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BACKGROUND: Thousands of per- and polyfluoroalkyl substances (PFAS) with diverse structures have been detected in the ambient environment.
Apart from a few well-studied PFAS, the structure-related toxicokinetics of a broader set of PFAS remain unclear.

OBJECTIVES: To understand the toxicokinetics of PFAS, we attempted to characterize the metabolism pathways of 74 structurally diverse PFAS sam-
ples from the U.S. Environmental Protection Agency’s PFAS screening library.

MEeTHODS: Using the early life stages of zebrafish (Danio rerio) as a model, we determined the bioconcentration factors and phenotypic toxicities of
74 PFAS. Then, we applied high-resolution mass spectrometry—based nontargeted analysis to identify metabolites of PFAS in zebrafish larvae after
5 d of exposure by incorporating retention time and mass spectra. In vitro enzymatic activity experiments with human recombinant liver carboxyles-
terase (hCES1) were employed to validate the structure-related hydrolysis of 11 selected PFAS.

ResuLTs: Our findings identified five structural categories of PFAS prone to metabolism. The metabolism pathways of PFAS were highly related to
their structures as exemplified by fluorotelomer alcohols that the predominance of B-oxidation or taurine conjugation pathways were primarily deter-
mined by the number of hydrocarbons. Hydrolysis was identified as a major metabolism pathway for diverse PFAS, and perfluoroalkyl carboxamides
showed the highest in vivo hydrolysis rates, followed by carboxyesters and sulfonamides. The hydrolysis of PFAS was verified with recombinant
hCES]1, with strong substrate preferences toward perfluoroalkyl carboxamides.

CoNCLUSIONS: We suggest that the roadmap of the structure-related metabolism pathways of PFAS established in this study would provide a starting

point to inform the potential health risks of other PFAS. https://doi.org/10.1289/EHP7169

Introduction
Per- and polyfluoroalkyl substances (PFAS) have been widely
used in textiles, firefighting foams, and surface coatings in the past
decades (Giesy and Kannan 2002; Houde et al. 2011; Lau et al.
2007). Because of concerns regarding their bioaccumulation, per-
sistence, and toxicities, perfluorooctane sulfonate (PFOS) and
related PFAS have been phased out in some parts of the world
(OECD 2015). However, recent nontargeted analysis studies
detected >1,000 PFAS in technical products (Barzen-Hanson
et al. 2017; D’ Agostino and Mabury 2014; Martin 2004; Place
and Field 2012; Yang et al. 2020) and the environment, includ-
ing surface waters (Gebbink et al. 2017; Liu et al. 2015;
Newton et al. 2017), wastewaters (Wang et al. 2018), and sedi-
ments (Lin et al. 2017). Previous toxicokinetics studies have
been focused on well-studied perfluoroalkyl acids (Fujii 2015;
Huang 2019; Jantzen et al. 2016; Martin et al. 2003; Vogs et al.
2019), but limited information exists for a broader set of PFAS.
Distinct from other persistent organic pollutants accumulated
in fatty tissues, perfluoroalkyl acids favor protein binding in
blood and liver (Kudo 2007; Shi et al. 2012). Several transporter
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proteins including liver fatty acid-binding protein (L-FABP)
(Cao et al. 2019; Cheng and Ng 2017), serum albumin (Beesoon
and Martin 2015; Jones 2003), and organic anion transporters
(Weaver et al. 2010; Zhao 2017) have been reported to play vital
roles in regulating the pharmacokinetics of perfluoroalkyl carbox-
ylates and perfluoroalkyl sulfonates. Only PFAS with carboxylic
acid or sulfonic acid groups were revealed to bind strongly to
L-FABP (Yang et al. 2020); therefore, this specific protein bind-
ing may not explain the general bioaccumulation mechanism for
other PFAS. Alternatively, nonspecific binding to the cellular
proteome and phospholipids has been suggested to be crucial for
the bioaccumulation of perfluoroalkyl acids (Droge 2019; Ng and
Hungerbiihler 2013), but the relative importance has not been
systematically assessed for a broader set of PFAS. In addition,
the toxicokinetics of PFAS may be further complicated by
xenobiotic metabolism in organisms. For instance, the biotrans-
formation of fluorotelomer alcohols (FTOHs) and perfluor-
oalkyl sulfonamides are well known as indirect sources of
perfluoroalkyl acids (Butt et al. 2010; Chen et al. 2015). The
metabolism pathways of PFAS may be distinct from hydrocar-
bon compounds owing to the strong electronegativity of fluo-
rine, as exemplified by the defluorination of 8:2 fluorotelomer
carboxylic acid (8:2 FTCA) to form 7:3 FTCA via a spontaneous
decomposition scheme (Butt et al. 2010). Indeed, the enzymes re-
sponsible for the hydrolysis of perfluoroalkyl sulfonamides to per-
fluorosulfonic acids (PFSAs) have not been characterized even
though the biotransformation has been well documented (Chen et al.
2015; Peng et al. 2014; Tomy et al. 2004). Therefore, to understand
the toxicokinetics of >1,000 structurally diverse PFAS, more
detailed structure-related metabolism pathways should be estab-
lished (Lu et al. 2019).

The early life stage of zebrafish (Danio rerio) is widely used
as a model to characterize the toxicities of pollutants (Fu et al.
2013; Li et al. 2017; Thornton et al. 2016) because the early life
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stage of fish is considered the most sensitive to environmental
stressors (Embry et al. 2010; Villeneuve et al. 2014; Volz et al.
2011). In addition, embryonic zebrafish have been proposed as a
cost-effective platform to assess the bioaccumulations of pollu-
tants (Sanz-Landaluze et al. 2015; Sun et al. 2016). A recent
study (Vogs et al. 2019) that investigated the toxicokinetics of per-
fluoroalkyl acids in embryonic zebrafish showed comparable
results to those of adult fish. Embryonic zebrafish have also been
widely used to characterize the metabolism pathways of xenobiot-
ics (Anselmo et al. 2018) given that the majority of xenobiotics-
metabolizing enzymes—such as cytochrome P450s (CYPs), nico-
tinamide adenine dinucleotide hydrogen quinone oxidoreductase,
and liver carboxylesterases (CESs)—were shown to be developed
in zebrafish embryos (White et al. 2017). The metabolism path-
ways of several chemical contaminants in embryonic zebrafish
have been documented, including polybrominated diphenyl ethers
(Chen et al. 2012), tetrabromobisphenol A (Liu et al. 2018), and
organophosphate flame retardants (Wang et al. 2015). Therefore,
the embryonic zebrafish is a relatively high-throughput and cost-
effective model for investigating the structure-related metabolism
of PFAS.

The U.S. Environmental Protection Agency (U.S. EPA) estab-
lished an initial PFAS screening library by selecting 75 structurally
diverse PFAS according to a chemical category-based prioritiza-
tion approach (Patlewicz et al. 2019). Using this library, we aimed
to characterize patterns of structure-related toxicities and metabo-
lism of PFAS in the early life stages of zebrafish (schematic work-
flow shown in Figure 1A). Bioconcentration factors and toxicities
were investigated for these PFAS. Nontargeted analysis was then
employed to characterize the corresponding metabolism pathways,
and a recombinant enzyme was used to confirm a predicted hydro-
lytic mechanism.

