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ABSTRACT:

Perfluorooctane sulfonamidoethanol based phosphate diester (SAmMPAP) is a potential
perfluorooctanesulfonate (PFOS) precursor. To examine whether SAMPAP exposure would result in
fish contamination by perfluoroalkyl and polyfluoroalkyl substances (PFASS), juvenile Eurasian perch
were dietarily exposed to this compound (dosed group) or exposed to the same tank water but fed control
feed (control group). SAMPAP and metabolites were monitored in the muscle, liver, and serum during
the 45-day exposure phase and 35-day depuration phase. SAMPAP was only detected in the dosed group
and the absorption efficiency (0.04—2.25%) was very low, possibly related to its low bioavailability in
the gastrointestinal tract, steric constraints in crossing biological membranes, and clearing by
enterohepatic circulation. Although SAMPAP was biotransformed and eliminated at a slow rate (t1/2 >
18 days), its biomagnification factor was low. The observed metabolites in fish were N-ethyl
perfluorooctane sulfonamidoacetic acid, perfluorooctane sulfonamidoacetic acid, perfluorooctane
sulfonamide, and PFOS. Considering that SAMPAP was the only source of PFASs in the tanks, the
occurrence of metabolites indicates that SAmMPAP could be biotransformed in fish and contribute to
PFOS bioaccumulation. However, levels of metabolites were not significantly different in the dosed and
control groups, indicating that metabolite excretion followed by re-exposure to these metabolites from
water was the main uptake route.
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1. INTRODUCTION

Perfluorooctanesulfonate (PFOS) is one of the most abundant per- and polyfluoroalkyl substances
(PFASs) detected in wildlife and humans worldwide!?® and has been associated with endocrine-
disrupting and developmental effects in both wildlife and humans*®. Dietary uptake of PFOS is
suggested to be an important route to the total exposure for the general adult human population”® and it
has been shown that freshwater fish is a significant determinant of internal exposure to PFOS for
specificpopulations, such as anglers®!t, PFOS concentrations are indeed particularly high in freshwater
species, such as common carp or Eurasian perch'?3, A primary research interest is to determine to what
extent the body burden of PFOS in aquatic organisms is due to the degradation of its higher molecular
weight derivatives, referred to as PFOS precursors (PreFOS)418, It has been estimated that PreFOS may
be among the largest potential historical reservoirs of PFOS, given production volumes *°.
Perfluorooctane sulfonamidoethanol based phosphate diester (SAMPAP) is a typical PreFOS that was
introduced in 1974 for use in foodcontact paper and packaging’?° and constituted one of 3M’s major
fluorochemical output before it was phased out in the United States, although it is still produced in some
places, including China?t. SAMPAP and potential SAMPAP transformation products have been recently
detected in aquatic sediments to which SAMPAP would be expected to partition preferentially?*%,
While SAmMPAP was predicted to be recalcitrant to both aqueous hydrolysis and microbial
degradation®®?’,  biotransformation of SAmMPAP through aqueous exposure in fish has been
demonstrated®. However, little is known about SAMPAP biotransformation by aquatic organisms
through dietary exposure and its potential to contribute to the bioaccumulation of PFOS. In the present
study, fish were dietarily exposed to SAMPAP and levels of metabolites, including PFOS, were
monitored in fish tissues in order to ascertain PFOS accumulation from SAmMPAP exposure.




2. MATERIALS AND METHODS

2.1.Chemicals:

A list of analytical standards used in this study is provided in the Supporting Information (SI).
Technicalgrade N-ethyl perfluorooctane sulfonamidoethanol (NEtFOSE)- based phosphate (SAMPAP,
CAS 2965-52-8) originated from Defu and was provided by Holly Lee (Department of Chemistry,
University of Toronto). The product was purified by Atlanchim (Saint-Herblain, France) in order to
achieve a purity close to 99%. Potential impurities in the preparation were monitored by LC—MS using
the full scan acquisition mode (m/z 60—800). No impurity was detected.

2.2.Food Preparation:

Two batches of commercial fish feed (Le Gouessant, Sturgeon Grower coul 5, 47% protein, 13% fat,
1.9% fiber, 11% ash) were prepared, one for the dosing of SAMPAP and one for the control feed.
SAmMPAP-spiked fish feed (target concentration 5 pg/g) was prepared using methanol as a vector
followed by complete evaporation of the solvent (further details are presented in the SA). Spiked feed
samples were taken every day of the exposure phase during preparation of meals for the dosed fish and
pooled for analysis. The SAMPAP concentration in the dosed feed (n = 6) was 1631 + 95 ng/g food.
Large discrepancies between the target concentration (5000 ng/g food) and the actual concentration
(1631 ng/g food) in the dosed feed may be due to solubility problems and sorption onto the labware
walls. When preparing daily rations, subsamples (=1 g) of each of the experimental feeds were collected.
The control and dosed feed collected daily were pooled in separate jars. Both pooled samples were kept
at —20 °C. These pooled samples of dosed and control feeds were analyzed, using the same method
performed on fish, in order to measure feed contamination.

