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levels that are relevant to the environment. The majority of the FCs tested did not elicit any
adverse developmental responses. However, increased embryonic malformations were
observed in animals exposed to 17 FCs. Since the embryonic dose cannot be inferred from
waterborne exposures, six FCs that are most commonly studied were also microinjected into
the embryonic zebrafish with three doses (0.00002, 0.00024, 0.00245 mg/kg). Three of these
six FCs (PFOA, PFDA and PFHxA) elicited embryonic malformations, including mortality and
head defects only at certain concentrations. A subsequent microinjection study at higher
concentrations was conducted to determine if a structure-response relationship exist.
Exposure to three carboxylated and two eight-carbon FCs did lead to embryonic
malformations, but not a definite structure-response relationship. These results demonstrate

that FCs are generally not developmentally toxic. Collectively, these studies indicate the



power of the zebrafish model to conduct structure- and dose- response relationships and

developmental toxicity studies.
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CHAPTER 1 - INTRODUCTION

Fluorinated Chemicals
Fluorinated chemicals (FCs) are a family of compounds that consist of a carbon

backbone, typically 4-14 carbons in length, with multiple carbon-fluorine bonds and a charged
functional moiety (primarily carboxylated, sulfonated or phosphonated) [1]. This class of
compounds has been used since the 1950s in industrial and commercial applications ranging
from water-, soil- and stain resistant coating for clothing fabrics, leather, upholstery and
carpets. FCs have also been used as oil-resistant coatings for paper products approved for
food contact, electroplating, electronic etching bath surfactants, photographic emulsifiers,
aviation hydraulic fluids, fire-fighting foams, paints, adhesives, waxes and polishes [2, 3].
Their extensive use can be attributed to the strength in the carbon-fluorine bonds, stability at
high temperatures, being nonflammable and not subject to photolysis or metabolized [4].
These unique properties have made these FCs popular for consumers and render most of
these chemicals ideal surfactants [5]. The most effective surfactant property is the eight-
carbon chemicals [1]. The two well-known FCs with eight-carbon backbone are
perfluorooctanoic acid (PFOA) and perfluorooctane sulfate (PFOS). Although these physical
properties make FCs ideal for the consumer, their unique properties causes multiple
environmental problems and they are resistant to biodegradation [4].

FCs can be produced by Simons Electrochemical Fluorination (SEF) or
telomerization. Simons Electrochemical Fluorination uses organic fluorochemicals that are
fueled by electric current causing hydrogen atoms on the carbon backbone to be replaced by
fluorine atoms [1]. This process was primarily utilized by 3M, the dominant global producer of
PFOA-related chemicals, where the starting product, perfluorooctane sulfonylfluoride (POSF)
is used to produce a range of different products, such as perfluorooctane sulfate (PFOS), N-
methyl and N-ethyl perfluorooctanesulfonamidoethanol (N-MeFOSE, N-EtFOSE respectively).
SEF also generates fluorinated molecules of various carbon chain lengths as by-products [6]

and a mixture of linear, branched and cyclic isomers [1]. The telomerization process is used
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by all major companies other than 3M [1, 2]. It involves telomerizing tetrafluoroethylene units,
which always yields straight chain alcohols that are converted into final products for

commercial application [1].

Environmental Relevance and Concerns
In the past, 3500 metric tons (in 2000) of PFOS and 500 metric tons (in 2000) of

PFOA were produced [1]. Research demonstrating that PFOS was widespread in the human
population and in wildlife led the 3M company to announce that it was discontinuing
production of perfluorooctanoyl chemistry and related products, including PFOA [7] in May
2000. This occurred prior to United States Environmental Protection Agency requesting them
to cease production [8]. Although 3M has ceased production of perfluoroalkylated
substances, it has replaced the perfluorooctyl chemistry with the butyl equivalent, which is
reported to be less bioaccumulative [6]. The combination of historical use, production and the
physical-chemical properties of FCs have made them ubiquitous and highly persistent. FCs
are present everywhere in the environment and are found in blood samples of humans from
various countries as well as in biota collected in relatively remote locations [9].

FCs have been detected in a variety of environmental matrices around the world.
These matrices include surface waters, air, sludge, soil, sediments, and ice caps [1]. FCs
have been identified in tissues of aquatic and terrestrial organisms, including humans [8].
Previous studies have demonstrated that these volatile FCs are released during
manufacturing and application processes [10]. The levels of PFOA in the air are typically in
the part per trillion (ppt) range, but higher levels of PFOS, PFOA and PFHxS (ranging from
parts per billion [ppb] to parts per million [ppm]) have been reported after accidental release of
fire-fighting foam [11]. PFOA detected in the air ranged from 0.00000414 - 0.0000532 ppb
among different Japanese cities [12] to 0.007 - 0.05 ppb in sampling area near fluoropolymer
manufacturing facilities in United States [13]. In soils, sediments, waste water and sludge,
PFOS and PFOA were detected in various countries [14]. Two months after firefighting foams

were used to extinguish fires at major oil storage facilities following an earthquake in southern
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Japan, soil concentrations were 0.00287 mg/kg. Prior to this instance, dry soil levels ranged
from 0.000017 to 0.7 mg/kg [1].

Since 2000, many countries began biomonitoring the human population for FCs. In
most cases, occupationally exposed workers have serum levels of both PFOA and PFOS
approximately one order of magnitude higher than the general population [1]. In the general
population of the United States, FCs have been detected in serum, breast milk, liver, seminal
plasma and umbilical cord blood [15]. These chemicals have also been detected in human
milk and blood samples in China (PFOS: 0.045 - 0.36 ng/mL, PFOA: 0.047 - 0.21 ng/mL [in
milk], PFOS: 52.7 ng/mL, PFOA: 1.59 ng/mL [in blood samples]) and Japan [16]. PFOA levels
from pooled blood samples from US blood banks ranged from 3 to 17 ng/mL [17]. FCs
including PFOS, PFOA and PFHxS were detected in all serum sample pools in Australian
urban and rural regions ranging from 13 - 29 ng/mL for PFOS, 5.0 - 9.9 ng/mL for PFOA and
2.7 - 19 ng/mL for PFHxS [9].

FCs have also been detected in the serum and plasma of wildlife. Giesy and Kannan
(2001) [18] reported the global distribution of PFOS in frozen wildlife liver and blood samples.
PFOS has been detected in livers of mink (Mustela vison) (970 - 3680 mg/kg wet weight) [18]
and in blood plasma of bald eagles (13 - 2220 ng/mL) [19]. High concentrations of PFOS
were detected in the liver (7760 mg/kg wet weight) from plaice (Pleuronectes platessa) [20]
and carp (Cyprinus carpio) (up to 9031 mg/kg wet weight) in Belgium [21]. In North America,
surveys have found the highest FC liver concentration in mink (Mustela vision), bottle-nosed
dolphins (Tursiops truncates), polar bear (Ursus maritmus), ringed seal (Pusa hispida) and
Brandt's Cormorant [18]. In Europe, the highest FC liver concentrations reported were in
ringed seal, eels and cod [22]. In Asia the Common Cormorant had the highest FC liver
concentrations [22]. In general, ranges in wildlife serum or plasma levels were <3 — 100

ng/mL for PFOS and 0.05 — 4.25 ng/mL for PFOA [18].



Animal Model

Currently, there are limited data on the developmental toxicity of FCs. Without this
information, it is difficult to determine the potential adverse health hazards to humans. The
available data are from studies of rodents and nonhuman primates. One rodent and
nonhuman primate study demonstrates that FCs increased liver weight, reduced body weight
and cholesterol [3]. A two year PFOS study in Sprague-Dawley rats revealed an increase in
hepatocellular adenomas at high doses of 20,000 ppb in the diet [23]. PFOA and PFOS in
rats and mice have induced developmental toxicity and other adverse effects in vivo. These
effects include reduction of fetal weight, induction of cleft palates and cardiac abnormalities
[24].

