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Abstract

Fluorotelomer alcohols (FTOHs; CF3(CF2)xC2H4OH; wherex = 3, 5, 7, 9) are a novel class of polyfluorinated contaminants,
recently detected in the North American atmosphere, that are possible precursors to the series of perfluoroalkyl carboxylates
(PFCAs) in human blood. An in vivo rat study validated earlier independent work that poly- and per-fluoroalkyl carboxylates were
metabolites of FTOHs, but our detection of several novel metabolites prompted us to examine their pathways in greater detail using
isolated rat hepatocytes. Using 8:2 FTOH (i.e. wherex = 7) as a model compound, the metabolic products formed by isolated rat
hepatocytes were identified, and three synthesized intermediates were incubated separately to elucidate the metabolic pathways.
For 8:2 FTOH, a major fate was direct conjugation to form theO-glucuronide andO-sulfate. Using 2,4-dinitrophenylhydrazine
(DNPH) trapping, the immediate oxidation product of 8:2 FTOH was identified as 8:2 fluorotelomer aldehyde (8:2 FTAL;
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CF3(CF2)7CH2C(H)O). 8:2 FTAL was transient and eliminated HF non-enzymatically to yield 8:2 fluorotelomer�,�-unsaturated
aldehyde (8:2 FTUAL; CF3(CF2)6CF CHC(H)O) which was also short-lived and reacted GSH and perhaps other endog
nucleophiles. Four polyfluorinated acid intermediates were also detected, including 8:2 fluorotelomer carboxylate (8:2
CF3(CF2)7CH2C(O)O−), 8:2 fluorotelomer�,�-unsaturated carboxylate (8:2 FTUCA; CF3(CF2)6CFCHC(O)O−), tetrahydrop-
erfluorodecanoate (CF3(CF2)6(CH2)2CO2

−), and dihydroperfluorodecenoate (CF3(CF2)6CH CHCO2
−). The pathways leading

to 8:2 FTCA and FTUCA involve oxidation of 8:2 FTAL, however, the pathways leading to the latter two polyfluorinated
remain inconclusive. The fate of the unsaturated metabolites, 8:2 FTUAL and FTUCA, included conjugation with G
dehydrofluorination to yield�,�-unsaturated GSH conjugates, and GS-8:2 FTUAL which was subsequently reduced to the
sponding alcohol. Perfluorooctanoate (PFOA) and minor amounts of perfluorononanoate (PFNA) were confirmed as m
of 8:2 FTOH, and the respective roles of�- and�-oxidation mechanisms are discussed. The analogous acids, aldehyde
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conjugated metabolites of 4:2, 6:2, and 10:2 FTOH (i.e. wherex = 3, 5, and 9, respectively) were also detected, and metabolite
profiles among FTOHs generally differed only in the length of their perfluoroalkyl chains. Preincubation with aminobenzotriazole,
but not pyrazole, inhibited the formation of metabolites from all FTOHs, suggesting that their oxidation was catalyzed by P450,
not alcohol dehydrogenase.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The discovery that blood of the general human pop-
ulation contained organic fluorine compounds was first
established in 1968[1]. At that time, it was hypothe-
sized that the unknown contaminants were similar in
structure to perfluorooctanoic acid (PFOA)[2], how-
ever, it was not until 2001 that unambiguous identifica-
tion and quantification of PFOA was reported in human
blood by high pressure liquid chromatography tandem
mass spectrometry (HPLC/MS/MS)[3]. Prompted by
the detection of longer chained perfluoroalkyl carboxy-
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and phase II conjugation, and are poorly excreted in
humans.

To mitigate any future identifiable risks associ-
ated with PFCAs, it is necessary to understand their
source(s) of exposure. Human PFCA exposure may
result from two broad hypothetical scenarios: (i) direct
exposure to PFCAs in commercial products, house-
hold dust, or ingestion of food and water containing
PFCAs, or alternatively, (ii) via similar exposure routes
to precursor molecule(s) that can be metabolized to
PFCAs. The only documented direct use of long-chain
PFCAs, other than PFOA, is as polymerization aids in
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ates (PFCAs) in wildlife samples[4,5], Kuklenyik et
l. [6] recently demonstrated that the blood of Amer-

can adults is also contaminated with a homologous
eries of PFCAs (CF3(CF2)yCOO−, wherey = 7–10),
ncluding perfluorononanoate (PFNA,y = 7), perfluo-
odecanoate (y = 8), perfluoroundecanoate (y = 9), and
erfluorododecanoate (y = 10). Surprisingly, the expo-

fluoropolymer processing[16], but they are also flu
oropolymer thermolysis products[17]. These source
may result in some human exposure to PFCAs but t
are not examined here. Rather, based on the wides
detection of a series of fluorotelomer alcohols (FTO
CF3(CF2)xC2H4OH; wherex = 3, 5, 7, 9) in ambient a
[18,19], we hypothesize that the later route of expos
ure sources for all of these substances are not under-
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to be expected upon FTOH exposure.
FTOHs belong to a class of telomerized fluoro-