Materials and Methods

Chemicals and Reagents

A standard mixture of mass-labeled PFAS [13C2-perﬂu0r0decan0ic
acid (PFDA), 3C,-perfluoroundecanoic acid (PFUnDA), *C,-per-
fluorohexanoic acid (PFHxA), 13C2—perﬂuorododecanoic acid
(PFDoDA), '3C,-perfluorooctanoic acid (PFOA), '*Cs-per-
fluorononanoic acid (PFNA), 13C,-PFOS, and %0, -perfluoro-
hexanesulfonate acid (PFHxS)] was obtained from Wellington
Laboratories. The U.S. EPA’s PFAS screening library was estab-
lished with a chemical category-based prioritization approach
(Patlewicz et al. 2019). Chemical curation after library selection
revealed 74 unique PFAS (detailed information in Table S1). The
authentic standards were supplied by Evotec SE under contract to
the U.S. EPA through a material transfer agreement. The identities
of 54 PFAS were confirmed by gas- or liquid-chromatography
(LC) mass spectrometry (MS), including 30 PFAS selected for
metabolite identifications except for PFAS 47. Among these 54
PFAS, 36 PFAS were confirmed by high-resolution MS by
detecting their molecular ions within a mass error of 3 ppm, as
described below. Chemicals were procured at the highest purity
available, generally >95% purity, and prepared as 30-mM stock
solutions in dimethyl sulfoxide (DMSO). The stock solution of
GenX was prepared in water due to its instability in DMSO
(Gaballah et al. 2020; Liberatore et al. 2020). The presence of par-
ent structures and metabolites in testing here was determined by
high-resolution MS, as described below. Recombinant human liver
carboxylesterase 1 (ACES1) was obtained from Sigma Aldrich.
Ultrapure water, methanol, and high-performance LC (HPLC)—
grade dichloromethane were obtained from Fisher Scientific.
DMSO (99.7%) and sodium bicarbonate (99.7%) were obtained
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from Sigma Aldrich. Phosphate-buffered saline tablets were pur-
chased from BioShop.

Animal Husbandry

Wild-type zebrafish (Danio rerio, AB/TU strain) used in this study
were kept at the Terrence Donnelly Center for Cellular and
Biomolecular Research (University of Toronto, Toronto, Canada)
in conformity with the Canadian Council on Animal Care’s recom-
mendations, with all maintenance being approved by the
University of Toronto Animal Care Committee (Tiefenbach 2010).
Briefly, Adult fish were maintained in the fish facility with a recir-
culating system, conditioned water (0.036 g sea salt, 0.15 g so-
dium bicarbonate in 2 L reverse osmosis water) is used as the
system water. A 10% water exchange occurred daily to maintain
appropriate pH (6.5-7.5), ammonia level (<2 ppm), nitrite level
(<1 ppm) and nitrate level (<40 ppm). The water temperature was
28.5°C. Lights are on from 0800-2200 hours, off from 2200-0800
hours. On weekdays, the fish were fed brine shrimp in the morning
and flake food (TetraMin Tropical Flakes) and brine shrimp in the
afternoon. On weekends, they were fed once with both foods. On
the day before embryo collection, 30 pairs of adult zebrafish
(1 male/1 female) were placed in each spawning chamber with 1 L
of the system water. Male and female zebrafish were isolated from
each other by dividers. Dividers were removed to allow the zebra-
fish to mate after the light came on the next morning.

Administration of Chemicals to the Zebrafish

Toxicity tests with zebrafish embryos were carried out in accord-
ance with the guidelines set by the Organization for Economic Co-
operation and Development (OECD) with minor modifications
(OECD 2012). Zebrafish embryos were collected immediately af-
ter spawning, within 1 h, and subsequently transferred to 24-well
plates with 1 mL of facility water (0.036 g sea salt, 0.15 g sodium
bicarbonate in 2 L of reverse osmosis water). All embryos were at
around the 64-cell stage (Kimmel CB 1995). The facility water
was then replaced with 3 mL of freshly prepared exposure medium
supplemented with either 0.1% DMSO (control), or 0.5\5 uM of
PFAS (treatment) within 15 min. Three well replicates on the same
plate were conducted for each concentration of individual chemi-
cal. Depending on the number of embryos collected, 2-3 plates and
7-11 PFAS were tested for each batch of experiment. Seven
batches of experiments were performed to test all 74 PFAS.
DMSO controls were incorporated in each batch of exposure
experiments. Three replicates were performed for each treatment
group, and 20 embryos were used for each replicate. Embryos were
subjected to exposure for 5 d under a 14:10-h light:dark cycle at
28.5°C. For daily replenishment, 2.5 mL of old exposure medium
were replaced with freshly prepared medium every 24 h from 24 to
96 h post fertilization (hpf). Hatched or dead embryo numbers
were recorded every 24 hpf, after which dead embryos were dis-
carded from the growth media. Dead embryos or unhatched
embryos were not used for PFAS measurement because the metab-
olism of PFAS might have been impacted. Zebrafish larvae collec-
tion occurred at 120 hpf. First, the larvae were anesthetized by
cooling the plate in ice water (0—4°C) for ~ 20 min. Then 8—15 lar-
vae in each well were transferred into 1.5-mL tubes. Exposure
media was carefully removed, and then the larvae were weighed
(wet weight) after blotting excess water with a paper towel. The tis-
sue concentrations of PFAS might be slightly overestimated owing
to residual water on the skin. Samples were stored at —80 °C until
further chemical analysis was performed. Survival rate and hatch-
ing rate were calculated by summarizing all the documented data
from the whole treatment duration. Similar to a previous zebrafish
study (Dasgupta et al. 2020), positive controls or plate inclusion
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Figure 1. Bioaccumulation of PFAS in zebrafish larvae. (A) Schematic workflows of this study. BCFs and toxicities were investigated for all 74 PFAS, fol-
lowed by metabolism studies focused on five structural categories prone to metabolism. N =20 larvae for each of three replicates per treatment group. (B)
Relationship between BCFs of PFAS and L-FABP binding affinity indicated by Ky (data from Yang et al. 2020). PFAS binding strongly (K4 <50 pM) to
L-FABP are labeled in the blue area. PFAS binding weakly to L-FABP are labeled in the orange area. Exponential regression was performed between (C) BCF
and Log Kow or (D) retention times, p <0.05 were deemed statistically significant. The Kow values of PFAS were calculated using the EPI Suite. Retention
times (RTs) of PFAS were derived from a C18 column, as described in the “Materials and Methods” section. (E) Representative chemical structures of eight
PFAS prone to metabolism, which are grouped into five structural categories labeled in different colors. In (B), (C), and (D), red triangles refer to PFAS that
were hypothesized to be prone to metabolism, whereas the other PFAS are represented by grey closed circles. The summary data of Figure 1 can be found in
Excel Table S2. Note: BCF, bioconcentration factor; EPI Suite, Estimation Programs Interface Suite; L-FABP, liver fatty acid-binding protein; PFAS, per- and

polyfluoroalkyl substances.

criteria were not included in the present study. Indeed, only three
PFAS exerted significant lethal effects, and the lethal effects of the
most toxic perfluorooctanesulfonamide (PFOSA) were confirmed
by an independent follow-up experiment. The exposure experi-
ment of PFOSA was repeated using the same procedure as
described above. Malformation rates—including those for pericar-
dial edema (0.00 + 0.0%), tail dysplasia (0.19 + 0.8%), and spinal
curvature (0.39 + 1.11%) from controls—were low (Excel Table
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S1). The hatchability and mortality rates of controls were 78.6 +
9.8% and 2.05 + 3.9%, respectively (N = 20 for each of three repli-
cates). No significant difference (hatchability, p = 0.54; mortality,
p=0.71) was detected among batches according to the results of
one-way analysis of variance (ANOV A) with Tukey tests.