The two most well studied FCs are PFOA and PFOS. In hepatoxicity studies with
these two FCs, rats had enlarged livers and hepatocellular adenomas [1]. Cell lines, mice,
rats and Cynomolgus monkeys are typical models for short-term studies to investigate
hepatoxicity. Developmental toxicity has been assessed in rats exposed to PFOS throughout
pregnancy with dose-dependent deleterious effects observed in newborns [1]. Lau et al. [25]
reported that all pups were born alive and active, however at 10 mg/kg of PFOS (the highest
dose group), newborns became pale, inactive and moribund within 30-60 minutes and died
soon afterwards. At 5 mg/kg, neonates became moribund. Over 95% of these offspring did
not survive the first day of postnatal life and only a few pups reached puberty. These
developmental toxicity studies on PFOA and PFOS demonstrate that there is the potential for
FCs to induce developmental malformations. However, these studies used high doses not
normally detected in the environmental, biota or human serum. This poses the question of the

relevance to the detected environmental concentration and serum level of the FCs.



Proposed Mechanism of Action

Presently, the proposed mode of action for developmental toxicity is through activation
of peroxisome proliferator-activated receptor alpha (PPAR-a). PPARs are members of the
nuclear hormone receptor super family of ligand-activated transcription factors [26]. The
activation of PPAR by PFOA and PFOS alter enzyme activities and affect changes in gene
expression (PFOA: [24], PFOS: [27]). FCs may activate PPAR-a by two mechanisms: binding
directly to the receptor after heterdimerization of PPAR-a and retinoid X receptor (RXR) (i.e.:
as ligands) or indirectly by perturbing lipid metabolism and transport in a manner that
stimulates the synthesis and/or release of endogenous PPAR ligands (Figure 1) [27]. Luebker
et al. [28] demonstrated that FCs displace endogenous ligands from liver fatty acid binding
proteins, acyl-CoA derivatives and variety of other hydrophobic molecules within hepatocyte.
FCs could also displace the fatty acids, which stimulates the activation of PPAR-a [27].

An alternative mechanism of action for FCs is that it mimics or antagonizes the effects
of hormones, alter the pattern of synthesis and metabolism of hormones or modify hormone
receptor levels [29]. Endocrine disrupting chemicals may interfere with processes such as
synthesis, secretion, transport, binding, action or elimination of natural hormones that are
responsible for the maintenance of homeostasis, reproduction, developmental and/or behavior
of an organism [30]. Preliminary studies suggest that FCs act like estrogen, the primary
female-sex hormone, and when FC enters a cell, it causes isoforms of the estrogen receptor
(ER) to dimerize to create a ligand-binding domain (LBD). When bound by FC it blocks the
site from estrogen. The complex then binds directly onto estrogen response elements (ERE)
of DNA. This binding modulates transcription of target genes. Benninghoff et al. [31]
demonstrated that certain FCs (including PFOA and PFOS) triggered juvenile trout to produce
vitellogenin, a protein normally produced only by female animals during egg laying. They
found that the apparent estrogen mimics bound to the receptors and block the hormone from
its site of action (Figure 2). Repercussion from the FCs mimicking estrogen can result in

disruption of the organism’s homeostasis and lead to developmental toxicity.



Zebrafish (Danio rerio) as an ideal model

The available animal models to assess the developmental toxicity of FCs are limited.
A new in vivo model to rapidly assess the diverse effects of FCs needs to be developed. The
model will need to be able to assess at early life stages because animals are generally most
sensitive to chemical insult during early development [32-36]. The current rodent models are
inadequate for testing FCs because it is difficult to assess earlier development, the length of
development is long and it is not possible to observe the effects of the compounds non-
invasively, as development occurs in the mother. Embryonic zebrafish (Danio rerio) would be
an appropriate model to serve as a screening tool to assess the numerous FCs found
worldwide. Animals are generally most sensitive to chemical insult during early development,
which makes this the ideal life stage to assess the effects of FCs. Embryonic zebrafish will
serve as a good model system because they are vertebrates that share many cellular,
anatomical and physiological characteristics with other vertebrates [35]. Female zebrafish
produce several hundred eggs a week, which allows for large sample sizes. Being able to
produce numerous eggs also makes it possible to evaluate the toxicity of abundant FCs within
a short amount of time. The embryos also develop rapidly, offering additional technical
advantages [37]. Neuronal plate formation occurs at 10 hours, followed by organogenesis at
24 hours, which compared to a rat occurs at 9.5 days and 5-6 days respectively. The first
heartbeat occurs at 30 hours for the zebrafish and 10.2 days for rats. Finally, a significant
advantage of the embryonic zebrafish model is that the externally developing embryos are

clear, allowing for non-invasive assessments of effects over the course of development.

Rationale
Utilizing the many advantages of embryonic zebrafish was enabled me to rapidly

investigate the potential developmental toxicity of FCs. My hypothesis is FCs are
developmentally toxic, therefore 1) when embryonic zebrafish are exposed to FCs at a early

life stage, physiological developmental malformations will be observed and 2) there will be a
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dose and structure-response relationship. Selection of the 41 FCs to test the hypothesiswas
based on the carbon backbone length and functional groups of the chemicals. Ten FCs with
carboxylated functional groups, 20 FCs with sulfhydrol groups, two with alcohol groups, two
with hydroxylated groups, three with alkene functional groups and four mixtures were

analyzed (Table 1).



APOPTOSIS 1 |

\\/ PROLIFERATION §
/
N

" PPARa \ RXR

L

YOO
TGACCTnTGACCT \
PEROXISOME PROLIFERATION
PPRE
\ R.-\------____ — -—"_‘-f/ /

ENDOGENOUS PPAR LIGAND

/ — V¥V \ APOPTOSIS #
Nucleus | PROLIFERATION PFC

» LIPID METABOLISM

/

|' PFAR“ —@—- LIPID METABOLISM

\ oo S

TGACCTnTGACCT
\ [ PEROXISOME PROLIFERATION

PPRE

Figure 1. Proposed mechanism of action of PPAR-a.

(a) FCs enter the cell and cause heterdimerization of PPAR-a and retinoid X receptor (RXR),
which binds with the FC, onto the PPRE DNA element. The PPRE consists of a direct repeat
of two copies of a TGACCT-like sequence separated by a single base. Binding modulates
transcription of target genes resulting in changes in peroxisome proliferation, lipid metabolism,
growth and apoptosis. (b) FCs perturb lipid metabolism, thereby stimulating the release of the
endogenous ligand causing a change in or elimination of peroxisome proliferation, lipid
metabolism, growth and apoptosis. Figures adapted from Holden et al [38].
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Figure 2. Proposed mechanism of action of Estrogen Receptor (ER)

FCs enter the cells and cause the ER isoforms to dimerize to create a ligand-binding domain
(LBD). The FC then binds to LBD and blocks the active site from estrogen. The complex then
binds directly on to the ERE element of DNA. This binding modulates transcription of target

genes.
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CHAPTER 2 - MATERIALS AND METHODS

Zebrafish Maintenance and Embryo Collection
The AB strain of embryonic zebrafish werereared and kept at standard laboratory

conditions at 28°C on a 14 h light/ 10 h dark photoperiod in dosing solution. Dosing solutions
consisted of reverse osmosis (RO) water supplemented with a commercially available salt
solution (0.6% Instant Ocean). Water conditioning and environmental quality was maintained
according to the manufacturer’s instructions and The Zebrafish Book [39]. Zebrafish were
group spawned in a breeding basket to allow for easy collection of embryos the following
morning. The embryos were collected and staged as described in Kimmel et al. [37]. After
the completion of the studies, embryos were photographed using a Nikon Coolpix 5000 digital

camera.