chemicals, having an estimated global production of
5× 106 kg/year[21], that find use in a diverse range
of commercial and industrial applications including
paints, coatings, polymers, adhesives, waxes, polishes,
electronics, and caulks[22]. Presumably as a result
of their widespread use, 6:2, 8:2, and 10:2 FTOH
(e.g.x = 5, 7, and 9) are now widespread in the North
American atmosphere and human exposure can be
expected. Although the magnitude of human exposure
to FTOHs has not been assessed, their widespread dis-
tribution in ambient air warranted a comprehensive
FOA and perfluorodecanoate on gap-junction in
ellular communication[9]. The toxicological infor
ation pertaining to PFCAs is limited largely to PFO
nd perfluorodecanoate, however, PFNA and per
oundecanoate produce effects that are similar to t
licited by PFOA and perfluorodecanoate[10,11]. The
alf-life of PFOA in human blood is estimated
xceed 4 years[12], and although the pharmacokin

cs of longer PFCAs has not been examined in hum
onger perfluoroalkyl chains equate to longer eli
ation half-lives in experimental animals[13–15]. It
an be generalized that all PFCAs resist catabo
stood.
The US Environmental Protection Agency has

appealed for data regarding the sources of PFOA due
to the risk of adverse developmental effects in human
offspring [7]. Chronic human exposure to PFCAs is
also of concern given the non-genotoxic tumorogenic-

concentrations. For example, it is established that
FTOH (e.g. wherex = 7) is metabolized to PFOA in
rats[20], however, it is unknown to what extent othe
PFCAs are also formed from FTOHs. It is also n
known if reactive intermediates are formed, and hen
if there are any additional adverse health consequen
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examination of their metabolic fate. Herein, we report
results from in vivo and in vitro metabolism studies
of the metabolic products and pathways for a series
of FTOHs. Results from tandem mass spectrometry
experiments are reported here for an 8:2 FTOH exposed
rat to validate the early metabolite identification work
of Hagen et al.[20], but we focus on results from vari-
ous isolated rat hepatocyte incubations dosed with 8:2
FTOH, or its synthesized intermediates, in an effort
to elucidate the metabolic pathways leading to several
novel and reactive metabolites. The respective metabo-
lite profiles for 4:2, 6:2, 8:2, and 10:2 FTOH are also
compared in isolated rat hepatocytes.

2. Experimental procedures

2.1. Chemicals

HPLC grade methanol and acetonitrile, ammonium
acetate (>97%), 2,4-dinitrophenylhydrazine (97%;
DNPH), PFOA (98%), PFNA (97%), pyrazole (98%)
and aminobenzotriazole (98%) were purchased
from Aldrich Chemical Co. Hydrochloric Acid was
obtained from EM Science (Gibbstown, NJ, USA). 4:2
(97%), 6:2 (97%), 8:2 (97%), and 10:2 (97%) FTOH
were purchased from Oakwood Products, Inc. (West
Columbia, SC). The major impurity of 8:2 FTOH
was the allylic alcohol (CF3(CF2)6CF = CHCH2OH)
[23], and all FTOHs were used without further purifi-
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0.018 M DNPH in hydrochloric acid, and allowing the
reaction to proceed overnight at room temperature.
The reaction product was extracted into diethyl ether
and back-extracted with acidified water to remove
unreacted DNPH. The ether phase was filtered through
anhydrous MgSO4 and evaporated to dryness to
yield a yellow powder. Direct MS infusion of this
product in acetonitrile, in negative ion mode, revealed
a pseudomolecular ion atm/z 641 corresponding to
the mass of the expected hydrazone derivative.

2.2. In vivo rat study

The purpose of this experiment was to validate the
observations of Hagen et al.[20] before proceeding
with more extensive hepatocyte experiments. In one
experiment, male Sprague–Dawley rats were dosed
with either 400 mg/kg 8:2 FTOH dissolved in corn
oil (n = 1), or with corn oil only (n = 1) by intraperi-
toneal injection. The animals were anaesthetized at 6 h
and samples of blood collected. The blood was cen-
trifuged immediately and the plasma fraction collected
and frozen until time of analysis. The choice(s) of dose,
delivery mode, and sample collection times were cho-
sen to reproduce the methods of Hagen et al.[20].
Samples of liver and kidney were also taken from both
rats and frozen until analysis.