2.3.Fish Care and Sampling:

The present study was approved by the local Ethical Committee for Animal Experimentation (no.
02664.01). Juvenile perch (~60 g) were purchased from a farm raising fish in a closed system (Asialor,
Dieuze, France) and allowed to acclimate for a month prior to chemical exposure. Two weeks prior to
chemical exposure, 90 fish were distributed in five glass tanks (280 L) in an aerated, recirculated system
(circular pump and biological filter). During the experimentation, the light/dark period was 16 h/8 h.
The water temperature was maintained at 22 °C, the pH at 8, and the dissolved oxygen at 7 mg/L?.
Several steps were taken to control the fish environment, including a daily renewal of one-third of the
water with a fresh water supply, daily draining of uneaten food and feces, and continuous filtration over
an active carbon unit (Norit, 3-6 mm). Among the five tanks, three tanks were designated for the
SAMPAP bioaccumulation test and two tanks were designated for the blank control (Figure 1).
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Figure 1. Experimental design.

Each of the three test tanks were divided into two connected compartments, separated by a screen
through which water but no feed pellets could pass. During the exposure phase (45 days), fish in the first
compartment of the test tanks (dosed group), received the SAMPAP dosed feed and fish in the second
compartment (control group) received the control feed. The purpose of including fish that were not
dietarily exposed to SAMPAP in the same tank as the SAMPAP dosed fish was to determine the extent
of uptake from water that may occur. In addition, to evaluate water contamination, five water samples



(one from each tank) were collected at the start and at the end of the exposure phase. Water samples
were stored at —20 °C until further analysis. During the depuration phase (35 days), all fish were fed
control feed. The daily rate of feeding was equal to 1.5% of the mean fish weight. To maintain the same
feeding rate, the amount of feed distributed was recalculated once a week using the weight of the fish
sampled most recently. Different sampling schedules were applied to fish from (i) the dosed groups in
the test tanks, (ii) the control group in the test tanks, and (iii) the blank control tanks (Figure 1). Fish
sampling always occurred before feeding. For a given time point, three fish from the dosed group (one
from the first compartment of each test tank); three fish from the control groups (one from the second
compartment of each test tank), and two fish (one from each blank control tank) were collected. Each
fish was anaesthetized by tricaine methanesulfonate. Whole blood was collected through puncture with
syringes in the caudal vein. Fish were subsequently euthanized by a lethal overdose of tricaine
methanesulfonate. Each fish was weighed and dissected to collect the liver and muscle tissue without
skin. Livers and muscle of each fish were weighted. All samples were stored at —20 °C until further
analysis.

2.4.Chemical Analysis:

2.4.1. Water Samples.

Water samples were extracted and analyzed using previously developed methods?®*%®, Three sample
treatments were applied depending on the considered compound. Detailed extraction methods,
chromatographic gradients, and instrumental conditions are provided in the SI. The analytical methods
were validated according to SANCO 11945/2013 guidelines, except for analytes analyzed by direct
injection [perfluorooctane sulfonamide (FOSA), perfluorooctane sulfonamidoacetic acid (FOSAA),
Nethyl perfluorooctane sulfonamidoacetic acid (NEtFOSAA), and SAmMPAP]. Mean recoveries for N-
methyl perfluorooctane sulfonamide (NMeFOSA), N-ethyl perfluorooctane sulfonamide (NEtFOSA),
and NEtFOSE in water samples ranged from 85 to 103% at 20 ng/L (quantification limit). Mean
recoveries (n = 5) for PFHpS and PFOS in water samples ranged from 81% to 95% at 4 ng/L
(quantification limit). The quantification of the four PFASs analyzed by direct injection was based on a
standard addition calibration. Detection limits were 1 ng/L for FOSA and NEtFOSAA and 5 ng/L
FOSAA and SAMPAP. The reliability of the results was ensured by within-run and intrasample controls
systematically made for each sample batch. The within-run controls consist of calibration check
standards inserted throughout the sample batch. Intrasample controls consist of spiking the analytes in
the actual samples in order to verify the accuracy of the analytical method.

