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A B S T R A C T

The production and widespread use of poly- and perfluoroalkyl substances (PFAS) has led to their
presence in the environment, wildlife, and humans. Particularly, the perfluoroalkyl carboxylates (PFCAs)
are pervasive throughout the world and have been found at ng/mL concentrations in human blood.
PFCAs, especially those having longer carbon chain lengths (�C6), are associated with developmental and
hormonal effects, immunotoxicity, and promote tumor growth in rodents through their role as PPARa
agonists. Humans are directly exposed to PFCAs primarily through contaminated food, drinking water,
and house dust. However, indirect exposure to PFCAs through the biotransformation of fluorotelomer-
based substances may also be a significant, yet relatively underappreciated pathway. We are exposed to
fluorotelomer-based substances through use of consumer products, ingestion of food, or from inhalation
of dust particles, but the risk of this exposure has been largely uncharacterized. Here, we summarize the
work that has been done to characterize toxicity of the classes of fluorotelomer-based substances shown
to biotransform to PFCAs: the polyfluoroalkyl phosphate esters (PAPs), fluorotelomer alcohols (FTOHs),
fluorotelomer iodides (FTIs), and fluorotelomer acrylate monomers (FTAcs). These fluorotelomer-based
substances biotranform to yield PFCAs, yet also form bioactive intermediate metabolites, which have
been observed to be more toxic than their corresponding PFCAs. We address what is known regarding the
toxicity of the fluorotelomer-based substances and their metabolites, with focus on covalent binding to
biological nucleophiles, such as glutathione, proteins, and DNA, as a possible mechanism of toxicity that
may influence the risk of indirect exposure to PFCAs.

© 2016 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Poly- and perfluoroalkyl substances (PFAS) are environmental
pollutants that have received attention due to their environmental
persistence, global occurrence, and presence in human blood. One
class of PFAS, the perfluoroalkyl carboxylates (PFCAs), has received
particular regulatory and scientific focus to determine and mitigate
risk of exposure, especially with respect to perfluorooctanoate
(PFOA). PFOA is persistent, having a serum half-life of 3.8 years in
humans (Olsen et al., 2007), and has been associated in laboratory
animal toxicology studies with tumor development through its
role as a PPARa agonist (Lau, 2015; Lau et al., 2007), developmental
(Fenton et al., 2007; Lau et al., 2006; White et al., 2007; Wolf et al.,
2007) and hormonal effects, (Biegel et al., 1995; Liu et al., 1996;
White et al., 2011) and immunotoxicity (DeWitt et al., 2009, 2008;
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Yang et al., 2002a,b, 2000). Epidemiological studies conducted
primarily on occupationally exposed workers have focused on
mortality and cancer incidence, although generally no consistent
association between serum fluorochemical levels and adverse
health effects have been observed (Alexander, 2001; Gilliland and
Mandel, 1993; Lau et al., 2007). To alleviate the exposure risk to
PFOA, industrial and government actions have been set in place to
reduce PFCA residuals from products, eliminate processing
methods using perfluorooctyl-based chemistries, and change
these methods to hexyl-based chemistries (3M, 2000; HBM
Commission, 2016; Parsons et al., 2008). After these actions to
reduce PFOA emissions, PFOA concentrations in humans have
generally decreased, although at a slower rate than predicted
(Calafat et al., 2007; Haug et al., 2009; Olsen et al., 2008, 2007). The
slow declination rate has been suggested by D’eon and Mabury to
correspond not only to continuous exposure to PFCAs from direct
sources, but also from exposure to PFCA precursor materials, which
subsequently transform to yield PFOA and other PFCAs (D’eon and
Mabury, 2011a). As outlined in Table 1, these precursors are the
h Corp from ClinicalKey.com by Elsevier on December 01, 2020.
ion. Copyright ©2020. Elsevier Inc. All rights reserved.
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Table 1
Structures, acronyms, and nomenclature of the fluorotelomer-based substances examined in this work.
Acronyms correspond to the following substances: polyfluoroalkyl phosphate diester (diPAP), fluorotelomer acrylate monomer (FTAc), fluorotelomer iodide (FTI), and
fluorotelomer alcohol (FTOH).