Chemicals
The FCs selected were from donations from industry and purchased from Sigma

Aldrich or VWR (Table 1). Depending on the experimental design and desired concentration,
the chemical solution used either a dosing solution or dimethyl sulfoixde (DMSO) as a solvent
depending on the specific FCs water solubility. If the chemical was not soluble in water, or
precipitated out at a certain concentration, DMSO was necessary. Our lab has demonstrated
that an embryo elicited no developmental deformities at 1% DMSO when exposed to the
solvent in water[35]. When directly delivered into the yolk sac, any concentration above 0.1%
DMSO caused developmental defects not attributed to the chemical.
Waterborne Exposure

A broad range concentration (0.01-10 ng/mL) screening of 39 FCs was completed.
FCs 1-7, 9-18, 20, 24-27 (Table 1) were made into chemical solutions with a dosing solution.
FCs 1-4 were provided as mixtures and used as the stock solution. A stock concentration and
a series of serial dilutions was made for the remaining listed FCs above,

FC 21-23, 28-41 were not soluble in water and required the use of DMSO to get the

chemicals into solution. A serial dilution was made in 100% DMSO that is 100 times more
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concentrated to allow for a 1:100 fold dilution with the dosing solution to create a serial dilution
with a final DMSO concentration of 1%.

A higher concentration assessment was completed by exposing embryonic zebrafish
to 14 FCs by water to 25-200 ng/mL. The stock concentration solution for FC 29-31 and 33
was made with 100% DMSO as the solvent. Solutions of FC 1-3, 5, 8, 10, 15, 17, 19, 22
were made with dosing solution. The solutions for FC 29-31 and 33 was 100 times more
concentrated and then diluted 1:100 times in fish water to create 1% DMSO solutions.
Microinjection

FCs (6, 8, 10, 19, 20 and 33) testing solutions were prepared for direct delivery into
the embryonic yolk sac. The solutions used for microinjection contained less than 0.1% of
DMSO, if the chemicals are not soluble in the dosing solution. A serial dilution for each FC
was made with 100% DMSO as the solvent rather than the dosing solution to prevent solubility
issues. The resulting solution was then diluted 1:1000 with dosing solution for each

concentration.
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Experimental Design

Waterborne Exposure
Embryos were allowed to develop until five hours post fertilization (hpf) after which

unfertilized and abnormal eggs were discarded. Prior to exposing embryos directly to FCs,
the chorion, an acellular envelope surrounding the embryos, was enzymatically removed with
pronase to increase bioavailability and avoid barrier effects. This is a standard practice when
using embryonic zebrafish to evaluate chemicals at early life stages for developmental toxicity

[35, 40]. Embryos were dechorinated at five hpf in a petri dish filled with 25mL of fish water

and 0.05 mL of 50,000 ng/mL pronase (Fluka, a Sigma Company, cat # 81750). The petri

dish was swirled continuously for 10 minutes. Dosing solution containing pronase was
removed and replenishing with fresh dosing solution for an additional 10 minutes. The
dechorinated embryos were then exposed at 6hpf individually in wells of a 96-well plate to 0.1
mL of a FC solution or an appropriate vehicle control, fish water or 1% DMSO. Exposures
began at six hpf to ensure coverage of gastrulation and organogenesis, which are the periods
of development most well conserved among vertebrates.

The initial 39 FCs were waterborne exposed to four concentrations at a broad range
(0.01 = 10 ng/mL). These concentrations were selected based on the level of FCs detected in
the environment and in human blood serum. At each concentration, seven embryos were
exposed and one embryo placed in each individual well. For the 14 FCs waterborne exposed
at higher concentrations (25 - 200 ng/mL), four concentrations were tested. For each

concentration, 24 embryos (n=24) were used with one embryo per well.
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Microinjection
Embryos were collected and staged as described in Kimmel et al [37]. Three to four

hpf embryos were aligned in troughs imbedded in a 1% agarose plate filled with dosing
solution as described by The Zebrafish Book [39]. Embryos were injected with FCs or the
appropriate vehicle control directly into the yolk (Figure 4) [35]. PFDA, PFHxA, MeFOSEA,
PFOA, PFOS, and PFDS stock concentration had 100% DMSO as the solvent and were
diluted 1:1000 in dosing solution. 0.01 mL of each testing solution was aliquot into 1.5 mL
centrifuge tube. 0.002 mL of phenol red served as an indicator that the injected solution was
present in the yolk. The testing solutions were loaded with a 20P gel pipette tip into a needle
pulled from Flaming/Brown Micropipette puller (Sutter Instrument Co.). Capillary tubes
(CATALOG # bf120-94-10, Sutter Instrument Co.) with O.D -1.2mm, 1.D-0.94mm and 10 cm
length served as the needle. Each embryo received a known milligram (mg) of a FC by being
direct delivered into the yolk sac to create a desired injection dose. An average wet weight of
an embryo was 0.00000094 kg, which was determined by weighing a conical tube with
minimal fish water and 50 embryos and dividing it by 50.

After injections, the embryos were transferred to individual wells in a 96-well plate

(N=24), filled with 0.1 mL of dosing solution.

Evaluations
After an exposure was completed, a daily evaluation assessed embryonic

development. At 24, 48, 72 and 96 hpf, embryos were evaluated for viability, developmental
progression and spontaneous movement. At 120hpf (5 days) embryos were first assessed for
behavioral endpoints, then euthanized (with a 50% tricane solution) to evaluate for
morphological and developmental endpoints. Morphological endpoints included larval
morphology (e.g. body axis, eye, snout, jaw, otic vesicle, notochord, heart, brain, somite, fin,
morphometrics and pigmentation), while behavioral endpoints were spontaneous movement
(sp. movement), touch response and motility. Developmental endpoints consisted of embryo

viability, developmental progression and hatch delay (only for microinjected embryos).
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Statistical Analysis
Analyses used SigmaStat SigmaPlot (SPSS Inc, Chicago, IL). A one-sided Fisher’s
exact test was used to determine differences between control and treated groups at a p<0.05.

Dose response significance was determined using one-way ANOVA (p<0.05).

Embryonic Zebrafish (EZ) Metrics

Embryos were assessed at 120 hpf and abnormalities in body axis, eye, snhout, jaw,
otic vesicle, notochord, heart, brain, somite, fin, yolk sac, trunk, circulation, pigment, swim
bladder were binary scored (present or absent). Behavioral endpoints (motility, tactile
response) were also binary scored for exposed embryonic zebrafish prior to euthanization. An
EZ (embryonic zebrafish) metric was developed in the Tanguay lab and applied to each FC
concentration based on the lethal and sublethal effects [40]. The scale for EZ metrics was
derived based on severity of morbidity. For instance, a zebrafish can survive without a swim
bladder, therefore the rank value would be relatively low (0.1), but it would be difficult to
survive with an improperly developed heart, so the appropriate rank value would be high (0.6).
EZ metrics takes into account the type and frequency of a sublethal effect in addition to
mortality elicited from the exposure (ranking of the hierarchy of effects displayed in Table 2,
the morbidity and mortality index). An EZ metric value for each concentration takes the
number of animals that exhibited an effect and multiplies it by the appropriate ranking for the
observed sublethal effect. This gives a relative comparison of the FCs effects on the
integrated living systems.

Table illustrates the EZ metric evaluation and toxicity scale. An EZ metric value
below 5 indicates low level of toxic potential, which means that the chemical at that
concentration is most likely benign. The value 5 was determined based on the average value
of the vehicle control; therefore, if a chemical possessed an EZ metric value of less than 5, it
would resemble, developmentally and morphologically, the unexposed. When the EZ metric
value falls within 5 to 15 for a chemical, there is a moderate level of toxic potential and the

chemical would be a suspect FC that will need more testing before it can be categorized as
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developmentally toxic. The upper limit (15) was determined from the highest level of toxicity
on the EZ metric scale of 24. When the value is higher than 15, the FC has a high level of
potential toxicity and will require further developmental investigation. High values indicate that
the majority of the embryos elicited higher rank effects demonstrating that at certain

concentrations, FCs can interfere with the development.