2.3. In vitro hepatocyte studies
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ation. Other fluorochemical standards, includ
:2 fluorotelomer carboxylic acid (8:2 FTCA), 8
,�-unsaturated fluorotelomer acid (8:2 FTUCA) a
uorotelomer aldehyde (8:2 FTAL) were synthesi
n our laboratory according to methods descri
lsewhere[23], and their purities were all >95%[23].
he 8:2�,�-unsaturated fluorotelomer aldehyde (
TUAL) was also synthesized in this study for spec
omparison to a metabolite but was not purified or u
or pathway elucidation. A small portion of this impu
:2 FTUAL material was added to a 10 mL satura
olution of Na2CO3 containing 200 mg of GSH an

eft to react overnight. The dehydrofluorinated GS
TUAL conjugate was confirmed by HPLC/MS/M
t m/z 728, as described in the results.

An authentic standard of the DNPH derivat
f 8:2 FTAL was prepared by combining 1 mL
.018 M 8:2 FTAL in methanol with 0.9 mL o
Male Sprague–Dawley rats (275–300 g) were
tandard chow diet and water ad libitum. The
als were maintained two per cage in ventilated pla

ages over hardwood bedding in our central facil
12 air exchanges per hour) at 22± 1◦C, 50–60% rel
tive humidity and a 12-h light–12-h dark cycle. T
nimals were held under these conditions for 3–
rior to hepatocyte preparation.

Hepatocytes were isolated from rat liver perfu
ith collagenase as described previously by Moldéus
t al. [24]. Isolated hepatocytes were suspende
rebs–Henseleit buffer (pH 7.4) containing 12.5 m
EPES (10 mL, 106 hepatocytes mL−1) in continu-
usly rotating round-bottomed 50 mL flasks and in
ated under an atmosphere of 20% O2, 75% N2, and 5%
O2 in a water bath at 37◦C. Hepatocytes were prei
ubated for 15 min prior to the addition of test che
cals or enzyme inhibitors. A preincubation period
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1 h followed the addition of enzyme inhibitors before
test compounds were added to the suspensions.

To determine the metabolic products of FTOHs,
4:2, 6:2, 8:2, and 10:2 FTOH were added to isolated
hepatocytes. To elucidate the pathways of metabolism
we focused on 8:2 FTOH due to the wider availabil-
ity of authentic standards (e.g. known and hypothe-
sized metabolic intermediates) in our laboratory. Test
substances used in pathway elucidation included 8:2
FTOH, 8:2 FTAL, 8:2 FTCA, 8:2 FTUCA, PFOA, and
PFNA. The concentration of test substances used in
hepatocyte suspensions ranged from 20 to 200�M in
various experiments, and a control incubate was used
on every day to monitor baseline cell toxicity and con-
tamination with background perfluoroalkyl contami-
nants. No toxicity was observed at these concentra-
tions for any chemical, as determined by Trypan blue
exclusion, in the experimental time frame (2–4 h). Sam-
ples (1–2 mL) were collected by pipette and added to
polypropylene tubes containing an equal volume of
organic solvent, sodium carbonate (pH 10), or acid at
various times throughout the course of these experi-
ments. Samples were either processed immediately or
frozen until analysis.

2.4. Sample preparation

Acid metabolites were ion-pair extracted from
blood, liver, kidney, or hepatocytes using tetrabutyl
ammonium hydrogen sulfate as previously described
[ cted
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(2.1 mm× 50 mm, Jones Chromatography, Lakewood,
CO, USA) and mass spectral detection using a Micro
LC (Micromass, Manchester, UK) triple quadrupole
mass spectrometer equipped with an electrospray
source operating in negative ion mode. Water,
methanol, or acetonitrile solvents (10 mM ammo-
nium acetate) were delivered at a total flow rate of
250�L min−1 by a Waters 600 controller using a lin-
ear gradient elution program as described previously
[5]. Samples were injected (10–20�L) using a Waters
717 Plus Autosampler (Waters, Milford A, USA). Data
was acquired in full scan MS mode, or in MS/MS
mode (daughter scan, parent scan, or multiple reac-
tion monitoring). 8:2 FTOH was detected as the acetate
adduct (i.e. [M + 59]−) in negative ion mode. Alde-
hydes were detected as the hydrazone derivative as
described below.

2.6. Aldehyde derivatization and identification

Aldehydes in hepatocyte samples were detected by
HPLC/MS/MS as the respective hydrazone derivative
following reaction with DNPH. A 2 mL sample of
hepatocyte incubate was removed, mixed immediately
with 2 mL of 0.018 M DNPH in hydrochloric acid,
vortexed in a polypropylene tube and left to react for
12–24 h at room temperature before analysis. The solu-
tion was extracted with 10 mL of diethyl ether, blown
to dryness under nitrogen, and taken up in 1 mL of
acetonitrile. Reversed phase chromatography of the
h ater
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5]. Glucuronide and sulfate conjugates were dete
y the same procedure, and also by 1:1 additio
ethanol to an aliquot of the hepatocyte suspen

ollowed by centrifugation and filtration. GSH con
ates were examined for by extraction of the hep
yte suspension with acetonitrile, and subsequen
ration before HPLC/MS/MS analysis. Aldehydes w
erivatized to DNPH as described below. To avoid c

amination of samples with perfluoroalkyl compoun
ontact with polytetrafluoroethylene was eliminate
ll stages of sample preparation[25]. Polypropylene
ials were used for HPLC analysis that did not con
polytetrafluoroethylene liner.