Given that the present study was largely focused on the metabo-
lism pathways of PFAS, we decided to select 0.5 and 5 uM as the
exposure concentrations because acute toxicities were not
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observed for PFAS except for 5 uM of PFOSA (60) and N-methyl-
perfluorooctanesulfonamide (NMe-FOSA, 16). Therefore, the me-
tabolism abilities of zebrafish larvae should be preserved under the
selected concentrations. Although the occurrences of many studied
PFAS have been reported in previous nontargeted analysis studies,
their concentrations in the environment remain unknown owing to
a lack of authentic standards. However, the selected concentrations
are comparable to classic PFAS in aqueous film forming foam for-
mulation (AFFF)-contaminated waters. For instance, 360 pg/L
(0.82 uM) PFHxS, 350 pg/L (1.11 uM) PFHxA, and 220 pg/L
(0.53 uM) PFOA were detected in groundwater from the
American military sites (Backe 2013). A maximum of 2,210 pg/L
(4.42 uM) of PFOS was detected in Etobicoke Creek near the
Toronto Pearson Airport (Moody 2002).

Exposure of Embryos to Polyfluoroalkyl Carboxamides

Time courses of carboxamides (19, 31, and 38) and correspond-
ing perfluoroalkyl carboxylic acid (PFCA) metabolites in zebra-
fish larvae were investigated. The procedure of zebrafish embryo
collection was described above. Twenty embryos were randomly
assigned into each well of a 24-well plate. Subsequently, 15 wells
were dosed with 3 mL of each chemical (5 pM). Exposure was
performed under a 14:10 h light:dark cycle at 28.5°C for 120 h.
The exposure medium was prepared fresh and changed each day,
and dead larvae were discarded. For each chemical, 3 wells were
harvested every 24 h, and the surviving larvae were transferred to
three different tubes for further PFAS extraction (N = 12-18).

Extraction Procedures

Each sample was spiked with 2 pL. of 0.2 pg/mL mass-labeled
PFAS mixture. Following this, 500 pL of dichloromethane/meth-
anol (2:1, vol/vol) was added to each sample for PFAS extrac-
tion. Larvae were then homogenized via ultrasonic probe,
followed by 30 min of shaking and 30 min of sonication. Each
sample was centrifuged at 14,000 X g for 5 min, after which the
supernatant was transferred to new tubes. Extraction was
repeated once and the two supernatants were combined, evapo-
rated under nitrogen flow, and reconstituted in 200 pL of meth-
anol for MS analysis.

Validation of hCES1 Hydrolytic Activity with Recombinant
Enzyme

Because recombinant zebrafish CES is not available, we decided to
use ACESI to evaluate the structure-related hydrolysis of PFAS.
Eleven PFAS were selected to evaluate the potential hydrolytic
activities of recombinant ZCES]1, including six PFAS (16, 19, 31,
38, 39, and 60) exhibiting hydrolysis in in vivo experiments of this
study, and five additional PFAS (10, 13, 36,47, and 58) with amide
or ester bonds. In vitro enzymatic activity experiments were car-
ried out for 1 h in 1.5-mL tubes with 100 pL. phosphate buffer
(137 mM sodium chloride, 10 mM phosphate buffer, 2.7 mM po-
tassium chloride; pH 7.4) at 37°C with shaking. Reaction mixtures
contained different concentrations of PFAS (1, 10, and 50 pM) and
100 pg/L hCESI. Three replicates were used for each PFAS. To
stop the hydrolysis reaction, four times the volume of ice-cold
methanol was added. The ZCES1 protein was precipitated out by
centrifugation (14,000 g, 10 min). The supernatant was trans-
ferred to a new tube and analyzed via MS for the analysis of parent
compounds and suspected metabolites (i.e., carboxylates).

Metabolite Profiling with High-Resolution MS

Three microliters of each zebrafish extract was applied to a C18
column (1.5 um; 2.1 mm x50 mm; Thermo Scientific) and
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analyzed using a Vanquish ultra-HPLC system (Thermo Fisher
Scientific) coupled to a Q Exactive high-resolution mass spectrome-
ter (Thermo Fisher Scientific). The sampler and column compart-
ments were maintained at 4°C and 40°C, respectively. The aqueous
mobile phase solution (A) consisted of water, whereas the organic
mobile phase solution (B) consisted of acetonitrile. The LC method
was as follows: Solution B was increased from 10% to 80% from
0 to 3 min, kept static from 3 to 5.8 min, then returned to 2% from
5.8 to 6 min and maintained at 10% for 1 min. MS data was acquired
in full scan mode (100-1000 m/z, 70,000 mass resolution, 3 X 10°
maximum ions collected per 100 ms), and tandem MS (MS/MS)
data was recorded by all-ion fragmentation (AIF) mode. Negative
and positive ion modes were carried out simultaneously at a 10-min
method duration. Among 74 PFAS, 36 compounds showed detecta-
ble signals at 1 uM under the current instrumental conditions. An
overview of the analyses conducted on the various PFAS is avail-
able in Table S2.

Quality Assurance and Quality Control

In the case of an isotope-labeled standard being unavailable for
an individual PFAS chemical, the mass-labeled PFAS chemical
with the closest retention time (RT) was assigned as an internal
standard, on account of their similar structures and HPLC behav-
iors. No PFAS were detected in procedure blanks. To determine
method detection limits (MDLs) for each PFAS compound,
PFAS standards were spiked to samples at 0-5 puM, and MDLs
were calculated at a 99% confidence level by dividing the calibra-
tion curve y-intercept by the slope. To determine the recoveries
of PFAS, 1 nmol of the PFAS mixture was spiked into a 1.5-mL
tube with 10 zebrafish larvae from the controls. Three replicates
were conducted. Then the spiked samples were extracted using
the same method mentioned above. Recoveries were determined
as 71-111% for all detectable PFAS (Table S3). Details regarding
determined MDLs and recoveries are provided in the Table S3.

Nontargeted Analysis of Metabolites

Only the high-dose treatment groups (5-ptM) were used for metabo-
lite identification while the 0.5-uM treatment group was selected for
PFOSA given that no zebrafish larvae from the 5-uM group sur-
vived. A total of 243 raw MS files (74 PFAS and 3 replicates), includ-
ing seven control groups, were converted to the mzXML format.
Nontargeted data analysis was accomplished with R scripts that are
available on Github (https://github.com/huiUof T/PFASmetabolite).
In brief, peak features were detected with the XCMS package
(Smith et al. 2006). The peak features were matched across samples
with a mass tolerance of 2.5 ppm and a RT window of 20 s, after RT
adjustment. The ratio of abundances of each feature in treatment
groups relative to the control group (DMSO) was calculated. The
p-values of the difference between two groups were determined by
student’s 7-tests. Only the features exhibiting greater peak intensities
(fold change >10, p < 0.05) in PFAS treatment groups than controls
were considered as potential metabolites. Isotopic peaks and
adducts were excluded by matching chromatographic peaks and
using the theoretical mass difference. The final differentiated peak
list from the output of the R program was manually checked using
m/z and RT. Formula and structure prediction were focused on the
predominant metabolites with peak intensities above 10°. As for
PFAS (i.e., short-chained FTOHs) with no abundant metabolite
detected (peak intensity >10%), formula and structures were pre-
dicted for the top five metabolites even if their absolute peak abun-
dances were low. Minor impurities from authentic standards are
common challenges that confound metabolite identification. To
tackle this, we used two strategies: a) For all metabolites detected in
the zebrafish, we also checked the impurities in the corresponding
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authentic standards to assure the metabolites were not impurities,
and b) metabolic pathways reported in previous literature were
incorporated to confirm metabolites, for instance, PFOA detected at
a low abundance in some zebrafish exposed to 6:2 FTOH, which
was attributed to metabolites from 8:2 FTOH impurity. Chemical
formulas for metabolites were set to contain up to 100 carbon (C),
200 hydrogen (H), 0—10 nitrogen (N), 30 oxygen (O), and 0-2 sulfur
(S) atoms per molecule. The fluorine number was set to be n-4—n for
the PFAS with n fluorine atoms in their formulas.