Table 1. Fluorinated chemicals sources.
Abbreviation: *=not registered nationally, only at manufacturer, NR = not registered, DBI = donated by industry

Gy, e Abbreviation Chemical Structure (G5 Source
# Name Number
Zonvi® FSA Not Available — Mixture of: A _
1 ﬂ{'oro_ FSA 25% fluorosurfactant, 37.5% isopropyl alcohol, ~ 65530-69-0 Aldrich
2- Not Available — Mixture of: A _
2 (Perfluoroal FSN 40% fluorosurfactant, 30% isopropyl alcohol, ~ 65545-80-4 Aldrich
kyl)ethanol and 30% water
Zonyl™ Not Available — Mixture of: A _
3 FSE Fluoro- FSE 14% fluorosurfactant, 24% ethylene glycol, and ~ 83653-37-6 Aldrich
4 Zonyl® FSK FSK Not Available — Mixture 80449-64-5" Fluka
F F F F o)
Perfluoro- L L | 7/
5 pentanoic PFPA F | | | | \ 2706-90-3 Aldrich
acid F F F F OH
F F F F F
Perfluoro- | | | //O
6 hexanoic PFHxA F | | | N 307-24-4 DBI
acid F F F F F_OH
Perfluoro- FoF '|: '|: '|: '|: OH
7 heptanoic PFHpA F T \/\ 375-85-9 Aldrich
acid FFFFFF




Table 1. Fluorinated chemicals sources (Continued).
Abbreviation: “=not registered nationally, only at manufacturer, NR = not registered, DBI = donated by industry

Ch;m. Cl;‘lemical Abbreviation Chemical Structure CAS Source
ame Number
L ™
Perfluoro- / .
8 octanoic acid PFOA F | | | | | | | \\ 335-67-1 Aldrich
F FFFFFF
Por FFFFFFFF OH
9 L PRNA e [ L]y 375-95-1 Aldrich
T T T T T T TN
FFFFFFFF O
FFFFFFFFF oH
10  Perfluoro- PFDA F I 335-76-2 Aldrich
decanoic acid T T\
FFFFFFFF O
Perfluoro- FFFFFFFFFF OH
1 undecanoic PFUNnDA F | | | /\ 2058-94-8 Aldrich
acid | | | \
FFFFFFFFFF O
Perfluoro- FFFFFFFFFFF OH
12 dodecanoic PFDoDA F I v 307-55-1 Aldrich
acid L L L L L L L | | | | \\
FFFFFFFFFFF O
N FFFFFFFFFFTFF OH
13 tridecanoic PFTrDA F I I I I I I I I \/\ 72629-94-8 Aldrich
acid FFFFFFFFFFFF O




Table 1. Fluorinated chemicals sources (Continued).

Abbreviation: “=not registered nationally, only at manufacturer, NR = not registered, DBI = donated by industry
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Chem.

Chemical

# N Abbreviation Chemical Structure CAS Source
ame Number
FFFFFFFFFFFFF OH
 Feruoro- el L]y |
etradecanoic PFTDA I | | | | | | | | | | | | | \\ 376-06-7 Aldrich
acid FFFFFFFFFFFFF O
Perfluoro- ||: ||: FF ﬂ
15 butane PFBS F | | ﬁ—OH 29420-49-3 DBI
sulfonate FE F o
F F F F F F
6:2 | || 0
16 Fluorotelomer 6:2 FtS | | I 27619-97-2 Apollo
sulfonate F F FF F F ﬁ—OH
(@)
Perfluoro- T '|: '|: '|: T P ﬁ
17 hexane PFHxS F | | | | | ﬁ—OH 3871-99-6 DBI
sulfonate F E FEFEFEO
REARAEE
8:2 F (0]
18  fluorotelomer 8:2 FtS R | \_|| NR DBI
Sulfates FFFFFFFF o




Table 1. Fluorinated chemicals sources (Continued).
Abbreviation: “=not registered nationally, only at manufacturer, NR = not registered, DBI = donated by industry

Chem.  Chemical Abbreviation Chemical Structure CAS

# Name Number Source

Perfluoro-
19 octane PFOS F
sulfonate

S—COH 2795-39-3 Aldrich

O

Perfluoro-
20 decane PFDS F
sulfonate

67906-42-7
(NH4)

Aldrich

o==0
0

N-methyl FEF F

gy Pperfluoro- MeFBSA I NF DB

butane F
sulfonamide F F F

O

Perfluoro-

R

1

sufonamide  FOSA BEE
FFFF

22 NF DBI

mM—7— T

mM—7— T

mM—7— T

M—7— T
z

N-ethyl FFF
perfluoro- | | |

23 octane EtFOSA F | | |
F F F

sulfonamide
(sulfluramid)

n——m
n——m

F F F :
I I I S—NH 4151-50-2 ABCR
F F F

19



Table 1. Fluorinated chemicals sources (Continued).
Abbreviation: “=not registered nationally, only at manufacturer, NR = not registered, DBI = donated by industry

I Abbreviation Chemical Structure CAS Source
# Name Number

N-acetyl-
24 perfluoro-
octane
sulfonamide

FOSAA NR DBI

Mnm—+—m
M——m
Mn—+—m
M——m
M——m
Mm—+—m
M——m
=0

.
O% (@)
T

M
M——m

N-ethyl OH
perfluoro-
25 octanesulfona EtFOSAA
mido acetic
acid

I NR DBI

m
M——

N-methyl
perfluoro-
26 butane MeFBSAA
sulfonamido
acetic acid

0

0 _/<

L o NR DBI
\

N-methyl
perfluoro-
27  octanesulfona MeFOSAA
mido acetic
acid

H
o)
//
/\ NR DBI

M

N-methyl

perfluoro- . [

28 butane MeFBSE /—S—0 NR DBI
sulfonamido F | (l)l \CH3

ethyl 'l

m——m
M——m
Mm—t—m
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Table 1. Fluorinated chemicals sources (Continued).
Abbreviation: #=not registered nationally, only at manufacturer, NR = not registered, DBI = donated by industry

Chem.
#

Chemical
Name

Abbreviation

CAS

Chemical Structure
Number

Source

29

N-methyl
perfluoro-
octane
Sulfonamide-
ethanol

MeFOSE

M

24448-09-7 DBI

n—r—T

n—r—T

n—r—T

n—r—T
n—r—T
n—r—T
n—r—T

30

N-ethyl
perfluoro-
octane
sulfonamido
ethanol

EtFOSE

M

n——

M—

Mm—

1691-99-2 DBI

M—
m——

TM——T
—O
O\/Z\L ~
2

31

N-methyl
perfluoro-
octane
sulfonamido
ethyl
methacrylate

MeFOSEMA

DBI

M——m

M——m

M——
M—1—m
M——m
M—1—
n—1
w
L

32

N-ethyl
perfluoro-
octane
sulfonamido
ethyl
methacrylate

EtFOSEMA

o
o

376-14-7 Acros

T——

T——T

T——T

M——mT
M——mT
M——m
M——m
M——mT
wn
g

@)




22

Table 1. Fluorinated chemicals sources (Continued).
Abbreviation: #=not registered nationally, only at manufacturer, NR = not registered, DBI = donated by industry

Chem. Chemical Abbreviation Chemical Structure CAS Source
# Name Number
N-methyl —
perfluoro- o{
33 octane MeFOSEA F FFF FFF F O 0 25268-77-3 DBI
sulfonamido F I I I I I I I I g_N
1l
ethyl acrylate EEEEEEEE O \

