr 3-hydroxy-3-methylglutaryl-CoA reductase
hPPAR«x Human peroxisome proliferator receptor alpha
IARC International Agency for Research on Cancer
IFNy Interferon gamma

IgM Immunoglobulin M

INSL3 Insulin like-factor 3

Ldlr Low-density lipoprotein receptor

MAPK Mitogen-activated protein kinase

MCEF7 Human breast epithelial cells

mRNA messenger RNA

mTOR Mammalian target of rapamycin

NALFD Nonalcoholic fatty liver disease

NASH Nonalcoholic steatohepatitis

NF-«B Nuclear factor kappa B

NHANES National Health and Nutrition Examination Survey
NR1D1 Nuclear receptor subfamily 1 group D member 1
Nrf2 Nuclear factor erythroid 2-related factor 2

Ocln Genes Occludin

PBMCs Human peripheral blood mononuclears cells
PC-PLC Phosphatidylcholine-specific phospholipase C
PFAAs Perfluoroalkyl acids

PFASs Polyfluoroalkyl substances

PFBA Perfluorobutanoic acid

PFCs Perfluorinated compounds

PFHxA Perfluorohexanoic acid

PFOA Perfluorooctanoic acid
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PFPrA Perfluoropropanoic acid

PFTrDA Perfluorotriodecanoic acid
PFUnDA Perfluoroundecanoic acid

PPAR« Peroxisome proliferator receptor alpha
Pten Phosphatase and tensing homolog
PXR Pregnane X receptor

Rasall RAS protein activator like 1

RCC Renal cell carcinoma

RNA Ribonucleic Acid

ROS Reactive oxygen species

RXR Retinoid X receptor

SOD Superoxide Dismutase

sRBCs Sheep red blood cells

T Thyroid

T3 Triiodothyronine

T4 Thyroxin

TDAR T-Dependent Antibody Response assay
TDI Tolerable daily intake

TET Ten-eleven translocation

TGF-p Beta tumor growth factor

TGN Thyroglobulin

Th T helper cells

THs Thyroid hormones

Tjp Genes Tight Junction Protein
Tmprss2 Transmembrane Serine Protease 2
Treg Regulatory T-cell

TSH Thyroid stimulating hormon

TSI Thyroid-stimulating immunoglobulin
TT3 Total triiodothyronine

TT4 Total thyroxine

US EPA US Environmental Protection Agency
WHO World Health Organization

a-SMA Alpha smooth muscle actin
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