Confidence levels were assigned to all identities according to
the scale developed by Schymanski et al. (2014). In brief, a level
1 confidence was assigned to PFAS for which authentic stand-
ards were available for confirmation by matching RT, MS, and
MS/MS. For instance, some perfluoroalkyl carboxylate metabo-
lites from FTOHs and amides were confirmed by authentic stand-
ards. In the case of PFAS metabolites where authentic standards
were unavailable, the confidence level fell to levels 2 or 3, in
which molecular ions and fragmentation were matched to pre-
dicted fragmentation pathways (i.e., C,F,_ ). For instance, for
level 2, the structures were supported by diagnostic fragments,
for example, [M-CO,-HF|~ for fluorotelomer carboxylic acids
(Barrettetal. 2021). For level 3, the structures were supported by
MS/MS spectra with less informative fragments, for example,
[C,Fa,41]~ for perfluorooctane sulfonamide quaternary ammo-
nium salt (PFOSAmS) metabolites.

Identification of Taurine Conjugates by the Data-
Independent Precursor Isolation and Characteristic
Fragment Method

To identify the taurine conjugates in zebrafish larvae exposed to
PFAS, we used the data-independent precursor isolation and
characteristic fragment (DIPIC-Frag) method developed in pre-
vious studies (Peng et al. 2015, 2016) to enhance the coverage
inspired by the detection of the characteristic fragment from tau-
rine conjugates ([taurine-H| ™, m/z 124.0063). Then, the taurine
fragment peak was extracted from each AIF window across all
243 raw MS data. Once the taurine fragment peak was detected,
corresponding precursor ions were identified from the same win-
dow and sample by aligning their chromatographic peaks. The
precursor ions were further confirmed by their co-occurrences
with the taurine fragment across samples. Once precursor ions
were identified, the compound formulas and structures were pre-
dicted by interpreting high-resolution MS and MS/MS spectra,
as mentioned above.

Statistical Analyses

GraphPad Prism (version 7.0.4; GraphPad Software) and R stu-
dio (version 1.1.456; R Studio Inc.) software was used, and an
ANOVA with Dunnett tests was employed to evaluate the sta-
tistical significance of the percentage hatched and mortality
rate. Exponential regressions were used to determine the rela-
tionships between bioconcentration factor (BCF) and binding
affinities (Ky) to L-FABP. The binding affinities of 74 PFAS to
L-FABP were recently determined by Yang et al. (2020). In a
recombinant #CESI hydrolysis assay, a one-way ANOVA was
also used to analyze the differences between the concentrations
of treatment and control groups. p <0.05 were deemed statisti-
cally significant in all tests. In the calculation of mean values,
all values below the limit of detection were treated as one half
of the appropriate MDL value. BCF was calculated for each
PFAS by considering analyte concentration (Table S3) in larvae
and their surrounding media (Equation 1) as described in previ-
ous studies (Sanz-Landaluze et al. 2015; Vogs et al. 2019).
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BCF = Czebrafish i (1)
Cu
where Ciebrafish 1S the wet weight concentration of PFAS in zebra-
fish larvae (pumol/kg), and Cy represents the concentrations of
PFAS exposure media at 120 hpf (umol/L), respectively.

Results

Bioaccumulation of PFAS in Zebrafish Larvae

Among the 74 PFAS standards prepared in DMSO, 36 PFAS with
ionizable moieties were detectable at 1 M under electrospray ioni-
zation (ESI). Eight of the 36 PFAS were not detectable in zebrafish
larvae, owing to their low BCFs or poor instrumental sensitivities
(Excel Table S2). Perfluoro-3,6,9-trioxatridecanoic acid (34)
was detected in zebrafish larvae with the highest BCF of 585 +
174 L/kg at the low-dose treatment (0.5 uM), followed by PFOSA
(60, 501 +19 L/kg) and PFOS (6, 288 +99 L/kg) (Table S4).
When bioaccumulations of PFAS were compared between low
(0.5 uM)- and high-dose (5 uM) treatments, BCFs were generally
lower at the 5-uM treatment (Figure S1A), particularly for highly
accumulative PFAS, following a stepwise linear relationship. For
instance, the BCF of perfluoro-3,6,9-trioxatridecanoic acid (34) at
0.5 uM was 7.2-fold higher than at 5 M. Four PFAS (32, 5, 14,
and 38), especially FTOH 32, showed comparable or even higher
BCFs at 5 uM (Figure S1B), indicating their differential bioaccu-
mulation mechanisms (e.g., dominated by metabolism).

Although PFAS binding to L-FABP generally showed stronger
bioaccumulation potentials in zebrafish larvae, no significant trend
(R*=0.06, p=0.15) was observed between L-FABP binding
affinities and BCF (Figure 1B). Particularly, compounds 5 and 16
were strongly bioaccumulated in zebrafish larvae but they were not
identified as L-FABP ligands (Yang et al. 2020). Similarly, only a
weak exponential relationship (R =0.12, p=0.04) was detected
between Log Kow and BCFs [calculated by the U.S. EPA’s
Estimation Programs Interface (EPI) Suite] (Figure 1C), whereas
reaching a threshold of calculated Kow appeared to be required for
significant bioconcentration. Previous studies have reported the
poor prediction accuracy of the EPI Suite for PFAS given that estab-
lished models were mainly trained by nonfluorinated compounds
(Arp et al. 2006). Considering this, we used RTs of PFAS on a C18
column to approximate hydrophobicity (Krokhin and Spicer
2009). A clear exponential relationship (R*>=0.97, p <0.001)
was found between BCFs and RTs of PFAS on a C18 HPLC col-
umn after excluding PFAS prone to metabolism, as rationalized
below (Figure 1D).