N-ethyl —

perfluoro- {
o 423-82-5 Acros

(6]
34 octane EtFOSEA 0
S—N
AN

sulfonamido F
ethyl acrylate 4

M——
M——
M——
M——
M——
M——
M——
M——T

8:2
35  Fluorotelomer 8:2 FtOH
Alcohol

m

Mm——m
Mm——m
Mm——
Mm——m
Mm——m
m——m
Mm——m
Mm——m

\ 678-39-7 Oakwood
OH

10:2
36  Fluorotelomer 10:2 FtOH
Alcohol

M

L
865-86-1 SynQuest
Lo

n——m
Mm——m
n——
n——m
n——m
Mm——m
n——




Table 1. Fluorinated chemicals sources (Continued).
Abbreviation: “=not registered nationally, only at manufacturer, NR = not registered, DBI = donated by industry
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Chem. Chemical Abbreviation Chemical Structure CAS Source
# Name Number
F F F F F F
1
37  Fluorotelomer 6:2 FtOAcr F F F F F F 0) 17527-29-6 Aldrich
acrylate >—\
¢ N\
I
8:2 F
38  Fluorotelomer 8:2 FtOAcr ,|: ,|: ,|: ,|: ,|: ,|: ,|: ,|: o) 27905-45-9 Aldrich
acrylate )
& N\
F F F F F F F F //
8:2
39  Fluorotelomer 8:2 FtENE F I I I I I I I I 21652-58-4 Aldrich
Olefin
F F FF F F F F
: FFFFFFFTFTFFTF
10:2
40  Fluorotelomer 10:2 FtENE F | | | | | | | | | | // 30389-25-4 SynQuest
Olefin BN
FFFFFFFFTFFTF
12:2
41 Fluorotelomer 12:2 FtENE 67103-05-3 SynQuest

Olefin
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Table 2. Morbidity and mortality index

Ranking Effect
1 mortality

0.6 heart
0.6 brain
0.5 yolk sac edema
0.4 notochord
0.4 axis
0.3 trunk
0.3 delayed development
0.2 circulation
0.2 eye
0.2 jaw
0.2 sp. movement
0.1 somite
0.1 motility
0.1 touch response
0.1 snout
0.1 otic
0.1 fin
0.1 pigment
0.1 swim bladder

Table 3. EZ metric evaluation and toxicity scaling

EZ Metric Level of toxic potential Interpretation
<5 Low Most likely benign
5to 15 Moderate Suspect FC, requires complete
testing
>15 High Requires further testing of

developmental toxicity
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CHAPTER 3 - RESULTS

FCs at Low Concentrations Elicited No Developmental
Malformations
At low concentrations (0.01, 0.1, 1.0, 10 ng/mL), most of the 39 FCs did not display

statistically-significant developmental malformations with the exception of PFDS, EtFOSAA,
MeFOSAA, 6:2 FtS, PFDoDA, FSN, PFPA, PFHxXS (Table 4). The eight FCs induced adverse
effects at certain concentrations, but did not produce a 100% incidence rate (Figure 5). Table
5 illustrates developmental malformations observed at certain concentrations. PFDS elicited
yolk sac edema (YSE), notochord, pectoral fin (p-fin), pericardial edema (PE) and head
malformations (p=0.040; Fisher's exact test) at 1 ng/mL. Body axis malformation was
observed for EtFOSEAA at 0.1 ng/mL (p=0.038), MeFOSAA at 0.01 ng/mL (p=0.038), 6:2 FtS
at 0.1 ng/mL (p=0.038), PFDoDA at 0.01 and 0.1 ng/mL (p=0.038), FSN at 10 ng/mL
(p=0.038) and PFPA at 10 ng/mL (p=0.016). PFHxS exposed at 1 ng/mL elicited p-fin, PE
malformations and lack of touch response (TR) (p=0.016).

The EZ metric value for each concentration ranging between 0.01-10 ng/mL does not
exceed 15, except for PFDS at 1 ng/mL (EZ = 19.55), and MeFOSEA at 0.01 and 1 ng/mL (EZ
= 15.13, 18.19 respectively) (Table 6). This demonstrates that most of the chemicals at
concentrations ranging from 0.01 to 10 ng/mL did not have a significant impact on embryonic
developmental compared to those that were unexposed. 37 FCs had EZ metric values less
than 5, which indicate that the overall consequence to the health of the animal was not severe.
Figure 6 illustrates a representative of a 120hpf zebrafish after continuous exposure to

PFUNDA, which did not elicit significant malformations.

Some FCs at Higher Concentrations Induce Pericardial Edema
For further investigation on potential FC toxicity, 14 FCs were exposed to embryonic

zebrafish by water at higher concentrations (25, 50, 100, 150 or 200 ng/mL). Of these 14
FCs, nine elicited an increase of body axis, pericardial edema, eye, snout and jaw

malformations or delay in touch response (Figure 7). To identify statistically-significant



27

increases in malformations, a Fisher's exact test was ran. Table 7 displays the developmental
malformations observed at concentrations ranging from 25-200 ng/mL. FSA exposed at 200
ng/mL induced a statistically-significant increase in body axis malformations (p=0.034), while
PFBS elicited adverse effects of the heart at 50 and 100 ng/mL (p=0.024 and p=0.011
respectively). Both MeFOSE (p=0.05) and PFOS (p=<0.001) at 100 ng/mL induced an
increase in PE. At 100 ng/mL, FSE produced an increase in jaw malformation (p=0.050).
MeFOSEA at 25 (p=0.017), 50, 100, 200 ng/mL caused an increase in PE (p=<0.001) and
snout malformation at 25 ng/mL (p=0.05). Pericardial edema was significantly increased at
100 ng/mL (p=<0.001) and 200 ng/mL (p=0.05) for MeFOSEMA and at 100 ng/mL (p=0.11)
and 150 ng/mL (p=0.002) for FOSA. EtFOSE exposure elicited an increase in heart
(p=<0.001), eye (p=0.011), jaw malformations (p=0.05) and lack of touch response (p=0.011)
at 100 ng/mL.

Six FCs induced pericardial edema in a percentage of embryonic zebrafish at 120hpf
(n=24) (Figure. 8). PE was statistically-significant increased in EtFOSE (100 ng/mL),
MeFOSEA (25, 50, 100, 200 ng/mL), PFBS (50, 100 ng/mL), PFOS (100 ng/mL), MeFOSEMA
(100, 200 ng/mL) and FOSA (100 and 150 ng/mL). Figure 9 displays an embryonic zebrafish
exposed to PFOS at high concentration, which induced pericardial edema. This figure is a
representative of what the other zebrafish exposed to EtFOSE, MeFOSEA, PFBS,
MeFOSEMA and FOSA looked like at high concentrations.

The 14 FCs data were normalized using the morbidity and mortality index from the EZ
metric scale (Table 2). Eight of the selected FCs did not have an EZ value greater than 15.
At 100 ng/mL, MeFOSE (EZ = 19.15), EtFOSE (EZ = 22.1), FSE (EZ = 16.3) and MeFOSEMA
(EZ = 15.25) had an EZ metric value higher than 15. MeFOSEA at 25, 50, 100 and 200
ng/mL had an EZ value of 21.5, 18, 19, and 17.55, respectively. PFBS had an EZ value
higher than 15 at 50 ng/mL (EZ = 15.7) and 100 ng/mL (EZ = 20.75). Table 6 displays the EZ

values for higher concentration waterborne exposures.
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Alternative Route of Exposure
Since embryonic dose was unknown, PFOS, PFOA, PFDA, PFDS, MeFOSEA and

PFHXxA were microinjected at three different concentrations (0.00002, 0.00024, 0.0024 mg/kg).
Of the six FCs, only three induced a significant increase in developmental malformations
(Figure 10). At 0.0002 mg/kg PFDA elicited a significant number of head malformation
(p=0.005 determined from the Fisher’s exact test), while at the same concentration, PFHxA at
0.00024 mg/kg caused an increase in mortality (p=0.011). PFOA at 0.00024 and 0.0024
mg/kg produced a higher mortality count (p=0.036 and p=0.017 respectively).