2.4.2. Food and Fish Samples. For food and fish sample analysis, 5 g (£500 mg) (for muscle or liver) or
1mL (for serum) was placed into a polypropylene centrifuger tube (50 mL), in which a mixture of labeled
precursors was added (internal standards including 13C4-PFOS). For each sample as well as the blank,
solid—liquid extraction was performed using sequentially 10 mL of ultrapure water, 200 uL of formic
acid, and 15 mL of acetonitrile. The samples were then agitated via vortex for about 30 s. A mixture
composed of MgSO4:NaCl (6:1.5, w/w) was added (7.5 g) and directly followed by vortex agitation in
order to avoid agglomeration. After centrifugation at 2500g for 5 min, the supernatant layer was
transferred into another 50 mL centrifuge tube, where 2.07 g of the mixture MgSO4:C18:EnviCarb
(1.8:0.18:0.09, w/w/w) was added, followed by agitation via vortex for 30 s. After centrifugation at
2500g for 5 min, 8 mL of the purified extract was evaporated under nitrogen to 500 pL. The extract was
then filtered on a 0.2 um filter and transferred into 1.5 mL microtubes. The final volume was adjusted
to 500 puL using acetonitrile. Before analysis, 50 puL of 13C8-PFOS (used as external standard) and 150
uL of the previous extract were transferred into a polypropylene vial. Seven standard solutions in
methanol containing different amounts of target analytes (0, 0.5, 1, 2, 5, 10, 20 ng) and a fixed amount
of internal standard (5 ng) were prepared to obtain calibration curves for each compound. Blank samples
containing only extraction solvent and internal standard were included in all batches of analysis.
Recoveries were in-between 30% and 50%, depending on the analytes and the matrices. The recovery
was systematically corrected by the internal standard. Analyses were performed by liquid
chromatography coupled to tandem mass spectrometry (LC—MS/MS) using an HPLC pump with a
binary gradient system (Agilent Technologies, Santa Clara, CA) coupled to a 6410 triple quadrupole
instrument (Agilent Technologies, Santa Clara, CA) or gas chromatography coupled to tandem mass
spectrometry using positive chemical ionization (GC—PCI-MS/MS) using an Agilent 7000 instrument




(Agilent Technologies, Santa Clara, CA) for volatile compounds (NMeFOSE and NEtFOSE). Two
diagnostic signals (qualifier and quantifier SRM transitions, respectively) were monitored for each target
compound.

2.5. Data Analysis
All values reported are means (+standard errors) unless stated otherwise. All statistical analyses were

performed using R version 3.0.23L,

2.5.1. Physical Indices. Fish weight (FW in g) was best predicted by the exponential growth model, FW
= a exp(kGt), where a is a constant, kG is the growth rate [in g/(g day)], and t is the time (in days).
Differences between groups or experimental phases (i.e., exposure and depuration phases) were
compared using the parametric method of grouped linear regression with covariance analysis. Liver
somatic index (LSI in %) was calculated as LSI = 100 x (LW/FW), where LW is the liver weight (in g).
The parametric one-way analysis of variance (ANOVA) was used to assess the differences in LSI among
the different groups.

2.5.2. Dietary Uptake and Depuration of SAMPAP in Fish. Depuration rate constants (kT) were
calculated by fitting tissue concentrations during the depuration phase to the first-order elimination
equation, In(CF) = a + kTt, where CF is the chemical concentration in fish (ng/g wet weight fish), a is a
constant, t is time (days), and KT is the overall depuration rate constant (i.e., not growth corrected)?=3,
To correct KT for growth dilution, the growth corrected elimination rate constant kTg was calculated as
kTg = kT — kG, where KT is the overall depuration constant, and kG is the growth rate. Depuration half-
lives (t1/2 or t1/2G) were calculated as In(2/kT) or In(2/kTg). Absorption efficiencies (a or aG) were
determined for SAMPAP by using iterative nonlinear regression to fit data in the exposure phase to the
integrated form of the kinetic rate equation for constant dietary exposure: CF = (aFCD/KT)[1 —
exp(—kTt)] or CF = (agFCD/KTQ)[1 — exp(—kTgt)], where F is the feeding rate (1.5% FW) and CD is
the chemical concentration in diet (ng/g food). Biomagnification factors (BMF and BMFg) were
calculated for SAMPAP using the kinetic equation method (i.e., BMF = aF/KT or BMFg = aGF/ kKTg).

2.5.3. Uptake and Depuration of SAMPAP Metabolites in Fish. The uptake and depuration of SAMPAP
metabolites in fish can be expressed using a typical bioaccumulation mass balance model*>®, In addition
to the distinction between uptake from the water and from the diet, a distinction was made between
metabolite uptake resulting from in vivo transformation of precursor compounds, denoted “PrePF-based
uptake”, and metabolite uptake resulting from direct exposure, denoted “PFbased uptake”

s
dCrpe/dt = (krprCw, pr + DrePF kR, preprFbiotransfCw,prepr) + (Kb,sampapFbiotransf,sampapCp,sampap) — kTCr,pr

(equation 1)

where CF,PF is the concentration of the considered metabolite in fish (ng/g wet weight fish), CW,PF is
the concentration of the metabolite in water (ng/mL water), CW,PrePF is the concentration of a
precursor of the metabolite in water (ng/mL water), CD,SAmMPAP is the concentration of SAMPAP in
diet (ng/g food), kR,PF and kR,PrePF [mL water/(g ww fish d)] are the rate constants for uptake from
the water of the metabolite or one of its precursors, kD,SAMPAP [g food/(g ww fish d)] is the rate
constant for dietary uptake of SAMPAP, and Fbiotransf (unitless), the biotransformation factor of
precursor compounds to metabolites.