Characterization of PFAS Metabolites

Notably, 8 of 74 PFAS, including 16 and 24, from five structural
categories (Triangles in Figure 1D and as labeled in Figure 1E)
were hypothesized to be prone to metabolism, considering their
lower BCFs compared with perfluoroalkyl acids with similar
RTs. Therefore, high-resolution MS—based nontargeted analysis
was employed to characterize their metabolites. Sulfonamides are
of particular interest because sulfonamides 60 (PFOSA) and 16
(NMe-FOSA) showed the strongest lethal effects on zebrafish lar-
vae among the 74 PFAS (Figure 2A; Table S4). All zebrafish lar-
vae were dead after exposure to 5 pM of PFOSA for 5 d. The
strong lethal effects of sulfonamides seem to be mediated by a
specific mode of action given that similar effects were not
observed for other PFAS with comparable or even higher BCFs
(e.g., 34 and 36). Another sulfonamide, N-ethylperfluorooctane-
sulfonamide (NEt-FOSA, 24), did not cause significant lethal
effects at 5 M despite its similar structure to PFOSA and NMe-
FOSA. Nontargeted analysis revealed PFOS and PFOSA as the
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Figure 2. Lethal effects of sulfonamides and their metabolism pathways. (A) Mortality rates (percentage, blue bars) and BCFs (red closed circles) of PFAS.
(B) Chromatograms of several high-abundant metabolites from perfluorooctane sulfonamide quaternary ammonium salt (PFOSAmS, 5). (C) Metabolism path-
ways of PFOSAmS (5) in zebrafish larvae. The exact mass, retention time, and peak intensity are shown for each detected metabolite. PFOS (46) and PFOSA
(60) were confirmed with authentic standards (confidence level 1). The authentic standards of other metabolites were not available, so they were tentatively
identified at confidence level 3. Note: BCF, bioconcentration factor; ID, identifier; PFOSA, perfluorooctanesulfonamide; PFAS, per- and polyfluoroalkyl sub-

stances; PFOS, perfluorooctanesulfonic acid.

predominant metabolites from NMe-FOSA and NEt-FOSA
(Figure S2). Higher abundances of metabolites including PFOS
257 +7.5 uM) and PFOSA (197 £23 uM) were detected in
zebrafish larvae exposed to NEt-FOSA, compared with NMe-
FOSA (4.98+0.98 uM and 106 + 19 uM PFOSA).

Then, we applied a similar nontargeted analysis workflow to
characterize the metabolism routes of PFOSAmS (5; Figure 2B), a
common ingredient used in AFFF formulations (Barzen-Hanson
et al. 2017), of which the metabolism routes remain unknown.
Consistent with its relatively low BCF (56 = 16 L/kg), a total of
74 metabolite peak features were detected in zebrafish larvae
exposed to 5 uM of PFOSAmS by matching peaks across treat-
ments and controls (see the ‘“Materials and Methods” section).
Sixteen high-abundant features were detected with peak abundan-
ces exceeding 10°. The most abundant feature (1.06x 10”)
detected at 3.93 min with m/z=1585.0493 was assigned as the ter-
tiary amine product after demethylation (Figure 2B), with a for-
mula of C;3H4F17N,0,S (—0.7ppm). A further demethylated
secondary amine metabolite was detected (3.89 min, m/z=
571.0336), albeit with lesser abundances (4.53 x 107). In addition
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to the two most abundant metabolites, several other downstream
metabolites, including PFOS and PFOSA, were also detected
(Figure 2C). The proposed structures of the three most abundant
metabolites were supported by characteristic fragments from MS/
MS spectra (Figure S3).

Characterization of Metabolism Pathways of Perfluoroalkyl
Carboxamides

Represented by chemical 38 (BCF of 1.8 +0.3 L/kg), all four per-
fluoroalkyl carboxamides (19, 31, 38, and 58; structures shown in
Figure 3A) showed very low bioaccumulation potentials
(BCF <10 L/kg) in zebrafish larvae. To investigate whether me-
tabolism is responsible for their low bioaccumulation potentials,
nontargeted analysis was employed to characterize potential meta-
bolites. A carboxylate analog [perfluoroalkyl carboxylate (1H-
PFHpA), C4H,Fs0,) was detected as the sole metabolite from
amide 38 (Figure 3A; Figure S4), with relatively high peak abun-
dances (2.98 x 107). Similarly, corresponding carboxylate metabo-
lites, perfluoropentanoic acid (PFPeA) and perfluorobutanoic acid
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Figure 3. Metabolism of perfluoroalkyl carboxamides in zebrafish larvae. (A) Metabolism of carboxamides 19, 31, and 38 to corresponding shorter-chain
PFCAs. (B) Levels of shorter-chain PFCAs derived from amide metabolism and direct exposure to perfluoroalkyl acids are indicated by their peak abundances.
Bars represent mean + SD (n=3). The summary data can be found in Excel Table S3. (C) The proposed mechanisms for the enhanced bioaccumulations of
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dence level 1). The authentic standard of 1H-PFPeA was not available (confidence level 3). BCFs were not determined for PFPeA or 1H-PFPeA because they
were not in the U.S. EPA’s PFAS library. PFBA and 1H-PFBA with similar structures are shown for comparison. Note: EPA, Environmental Protection
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(PFBA, 12), were also detected from two other perfluoroalkyl car-
boxamides, 19 and 31, respectively.

Surprisingly, perfluoroalkyl carboxylate metabolites were
detected with high concentrations in larvae exposed to perfluor-
oalkyl carboxamides. For instance, 173 +7.7 uM of PFBA were
detected in zebrafish larvae exposed to 5 pM of carboxamide 31,
even higher than PFOA in zebrafish larvae (76 + 1.6 uM) directly
exposed to 5 uM of PFOA. To investigate the mechanism, the
concentrations of the analogs PFBA and 1H-PFBA were exam-
ined in zebrafish larvae directly exposed to 5 UM of each of these
shorter-chain PFCAs. Only minor concentrations were detected
in zebrafish larvae at 3.1 +0.88 uM and 7.0 + 1.3 pM, for PFBA
and 1H-PFBA, respectively (Figure 3B; Figure S4). The BCFs
(2.6-6.6 L/kg) of shorter-chain PFCAs were one to two orders
of magnitudes lower than those in zebrafish larvae exposed to
corresponding perfluoroalkyl carboxamides (e.g., 41 L/kg for
PFBA from carboxamide 31).

To confirm the efficient biotransformation of polyfluoroalkyl
carboxamides to shorter-chain PFCAs, we determined the
kinetics by dosing carboxamides 19, 31, and 38 to zebrafish
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embryos and monitored parent carboxamides and corresponding
PFCA metabolites across all development stages. Although the
abundances of carboxamide 38 clearly decreased over time, the
abundances of three short-chain PFCA metabolites correspond-
ingly increased after 24 hpf (Figure S5), confirming the biotrans-
formation of carboxamides to carboxylates.

Metabolism Pathways of FTOHs

FTOHs are the biggest structural category included in this study,
with 15 structurally diverse compounds being investigated
(Figure 4A). This provided a unique opportunity to explore the
structure-related metabolism pathways of FTOHs in zebrafish lar-
vae. For proof of concept, we applied nontargeted analysis to char-
acterize the metabolites of 8:2 FTOH (64), a well-studied FTOH.
Well-known metabolites including PFOA and fluorotelomer unsat-
urated carboxylic acids (FTUCAs), as well as corresponding
metabolites with cysteine adducts and sulfate and glucuronide con-
jugations, were detected in zebrafish larvae exposed to 5 uM of
8:2 FTOH (Figure S6).
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Figure 4. Nontargeted identification of metabolites of FTOHs in zebrafish larvae. (A) Structures of 15 FTOHs investigated in the present study. Different col-
ors represent varied numbers of hydrocarbons. (B) Chromatograms of three major metabolites from FTOH 32. (C) Representative MS/MS spectra of sulfate
conjugate of FTOH 32. (D) Chromatograms of five major metabolites from 4:4 FTOH (40). (E) Representative MS/MS spectra of the taurine conjugate of 4:4
FTOH (40). Note that the fragment of taurine (m/z=124.0063) was detected with high abundance. All metabolites were tentatively identified at confidence
level 3. Note: FTOH, fluorotelomer alcohol; MS/MS, tandem mass spectrometry.