Table 8 displays the six FCs data in terms of the EZ metric scale. Most of the
chemicals at their tested concentration had an EZ metric value of less than 15, except for
PFOA at 0.00024 mg/kg had an EZ value of 20.15 and PFDA at 0.00024 mg/kg had an EZ
value of 16.15.

Additional microinjection concentrations were completed for four of the previously
microinjected FCs, PFHxA, PFOA, PFOS and PFDA. Each chemical was microinjected at
concentrations ranging between 0.01-0.12 mg/kg. Figure 11 displays the developmental
malformations observed at the three injected concentrations. PFOS demonstrated a
statistically-significant increase in mortality at 0.030 mg/kg (p=<0.001), 0.061 mg/kg (p=0.008)
and 0.12 mg/kg (p=0.001). Pericardial edema was significantly increased at 0.12 mg/kg for
PFOS (p=0.011) and 0.098 mg/kg for PFOA (p=0.050).

Normalizing the microinjected data of the four FCs was necessary to determine EZ
metric values (Table 7). Very few FC doses induced an EZ metric value greater than 15.
PFHxA at 0.036 mg/kg had an EZ metric value of 16 while PFOS at 0.030, 0.061, 0.12 mg/kg
had an EZ metric value of 18.05, 15.45 and 16.95 respectively.

The data collected for both microinjection studies is complied into Table 8. The table
is organized by the statistically-significant increase in the three developmental malformations
(head, mortality and PE) observed at concentrations relating to environmental background,

human serum levels and whole concentration in wildlife.



Table 4. Fluorinated chemicals with increased embryonic malformations.

p values were determined by the Fisher’'s exact test and are only displayed for those chemicals that are statistically-significant (p=<0.05)
Abbreviation: YSE = yolk sac edema, NC = notochord, P-fin = pectoral fin, PE = pericardial edema, TR = touch response, * = microinjected
p values: - p=<0.0011,22— p=0.002,1: — p=0.004, * — p=0.005, ° — p=0.011, ® — p=0.016, " — p=0.017, ® — p=0.024, ° — p=0.034, ° — p=0.036,

—p=0.038, “—p=0.04, ~° —p=0.05
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Chemical Mortality YSE Axis NC P-Fin PE Head Eye Snout Jaw TR
PFDA *0.0002mgkg*
FSA 200 ng/mL”’
PFDS 1ng/mL"” 1ngml” | 1ngmL™ | 1ngml" 1ngmL"”
EtFOSAA 0.1 ngmL"
MeFOSAA 001ngmL"
6:2 FtS 01ngmL"
001,
PFDoDA 0.1ng/mL11
FSN 10ngmL"
PFPA 10ngmL"
PFHxS 1ngmL® | 1ngmL® 1ng/mL°
50 ng/mL®
PFBS 100 ngimi®
PFHxA  [*00002mgkg®
FSE 100 ng/mL"
MeFOSE 100ngmL ™
25ng/mL"
MeFOSEA 50,100,200 25ngmL®
ng/mL'
100 ng/mL"
MeFOSEMA 200ngmL’
EtFOSE 100 ng/mL" 100 ng/mL° 100ngmL " | 100ngmL°
100ng/mL>
FOSA 150ng/mL2
00024 ng/mL ™
PFOA 160004 ngimL’
PFOS 100ng/mL"
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Figure 5. Zebrafish malformations elicited from exposure to 0.01-10 ng/mL of the

indicated FC.

Embryos were exposed to 39 FC at 6hpf and evaluated for malformations at 120hpf.

(a, ¢, d) PFDoDA, EtFOSAA and MeFOSAA exposed embryos had an increase in body axis
malformation at 0.1, 0.1 and 0.01 ng/mL (respectively). (b) PFDS increased YSE, notochord,

p-fin and PE and head malformation at 1 ng/mL.
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Figure 5. Zebrafish malformations elicited from exposure to 0.01-10 ng/mL of the
indicated FC (Continued). Embryos were exposed to 39 FC at 6hpf and evaluated for
malformations at 120hpf. (e) FSN caused delay in touch response at 10 ng/mL. (f, g) 6:2 FtS
and PFPA exposed embryos has an increase in body axis malformation at 0.1 ng/mL and 10
ng/mL, respectively. (h) PFHxS elicited p-fin, PE malformation and no touch response at

1ng/mL.
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Table 5. Developmental malformations observed at 0.01-10 ng/mL.

PFDS, EtFOSAA, MeFOSAA, 6:2 FtS, PFDoDA, FSN, PFPA and PFHxS displayed an
increase in developmental malformations in yolk sac edema (YSE), notochord, pectoral fin (P-
fin), pericardial edema (PE), head, body axis and lack of touch response. p values were
determined by the Fisher’s exact test.

Developmental = Chemical Concentration value
Malformation Name (ng/mL) P

YSE PFDS 1 0.040
Notochord PFDS 1 0.040
P_fin PFDS 1 0.040
PFHxS 1 0.016
PE PFDS 1 0.040
PFHxS 1 0.016
Head PFDS 1 0.040
EtFOSEAA 0.1 0.038
MeFOSAA 0.01 0.038
Body axis 6:2 FtS 0.1 0.038
PFDoDA 0.01,041 0.038
FSN 10 0.038
PFPA 10 0.016
TR PFHxS 1 0.016
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Table 6. Waterborne exposed fluorinated chemicals normalized for EZ metrics.

Chem.  Abbre- Chemical Structure Con- EZ

# viation centration Metrics

Control H,O 3.38

Vehicle 1% DMSO 2.1

) ] 0.01 ng/mL 1.72

Not Available — Mixture of: 0.1 ng/mL 5.00

1 FSA 25% fluorosurfactant, 37.5% isopropyl 1.0 ng/mL 1.70

alcohol, and 37.5% water 10 ng/mL 3.23

0.01 ng/mL 2.72
0.1 ng/mL 2.72
1.0 ng/mL 3.23
10 ng/mL 5.95

Not Available — Mixture of:
2 FSN 40% fluorosurfactant, 30% isopropyl
alcohol, and 30% water

0.01 ng/mL 0
0.1 ng/mL 3.23
1.0 ng/mL 0
Not Available — Mixture of: 10 ng/mL 3.23
3 FSE 14% fluorosurfactant, 24% ethylene glycol, 25 ng/mL 14.05
and 62% water 50 ng/mL 8.00

100 ng/mL 16.30
200 ng/mL 12.45

0.01 ng/mL 0
. . 0.1 ng/mL 3.23
4 FSK Not Available -Mixture 1.0 ng/mL 0
10 ng/mL 0
|,: ||: ||: ||: /O 0.01 ng/mL 12.20
7 0.1 ng/mL 3.23
5 PFPA F T T T\ 1.0 ng/mL 3.74
F F F F OH 10 ng/mL 13.40
||: ||: T ||: ||: o 0.01 ng/mL 3.23
/Y 0.1 ng/mL 3.23
6 PFHxA  F T T 1 T\ 1.0ng/mL  13.10
F F F F F OH 10 ng/mL 0
F F F F F F OH 0.01 ng/mL 0
V4 0.1 ng/mL 6.80
7 PFHpA  F N\ 1.0ng/mL  11.00
FFFF O 10 ng/mL 8.16
F F F F OH 25 ng/mL 5.00
/ 50 ng/mL 0.10
8 PFOA  F N 100 ng/mL 5.60
F F F F F F F o) 200 ng/mL 1.90
T ||: ||: ||: ||: ||: ||: F OH 0.01 ng/mL 6.46
_ / 0.1 ng/mL 3.57
9 PFNA O I O I O N\ 1.0 ng/mL 3.23
FFFFFFFEFE O 10 ng/mL 8.50
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Table 6. Waterborne exposed fluorinated chemicals normalized for EZ metrics
(Continued).