.5. HPLC/MS/MS identification of 8:2 FTOH
nd metabolites

All compounds were identified using revers
hase chromatography on a Genesis C8 col
ydrazones was performed using an acetonitrile:w
radient elution program and with MS/MS detect
y multiple reaction monitoring. Initial HPLC cond

ions were 40% acetonitrile: 60% water, and a lin
radient ramped to 100% acetonitrile over 7 min
as held for 5 min before reverting to initial conditio
one voltage was always 25 V and collision energy
lways 20 eV.

. Results

.1. Identification of acid metabolites

Mass spectrometric analysis of hepatocyte o
issue extracts confirmed the three acid metabolites
iously reported by Hagen et al. for 8:2 FTOH[20]:
FOA, 8:2 FTCA, and 8:2 FTUCA (Fig. 1). Confirma-
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Fig. 1. HPLC/MS/MS multiple reaction monitoring chromatograms of some fluorinated acid metabolites identified in rat plasma for animals
exposed to (A) 8:2 FTOH in corn oil or (B) corn oil only. The precursor→ product mass transition (e.g. 477 > 393),y-axis scale height, and
chemical structures are shown on each chromatogram.

tion was based on retention time and product ion spectra
that matched those of authentic standards. These acids
were formed quickly from 8:2 FTOH and were con-
firmed in rat tissues (blood, liver, kidney) 6-h post
dose, and also in isolated hepatocytes incubated for
1–3 h with 8:2 FTOH. A novel metabolite, PFNA, was
also confirmed in vivo (Fig. 1) and in vitro, albeit the
concentration was approximately 10-fold less than all
aforementioned acids. Incubation of hepatocytes with
8:2 FTCA produced 8:2 FTUCA, PFOA, and PFNA,
while incubations of hepatocytes with 8:2 FTUCA pro-
duced only PFOA (i.e. no PFNA). Incubates of 4:2, 6:2,
or 10:2 FTOH resulted in the same metabolites at the
same relative concentrations, differing only in perfluo-
roalkyl chain-length (Scheme 1).

A molar balance performed in triplicate indicated
that the quantifiable acid products contributed only
a minor amount to the total oxidation of 8:2 FTOH.
After a 4 h incubation with 18�M 8:2 FTOH, 78%
of the parent material had been biotransformed. 8:2
FTCA (2.9%), 8:2 FTUCA (4.1%), PFOA (1.4%), and
PFNA (<0.2%) combined to account for only 8.5% of
the transformed fraction. A control experiment in dead
cells indicated that 8:2 FTOH was stable and did not
volatilize from the incubate during the molar balance
experiment. In all FTOH incubates, lower concentra-
tions of shorter FTCAs, FTUCAs, and a homologous
series of shorter PFCAs were also observed, but these

did not contribute significantly to the molar balance
and may have arisen from shorter FTOH impurities
in each of the chemical standards. Hepatocytes incu-
bated with 8:2 FTCA and 8:2 FTUCA showed that
these substrates were metabolized much more slowly
than 8:2 FTOH; less than 10% of the parent material
was biotransformed in a 2 h period in both circum-
stances. Unlike experiments with the 8:2 FTAL and
8:2 FTOH, however, the molar balance of the trans-
formed fractions exceeded 80% for 8:2 FTCA and 8:2
FTUCA based on quantifiable polyfluoroalkyl and per-
fluoroalkyl acids. Incubations performed with PFOA
or PFNA showed that PFOA and PFNA concentrations
were constant throughout the course of these experi-
ments, thus providing no evidence of metabolism or
reactivity for PFCAs.

Preincubation of hepatocytes with 100�M or 1 mM
pyrazole (an alcohol dehydrogenase inhibitor) did
not affect the quantity of acids measured in hepato-
cytes incubated with FTOHs. However, preincubation
of hepatocytes with 1 mM aminobenzotriazole (non-
specific P450 inhibitor[26]) led to a drastic decrease
in metabolites for all FTOHs. For example, with 8:2
FTOH we observed a 9.1-fold reduction in FTCA, a
260-fold reduction in FTUCA, a 9.9-fold reduction in
PFOA, and all other acids were not detectable. Neither
pyrazole nor aminobenzotriazole affected cell mortal-
ity at the concentrations used.



170 J.W. Martin et al. / Chemico-Biological Interactions 155 (2005) 165–180

Scheme 1. Generalized FTOH metabolic products and pathways in isolated rat hepatocytes. GSH conjugates, THPFCA, and DHPFCA were
only examined in 8:2 FTOH incubates but are shown as generalized structures.