2.5.4. Tissue Distribution. Liver-to-serum (LSRS), liver-to-muscle (LMRs), and serum-to-muscle
(SMRs) ratios were calculated on each sampling day to evaluate partitioning of SAMPAP and
metabolites in these compartments®3¢. The burden of PFASs in the muscle, liver, and serum was
calculated by multiplying tissue concentration by the mass or volume of the considered tissue. Muscle
weight was calculated as 0.42 x FW, liver weight was measured at the time of sampling, and serum
volume was calculated as 0.018 x FW?3738,



3. RESULTS AND DISCUSSION

3.1. Fish Health.

The fish growth rates (kG) were 0.62 g/(g d), with no significant differences observed between the test
and blank control tanks or between the uptake and depuration phases (Table S1, SI). Variability in size
distributions among groups was reflected by a relatively low coefficient of determination (r2 = 0.4)
value for growth rate. Mortality only occurred in the test tanks, with lower mortality in the dosed groups
(4% mortality rate) compared to the control groups (33% mortality rate). The fact that mortality rates
were higher in the test tanks compared to the blank control tanks contrasts a number of studies recording
no mortality while having higher levels of PFSAs!#18-3940 Mortality may have been induced from stress
resulting from isolation of the control group from the larger dosed group, considering that juvenile perch
is a gregarious fish. The mean LSI was 2.16%, which is consistent with previous studies*'. No significant
differences between the test and blank control tanks and no increase over time were observed, both of
which suggest the absence of liver enlargement.

3.2. SAMPAP Dietary Bioaccumulation.

3.2.1. Background Concentrations. SAMPAP was not detected in either the control feed, samples
collected from the test tank 1 h before dosing (day 0), or samples collected from the blank control tanks
during the whole course of the experiment. SAMPAP background concentrations were therefore very
low (below limits of detection).

3.2.2. Relative Importance of Uptake from Diet and Water in the Bioaccumulation of SAMPAP. In the
dosed group, SAMPAP was detected in the muscle, liver, and serum samples. In the control group,
SAMPAP was detected in the liver and serum samples at low levels and was not detected in the muscle
samples (Table 1).

Table 1. Detection Frequencies and Concentrations (mean + standard error) of SAMPAP and
Metabolites in Muscle (ng/g wet weight), Liver (ng/g wet weight), and Serum (ng/mL) of Eurasian Perch
at the End of the Exposure Phase and at the End of the Depuration Phase?

Muscle Muscle Liver Liver Serum Serum
Dosed group Control group Dosed group Control group Dosed group Control group
Detection Frequencies (%) during the Whole Course of the Experiment
SAMPAP 71 Nd 93 83 86 17
NEtFOSAA 79 100 88 100 83 100
FOSAA Nd Nd 19 Nd Nd Nd
FOSA 79 100 76 100 71 100
PFOS 100 100 100 100 100 100
Concentrations (ng/g ww or ng/mL) at the End of the Exposure Phase
SAmMPAP 0.16 +0.08 5.99 + 1.84* 0.44 +0.29* 9.37 +2.25* 0.67 +0.67*
NEtFOSAA 1.16 £ 0.40 0.93+0.15 2.23+0.33 1.82+0.24 13.77 £ 3.02 11.61 +1.68
FOSAA 0 0 0 0 0 0
FOSA 1.31+0.29 0.84 +£0.30 1.94 +0.38 2.06 +0.50 2.29+0.49 1.6 +0.31
PFOS 0.47 £0.12 0.53+0.13 2.32+0.73 3.11+0.81 16.12 +3.71 16.13 + 3.27
Z SAmPAP 2.94+0.19 2.30+0.15 6.50 +0.94 7.00+0.88 3218+ 421 29.34 +3.39
metabolites
Concentrations (ng/g ww or ng/mL) at the End of the Depuration Phase
SAmMPAP 0.16 + 0.03* 0 6.28 + 1.85* 0.12 + 0.06* 4.31 +1.25* 0*
NEtFOSAA 0.74 +£0.25 0.85+0.28 2.29 +0.67 1.63+0.49 6.22+2.15 9.79+3.31
FOSAA 0 0 0.04 +0.04 0 0 0
FOSA 1.92+0.86 1.36 £0.30 537+1.73 4.06 +£0.81 249+0.81 3.26 +1.08
PFOS 1.34+0.09 157+0.22 11.60 + 2.08 9.79+0.83 39.23 +8.27 50.85 + 8.48
z SAmPAP 4.01+0.99 3.77 £0.57 19.30+2.21 1548 +1.15 47.94 £ 9.67 63.90 + 10.87
metabolites

Differences between the dosed and control groups from the test tanks were evaluated by the unpaired Student’s t-test (*p < 0.1).