Fluorotelomer-based substances: Perfluorocarboxylate (PFCA) precursors

Structure Acronym

x = 4,6,8 or 10
y = x or x + 2

If y = x, x:2 diPAP
If y = x + 2, x:2/y:2 diPAP

x = 6,8 x:2 FTAc

x = 6,8,10 x:2 FTI

x = 6,8,10 x:2 FTOH
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commercial fluorinated surfactants, including the polyfluoroalkyl
phosphates (PAPs), and the following industrial fluorotelomer
building blocks: fluorotelomer alcohols (FTOHs), fluorotelomer
iodides (FTIs), and fluorotelomer acrylates (FTAcs). The surfactants,
particularly the polyfluoroalkyl phosphate mono- and diesters
(mono- and diPAPs), can biotransform to yield PFCAs (D’eon and
Mabury, 2011a, 2007). Likewise, the FTAc, industrially used to
produce fluorinated polymers, can transform in fish and soil to
yield PFCAs (Butt et al., 2010a, 2010b; Rankin et al., 2014). The FTIs,
used to produce either the FTAc or fluorinated surfactants, may
also biotransform to PFCAs (Ruan et al., 2014). All of these materials
transform to PFCAs through a common metabolic pathway, by first
metabolizing to yield FTOHs (Butt et al., 2014). We can be exposed
to FTOHs not only through the metabolism of FTOH precursors, but
also from indoor air, dust, and use of commercial products
(Dinglasan-Panlilio and Mabury, 2006; Dreyer et al., 2009; Haug
et al., 2011; Kim et al., 2012; Shoeib et al., 2011).

Assessing risk of PFCAs is complicated because of their many
exposure sources. We are not only exposed via direct sources, such
as intake of PFCAs primarily through diet, drinking water, indoor
air, and household dust, but also through indirect sources, where
PFCAs form through transformation of fluorotelomer-based
materials, including the PAPs, FTAcs, FTIs, and FTOHs (D’eon and
Mabury, 2011b; Vestergren and Cousins, 2009). Direct exposure to
PFCAs has been proposed to be the dominant pathway, however
D’eon and Mabury reported that indirect exposure may be more
significant than previously understood (D’eon and Mabury, 2011b).
Compared to what is known about the direct PFCA exposure risk,
there has not been as much focus on the risk of indirect exposure to
PFCAs. DiPAPs have been reported in low ppb levels in blood
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samples in a few countries (D’eon et al., 2009; Lee and Mabury,
2011; Loi et al., 2013; Yeung et al., 2013), indicating an on-going
source of exposure to these commercial surfactants and, given that
their half-lives range between 2 and 4 days (D’eon and Mabury,
2011b), an on-going indirect exposure source to PFCAs. DiPAPs
have also been globally observed in dust, food, and sewage sludge,
suggesting multiple routes of exposure (De Silva et al., 2012; D’eon
et al., 2009; Gebbink et al., 2015, 2013; Liu et al., 2013; Trier et al.,
2011).

Upon exposure, fluorotelomer-based materials can be trans-
formed to form PFCAs, the general mechanism of which is shown in
Fig. 1. There are several intermediate metabolites that form
through this process, including the fluorotelomer carboxylates
(FTCAs), fluorotelomer unsaturated carboyxlates (FTUCAs), fluo-
rotelomer aldehydes (FTALs) and fluorotelomer unsaturated
aldehydes (FTUALs) (Butt et al., 2014; Fasano et al., 2006; Martin
et al., 2005; Nabb et al., 2007 Fasano et al., 2006; Martin et al.,
2005; Nabb et al., 2007). These intermediates are short-lived, yet
they may have inherent toxicity upon formation. The FTCAs and
FTUCAs have been observed to be up to 10,000 times more toxic
than PFCAs to aquatic organisms (Phillips et al., 2007; Mitchell
et al., 2011 Mitchell et al., 2011). FTUALs have been shown to
covalently bind to proteins, which may lead to toxicity through
altered function (Rand and Mabury, 2012a, 2013). However, the
studies that illustrate intermediate metabolite toxicity are few, and
it is therefore challenging to compare their toxicity to the PFCAs.

Compared to what is known about the direct exposure to PFCAs
and their toxicity, it is surprising that relatively little is known
about the consequences of indirect exposure to PFCAs, given that
indirect exposure may be a significant contribution to the PFCA
p from ClinicalKey.com by Elsevier on December 01, 2020.
opyright ©2020. Elsevier Inc. All rights reserved.



Fig. 1. General biotransformation pathway of the 8:2 FTOH, where “FTOH precursors” refers to fluorotelomer-based substances (8:2 PAPs, 8:2 FTI, and 8:2 FTAc) that
transform to 8:2 FTOH. Adapted from Butt et al. (2014).

Table 2
Common Names and acronyms for the compounds discussed.