Two additional polyfluorinated acids were detected
in isolated hepatocytes incubated with 8:2 FTOH (not
examined in vivo, or with other FTOHs). While a lack
of authentic standards prevented their absolute quantifi-
cation and confirmation, their identities are discussed
here and their concentrations are estimated to be no
greater than for PFOA based on instrumental response.
The first of these acids yielded a product spectrum iden-
tical to the spectrum reported in Wang et al.[27] (after
correcting for the lack of a radio-labelled carbon) cor-
responding to 2H,2H,3H,3H-perfluorodecanoic acid
(Fig. 2A); referred to hereafter as tetrahydroperfluo-
roalkyl carboxylate (THPFCA). The second polyflu-
orinated acid has never been reported previously and
was assigned the formula C10F15H2O2

− based on the
ion observed atm/z 439. Given the neutral loss of
44 (i.e. CO2) and the strong product ion atm/z 369
(i.e. [CF3(CF2)6]−), the structure of this metabolite is
presumed to be 2H,3H-dihydroperfluorodecenoic acid
CF3(CF2)6CH CHCO2

− (Fig. 2B); referred to here-
after as dihydroperfluoroalkyl carboxylate (DHPFCA).

It was not determined whether DHPFCA was acis or
trans isomer.

3.2. Identification, behaviour, and pathways of
aldehydes

Aldehyde metabolites were identified in isolated rat
hepatocytes incubated with each FTOH (e.g. 4:2, 6:2,
8:2, and 10:2 FTOH in individual experiments), but
results are described in detail here for the model com-
pound 8:2 FTOH. Because aldehydes do not produce
strong signals under electrospray ionization and may
be unstable in solution, the hepatocyte medium was
sampled at four time intervals (30 min, 1 h, 2 h, 4 h)
and immediately reacted with DNPH to form stable
hydrazone derivatives. An authentic synthesized stan-
dard of the hydrazone derivative of 8:2 FTAL (m/z 641)
yielded a product ion atm/z 163 (Fig. 3A), indicative
of an aldehydic carbonyl[28]. A precursor scan exper-
iment form/z 163 in extracts of hepatocytes incubated
with 8:2 FTOH revealed two distinct chromatographic
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Fig. 2. Product ion spectra of (A)m/z 441 and (B)m/z 439, in rat hepatocytes incubated with 8:2 FTOH. These metabolites were assigned
structures corresponding to polyfluorinated acids, specifically (A) tetrahydroperfluorodecanoic acid and (B) dihydroperfluorodecenoic acid. The
same spectrum as in (A) was also published by Wang et al.[27] for the same metabolite containing a C14 label, and accurate mass measurement
confirmed that it contained 4 hydrogen atoms, although the placement of these remains tentative.

peaks corresponding to precursor ions atm/z 641 and
621. Neither peak was present in control hepatocytes
derivatized with DNPH. The first of these peaks at
m/z 641 corresponded to the mass of the expected 8:2
FTAL derivative, and produced a product spectrum that
matched the authentic standard product spectrum (i.e.
compareFig. 3A and B). The later eluting peak atm/z
621 produced a product ion spectrum that was very
similar to 8:2 FTAL, except that only one neutral loss
of HF was evident for the deprotonated molecular ion
(Fig. 3C). Although no authentic standard was avail-
able for comparison, the overall mass spectral evidence
strongly suggested that this metabolite was the 8:2 flu-
orotelomer�,�-unsaturated aldehyde (8:2 FTUAL).

To determine if 8:2 FTUAL was simply an arte-
fact of the DNPH derivatization conditions, a control
experiment was conducted by reacting DNPH directly
with the authentic 8:2 FTAL standard. Based on rel-
ative instrument response, less than 1% FTUAL was

detected in the synthesized standard of 8:2 FTAL,
indicating that the derivatization conditions could not
explain the large amount of observed 8:2 FTUAL.
Freshly isolated hepatocytes incubated directly with
8:2 FTAL yielded large amounts of 8:2 FTUAL in less
than 30 min, indicating that 8:2 FTAL was its precursor.
However, 8:2 FTUAL was also produced in significant
quantities by incubating 8:2 FTAL with dead hepa-
tocytes (100% mortality, determined by Trypan blue
exclusion), or by incubation of 8:2 FTAL with ster-
ile buffer or pure water at 37◦C. In pure water, 8:2
FTAL diminished by 93% in 90 min, and by 99.9% in
sterile buffer under the same conditions. Response of
the 8:2 FTUAL increased proportionally up to 60 min,
followed by a subsequent decrease at 90 min. These
observations explain why when 8:2 FTOH or 8:2 FTAL
were incubated with freshly isolated, or dead hepa-
tocytes, neither the 8:2 FTAL or its unsaturate (8:2
FTUAL) could be detected after a 2 h period. A simi-
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Fig. 3. Product ion HPLC/MS/MS chromatogram of aldehydes in an isolated hepatocyte extract derivatized with DNPH following a 1 h incubation
with 8:2 FTOH, and also showing (A) a product ion scan ofm/z 641 obtained by direct infusion of an authentic hydrazone standard of 8:2 FTAL
(i.e. derivatized to DNPH), (B) a product scan of the 641m/z peak, and (C) a product scan of the 621m/z peak. Spectrum B was identical to A,
confirming the detection of 8:2 FTAL, while interpretation of spectrum C suggested the presence of the unsaturated aldehyde, 8:2 FTUAL.

lar experiment performed with the acid metabolite, 8:2
FTCA, showed no evidence for non-enzymatic dehy-
drofluorination over the time course of the experiment
(3 h).