At the end of the exposure phase, serum and liver concentrations were significantly different between
the dosed and control groups, and concentrations measured in the control group were always <8% of
corresponding concentrations in the dosed group. SAMPAP uptake from water was therefore considered
a negligible uptake route in comparison to dietary uptake. Assimilation efficiency, depuration rate



constant, and biomagnification factors for SAmMPAP were therefore calculated using the concentration
data from the dosed group.

3.2.3. SAMPAP Uptake. During the exposure phase, fish from the dosed group received ~24 ng of
SAMPAP/g of fish, although some fish may have been feeding above or below the feeding rate (1.5%),
as evidenced by the low coefficient of determination (r2 = 0.4) for the exponential growth model.
SAMPAP was detected in the serum and liver samples of the dosed group within 1 day of exposure and
in the muscle within 3 days of exposure (Figure 2).
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Figure 2. Evolution of concentrations of SAMPAP and potential metabolites in the muscle (A), liver
(B), and serum (C) of Eurasian perch in the test tanks (dosed and control groups) and in the blank control
tanks.

SAMPAP concentrations increased in the muscle, liver, and serum (p < 0.05) throughout the exposure
phase. The absorption efficiencies observed for SAMPAP varied depending on the considered tissue (a
= 0.04-2.25%, Table 2). SAMPAP absorption efficiencies were low when compared to other PFASS,
such as FOSA (18%) or PFOS (120%), in rainbow trout14.40 The reduced uptake of SAMPAP
(molecular weight = 1204 amu, Table S1, SI) is consistent with the typical 500 amu molecular weight
cutoff for oral absorption®?. This low absorption efficiency can indeed be the result of the reduced
bioavailability in the gastrointestinal tract and/or steric or electrostatic effects limiting diffusive mass
transfer through the epithelium of the gastrointestinal tract®®. The first pass effect is unlikely given the
absence of SAMPAP metabolites in liver on the first day of exposure. Higher concentrations in serum
and liver compared to muscle support the importance of SAMPAP enterohepatic circulation in perch, as
suggested for PFOS, together with intrinsic partition of these chemicals to the liver®®4®. However, it is
unlikely that SAMPAP is reabsorbed across the intestinal mucosa following excretion via the bile, given
the low absorption efficiency of SAMPAP.

3.2.4. SAMPAP Depuration. During the depuration phase, the concentration of SAMPAP decreased in
the dosed group, but slopes of In(concentrations or growth corrected concentrations) vs time (i.e., KT or
kTg) were not statistically different from zero. Growth-corrected elimination rate constants (kTg = kT
- kG)

were indeed negative values (i.e., increase in SAMPAP growthcorrection concentrations during the
depuration phase) except in the serum, as previously observed for other extremely high KOW chemicals
(log KOW > 8).44 Loss by fecal egestion, biotranformation, or respiratory ventilation of SAMPAP were




therefore very slow compared to that of other PFASs!#1840 |n the absence of significant SAMPAP
depuration, SAMPAP depuration rate constants and half-lives were estimated using the lower bounds
95% confidence interval of the slopes obtained (Table 2)%.

Table 2. Depuration Rate Constant (KT or kTg), Depuration Half-Life (t1/2 or t1/2g), Assimilation
Efficiency (o or ag), Biomagnification Factor (BMF or BMFg), and Estimated Time To Achieve Steady-
State (tss) for SAmMPAP Using Gross Concentration Data or Growth-Corrected Concentration Data

Gross Concentration
o (%) kT (day—-1)? t1/2 (day)? BMF Log(BMF) (day)?
muscle 0.04 >0.03 >27.5 0.0003 -3.6 >91.3
liver 1.33 >0.02 >32.7 0.0094 -2.0 >108.6
serum 2.25 >0.04 >18.2 0.0089 -2.1 >60.6
Growth-Corrected Concentration
a (%) KT (day—1)* t1/2 (day)? BMF Log(BMF) (day)?
muscle 0.05 >0.02 >36.4 0.0003 -34 >120.8
liver 151 >0.02 >46.1 0.0151 -1.8 >153.1
serum 2.59 >0.03 >21.8 0.0122 -1.9 >72.3

*Estimated from the lower bounds 95% confidence interval of the slope.