e el Chemical Structure (e =
# viation centration Metrics
0.01 ng/mL 3.40

0.1 ng/mL 0

FFFFFFFFF oH 1.0 ng/mL 1.36

o e el LLTTTLLL jongml 0
LTI LTI IN 25ngimL 445
FFFFFFFFF O 50 ng/mL 0.95

100 ng/mL 3.20
200 ng/mL 1.90

F FFFFF ||: I|: I|: I|: OH 0.01 ng/mL 0
_ / 0.1 ng/mL 0
11 PFUNDA  F T 1T T\ 1.0 ng/mL 0
- FFFFFFFFF O 10 ng/mL 0
T o Oineml s
/ .1 ng/m .
12 PFDoDA F T T 1T T\ 1.0 ng/mL 3.23
FFFFFFFFFFF O 10 ng/mL 0
F F ||: ||: ||: ||: ||: ||: ||: F l|: ||: oH 0.01 ng/mL 4.59
0.1 ng/mL 0
13 PFTrDA F (

TTT T T tongm o
FFFFFFFFFFFF O 10ngmL 0
LTI ™ anom »

0.1 ng/mL 3.4

14 PFTDA F ¢

LTI LY 10ngml 0
FFFFFFFFFFFFF O 10ngmL 7.14

0.01 ng/mL 6.46

FFFF O 0.1 ng/mL 9.69

] g o 1.0 ng/mL 8.50

15 PFBS L1 10 ;2 o e
EEEEO ng/mL 7.95

50 ng/mL 15.70

100 ng/mL 20.75

200 ng/mL 11.55

T T IT 'T T T 0.01 ng/mL 0

F o 0.1 ng/mL 2.72

: I

16 6:2 FtS ,!- ,!— ,l Fl ,!— ,!— s—oH 1.0 ng/mL 0
0 10 ng/mL 12.07

||: ||: ||: ||: ||: ;|: (l)I 0.01 ng/mL 6.46

_ 0.1 ng/mL 6.46
7 PRSP o 1.0ng/mL  13.09
F F F F F F O 10 ng/mL 3.23
T T T T T T T T 0.01 ng/mL 11.22

. o) 0.1 ng/mL 2.50
L U O N A A AP T

10 ng/mL 11.39

e}
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(Continued).
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Chem. Abbre- . Con- EZ
oy Chemical Structure . .
# viation centration  Metrics
F ||: ||: F F ||: ||: ||: |c|> 25 ng/mL 1.55
50 ng/mL 0.95
F S—OH
19 PFOS T T T T T 10 100 ng/mL  13.15
FFFFFFFFO 200 ng/mL 8.10
P IITET,, omam o
0.1 ng/mL 0
20 PFDS F S—OH
] F T 1T 11 1T 1 1T T 1.0 ng/mL 19.55
FFFFFFFFFFO 10ng/mL  1.36
0
L Fil
21 MeFBSA FWH 1.0 ng/mL 6.46
F F F 10 ng/mL 0
0.01 ng/mL 0
0.1 ng/mL 0
|F |F |F |F |F |F |F |F hD 1.0 ng/mL 3.23
10 ng/mL 0
22 FOSA F SN,
| | | | | | | | I 25 ng/mL 13.50
FFFFFFFFO 50 ng/mL 14.70
100 ng/mL 12.35
200 ng/mL 14.35
F FFFF |F |F |F ﬁ 0601 ng;m:: 2.38
F S—NH -1 ngim 0
23 EtFOSA ] T | | | il \—CH 1.0 ng/mL 0
F F F F F F F F O 3 10 ng/mL 0
OH
F F F F F F F F O _< 0601 ng;mt 1'(:)36
24 FOSAA ¢ B A 10 o’ 0
_ I -2 ngim
F F F F F F F F O 10 ng/mL 0
et e Err o M 0.01ng/mL 0
/T 0.1 ng/mL 11.39
25 EtFOSAA F I I I I I I I %—N \\O 1.0 ng/mL 0
L A A A O O e 10 ng/mL 1.02
0 0.01 ng/mL
FFFF O /_</ 0.1 ng/mL ggg
26 MeFBSAA . I I I s —n oOH 1.0 ng/mL 3.23
N 10 ng/mL 0
e rErEEoO //O 0.01 ng/mL 2.72
/X 0.1 ng/mL 0
27 MeFOSAA I I I I I I SN on 1.0 ng/mL 0
FFEEFFFEFFO O 10 ng/mL 0
?I H 0.01 ng/mL 4.59
F F F F s—o’ 0.1 ng/mL 3.23
28  MeFBSE I I I I e, 1.0 ng/mL 0
F F F _F 10 ng/mL 2.38




Table 6. Waterborne exposed fluorinated chemicals normalized for EZ metrics
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Chem. Abbre- . Con- EZ
oy Chemical Structure . .
# viation centration Metrics
OH 0.01 ng/mL 2.72
0.1 ng/mL 0
FFFFFFFFO
Y 1.0ng/mL  10.20
29 MeFOSE F I I I I I I I I ﬁ—N\ 10 ng/mL 1.36
25 ng/mL 9.40
FFFFFFFTFO 188n9§mt 1332
ng/m .
OH 0.01 ng/mL 5.95
FFFFFFFFO ,_/ ?-gngjm:: i-gg
[l .0 ng/m .
30 EtFOSE F I I I I I I I I S—N 10 ng/mL 0
A > 25ngimL 595
& 50 ng/mL 7.7
Hy 100 ng/mL  22.10
0.01 ng/mL 0
0.1 ng/mL 3.23
R
FFFFFFFTFO ng/m :
31  MeFOSEMA EERERARERIN o 25 na/mL 180
RN 50 ng/mL 0.60
FFFFFFFFO 100 ng/mL  15.25
200 ng/mL 3.50
Q: 0.01 ng/mL 0
0=\ 0.1 ng/mL 3.23
32 EtFOSEMA
i R fsﬁ /%  1ongmL 646
- 10 ng/mL 0
O
___ 0.01 ng/mL 15.12
O{ 01ng/mL  3.23
EFEFEEFEFEEO \O 1.0ng/mL  18.19
M T T O O A 10ng/mL 0
B8 MoFOSEA BEEEEEE ﬁ—N\ 25ng/mL  21.50
FFFFFFTFF 50 ng/mL  18.20
100 ng/mL 19.00
200 ng/mL 17.50
1) 0.01 ng/mL 3.23
\
FFFFFFFTFO 0.1 ng/mL 0
4 BFOSEA - L L Ll 10ng/ml 3.3
LLL##L;;B\ 10 ng/mL 1.36
||: ||: ||: ||: ||: ||: ||: ||: 0.01 ng/mL 3.23
. - 0.1 ng/mL 1.36
8  82FOH  Fo——— 1] 10ngmL  1.36
FFFFFFFFTF OH 10 ng/mL 0
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Chem. Abbre- : Con- EZ
ot Chemical Structure : .
# viation centration Metrics
F ||: T ||: T T F F T ||: 0.01 ng/mL 0
. 0.1 ng/mL 2.04
36  10:2 FtOH T T T T T 1T 11 1.0 ng/mL 1.36
F FFFFFFFFF OH 10 ng/mL 0
F F F F F F 0.01 ng/mL 0
. I I I I I 0.1ng/mL  6.46
37  6:2 FtOAcr FF F F FF ° 11'8 Egm: S'ég
I\
FFFFFFTFFTF
- Ll ] ] 0.01 ng/mL 3.23
0.1 ng/mL 0
3B B2FOAC  frrrrrrF VO 1ongm. 323
o> \\ 10 ng/mL 0
||: ||: ||: ||= ||: F F F // 0.01 ng/mL 6.97
_ E 0.1 ng/mL 0
39  8:2FtENE T T T 1.0 ng/mL 0
FFFFFFFF 10 ng/mL 0
FFFFFFFTFTFF 0.01 ng/mL 0
- 10:2 L] |/ 0.1 ng/mlL 0
FtENE BN 1.0 ng/mL 0
FFFFFFTFTFF 10 ng/mL 13.77
F FFFFFFTFFTFTFF 0.01 ng/mL 0
o 122 O 7 1 7 N
FtENE | | | | | | | | | | | 1.0 ng/mL 3.23
F F FFFFFFFF F F 10 ng/mL 3.23




38

PFUNnDA

Figure 6. A 120hpf zebrafish (a) control vehicle (b) exposed to 0.01-10 ng/mL of

PFUNDA.