To help elucidate the overall FTOH metabolic path-
way (Scheme 1), 8:2 FTAL (40�M) was incubated
with hepatocytes for 2 h to determine its respective
metabolites. No trace of 8:2 FTAL or 8:2 FTUAL was
detectable after 2 h, but acid metabolites included small
amounts of PFOA, PFNA, 8:2 FTCA, and 8:2 FTUCA.
These were quantified but the molar balance of the acid
products was low (<10%), suggesting that oxidation to
carboxylic acids was not the primary fate for the alde-
hyde.

3.3. Identification of phase II conjugates

Targeted analysis of hepatocyte (in vitro) and rat
liver (in vivo) sample extracts indicated the presence

of two previously unreported 8:2 FTOH metabolites,
the correspondingO-glucuronide andO-sulfate. These
species may play a role in excretion or enterohep-
atic recirculation of FTOHs in vivo. Identification was
based on observation of the expected molecular ion
in full scan MS, and diagnostic interpretation of their
product ion spectra. For the 8:2 FTOH-glucuronide,
the expected molecular ion appeared atm/z 639 (i.e.
[M − H+]−) and yielded product ions corresponding
to glucuronate (m/z 193) and its dehydrate (m/z 175)
(Fig. 4A). For the sulfate, the expected pseudomolec-
ular ion was detected atm/z 543 and yielded an abun-
dant product ion atm/z 97, corresponding to sulfate
(Fig. 4B). As with most polyfluorinated metabolites,
a neutral loss of 20 was apparent in the product spec-
tra of the glucuronide and sulfate atm/z 619 and 523,
respectively, corresponding to neutral loss of HF in
both instances. The corresponding FTOH-sulfate for
each FTOH was detected and confirmed by MS/MS in
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Fig. 4. Product spectra of metabolites detected atm/z 639 and 543 in hepatocytes incubated with 8:2 FTOH. Product ions were highly diagnostic
at these were identified as the (A)O-glucuronide and (B)O-sulfate, respectively. Analogous spectra were also collected for the glucuronides
and sulfates of 4:2, 6:2, and 10:2 FTOH (data not shown).

separate hepatocyte incubations, whereas the FTOH-
glucuronide was only confirmed in 4:2, 6:2, and 8:2
FTOH incubations. Aminobenzotriazole preincubation
caused a major increase in the FTOH-glucuronide and
FTOH-sulfate response for all FTOH incubates, as
determined by HPLC/MS/MS response. This result
paralleled the significant decrease in acid oxidation
products described earlier.

Three GSH conjugates were detected in isolated
rat hepatocytes incubated with 8:2 FTOH (not investi-
gated with other FTOHs). Their identification as GSH
conjugates was based on precursor ion scans form/z
306, 272, and 254, which are highly specific and
diagnostic ions produced by dissociation of the GSH
moiety. This approach identifiedm/z 728, 744, and
730 as GSH conjugates, and interpretation of their
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Fig. 5. Product ion spectra for (A) an authentic standard produced by reaction of 8:2 FTAL with GSH. Product ion spectra interpretation for
three GSH conjugates observed in rat hepatocytes incubated with 8:2 FTOH and identified as (B) the dehydrofluorinated GSH conjugate of 8:2
FTAL (i.e. same as (A)), (C) the dehydrofluorinated GSH conjugate of 8:2 FTUAL, and (D) the alcohol product formed by reduction of (B).

product spectra suggested thatm/z 728 and 744 were
the dehydrofluorinated 1,4 addition products of both
unsaturated metabolites: GS-FTUAL and GS-FTUCA,
respectively (Fig. 5B and C). A product having a
m/z of 728 was synthesized by reacting an authen-
tic (yet impure) standard of 8:2 FTUAL with GSH
in sodium bicarbonate buffer, and its product spec-
trum matched the spectrum for the metabolite detected
in hepatocytes atm/z 728 (i.e. compareFig. 5A and
B). GS-FTUCA was also observed in an incubation

of 8:2 FTCA, whereas GS-FTUAL was not observed
(Scheme 1). There was no spectral evidence for any
related terminal-carbon GSH addition products.