The half-lives reported in the present study are much higher than those observed for SAMPAP in a
bioconcentration study (i.e., 2.4—2.7 days in medaka)®®. Differences between half-lives obtained from
bioconcentration (i.e., chemicals enter the systemic circulation directly via the gills) and the present
dietary accumulation study, together with higher concentrations in serum and liver compared to muscle,
support the importance of SAMPAP enterohepatic circulation in perch, which is indeed suggestive of a
prolonged retention of SAMPAP and longer half-life®.

3.2.5. SAmMPAP Biomagnification. The biomagnification factor (BMF) was calculated using the kinetic
approach. The BMF was not significantly greater than 1, indicating that SAMPAP dietary exposure will
not result in biomagnification in perch. If we examine the equation for biomagnification (BMF = aF/kT)
and set the absorption efficiency to 1%, the depuration rate kT must be 0.000 15 (i.e., half-life of 4621
days) to obtain a biomagnification factor of 1. The low BMF of SAMPAP was therefore strongly
associated with its low absorption efficiency.

3.3. Intermediate and Terminal Metabolites Bioaccumulation.

3.3.1. Background Concentrations. PFOS was detected in fish serum from the blank control tanks, but
there was no significant increase of PFOS concentrations over time, and serum concentrations were
<13% and <7% of corresponding concentrations in the fish from the test tanks on day 45 and 80,
respectively. Similarly, PFOS was detected in the predose fish (day 0) collected from the test tanks.
PFOS background concentrations were low (0.1 ng/g muscle, 0.8 ng/g liver, and 1 ng/mL serum) but
above the limits of detection in fish. These PFOS levels could be attributed to the presence of PFOS in
the fish from the hatchery or to ambient levels in water and feed during the experiment, although PFOS
was not detected in either of the two matrices. Assuming a bioconcentration factor of 4300, PFOS
concentrations in the serum of the predose and control fish (1 ng/mL) could be the result of a water
concentration below the quantification limit (i.e., water concentration of 0.25 ng/L when the
guantification limit in water is 4 ng/L). Other potential SAMPAP metabolites were not detected in the
predose fish collected from each test tanks or in the blank control tanks during the course of the
experiment. These results suggest that the trends regarding PFOS and other PFASs observed in the test
tanks were the result of SAMPAP transformation in the tanks and not attributable to background
concentrations.

3.3.2. Relative Importance of Uptake from Diet vs Water in the Bioaccumulation of Metabolites.
Detection frequencies and concentrations of PFASs in the dosed and control fish from the test tanks can
be found in Table 1. Four potential SAMPAP metabolites, including NEtFOSAA, FOSAA, FOSA, and
PFOS, were detected. Occurrence of these compounds in the dosed and control fish from the test tanks
provides evidence that SAMPAP is degraded in fish. No significant differences among NEtFOSAA,




FOSA, PFOS, or XSAMPAP metabolite concentrations in either muscle, liver, or serum were observed
between the dosed and control groups at the end of the exposure phase or at the end of the depuration
phase while FOSAA was only detected in the dosed group (Table 1). Considering that SAMPAP was
the only source of PFASs in the tanks, the occurrence of metabolites indicates that SAMPAP could be
biotransformed in fish including fish gut. However, the similarity of concentrations between the dosed
and control groups indicates that fish in the test tanks were exposed to NEtFOSAA, FOSA, and PFOS
through water, which was not the expected pathway. The fact that uptakewater>>uptakediet indicates
that SAMPAP ingestion and in vivo biotransformation did not directly result in the accumulation of
metabolites but resulted in the excretion of metabolites that were subsequently absorbed from water.
This could be the result of (i) low uptake rate of SAMPAP from diet (i.e., kD,SAMPAP in eq 1) compared
to uptake rates from water (i.e., KR,PF or kR,PrePF) and/or (ii) minor biotransformation contributing to
tissue accumulation (i.e., Fbiotransf, SAMPAP in eq 1) of SAMPAP to metabolites in fish. An illustrative
calculation was made with PFOS to evaluate the plausibility of these assumptions. In the present study,
kD,SAMPAP ~aF ~0.01 x 0.015 ~1.5 x 10—4/day, while it has been reported that kR,PFOS~100/day.39
The ratio kD/kR=1.5 x 10—4/100 ~1.5 x 10-6 of the rate constants for dietary uptake and respiration
includes differences in chemical uptake efficiencies from the water and diet. Assuming the production
of 2 mol of PFOS from 1 mol of SAMPAP and using this kD/kR ratio of approximately 1.5 x 10-6, the
uptake rates by the two routes become equal when CD,SAmMPAP/(2 x CW,PFOS) is approximately 1/(2
x 1.5 x 10-6) =3 x 105, e.g., if CW,PFOS = 1 ng/L and CD,SAmMPAP ~ 1500 ng/g, which was close to
the actual SAMPAP concentration in the dosed feed (i.e., 1631 ng/g). This illustrative calculation
emphasizes that, in addition to the low uptake rate of SAMPAP from diet, minor biotransformation of
SAMPAP to PFOS could explain that uptakewater > uptakediet. These results are consistent with the
minor biotransformation of SAMPAP to PFOS in the rat after a single oral dose and confirm the slow
rate of SAMPAP metabolism is fish tissues, as previously mentioned®. Surprisingly, SAmPAP
metabolites were not detected in the water, except for NEtFOSAA, which was quantified in a sample
collected at the end of the exposure in a single test tank at a concentration of 43 ng/L. Applying
bioconcentration factors from previous studies and measured tissue concentrations to estimate water
concentrations in the experimental tanks, as previously undertaken with PFOS background
concentrations in predose fish, it appears that water concentrations were likely below the method
detection limits of PFASs in water'>3°. It should be noted that the increase in metabolite concentrations
in the water from the test tanks during the exposure phase was limited by several processes, including
water renewal and irreversible sorption on the tank filtration system and walls. Further observations on
the transformation pathway, bioaccumulation, and elimination of SAMPAP metabolites were carried out
from data obtained from the dosed group, as fish from the control group were only sampled at the end
of the exposure phase and at the end of the depuration phase (Figure 1).