Common name Acronym

Poly-/Perfluoroalkyl substances PFAS
Polyfluoroalkyl phosphate diester x:2 diPAP
Polyfluoroalkyl phosphate monoester x:2 monoPAP
Fluorotelomer iodide x:2 FTI
Fluorotelomer acrylate x:2 FTAc
Fluorotelomer alcohol x:2 FTOH
Fluorotelomer aldehyde x:2 FTAL
Fluorotelomer unsaturated aldehyde x:2 FTUAL

Fluorotelomer carboxylates x:2 FTCA
x:3 FTCA

Fluorotelomer unsaturated carboxylates x:2 FTUCA
x:3 FTUCA

Perfluoroalkyl carboxylate PFCA
Perfluorohepanoate PFHpA
Perfluorooctanoate PFOA
Perfluorosulfonate PFSA
Fluorotelomer alcohol glucuronide x:2 FTOH-Gluc
Fluorotelomer alcohol sulfate x:2 FTOH-Sulf
Fluorotelomer unsaturated carboxylate glutathione conjugate x:2 FTUCA-GSH
Fluorotelomer unsaturated aldehyde glutathione conjugate x:2 FTUAL-GSH
N-acetyl-para-aminophenol APAP
N-acetyl-p-benzoquinoneimine NAPQI
Naphthalene NA
Diethyl maleate DEM
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load observed within humans. Here, we highlight what is known
about the toxicity corresponding to the commercial PAP surfac-
tants, the industrial fluorotelomer building blocks, FTAcs, FTIs, and
FTOHs, and their intermediate metabolites, to further understand
the overall risk of indirect exposure to PFCAs. For reference,
common names and acronyms of all compounds discussed can be
found in Table 2.

2. Toxicity of commercial PAP surfactants

Despite our known exposure to diPAPs, there have been limited
published toxicity studies for these compounds. D’eon and Mabury
orally dosed a mixture of 4:2–10:2 diPAPs in rats each at 50 mg/kg,
and did not observe any overt clinical signs of toxicity (D’eon and
Mabury, 2011b), although specific mechanisms were not the focus
of this investigation. One study demonstrated that PAPs (8:2
monoPAP, diPAP, triPAP, and 10:2 diPAP) affect steroid hormone
synthesis in vitro by lowering androgen and increasing estrogen
levels (Rosenmai et al., 2013). In this study, all four PAPs caused
decreased levels of progesterone and 17a-OH-progesterone, and
increased estrone levels, while the 8:2 mono- and diPAP inhibited
androgen levels (Rosenmai et al., 2013). These observed effects
were also similar to other fluorochemicals including PFOA and 8:2
FTOH, however whether the PAPs affected these targets in vivo at
real exposure levels remains uncertain (Rosenmai et al., 2013;
Taxvig et al., 2014).

The toxicity directly associated with exposure to these
compounds may be influenced by their ability to hydrolyze
through phosphatases to form FTOHs, thus having a short lifetime
and reduced potential for the parent compound to elicit a toxic
response of its own. The pharmacokinetic parameters for diPAPs
are listed in Table 3. In rats, 8:2 diPAP has a bioavailability of 5% and
a short half-life (2.4 � 0.2 days) (D’eon and Mabury, 2011b).
Likewise, the bioavailability and half-life for 6:2 diPAP is 74% and
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3.9 � 0.7 days, respectively (D’eon and Mabury, 2011b). Detection
of these FTOH precursors in human blood may indicate that they
are present in this form for long enough time to have some
biological consequence, but may also proceed through a mecha-
nism similar to FTOHs upon their in vivo transformation.
Corp from ClinicalKey.com by Elsevier on December 01, 2020.
. Copyright ©2020. Elsevier Inc. All rights reserved.



Table 3
Reported pharmacokinetic parameters for diPAPs and FTOH determined from analyte concentrations in rat plasma (Fasano et al., 2006) and whole blood (D’eon and Mabury).
Dietary 8:2 FTAc uptake and elimination was examined in rainbow trout, though depurated and metabolized too quickly for pharmacokinetic measurements (Butt et al.,
2010a,b).

Acronym Sex Bioavailability (%) Dose Form Dose (mg/kg) Biotransformation (%) Half-life (h) Tmax (h) Cmax Reference

4:2 diPAP Male 190 Oral 50 0.005 48.0 � 2.4 6 39000 � 4000 ng/g D’eon and Mabury (2011a,b)
4:2 diPAP Male 100 IV 15 0.5 38.4 � 2.4 2 14000 + 1000 ng/g D’eon and Mabury (2011a,b)
6:2 diPAP Male 74 Oral 50 0.6 93.6 � 16.8 4 1500 � 500 ng/g D’eon and Mabury (2011a,b)
6:2 diPAP Male 100 IV 15 1 50.4 � 7.2 2 2200 � 200 ng/g D’eon and Mabury (2011a,b)
8:2 diPAP Male 5 Oral 50 9 57.6 � 7.2 24 400 � 60 ng/g D’eon and Mabury (2011a,b)
8:2 diPAP Male 100 IV 15 9 28.8 � 24 24 490 � 120 ng/g D’eon and Mabury (2011a,b)
10:2 diPAP Male 100 IV 15 8 79.2 � 9.6 24 480 � 110 ng/g D’eon and Mabury (2011a,b)
8:2 FTOH Male – Oral 5 – 0.9 � 0.2 1.0 � 0.0 63 � 18 ng/mL Fasano et al. (2006)
8:2 FTOH Female – Oral 5 – 1.6 � 0.7 0.9 � 0.3 50 � 35 ng/mL Fasano et al. (2006)
8:2 FTOH Male – Oral 125 – 4.9 � 0.4 2.0 � 0.0 376 � 147 ng/mL Fasano et al. (2006)
8:2 FTOH Female – Oral 125 – 3.5 � 2.0 3.8 � 2.6 535 � 119 ng/mL Fasano et al. (2006)
8:2 FTCA Male – Oral 5 – 15.2 � 15.4 0.9 � 0.3 170 � 102 ng/mL Fasano et al. (2006)
8:2 FTCA Female – Oral 5 – 4.6 � 3.6 1.0 � 0.0 852 � 198 ng/mL Fasano et al. (2006)
8:2 FTCA Male – Oral 125 – 17.8 � 8.5 1.3 � 0.5 2460 � 565 ng/mL Fasano et al. (2006)
8:2 FTCA Male – Oral 125 – 3.9 � 1.2 2.5 � 2.4 1600 � 2400 ng/