Based on product spectrum interpretation (Fig. 5D),
the third GSH conjugate (m/z 730) was determined to be
the reduced product of GS-8:2 FTUAL. In incubations
of 8:2 FTOH containing 1 mM aminobenzotriazole the
instrumental response of this alcohol was reduced 26-
fold, relative to uninhibited cells, indicating that it
was not a direct conjugation product formed between
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GSH and the allylic alcohol impurity in the 8:2 FTOH
test substance. Furthermore it could not be detected in
incubations of 8:2 FTCA, indicating that it must have
been produced through metabolism of the aldehyde,
8:2 FTAL. This partially accounts for the low molar
balance of quantifiable (e.g. acid) products observed in
8:2 FTAL incubates.

4. Discussion

4.1. Acid metabolites and unaccounted molar
balance

The in vivo detection of PFOA, 8:2 FTCA, and
8:2 FTUCA validates, with mass spectral evidence,
the early 8:2 FTOH metabolite identification work
of Hagen et al. performed by gas chromatography of
methyl ester derivatives and using a helium microwave
plasma detector[20]. Some fraction of the mass bal-
ance attributed to FTUCA in this study may result from
metabolism of the allylic alcohol impurity (maximum
3%, based on purity), but certainly FTUCA is also a
metabolite of 8:2 FTOH, as evidenced by its detection
as a major metabolite in incubations with the intermedi-
ate species, FTCA. Hagen et al. specifically looked for
the production of PFNA from 8:2 FTOH but concluded
that none was detectable in rat plasma. The detection
of PFNA herein (in vivo and in vitro) does not con-
tradict this earlier finding, rather, this discrepancy is
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metabolites due to a general lack of commercially
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nates in hepatocytes to yield 8:2 FTUCA by some
mechanism that is analogous to the first step of the
�-oxidation cycle involving a∆2 desaturation of fatty
acyl-CoA by Acyl-CoA dehydrogenase. We are not
aware of any previous studies that have examined the
influence of�-carbon fluorination on the�-oxidation
cycle, however, some important information may
be drawn from studies performed with fluorinated
dicarboxylate analogues of the citric acid cycle. For
example, dehydrofluorination was observed for 2,2-
difluorosuccinate (i.e. CO2−CF2CH2CO2

−), which
in the presence of sub-mitochondrial particles yielded
monofluorofumarate (i.e. CO2−CF CHCO2) [30].
Therefore, some mechanism exists in mitochondria
for the oxidation of polyfluorinated acids that does not
necessarily require simultaneous reduction of FAD.
�-Carbon hydration (e.g. by the�-oxidation cycle
enzyme enoyl-CoA hydratase) is NAD-independent,
and may proceed for 8:2FTUCA, presumably yield-
ing a �-hydroxyfluoro intermediate analogous to
the hydroxylation of monofluorofumarate to yield
2-fluoromalate (i.e. CO2−CF(OH)CH2CO2

−) by the
citric acid cycle enzyme fumarate hydratase[30].
In the case of 2-fluoromalate, this was unstable
and dehydrofluorinated non-enzymatically to yield
oxaloacetate (i.e. also NAD-independent)[30]. There-
fore, precedent exists for a feasible mechanism for a
hydrated 8:2 FTUCA molecule to yield a�-ketoacyl
substrate, which would then presumably yield acetyl
CoA and PFOA-S-CoA via the enzyme thiolase.
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desaturation mediated by Acyl CoA dehydrogenase).
Further research should examine the pathways leading
to THPFCA and DHPFCA.

4.3. Aldehyde detection and reactivity

This is the first study to detect an unsaturated alde-
hyde metabolite in any FTOH biotransformation study.
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using GC/MS[23], but an unsaturated aldehyde was
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drofluorination of the carboxylic acid, 8:2 FTCA. Thus
we purposely targeted both aldehydes herein assuming
that they may be transient in solution and not suitable
to direct analysis by LC/MS. Our experimental obser-
vations suggested that 8:2 FTAL was unstable in water,
and dehydrofluorinated (�90% in 90 min) at a physi-
ological temperature and pH to yield 8:2 FTUAL. 8:2
FTUAL itself was also transient, however, its fate is
unknown and volatilization cannot be ruled out. There-
fore, trapping these aldehydes as stable hydrazones was
essential for their detection and analysis, and also par-
tially explains why previous studies did not identify
both aldehydes detected here. Identification of the non-
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resonance structures can be drawn for each unsatu-
rated metabolite, whereby the electrophilic centre can
be situated on either the�- or carbonyl-carbon. We did
not observe a GSH conjugate corresponding to reac-
tion at the carbonyl-carbon, as sometimes occurs when
strongly electron withdrawing groups are adjacent to
the�-carbon such as two trifluoromethyl groups[31].
For addition of GSH, the overall effect of the�-carbon
fluorine and adjacent C7F15moiety seems to be a strong
potentiation of the�-carbon centred electrophile, and
thus 1,4 addition. Conjugation of these electrophilic
species to GSH probably aids their biliary excretion in
vivo.