3.3.3. Metabolites Uptake from Water and Transformation Pathways of SAMPAP. Significant trends of
greater concentrations of all metabolites except FOSAA as a function of exposure duration were
observed in the muscle, liver and serum (Figure 2). This is consistent with a gradual transformation of
SAMPAP to the more stable terminal product PFOS in the test tanks. The last compound to appear was
PFOS at day 28, indicating that multiple transformations steps are necessary for its production. Proposed
biotransformation pathways for SAMPAP to PFOS in fish are presented in the Sl (Figure S1). In the
present study, NEtFOSE was not detected in the test tanks, which could be the result of the partial
volatility of this compound during sampling or of a relatively high detection limit. The lack of detection
of NEtFOSE in the dosed fish may also be the result of a relatively short half-life in comparison to other
PFASs!846, Considering the metabolites detected in the test tanks and that FOSE was not analyzed, the
following transformation pathways were suggested in accordance with previous studies:

(i) SAMPAP — NEtFOSE —NEtFOSAA,

(i) SAMPAP—NEtFOSE—FOSE—FOSAA —FOSA—PFOS, and

(iii) SAMPAP—NEtFOSE—FOSE— FOSA — PFQS84748,

The formation of NEtFOSA from

SAmMPAP was however not observed, although this metabolite

was detected in Japanese medaka®.




3.3.4. Metabolites Depuration in Fish. During the depuration phase, there was no significant decrease in
the concentration of SAMPAP metabolites, although fish were fed the control feed as previously
reported®®. The low depuration of PFOS in the present study is in contradiction with previous studies
and most likely resulted from continuous biotransformation of precursors during the depuration phase
rather than slow elimination of PFOS*. For NEtFOSAA only, slopes of In(tissue concentrations) vs
time were negative, although not statistically different from O (Figure 2). Differences in depuration
kinetics among metabolites indicate that NEtFOSAA was generally depurated faster from fish than
FOSA or PFOS. The reason for the lower elimination of FOSA and PFOS could be due to (i) continuing
uptake from the water, (ii) in vivo biotransformation of precursors, and/or (iii) low elimination rates.
Molar concentrations ratios ofXPFOS precursors (i.e., sum of SAmMPAP, NEtFOSAA, FOSAA, and
FOSA) to PFOS were investigated as an indicator of degradation of precursors (Figure S2, Sl). In the
muscle and liver tissues, ZPreFOS/PFOS were generally above 1, indicating higher concentrations of
PreFOS compared to PFOS. In serum, the ratio was generally around 1, indicating similar concentrations
between PFOS and precursors. For the three tissues, there was a significant increase in the ratio values
during the exposure phase, while a significant decrease was observed during the depuration phase. These
results reflect the shift from SAmMPAP dosed feed to control feed and highlight the progressive
transformation from a PreFOS-dominated bioaccumulation to a PFOS-dominated bioaccumulation.

3.4. Tissue Distribution of SAMPAP and Metabolites.
The mean concentrations of SAMPAP, NEtFOSAA, FOSAA, FOSA, and PFOS were higher in the liver
and serum compared to muscle tissue (Table 3).