mL
Fasano et al. (2006)
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3. Toxicity of industrial fluorotelomer building blocks: FTOHs,
FTIs, and FTAcs

Exposure to FTOHs and their corresponding toxicity has
received more attention compared to PAPs, FTIs, and FTAcs.
Toxicity associated with FTOH was first reported by two studies
that observed subchronic developmental and reproductive tox-
icities for 6:2, 8:2, and 10:2 FTOH (Ladics et al., 2005; Mylchreest
et al., 2005a,b). However, subsequent studies in rats and mice
found that 6:2 FTOH was not a selective reproductive or
developmental toxicant, where adverse effects only occurred at
dosages that induced maternal and/or paternal toxicity (125 mg/
kg/day and 25 mg/kg/day in rats and mice, respectively) (Mukerji
et al., 2015; O’Connor et al., 2014). Fasano et al. evaluated the
pharmacokinetics, metabolism and corresponding toxicity of 8:2
FTOH in the rat following subchronic exposure (Table 3). Excess
concentration of fluoride in plasma was detected following
exposure, causing degeneration and disorganization of enamel
organ ameloblast cells, leading to the formation of tooth lesions
(Fasano et al., 2006). These investigators also observed renal tubule
lesions, although mechanisms for this remain speculative (Fasano
et al., 2006). Ladics et al. found that subchronic toxicity of an FTOH
mixture led to tooth alterations, hepatocellular hypertrophy,
elevated liver weights, and thyroid follicular hypertrophy in rats
(Ladics et al., 2005). For 6:2 FTOH, the liver was also the primary
target in rats and mice, where oral exposure (250 and 100 mg/kg/
day in males and females, respectively) led to increased liver
weights, histological changes and elevations in clinical chemistry
parameters consistent with hepatotoxicity. During a 90-day
subchronic oral exposure study in rats, the no-observed-adv-
serse-effect level for 6:2 FTOH was 5 mg/kg/day, based on
hematology and liver effects at higher doses (Serex et al., 2014).
Liver weights also increased after rats were exposed to 100 ppm
6:2 FTOH over 6 weeks via inhalation. The incisor teeth of both
male and female rats in this study had basophilic striation within
the inner dentin, likely due to release of fluoride upon metabolism,
although was not considered adverse because it lacked changes to
the epithelium. Kudo et al. observed increased liver weights and
peroxisome proliferation in mice administered 8:2 FTOH in their
diet (Kudo et al., 2005). Another study characterized FTOHs as
xenoestrogens in vitro (Maras et al., 2006).

The mechanism of FTOH on hormonal activity has been further
explored by a few studies. A study by Liu et al. indicated that
exposure to 6:2 or 8:2 FTOH significantly altered hormone plasma
Downloaded for Anonymous User (n/a) at Ochsner Home Health Corp
For personal use only. No other uses without permission. Co
concentrations, including decreased testosterone and estradiol in
zebrafish (Liu et al., 2009). They later proposed the cellular
mechanisms underlying this steroidogenic disruption in vitro, by
characterizing expression and activities of steroid enzymes and the
effects of 8:2 FTOH on production of seven steroid hormones
within a H296R cancer cell model (Liu et al., 2010). Inhibition of
steroid hormones was dependent on 8:2 FTOH, due to decreased
expression and protein abundance of several CYP enzymes. These
effects were observed at concentrations similar to the PFCA serum
concentrations required to initiate a similar testosterone response
(5 � 260 mg/mL). No PFCAs were observed in this study, indicating
that metabolism did not occur in this model, suggesting that 8:2
FTOH itself has potential to depress steroidogenesis (Liu et al.,
2010). The authors hypothesized that decreased production of
these hormones after 8:2 FTOH incubation can potentially alter a
variety of physiological processes including metabolism, stress
responses, immune responses, vasoconstriction, growth, and
development (Mommsen et al., 1999; Osborn, 1991). However,
given that FTOHs regularly undergo oxidative metabolism and
conjugation, it is unknown how steroidogenesis would be affected
upon FTOH metabolism, or whether FTOH metabolites may have
similar mechanisms of action.