Nontargeted analysis was then applied to characterize the
metabolism pathways of a novel FTOH (32) with two alcohol
groups. Similar to 8:2 FTOH, carboxylate and sulfate and glu-
curonide conjugates were detected, albeit with lesser abundan-
ces than the parent FTOH (Figure 4B). The detection of the
sulfate conjugate was supported by its high-resolution tandem
MS spectra with a characteristic fragment of hydrogen sulfate
(Figure 4C). The results clearly reflected the broad substrate
specificity of Phase II enzymes. Not surprisingly, in contrast to
8:2 FTOH, carbon—carbon bond cleavage via a B-oxidation
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pathway was not observed for perfluoroalkyl carboxylate pro-
duced from FTOH (32).

1H-PFHpA was also detected from another single hydrocar-
bon 1H - 6:1 FTOH (67), together with two other Phase II metab-
olites (Figure S7). The peak abundance (4.3+1.3 X 10%) of 1H-
PFHpA was comparable to a sulfate conjugate (4.5 +2.0x 10%)
but significantly lower than a glucuronide conjugate (2.7 +
1.4%x 107, p=0.04). Compared with FTOH 67, the ether FTOH
(32) produced relatively high abundances of terminal perfluor-
oalkyl carboxylates.
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In contrast to 8:2 FTOH, FTOH 32, and 1H-6:1 FTOH, poly-
fluoroalkyl carboxylates were only detected in minor amounts
among >50 metabolite features from 4:4 FTOH (40; Figure S7),
a FTOH with four hydrocarbons. Instead, in addition to sulfate
and glucuronide conjugates, another high-abundant metabolite
was detected at m/z=412.0273 and RT =3.18 min (Figure 4D).
Elemental composition predicted this metabolite as a taurine con-
jugate of its corresponding carboxylate, which was supported by
MS/MS spectra with a characteristic fragment of taurine at
m/z=124.0063 (Figure 4E). Similarly, another taurine conjugate
was also detected with high abundance at RT =2.61 min.

As exemplified by the four FTOHs, their metabolism path-
ways varied largely depending on the number of hydrocarbons
and the number of ether bonds (Figure 5A). For instance, carbox-
ylates were detected as the predominant metabolites from FTOH
32, followed by Phase II conjugates, but taurine conjugates were
not detected (Figure 5B). The profile of metabolites from a
FTOH containing more hydrocarbons, 4:4 FTOH (40), was com-
pletely reversed, with a taurine conjugate detected as the most
abundant metabolite. Similar trends were also observed for other
FTOHs, as shown in Table S6. For instance, taurine conjugates
were also detected as the predominant metabolites from FTOH
(49) with three hydrocarbons, but not for 10 other FTOHs with
one to two hydrocarbons.

Identification of Taurine Conjugates Using the DIPIC-Frag
Method

Because of the unexpected high abundance of taurine conjugates,
we sought to identify the potential formation of taurine conju-
gates from all 74 PFAS. A characteristic fragment of taurine was

A

detected as the most abundant product ion from the taurine conju-
gate of FTOH 40, as mentioned above; therefore, we opted to use
the DIPIC-Frag method developed in our previous studies (Peng
et al. 2015, 2016) to specifically identify taurine conjugates by
monitoring a taurine fragment (m/z=124.0063) from DIA
windows.

Among 74 PFAS, taurine conjugates were detected from 6
PFAS including 3 FTOHs (30, 40, and 49), 2 polyfluoroalkyl car-
boxylates (14 and 56), and 1 carboxyester compound (39).
Consistent with the results above, all 6 PFAS producing taurine
conjugates contain at least three hydrocarbons. Among 13 PFCAs
and 5 PFSAs, taurine conjugates were detected from 2 carboxy-
lates (14 and 56) by the DIPIC-Frag method. Two taurine conju-
gates were detected from 5:3 FTCA (14) (Figure 6A), with a high-
abundant peak (1.0x 10%) at the RT of 3.36 min, and another
lower abundant peak (7.9 x 10%) at the RT of 3.22 min. Precursor
ions were assigned as m/z=448.008 (RT=3.22min) and
464.0063 (RT=3.36 min), respectively, by aligning chromato-
graphic peaks of the taurine fragment and putative ions from MS
spectra (see the “Materials and Methods” section). According
to exact masses, the two metabolites were predicted as taurine
conjugates of the original 5:3 FTCA and hydroxylated 5:3
FTCA. With this information, we proposed the metabolism
scheme of 5:3 FTCA as a B-oxidation step to produce unsatu-
rated and hydroxylated carboxylates, followed by taurine con-
jugation (Figure 6B). Notably, taurine conjugates were not
detected for unsaturated carboxylates, further confirming the
high substrate specificity of taurine conjugation enzymes.
Supporting this, a taurine conjugate was detected for another
unsaturated polyfluorinated carboxylate (56), but only after sat-
uration (Figure S8).
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FTOHs. (C) Proposed metabolism pathways for FTOHs with different numbers of hydrocarbons. The summary data can be found in the Supplemental Data
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Taurine conjugates were also detected for one carboxyester
compound (39) among four examined carboxyesters, with two
predominant peaks at RTs of 2.69 and 3.09 min (Figure 6C).
Precursor ions were assigned as m/z=348.0150 and 398.0115,
corresponding to taurine conjugates of two carboxylates. This
clearly demonstrated the hydrolysis of an ester bond of PFAS
(39) in zebrafish larvae to form carboxylates, followed by
[-oxidation and taurine conjugation (Figure 6D). Consistent with
the results from FTOHs and PFCAs, as mentioned above, a tau-
rine conjugate was not detected for an intermediate polyfluor-
oalkyl carboxylate with two hydrocarbons during B-oxidation.

Hydrolysis of 11 PFAS by hCES1

As mentioned above, hydrolysis was found to be a common me-
tabolism pathway for diverse PFAS—including sulfonamides, car-
boxamides, and carboxyesters—in zebrafish larvae. Particularly,
among four carboxyester compounds, in addition to compound 39,
hydrolysis products (i.e., sulfated 6:2 FTOH) were also detected in
zebrafish larvae exposed to carboxyester compound 2 (Figure S9),
but not from 36 or 47. The in vivo results clearly demonstrated the
variation of hydrolysis rates among and within structural catego-
ries. Therefore, we proceeded to determine whether liver CESs, a
class of major xenobiotic hydrolysis enzymes with broad substrate
specificity, would catalyze the hydrolysis of diverse PFAS.
Because recombinant zebrafish CES is not available, we decided
to use hCESI1 to evaluate the structure-related hydrolysis of 11
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PFAS, including 2 sulfonamides, 4 carboxamides, 3 carboxyesters,
and 2 sulfonate esters.