These results are consistent with (i) the demonstrated affinity of PFOS for fish serum albumin during
extracellular transport*® and (ii) the affinity of NEtFOSE, NEtFOSA, and PFOS for rat liver intracellular
fatty acid-binding proteins during intracellular transport50. This pattern is indeed consistent with the
resemblance of PFOS and PreFOS to fatty acids50-52.

Besides these general considerations, ratio values differed among PFASs, indicating that tissue
distribution is also compound specific, suggesting differences in partitioning and toxicokinetics within
the fish. The highest LMR and SMR were measured for SAMPAP, indicating very low muscle
concentrations. SAMPAP was equally distributed to serum and liver with LSRs close to 1. NEtFOSAA
was primarily distributed to serum compared to liver, which might be explained by its strong affinity to
albumin. FOSA was the only PFASs primarily distributed to liver, which might be explained by its
strong affinity for lipids, unlike other acidic analytes53. PFOS concentrations were higher in the liver
and serum, and reported LMRs are consistent with other studies in freshwater fish®%, PFOS was
primarily distributed to serum compared to liver, which is consistent with previous studies36.39. When
considering the weight of the tissue sampled, muscle tissue (42% of fish body weight) comprised the
majority of the burden for FOSA (Table 3).

Table 3. Tissue Distribution of SAmMPAP and Metabolites:

distribution ratiosb proportional distribution in the three tissues (%)¢

LMR LSR SMR muscle liver serum
SAmPAP 35.66 £3.21 0.88 +0.09 39.37+2.73 19.72 +2.19 40.84 +3.13 39.44 +2.75
NEtFOSAA 2.92+£0.16 0.27 +£0.02 11.50 +0.58 55.25+3.16 13.96 £3.27 30.79 + 2.40
FOSA 3.25+0.28 1.71+£0.27 2.34+0.26 80.55 + 1.05 11.68 + 0.84 7.77 £0.78
PFOS 7.22 £0.40 0.23+0.01 32.44+1.27 37.47+0.88 12.35+0.46 50.18+0.97

aLiver-to-muscle (LMR), liver-to-serum (LSR), and serum-to-muscle (SMR) ratios (mean * standard error) were calculated using
concentration data from the dosed group. FOSAA was only detected in the liver and ratios could therefore not be calculated.
bDistribution ratios were calculated by dividing tissue concentrations. cThe burden of PFASs in the muscle, liver, and serum were
calculated by multiplying tissue concentration by the mass or volume of the considered tissue. Proportional distributions in fish body
were calculated as the relative importance of tissue burden relative to the sum of the three tissue burdens.

NEtFOSAA and PFOS were equally distributed between muscle and serum. SAMPAP was mainly
distributed to liver and serum. Linear regression was used to test for temporal trends in the evolution of
LSRs, LMRs, or SMRs during the exposure and depuration phases. When considering the evolution of
distribution ratios during the experiment, SAMPAP ratios remained constant (see Figure S1 in the SI).
LMRs and LSRs of NEtFOSAA and PFOS significantly decreased during the exposure phase and
increased during the elimination phase. FOSA LSRs significantly decreased during the exposure phase



as well. An increase of LMRs and LSRs of PFOS during the depuration phase has already been reported
in rainbow trout and could be attributable to longer elimination half-lives in the liver®®. There was no
significant difference of distribution ratios of NEtFOSAA, FOSA, and PFOS between the dosed and
control groups from the test tanks at the end of the exposure and depuration periods.

3.5. Environmental Implications.

Examination of wildlife monitoring data demonstrates the signification of bioaccumulation potential for
PFOS, with high trophic level predators often reported with higher PFOS concentrations®’-%8, However,
laboratory-derived BMF values obtained by exposing juvenile rainbow trout to dietary PFOS were less
than 1. Similarly, there appear to be some foodweb-specific differences in the biomagnification of PFOS
in the environment. Martin et al.>® and Asher et al.®° measured the highest mean concentrations of
PFOSA and PFOS in a benthic macroinvertebrate and slimy sculpin, occupying low trophic levels of
Lake Ontario. Similarly, Gebbink et al.?* found the highest concentrations of precursor compounds,
mainly NEtFOSAA and FOSA, in zooplankton from the Baltic Sea. The occurrence of PreFOS in the
environment (water or sediment) may indeed lead to the contamination of low trophic levels, while it
appears higher trophic levels are mostly contaminated by PFOS. In the present study, perch were
dietarily exposed to SAmMPAP in a recirculated system. SAmMPAP ingestion and in vivo
biotransformation did not directly contribute to the body burden of PFOS in Eurasian perch. In vivo
biotransformation of SAMPAP rather contributed to the metabolite (including PFOS) burden measured
in water, which could be subsequently bioaccumulated in fish through reexposure to the dissolved
metabolites.
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