Compared to PAPs and FTOHs, the toxicity from exposure to FTIs
and FTAc is more limited. Though not exactly a toxicity study, one
group examined 6:2–10:2 FTI estrogenic activity using MF-7
cancer cells. None of the FTIs had estrogenic effects within this
system (Wang et al., 2012). Similarly, one study has examined the
toxicity of FTAcs (Anand et al., 2012). In this study, the acute and
subchronic toxicity of the 6:2 fluorotelomer methacrylate mono-
mer was assessed, where low acute oral and dermal toxicity was
reported (Anand et al., 2012). The no-observed-adverse-effect level
in this study was >1000 mg/kg/day in rats. Changes in the liver,
thyroid, and kidney weights occurred at some doses, although
there were no associated histopathological or clinical pathology
changes. Free fluoride affected teeth (altered mineralization,
retention of basophilic material) and femur (increased minerali-
zation) in all treated groups (Anand et al., 2012). The systemic
effects of 6:2 FTMAC was attributed to either the 6:2 FTOH or its
metabolites, since rat and mouse hepatocyte metabolism studies
indicated that 6:2 FTMAC was rapidly metabolized to 6:2 FTOH and
its metabolites (T1/2� 3 min), where 20% and 0% of parent
remained after 15 min in mouse and rat hepatocytes, respectively.
(Anand et al., 2012). The FTAcs and FTIs have been shown
transform to yield FTOHs in vivo and in vitro, respectively, therefore
 from ClinicalKey.com by Elsevier on December 01, 2020.
pyright ©2020. Elsevier Inc. All rights reserved.
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they may have similar mechanisms of toxicity compared with
FTOHs, based on their transformation rates (Butt et al., 2010a,b;
Ruan et al., 2014).

3.1. FTOH metabolism and bioactivation

FTOHs of varying chain length (6:2, 8:2, 10:2) have been shown
to metabolize to produce PFCAs by a b-oxidation pathway upon
activation from CYPs, although 8:2 FTOH has received most
attention given its transformation to PFOA (Butt et al., 2014;
Dinglasan et al., 2004; Fasano et al., 2006; Hagen et al., 1981;
Martin et al., 2005; Nabb et al., 2007 Dinglasan et al., 2004; Fasano
et al., 2006; Hagen et al., 1981; Martin et al., 2005; Nabb et al.,
2007) (Fig. 1). Human CYP 2C19 and rat CYP 2E1 have been
identified to metabolize FTOHs (Li et al., 2016; Martin et al., 2009).
The transformation rates to PFCAs are low, making up 0.24–1.4 mol
% of the total molar balance in rats (Himmelstein et al., 2012;
Martin et al., 2005; Nabb et al., 2007). Reasons for this may be that
FTOHs are either eliminated, mostly through feces (Fasano et al.,
2006), or they undergo phase II conjugation (Fasano et al., 2006; Li
et al., 2016; Martin et al., 2005; Nabb et al., 2007; Rand and Mabury,
2014). Nabb et al. compared the transformation rates of human,
mouse, trout, and rat hepatocytes after incubation with 8:2 FTOH
(Nabb et al., 2007). Transformation depended on the species,
where mice and rat hepatocytes transformed 8:2 FTOH 22- and
9.5-times more efficiently than humans, respectively. Trace levels
of PFCAs were detected in human hepatocytes after incubation
(0.02 mol%). Despite low levels detected in human hepatocytes,
evidence of FTOH transformation has been observed in human
plasma, where elevated levels of PFCAs were found within
occupationally exposed ski workers, along with intermediate
metabolites, FTCAs and FTUCAs, suggesting that biotransformation
from FTOHs in humans does occur, although perhaps not as
efficiently compared to rodents (Nilsson et al., 2013, 2010).

Although the mass balance corresponding to FTOH oxidative
metabolism is low, FTOHs, diPAPs, FTAcs, and FTIs all metabolize
through a similar mechanism rather than bioaccumulate. There-
fore, it is likely that the toxicity observed is through metabolic
activation to a chemically or biologically active metabolite rather
than through accumulation of the parent compound. No current
studies have explicitly determined whether bioactivation is
dependent on diPAP, FTAc, and FTI toxicity. Martin et al. used rat
hepatocytes to examine whether FTOH toxicity was correlated to
oxidative metabolism and formation of bioactive FTUAL and FTUCA
metabolites (Martin et al., 2009). Toxicity was greatly correlated to
metabolism of FTOH, since use of a P450 2E1 enzyme inhibitor
diminished cytotoxicity, protein carbonylation, and lipid peroxi-
dation for all FTOHs examined (Martin et al., 2009). This was the
first evidence that linked FTOH toxicity to associated metabolites.

