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Abstract

Fluorotelomer alcohols (FTOHSs; GE€F,),C,H,OH; 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. Anin 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. whex&) 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 formdhglucuronide and-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;
CF;(CF,);CH,C(H)O). 8:2 FTAL was transient and eliminated HF non-enzymatically to yield 8:2 fluorotelefaemsaturated
aldehyde (8:2 FTUAL; CKCF,;)sCF=CHC(H)O) which was also short-lived and reacted GSH and perhaps other endogenous
nucleophiles. Four polyfluorinated acid intermediates were also detected, including 8:2 fluorotelomer carboxylate (8:2 FTCA;
CF;(CF,);CH,C(0)0), 8:2 fluorotelomen,B-unsaturated carboxylate (8:2 FTUCA; £EF,)s CFCHC(O)O), tetrahydrop-
erfluorodecanoate (GECF,)s(CH,),CO, ™), and dihydroperfluorodecenoate ({{€F,)sCH=CHCO, ™). The pathways leading
to 8:2 FTCA and FTUCA involve oxidation of 8:2 FTAL, however, the pathways leading to the latter two polyfluorinated acids
remain inconclusive. The fate of the unsaturated metabolites, 8:2 FTUAL and FTUCA, included conjugation with GSH and
dehydrofluorination to yield,3-unsaturated GSH conjugates, and GS-8:2 FTUAL which was subsequently reduced to the corre-
sponding alcohol. Perfluorooctanoate (PFOA) and minor amounts of perfluorononanoate (PFNA) were confirmed as metabolites
of 8:2 FTOH, and the respective rolesff anda-oxidation mechanisms are discussed. The analogous acids, aldehydes, and

Abbreviations: DHPFCA, dihydroperfluoroalkyl carboxylate; DNPH, 2,4-dinitrophenylhydrazine; FTAL, fluorotelomer aldehyde; FTCA, fluo-
rotelomer carboxylate; FTOH, fluorotelomer alcohol; FTUAL, fluorotelom@runsaturated aldehyde; FTUCA, fluorotelomg-unsaturated
carboxylate; HNA, 4-hydroxynonenoic acid; HNE, 4-hydroxynonenal; HPLC/MS/MS, high pressure liquid chromatography tandem mass
spectrometry; PFCA, perfluoroalkyl carboxylate; PFNA, perfluorononanoate; PFOA, perfluorooctanoate; THPFCA, tetrahydroperfluoroalkyl

carboxylate
* Corresponding author. Present address: Department of Public Health Sciences, University of Alberta, Clinical Sciences Building,

Edmonton, AB, Canada T6G 2G3. Tel.: +1 780 492 1190; fax: +1 780 492 7800.
E-mail address: Jon.Martin@ualberta.ca (J.W. Martin).

0009-2797/$ — see front matter © 2005 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.cbi.2005.06.007



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

conjugated metabolites of 4:2, 6:2, and 10:2 FTOH (i.e. wher8, 5, and 9, respectively) were also detected, and metabolite
profiles among FTOHSs generally differed only in the length of their perfluoroalkyl chains. Preincubation with aminobenzotriazole,
but not pyrazole, inhibited the formation of metabolites from all FTOHSs, 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 1968L]. At that time, it was hypothe-
sized that the unknown contaminants were similar in
structure to perfluorooctanoic acid (PFOR], 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/ME)]. Prompted by
the detection of longer chained perfluoroalkyl carboxy-
lates (PFCAS) in wildlife sampleg,5], Kuklenyik et
al. [6] recently demonstrated that the blood of Amer-
ican adults is also contaminated with a homologous
series of PFCAs (CRCF,),COO™, wherey=7-10),
including perfluorononanoate (PFNA=7), perfluo-
rodecanoatey(=8), perfluoroundecanoatg < 9), and
perfluorododecanoate € 10). Surprisingly, the expo-

and phase Il 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
fluoropolymer processinfiL6], but they are also flu-
oropolymer thermolysis producf&7]. These sources
may resultin some human exposure to PFCAs butthese
are notexamined here. Rather, based on the widespread
detection of a series of fluorotelomer alcohols (FTOHs;
CR3(CR,),CoH40H; wherex=3, 5, 7, 9) inambient air
[18,19], we hypothesize that the later route of exposure

sure sources for all of these substances are not under-s responsible, at least in part, for current human PFCA

stood.
The US Environmental Protection Agency has

concentrations. For example, it is established that 8:2
FTOH (e.g. wherex=7) is metabolized to PFOA in

appealed for data regarding the sources of PFOA duerats[20], however, it is unknown to what extent other

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-
ity of PFOA in rats[8] and the inhibitory effect of
PFOA and perfluorodecanoate on gap-junction inter-
cellular communicatiorj9]. The toxicological infor-
mation pertaining to PFCAs is limited largely to PFOA

and perfluorodecanoate, however, PFNA and perfluo-

PFCAs are also formed from FTOHSs. It is also not
known if reactive intermediates are formed, and hence
if there are any additional adverse health consequences
to be expected upon FTOH exposure.

FTOHs belong to a class of telomerized fluoro-
chemicals, having an estimated global production of
5 x 10° kglyear[21], that find use in a diverse range
of commercial and industrial applications including

roundecanoate produce effects that are similar to thosepaints, coatings, polymers, adhesives, waxes, polishes,
elicited by PFOA and perfluorodecano§t®,11] The electronics, and caulkg2]. Presumably as a result
half-life of PFOA in human blood is estimated to of their widespread use, 6:2, 8:2, and 10:2 FTOH
exceed 4 yeard 2], and although the pharmacokinet- (e.g.x=5, 7, and 9) are now widespread in the North
ics of longer PFCAs has not been examined in humans, American atmosphere and human exposure can be
longer perfluoroalkyl chains equate to longer elimi- expected. Although the magnitude of human exposure
nation half-lives in experimental anima]$3-15] It to FTOHs has not been assessed, their widespread dis-
can be generalized that all PFCAs resist catabolism tribution in ambient air warranted a comprehensive
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