The identification of these GSH conjugates was
complicated because of the unexpected dehydrofluori-
nation of the 1,4 addition product (Scheme 1). Non-
dehydrofluorinated conjugates were not detected in
hepatocytes, nor in the synthesized material, suggest-
ing that the 1,4 addition product is unstable. This may
be of important toxicological consequence, because
the resulting dehydrofluorinated GSH conjugates are
themselves�,�-unsaturated aldehydes that could, the-
oretically, react with a second nucleophile.

The fate of 8:2 FTUAL in isolated rat hepato-
cytes deserves further attention but can be compared
to the state of knowledge regarding another elec-
trophilic �,�-unsaturated metabolite of similar size,
4-hydroxynonenal (HNE). The primary identified fate
for HNE includes GSH conjugation and oxidation to
4-hydroxynonenoic acid (HNA), while a minor fate
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bations (Scheme 1and Fig. 5D). This pathway is a
major fate for GS-HNE in erythrocytes and intact heart,
catalyzed by aldose reductase to form glutathionyl 1,4-
dihydroxynonene[34,35], but we are unaware of any
evidence for this pathway in hepatocytes to date. The
reductive pathway observed here for GS-8:2 FTUAL
may serve as a protective measure by preventing disso-
ciation of the GSH conjugate to free aldehydes, and the
catalytic role of aldehyde reductase should be exam-
ined.

There is also no evidence in the literature for reac-
tion of GSH with HNA, the unsaturated acid metabolite
of HNE, in any cell type. Surprisingly, mercapturate
derivatives of GS-HNA were detected in urine of rats
exposed to HNE about 10 years ago[36], yet we are
not aware that its formation has been investigated in any
cell type. Here, we have provided clear evidence for this
conjugative pathway in rat hepatocytes, by direct incu-
bation of 8:2 FTUCA and subsequent detection of its
GSH conjugate. Therefore, oxidation of 8:2 FTUAL, or
dehydrofluorination of 8:2 FTCA yielding 8:2 FTUCA,
cannot necessarily be considered protective pathways
and may lead to toxicity.

Given their reactivity with GSH, it is not unreason-
able to hypothesize that 8:2 FTUAL and 8:2 FTUCA
react with other cellular nucleophiles not identified
here, such as cysteine, lysine, histidine, and nucleic
acids. The low molar balance calculations reported
here and in an FTOH biodegradation study with mixed
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4.4. Enzymes involved in FTOH oxidation

Kaminsky et al. [38] demonstrated that trifluo-
roethanol metabolism was controlled by P450 2E1, and
thus it may seem logical that FTOHs, also fluorinated
alcohols, are metabolized by the same enzyme. How-
ever, trifluoroethanol is comparably small and also a
strong inhibitor of alcohol dehydrogenase due to its
strong acidity[39]. Therefore, because FTOHs are pre-
sumably much weaker acids (although no pKameasure-
ments have been made) we hypothesized that alcohol
dehydrogenase may play a role in their metabolism.
However the two experimental results reported here
suggest that alcohol dehydrogenase plays an insignifi-
cant role, and that P450 catalyzes the initial oxidation
to FTAL. Alcohol dehydrogenase may be incapable
of metabolizing FTOHs, possibly because of the long
hydrophobic polyfluoroalkyl chain.

4.5. PFCAs and toxicological implications of
human FTOH exposure

This work has demonstrated that FTOHs can
be metabolized to PFCAs of various chain-lengths,
depending on the starting chain-length, and thus expo-
sure to FTOHs is a feasible explanation for the occur-
rence of long-chain PFCAs in human blood (e.g. 8:2
FTOH, 10:2 FTOH, and possibly 12:2 FTOH). How-
ever, the magnitude of human exposure to FTOHs is
unknown and only future air monitoring efforts will
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perfluorooctanesulfonamides, a related class of perflu-
orochemicals used in similar applications as FTOHs,
are present in indoor air at concentrations that exceed
outdoor air by 100-fold[41]. A qualitative measure of
human exposure to FTOHs could also be determined
by monitoring FTOH-glucuronides and FTOH-sulfates
in human urine, or by measurement of oxidation inter-
mediates in human blood or liver samples. It should
be noted that another possible route of exposure to
PFCAs, or FTCAs, is through their atmospheric deposi-
tion resulting from FTOH oxidation in the troposphere
[42], and/or indirectly through drinking water or food.

Given the electrophilic metabolites identified in this
study, further metabolic and toxicological investiga-
tions are warranted for FTOHs. There is currently
little toxicological data available for FTOHs, but pre-
liminary data on the toxicology of 8:2 FTOH indi-
cated low acute toxicity from a single dose (e.g.
LD50 > 2000 mg/kg), negative results in an in vivo rat
micronucleus assay, and no toxicity or increase in rever-
tants inSalmonella/Escherichia coli reverse mutation
assays[21].
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