4. FTOH intermediate metabolite toxicity

4.1. FTUCAs/FTCAs

Since FTOHs degrade to PFCAs in the environment, a few studies
examined the toxicity of intermediate FTCAs and FTUCAs to aquatic
organisms (Phillips et al., 2007; Mitchell et al., 2011; Phillips et al.,
2010). These intermediate acids were up to 10,000-times more
toxic than PFCAs to freshwater invertebrates (Phillips et al., 2007).
Generally, FTCAs were more toxic than corresponding FTUCAs,
where toxicity depended on the length of the carbon chain (Phillips
et al., 2007). Results from this study corroborated with a later study
by Phillips et al., which examined toxicity of FTCAs and FTUCAs to
two species of freshwater algae and one amphipod (Phillips et al.,
2010). Toxicity differences between FTCAs and FTUCAs observed
from both studies were suggested to be due to the additive effects
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of exposure to FTCAs and their metabolites, notably hydrogen
fluoride (HF). As shown in Fig. 1, 8:2 FTCA can also metabolize to
produce 8:2 FTUCA and PFOA, 7:3 FTCA, 7:3 FTUCAs, and PFHpA
(Butt et al., 2010a,b). Further evidence that the toxicity differences
between FTCAs and FTUCAs were caused in part by FTCA
metabolism was noted in one study of ours (Rand et al., 2013).
Here, human liver epithelial cells (THLE-2) were used to monitor
cell viability after separate incubation with PFCAs and their
metabolic precursors. FTCAs had similar toxicity thresholds to
FTUCAs; there was no evidence of metabolism in these cells,
indicating that FTCA toxicity may be enhanced upon biotransfor-
mation. Toxicity differences may also be due to the species in
question, as each species had different sensitivities to each analyte,
where D. magna was most sensitive to FTCAs (Phillips et al., 2007).

FTCA and FTUCA toxicity was also dependent on chain length,
where shorter chain lengths resulted in reduced toxicity (Phillips
et al., 2007; Mitchell et al., 2011; Phillips et al., 2010; Rand et al.,
2013). The mechanism for this may be due to their short lifetime in
vivo, and changes associated with biological processing; Kudo et al.
showed slower urinary elimination rates for PFCAs having chain
lengths of 7–10 carbons, while Ohmori et al. found that PFCAs
having shorter chain lengths cleared faster from blood plasma than
longer chain lengths, reflecting differences in binding to plasma
proteins (Kudo et al., 2001; Ohmori et al., 2003). PFCAs having
chain lengths >8 carbons also disrupt fatty acid metabolism, alter
properties of cell membranes, and cause oxidative cell damage
(Glauert et al., 1992; Goecke-Flora et al., 1995; Panaretakis et al.,
2001; Starkov and Wallace, 2002). Those having 7–11 carbon chain
lengths alter gap junction intercellular communication, and induce
peroxisome proliferation (Intrasuksri and Feller, 1991; Upham
et al., 1998). This noted reduction in toxicity and residence half-life
of shorter chains was a reason for the industrial shift to
manufacture fluorinated materials having shorter chain lengths.
FTCAs and FTUCAs may exert toxicity through similar chain-length
dependent mechanisms.

4.2. FTALs/FTUALs

Although longer chain length may be a factor in FTCA, FTUCA,
and PFCA induced toxicity, FTALs and FTUALs were most toxic at
shorter chain lengths in THLE-2 cells (Rand et al., 2013). They also
exhibited greatest toxicity compared to the FTCAs, FTUCAs, and
PFCAs, having EC50 toxicity thresholds ranging from 90 to 99% less
than their corresponding acid metabolites having the same chain
length. Martin et al. suggested that FTOH toxicity may be related to
formation of electrophilic aldehyde or acid intermediates through
GSH depletion or protein adduct formation. It is generally known
that toxicity may occur through formation of a chemically reactive
metabolite, which if not detoxified, can affect covalent modifica-
tion of biological macromolecules.