The hydrolysis of 11 PFAS by ACES1 was observed to be
highly related to structure, with only 2 perfluoroalkyl carboxa-
mides, 19 (p<0.001) and 38 (p=0.027), being significantly
hydrolyzed, as indicated by the reduction in their amounts (Figure
7A). Particularly, carboxamide 19 was completely metabolized af-
ter incubation with ZCES1 for 24 h, whereas carboxamide 38 was
hydrolyzed by 33 + 7.3%. The efficient hydrolysis of carboxamide
19 was confirmed at three different concentrations (1, 10, and
50 uM), whereas a smaller hydrolysis percentage was observed at
50 uM, probably due to saturation of enzyme (Figure S10).
Supporting this, high concentrations of hydrolysis products were
detected from 10 uM of carboxamides 19 (PFHpA, 9.2 +5.3 uM)
and 38 (1H-PFHpA, 6.1 +0.54 uM) (Figure 7B; Figure S11). A
hydrolysis product, PFBA, was also detected from carboxamide
31, albeit with a lesser amount at 1.4 +0.38 uM, but not from car-
boxamide 58. This is consistent with the in vivo experimental
results wherein high abundances of metabolized carboxylates were
detected in zebrafish larvae exposed to carboxamides 19, 38, and
31, but not from 58. A minor amount (0.19 £ 0.05 uM) of hydro-
lysis product was detected from carboxyester 39 (Figure 7B;
Figure S11), another PFAS showing in vivo hydrolysis in zebrafish
larvae. Hydrolysis products were not detected from carboxamide
58, carboxyesters 36 and 47, or sulfonate esters 10 and 13, which
is also consistent with the in vivo experimental results that metabo-
lites were not detected for these five PFAS.
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Figure 7. Hydrolysis of 11 biodegradable PFAS by recombinant human liver carboxylesterase 1 (#CES1). Reaction mixtures contained 10 uM of each selected PFAS
and 100 pg/L hCES1 was incubated with 100 pL phosphate buffer at 37°C for 1 h. Three replicates were used for each PFAS. (A) The percentages of parent PFAS
hydrolyzed by hCES1. Note that the difference in hydrolysis between control and #CES1 for carboxamides 19 and 38 were statistically significant. (B) The concentra-
tions of corresponding hydrolysis products detected from 10 uM of parent compounds. One-way ANOVA with Dunnett tests was employed for the statistical test.
*,0.01 <p<0.05;*,0.01 <p <0.001; and ***,0.001 < p < 0.0001. Bars represent mean + SD (1 = 3). (C) Grouping 11 PFAS into high, low, and no hydrolysis activity
catalyzed by hCES1. (D) Proposed mechanism of PFAS hydrolyzation by ZCES1. We hypothesized that the electronegative fluorines on the a-carbon decrease the elec-
tron density of the amide moiety, for nucleophilic attack by Ser 203 on #CES1, which eventually leads to high hydrolytic activity of perfluoroalkyl carboxamides.
Dashed lines represent electron donation from Glu336, and His450. The summary data for (A) and (B) can be found in Excel Tables S6 and S7, respectively. Note:
ANOVA, analysis of variance; PFAS, per- and polyfluoroalkyl substances; SD, standard deviation.
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According to hydrolysis rates with recombinant hCESI,
11 PFAS were grouped into compounds with high activity, low
activity, and no activity (Figure 7C). Three carboxamides—19,
38, and 31—were grouped into high activity or low activity,
whereas hCES1 hydrolytic activity was not detected for sulfona-
mides. Only one of the three carboxyester compounds, 39, was
hydrolyzed by recombinant h/CES1, with much lower yields of
metabolites than amides.

Discussion

Nontargeted analysis has revealed the existence of thousands of
PFAS in the environment (Gebbink et al. 2017; Liu et al. 2015;
Newton et al. 2017; Wang et al. 2018), and prioritization of such
PFAS according to their potential risks is of great importance.
However, understanding the toxicokinetics of PFAS for risk
assessment is challenging owing to their vast structural diversity.
In this study, we systematically investigated the bioaccumulations,
toxicities, and metabolism pathways of 74 structurally diverse
PFAS in early life stages of zebrafish. In addition to hydrophobic-
ity, we found that metabolism plays a vital role in determining the
bioaccumulation of diverse PFAS grouped into five structural cate-
gories. We believe that the detailed structure-related metabolism
routes of PFAS established in this study will provide an important
starting point to inform the health risks of diverse PFAS in the
environment.

PFAS Bioaccumulation Mechanisms

L-FABP is mainly expressed in liver, and previous studies have
reported the importance of L-FABP in regulating tissue-to-liver
partitioning (Cao et al. 2019). However, the contribution of the
liver is only a minor fraction in terms of whole-body PFAS bur-
dens, thus specific binding to L-FABP may not be primarily re-
sponsible for the bioaccumulations of diverse PFAS in zebrafish
larvae. The simultaneous determination of L-FABP binding affin-
ities (Yang et al. 2020) and BCFs for 74 PFAS provided an
opportunity to evaluate the contributions of L-FABP to bioaccu-
mulation of PFAS in zebrafish larvae. No clear trend was
observed between L-FABP binding affinities and BCFs of PFAS.
This demonstrated the minor contribution of L-FABP to the bio-
accumulations of PFAS. Instead, hydrophobicity as indicated by
RT on a C18 column was a major factor driving the bioaccumula-
tion of PFAS in zebrafish larvae. The results are consistent with
previous studies that nonspecific binding to lipids and proteins is
a major factor for the bioaccumulation of PFAS (Kelly et al.
2009; Ng and Hungerbiihler 2013).

Eight PFAS showed lower BCFs than perfluoroalkyl acids
with similar hydrophobicity, demonstrating that other factors, in
addition to hydrophobicity, impacted the bioaccumulations of
PFAS. The eight PFAS were grouped into five structural catego-
ries: sulfonamides, carboxamides, alcohols, esters, and carboxy-
lates (Figure 1E). Two of the five structural categories—alcohols
and sulfonamides—have been well documented to be metabo-
lized to perfluoroalkyl acids (Benskin et al. 2009; Dagnino et al.
2016). Therefore, we hypothesized that the five structural catego-
ries identified here might be prone to metabolism, which may
lead to the low bioaccumulations of the parent structures in zebra-
fish larvae. Beyond the eight PFAS, 23 other PFAS with similar
functional groups also fell into the five structural categories but
were not shown in Figure 1D for two major reasons: a) The BCFs
for some PFAS were not determined because they were not detect-
able due to poor ionization efficiency. For instance, 8:2 FTOH (64)
was not detectable, whereas many metabolites, including PFCAs
and FTCAs, were detected in zebrafish exposed to 8:2 FTOH. b)
Even in the same structural category, certain PFAS might exhibit
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smaller metabolism rates. For example, PFOSA (60) was metabo-
lized less rapidly than NEt-FOSA (24). Similarly, carboxamide 19
was metabolized more rapidly than another amide 31. Hence, non-
targeted analysis was applied to characterize the metabolism routes
of all 31 PFAS belonging to these five structural categories, includ-
ing 15 alcohols, 3 polyfluorinated carboxylates, 5 sulfonamides,
four carboxamides, and 4 carboxyesters.

The detection of well-known metabolites from FTOHs and
sulfonamides confirmed the conservation of many xenobiotic-
metabolizing enzymes in zebrafish and supported the use of
zebrafish embryos as a high-throughput model to investigate the
metabolism pathways of PFAS. The metabolism pathways of
most PFAS were studied for the first time, as exemplified by
PFOSAmS (5). A very recent study reported the biodegradation
of PFOSAmS by soil microcosms, albeit with a long half-life
(142 d) (Mejia-Avendafio et al. 2016). In contrast to microbial
degradation, fast metabolism of PFOSAmS was observed in
zebrafish larvae, with demethylation products detected as the
major species. Because quaternary ammonium compounds are
widely used in AFFF formulations, their fast biotransformation
rates reported here highlight them as an important class of precur-
sor compounds of PFOS.