5. Covalent binding

5.1. Formation of GSH, protein, and DNA conjugates

Martin et al. first observed formation of GSH adducts with
FTUALs, which indicated these transient intermediates to be
reactive electrophiles (Martin et al., 2005). GSH conjugation and
depletion was also observed (Fasano et al., 2006; Ladics et al.,
2005). GSH conjugates have also been observed in rodents and fish,
but have not been assessed in humans. Regardless, this implies that
a fate for both FTUALs and FTUCAs, having half-lives of less than 1
and 9 h in rat hepatocytes and rainbow trout, respectively (Butt
et al., 2010a,b; Martin et al., 2005), is their ability to react with
biological nucleophiles. Gannon et al. found that of all the phase II
metabolites formed from 6:2 FTOH transformation, GSH
Corp from ClinicalKey.com by Elsevier on December 01, 2020.
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conjugation was the most significant (Gannon et al., 2010).
Reactivity to GSH is dependent on chain length, where the shorter
chain length (6:2 and 4:2) can be 10-times more reactive, than 8:2
length (Rand and Mabury, 2012b). Conjugation to GSH is important
because it generally acts as a detoxifying mechanism, but also
serves as a marker for the reactive intermediate to bind to other
nucleophilic sites, like those on proteins and DNA. Our studies
pursued this hypothesis, indicating that FTUALs not only readily
react with GSH (Rand and Mabury, 2012b), but also thiol- and
nitrogen-containing nucleophilic amino acids, and bovine blood
and rat liver proteins (Rand and Mabury, 2012a). Furthermore, this
covalent protein binding contributed a significant part to the mass
balance (26.1 �3.0%) when 8:2 FTOH was incubated with liver
microsomes (Rand and Mabury, 2013). Covalent protein binding
was observed after rats received an oral dose (100 mg/kg) of 6:2
diPAP and 8:2 FTOH in plasma, liver, and kidney (Rand and Mabury,
2014). While protein binding was observed in vitro and in vivo, no
DNA adduct formation was observed after FTAL and FTUAL (6:2 and
8:2) incubation with THLE-2 cells (Rand et al., 2013), or by the umu
genotoxicity assay (Oda et al., 2007). Similarly, 6:2 FTOH has not
been shown to be mutagenic in the bacterial reverse mutation test
(Serex et al., 2014).

Although phase II conjugation is generally considered detoxi-
fying, there are instances where it may contribute to the
bioactivation of the parent compound. For example, diclofenac,
an NSAID, becomes bioactived by both oxidation and conjugation
(Park et al., 2005). In rat hepatocytes, the binding of diclofenac to
protein appears to derive primarily from reactions of the acyl
glucuronide phase II conjugate (Kretzrommel and Boelsterli,1993).
FTUAL and FTUCA binding to GSH may lead to toxicity, since the
a-b conjugated system still exists in the GSH conjugates, and
therefore may react with other nucleophiles, although this has
never been examined.

5.2. Depletion of GSH an essential mechanism for toxicity

Toxicity from bioactivation of a compound is often dependent
on depletion of GSH (Pompella et al., 2003). This has been observed
for drug overdose of N-acetyl-para-aminophenol (APAP), where a
proportion of the drug undergoes bioactivation to N-acetyl-p-
benzoquinoneimine (NAPQI) by CYP2E1, CYP1A2, and CYP3A4
(Raucy et al., 1989; Thummel et al., 1993). At a dose of 4 g for
example, NAPQI can be quenched by hepatic GSH. However, when
an overdose of >10 g GSH depletion occurs, which leads to
destruction of critical proteins that interrupts several signaling
mechanisms, resulting in hepatic necrosis (Davis et al., 1974). Once
GSH is depleted, NAPQI is free to migrate to different regions of the
cell, binding and inactivating specific proteins in most intracellular
compartments of the hepatocyte.

It is unlikely that the exposure to FTOHs will lead to the same
loss of GSH as observed for acute APAP toxicity, where indoor air
levels for FTOHs range are generally low (<10 ng/m3) in average
households and offices (Fraser et al., 2011; Haug et al., 2011), up to
300 ng/m3 in stores selling outdoor clothing (Schlummer et al.,
2013), and even for the ski wax technicians exposed to FTOH levels
between 830 and 250,000 ng/m3 (Nilsson et al., 2010). Likewise,
exposure to FTOH precursors are comparably low, where diPAPs
are present up to low pg/g levels in food samples (Gebbink et al.,
2015, 2013), although levels have been observed to be higher in
dust (7637 ng/g mean total diPAP concentrations) (De Silva et al.,
2012). However, continuous exposure to these compounds will
lead to conjugation with GSH, which may trigger chronic toxicity
through GSH depletion. For example, inhalation of naphthalene
(NA, 2–5 ppm) resulted in cytotoxicity to the respiratory epitheli-
um in mice via CYP metabolic activation and loss of GSH after
forming the following reactive intermediates: 1,2-napthalene
Downloaded for Anonymous User (n/a) at Ochsner Home Health Cor
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epoxide, NA diol epoxide, 1,2-napthoquinone, and 1,4-napthoqui-
none (Pham et al., 2012; West et al., 2001).