Hydrolysis of Polyfluoroalkyl Carboxamides to Terminal
Carboxylates

Although amide compounds were widely detected in AFFF for-
mulations with diverse structures (Barzen-Hanson et al. 2017),
this is the first study reporting the efficient hydrolysis of perfluor-
oalkyl carboxamides to carboxylates. The hydrolysis rates of car-
boxamides are highly related to their structures, as exemplified
by another diamide chemical (58), for which no metabolite was
detected in zebrafish larvae by nontargeted analysis (Figure 3A).

The detection of high concentrations of shorter-chain PFCAs
in zebrafish larvae exposed to carboxamides was surprising
because shorter-chain PFCAs have been well documented to be
nonbioaccumulative (Shi et al. 2018). Acidic compounds in their
deprotonated form have been reported to poorly bioaccumulate in
cells and fish (Kozin and Gerweck 1998), partially due to the
repulsion of negatively charged phospholipids during cell mem-
brane penetration. Shorter-chain PFCAs are strong acids owing
to the electronegativity of the fluorine on the a-carbon. For
instance, shorter-chain PFCAs are expected to be deprotonated at
physiological pH (~ 7) according to their calculated pK,s (1.07,
0.34, and 0.94 for PFBA, PFPeA, and 1H-PFPeA, as predicted
by ChemAxon), decreasing their bioaccumulation capability in
zebrafish larvae, whereas the corresponding carboxamides should
be present at least partially in their neutral form given that their
pK,s are predicted as 7.65 (38), 6.41 (19), and 7.26 (31). With
this considered, we propose a schematic model (Figure 3C)
wherein shorter-chain carboxamide compounds are bioaccumula-
tive in zebrafish larvae and are then effectively metabolized to
their corresponding carboxylates, eventually leading to the
enhanced bioaccumulation of PFCAs in zebrafish larvae. Our
findings demonstrate that indirect sources from precursor com-
pounds may lead to even higher bioaccumulations of perfluor-
oalkyl acids. Considering the fact that amide compounds are
common ingredients in AFFF formulations (Barzen-Hanson et al.
2017), future studies are warranted to clarify the contributions of
amides to perfluoroalkyl acids in humans and wildlife.

Structure-Related Metabolism Pathways of FTOHs

FTOHs are one of the most studied precursor compounds of
PFCAs. In addition to classic metabolism pathways to produce
PFCAs, along with conjugate formation via B-oxidation and
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Phase II reactions, unexpected structure-related metabolism path-
ways were observed that were highly related to the number of
hydrocarbons (Figure 5C). Taurine conjugation dominated the
metabolism routes for FTOHs with more than two hydrocarbons,
whereas B-oxidation and Phase II reactions were predominant for
other FTOHs with one or two hydrocarbons. This implies that
enzymes catalyzing taurine conjugation have a specific confor-
mation restriction on substrates. Two taurine conjugation
enzymes have been characterized, including bile acid-CoA:amino
acid N-acyltransferase (BACAT) and acyl-coenzyme A:amino
acid N-acyltransferase (ACNAT) (O’Byrne et al. 2003; Reilly
et al. 2007). Unfortunately, information is not available for the
structure-related enzymatic activities of BACAT or ACANT]I.
Our study clearly demonstrates the impacts of fluorinated carbons
and hydrocarbons on taurine conjugation, and future mechanistic
studies with recombinant enzymes are of great interest. Taurine
conjugates from FTOHs were highly accumulated in zebrafish
larvae, even more than well-studied perfluoroalkyl acids. In
mammals and adult fish, taurine conjugates are hydrolyzed by
gut microbes to release taurine (Koppel et al. 2017). The gut
microbiome has not been established in zebrafish larvae
(Stephens et al. 2016) and which may also contribute to the high
bioaccumulations of taurine conjugates in zebrafish larvae.
Because of the structural similarity between PFOS and taurine
conjugates, future studies are needed to clarify whether taurine
conjugates may lead to toxicity via similar toxicity pathways to
PFOS by, for example, binding to L-FABP and PPAR receptors
(Sheng et al. 2016; Takacs and Abbott 2007; Zhang et al. 2013).

Hydrolysis of PFAS by hCES1

Inspired by the detection of hydrolysis metabolites from diverse
PFAS, we confirmed the structure-related hydrolysis of PFAS
with a recombinant enzyme. Although the enzymes to hydrolyze
PFAS have never before been reported, we decided to focus on
the liver CESs, which are known as a class of major xenobiotic
hydrolysis enzymes with broad substrate specificity (Hosokawa
2008). The hydrolysis rates of 11 selected PFAS from in vitro
recombinant enzymatic activities and in vivo zebrafish experi-
ments were consistent, implying that CES may be responsible for
the metabolism of carboxyesters and carboxamides in zebrafish
larvae.

Although carboxamides were found to be hydrolyzed by
hCES1 with high efficiency, hCES1 hydrolytic activity was not
detected for sulfonamides. CES1 is a serine hydrolase, and its
hydrolytic mechanism is mediated by the nucleophilic attack via
deprotonated —OH on Ser203, as shown in Figure 7D (Hosokawa
2008). The higher electron density of sulfur from sulfonamides,
compared with amides, may limit the nucleophilic attack effi-
ciency by serine. Indeed, although the biotransformation of sulfo-
namides to PFOS has been well documented in previous studies
(Tomy et al. 2004), the responsible enzyme has not yet been iden-
tified. The much lower hydrolysis rates of carboxyesters than
amides catalyzed by recombinant ZCES is unexpected because
carboxyester compounds are the most studied substrates for CES
enzymes (Hosokawa 2008), whereas amine is a poor leaving
group in hydrolysis reactions. Although amide compounds
have been reported to be the substrates of CES enzymes
(Hosokawa 2008), to our best knowledge, this is the first time
that the hydrolysis of primary amides by CES enzymes has
been reported. The unusual structure-related hydrolysis of
PFAS by hCES1 may be related to the strong electronegativity
of fluorine, which may decrease the electron density of a car-
boxamide moiety, and hence increase the hydrolytic rates of
carboxamides (Figure 7D).
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Conclusion

Our study of bioconcentration and metabolism of a diverse set of
PFAS in early life stages zebrafish demonstrated a range of meta-
bolic pathways influenced by structural categories. The impact of
metabolism was shown to have dramatic effects on the toxicoki-
netics of many of the PFAS. Although shorter-chain PFCAs ex-
hibit low bioaccumulation, their amide analogs appear to
overcome the bioavailability limitations of the acids and bioaccu-
mulate to high degrees, at the same time being converted to their
corresponding carboxylic acid by metabolic pathways. The most
toxic structures to the developing zebrafish tested were sulfona-
mides, whereas their carboxamide analogs had little bioactivity.
The latter were shown to have low bioconcentration and extensive
metabolism. The potential effect of the fluorine constituents of the
molecules was illustrated through the activity of ZCES1, which
showed unexpected substrate preference compared with activity
against nonfluorinated chemicals; this may be due to the influence
of the strongly electronegative fluorine on the enzymatic mecha-
nism. Together, these findings reinforce the notion that understand-
ing the potential toxicities of PFAS will require careful analysis of
toxicokinetic parameters for each experimental system in order to
properly interpret actual exposures and bioactivity/toxicity effects.
However, this study was limited to a short exposure to zebrafish
embryos. Although 70% of human genes, including many xenobi-
otic metabolism enzymes, are conserved in zebrafish (Howe
2013), future studies are warranted to confirm the observed metab-
olism pathways of PFAS in adult fish and mammals.
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