Although GSH depletion is a necessary step for cytotoxicity, it is
not the only one. For example, diethyl maleate (DEM) also binds to
GSH similarly to NA, but then binds to different proteins (Phimister
et al., 2005; Spiess et al., 2010). One study identified NA as having
35 unique proteins compared to DEM, which led to increased
membrane permeability, mitochondrial disruption, and cell death
(Spiess et al., 2010). In contrast, DEM exposure did not lead to
toxicity because the cell vulnerability to reactive oxygen species
upon GSH depletion was corrected by intact proteins involved in
antioxidant protection and protein folding (Spiess et al., 2010).
With NA, several of these proteins were adducted, altering their
ability to repair proteins undergoing thiol oxidation and unfolding
during early stages of NA toxicity. After FTOH and diPAP exposure
in rats, we observed that despite the GSH binding step, there was
significant overall binding to proteins in the kidney, liver, and
plasma after a one-time oral dose (100 mg/kg) (Rand and Mabury,
2014). Additionally, Fasano et al. suggested that GSH depletion was
not the only driver of FTOH-induced toxicity, and the involvement
of intermediate metabolites may be associated with other
mechanisms of toxicity, independent from GSH depletion (Fasano
et al., 2009). This indicates that protein modification takes place in
rats despite GSH conjugation, at least at high concentrations. It will
be necessary to assess the relative extent of protein binding
compared to GSH conjugation at more relevant exposure concen-
trations. In addition, the specific proteins that are bound after
FTOH bioactivation are unknown, therefore we cannot yet
establish whether any toxicity observed for FTOH is related to
protein binding. It will be necessary to determine the specific
protein targets, since some are understood as being critical to the
toxicity process whereas others are not. To understand whether
FTOH bioactivation equates to toxicity, it will be necessary to
understand the extent of GSH depletion, the specific proteins
modified and how this alters their function. The toxicity will also
depend on the extent of protein damage versus protein replace-
ment and cellular repair. By understanding these mechanisms, we
can predict the responses in sensitive populations and devise ways
to attenuate health consequences after exposure to fluorotelomer-
based substances. In addition, proteins identified can be used as
potential biomarkers for studies in exposed populations, to achieve
a specific marker of indirect exposure to PFCAs.

6. Conclusion

The route of exposure to PFCAs and their relative contribution
to our total exposure influences their relative risk. Given the extent
of direct exposure to PFCAs, it is important to establish their modes
of action. But we also need to understand the consequence of
indirect exposure, by characterizing toxicity of PFCA precursors.
For PFOA, a tolerable daily intake of 1500 ng/kg body weight has
been established by a UK committee on toxicity of chemicals in
food, consumer products, and the environment (COT, 2009). The
US EPA released a health advisory of 70 ng/L for PFOA in drinking
water, accounting for adverse effects due to chronic exposure (US
EPA, 2016). The German Human Biomonitoring Commission
recently set a 1 mL/L limit for PFOA in human blood plasma
(HBM Commission, 2016). Currently, there is relatively less toxicity
data for PFCA precursors, making it difficult to assess risk of
indirect exposure and define the total daily intake for these
fluorotelomer-based substances. The risk corresponding to inha-
lation exposure for 6:2 FTOH has been extrapolated, based on
ambient air concentrations and the hepatotoxicity observed from
in vivo studies (Himmelstein et al., 2012; Serex et al., 2014). The
human equivalent dose for chronic exposure was 0.7 mg/kg/bw/
day, where the margin of exposure for indoor and outdoor air
p from ClinicalKey.com by Elsevier on December 01, 2020.
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concentrations ranged from 1.1 �105� 2.5 �107ng/m3.This indi-
cated that there is no human health risk after exposure to 6:2 FTOH
at the highest reported air concentrations (Buck, 2015). But the
presence of other components leading to exposure to reactive
metabolites and accumulation of PFCAs may contribute to the
overall PFAS burden observed within humans, not calculated
within this risk assessment. The combined exposure from all
fluorotelomer-based substances transforming to FTOHs in vivo may
lead to increased risk due to increased exposure, although this
remains to be determined. If levels of fluorinated substances in our
blood are an indication of exposure, we may be exposed to many
more fluorinated substances than the two primarily studied
fluorinated classes: the PFCAs and perfluorosulfonates (PFSAs).
Recent studies indicate that known PFCAs and PFSAs account for
only 5–9% of the organofluorine in human and wild rat blood
samples, suggesting that a relatively large proportion of the
organofluorine remains unknown (Loi et al., 2013). It is argued that
FTOHs may count as the most significant source of indirect PFCA
exposure, calculated to have negligible contribution (<1%) to the
total PFOA exposure to adults (Fromme et al., 2009; Vestergren and
Cousins, 2009). Yet diPAPs, FTAcs, FTOHs, and FTIs may all
contribute to the indirect PFCA load measured in humans. If we
are to gain a truer measure of the impact PFAS has on our health,
we must characterize these fluorinated species in terms of their
mechanisms of toxicity and whether these mechanisms have effect
at low yet constant levels of exposure.
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