(a) Control vehicle exposure (either dosing solution or DMSO). (b) Exposure of PFUnDA
induced mild to no effects.
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Figure 7. Zebrafish malformations elicited from exposure to 25-200ng/mL of the
indicated FC.

Statistical significant was determined from a Fisher’s exact test. (a) Increase in body axis
malformation at 200 ng/mL. (b, ¢) PFOS and PFBS induced PE.
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Figure 7. Zebrafish malformations elicited from exposure to 25-200ng/mL of the
indicated FC (Continued). Statistical significant was determined from a Fisher’s exact test.
(d) Exposure at 100 ng/mL of FSE caused increase in jaw malformations. (e) PE observed at
all concentrations and snout malformation at 25 ng/mL of MeFOSEA. (f) MeFOSEMA induced
PE.
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Figure 7. Zebrafish malformations elicited from exposure to 25-200ng/mL of the
indicated FC (Continued). Statistical significant was determined from a Fisher's exact test.
(g, i) FOSA and MeFOSEA induced PE. (h) Heart, eye and jaw malformations observed with
delayed touch response for EtFOSE.
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Table 7. Developmental malformations observed at 25-200 ng/mL.

FSA, FSE, FOSA, PFBS, PFOS, MeFOSE, MeFOSEA, MeFOSEMA and EtFOSE elicited an
increase in developmental malformations in body axis, pericardial edema (PE), jaw, snout, eye
and lack of touch response. p values were determined by the Fisher’s exact test.

Developmental Chemical Concentration value
Malformation Name (ng/mL) P
Body axis FSA 200 0.034
PFBS 50, 100 0.024, 0.011
MeFOSE 100 0.05
PFOS 100 <0.001
PE MeFOSEA 25, 50, 100, 200 0.017, <0.001
MeFOSEMA 100, 200 <0.001, 0.05
FOSA 100, 150 0.011, 0.002
EtFOSE 100 <0.001
Jaw FSE 100 0.050
EtFOSE 100 0.05
Snout MeFOSEA 25 0.05
Eye EtFOSE 100 0.011
TR EtFOSE 100 0.011
100
—e— EtFOSE
= 80 1t00 ug/L, p= <0.001
S -O- MeFOSEA
] gg ;;ggL,Z%E%g/Y p=<0.001
g 60 1 —o- PFBS o
g 00 pai. p20011
E 40 —A— PFOS
g 100 pg/L, p=<0.001
T MeFOSEMA
T 20+ 200 bl pe 0050
= -8 FOSA
d‘: 100 pg/L, p=0.011

150 pg/L, p= 0.002

o
1

0 50 100 150 200

Concentration (ng/mL)

Figure 8. FCs with statistically-significant increase in pericardial edema.
EtFOSE, MeFOSEA, PFBS, PFOS, MeFOSEMA and FOSA elicited statistical significant
(p<0.05 based on Fisher’s exact test) increase at concentrations ranging from 25-200 ng/mL.
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Figure 9. A 120hpf zebrafish (a) control vehicle (b) exposed to 25-200 ng/mL to PFOS.
(a) Control vehicle exposure (either dosing solution or DMSO). (b) Exposure of PFOS
increased heart, body axis and yolk sac malformations.




Table 8. Microinjected concentration normalized for EZ metrics.
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Nominal
Chem. Abbre- . Test EzZ
# viation izl S Con- Metrics
centration
onrol 0.1%DMSO  4.02
.00002 mg/kg 5.7
l|= ||= l|= I|: l|= e .00024 mg/kg 6.2
// .0024 mg/kg 0
S Y B 018mgkg  13.6
F F F F F OH .036 mg/kg 15.1
.073 mg/kg 6.2
.00002 mg/kg 7.65
PR e ow oo2amgkg 154
8 PFOA F R 024 mg/kg  8.05
F F F F F F F o] .049 mg/kg 7.80
.098 mg/kg 11.7
.00002 mg’kg 10.7
||= ||: ||: ||: ||: ||: ||: ||: ||: /OH .00024 mglkg  16.15
e 0024 mgkkg  5.75
10 PFDA LT LT TN 030mghkg  8.95
FFFFFFFFF O .061mgkg  8.05
.12 mg/kg 7.95
.00002 mg/kg 9.90
||: ||: ||: ||: ||: ||: ||: ||: I(I) .00024 mg/kg 10.95
E _ .0024 mg/kg 2.85
. S—OH :
19 PFOS LT LT LT T 030 mglkg 18,05
FFFFFFFTFO .061 mg/kg 15.05
A12mg/kg  16.15
FFFFFFFFFEF
| | | | | | | | | | |(|) .00002 mg/kg 9.70
FEEEEEEEEE |(|) 0024 mglkg  8.95
O— .00002mgkg 70
33 MeFOSEA FEFFEFFEDQ O 00024 mghkg 559
HHHHHHHRC R s
[l
FFFFFFFTFO \
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Figure 10. Zebrafish malformations elicited from microinjection of the indicated FCs at
0.00002. 0.00024, 0.0024 mg/kg.
3-4 hpf embryos were microinjected with six FCs. (a) PFDA at 0.00002 mg/kg elicited head
malformations. (b) No statistically-significant malformation observed. (¢) 0.00002 mg/kg of
PFHxA induced an increase in mortality.
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Figure 10. Zebrafish malformations elicited from microinjection of the indicated FCs at
0.00002. 0.00024, 0.0024 mg/kg (Continued).

3-4 hpf embryos were
malformation observed.
mortality.

microinjected with six FCs. (d, e) no

statistically-significant

(f) 0.00024 and 0.0024 mg/kg of PFOA induced an increase in
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Figure 11. Zebrafish malformations elicited at higher microinjection concentrations.
Further microinjection of PFDA, PFHxA, PFOA and PFOS were conducted on 3-4 hpf
embryos. (a, b) PFDA and PFHXxA did not elicit any statistically-significant malformations.
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Figure 11. Zebrafish malformations elicited at higher microinjection concentrations
(Continued). Further microinjection of PFDA, PFHxA, PFOA and PFOS were conducted on
3-4 hpf embryos. (a) Pericardial edema (PE) was significantly increased at 0.098 mg/kg of
PFOA. (b) Mortality was increased at all concentrations and PE was increased at 0.12 mg/kg.
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Table 9. Developmental malformations observed when microinjected with higher doses.
PFDA, PFHxA, PFOA and PFOS elicited an increase in mortality, head and pericardial edema
(PE). p values were determined by the Fisher’s exact test.

Developmental Chemical Concentration value
Malformation Name (mgﬂ) P
Head PFDA 0.0002 0.005
Mortality PFOA '0 030 ’0 661 0.036, 0.017
PFOS ' 0’12' ’ <0.001, 0.008, 0.001
PE PFOS 0.12 0.001

PFOA 0.09 0.050
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CHAPTER 4 - DISCUSSION

FCs demonstrated an overall low response in this model. The embryonic zebrafish is
a good model for detecting environmental contaminants. Previous studies utilizing the
embryonic zebrafish as an in vivo model to detect toxic compounds demonstrated that sodium
metam and carbon fullerenes (C60) are developmentally toxic at very low concentrations. For
example, sodium metam dose response curve for mortality estimated an LC50 to be 248
ng/mL at 48 hpf [32], while C60 induced significant malformations at 200 ng/mL [35]. As
confirmed by various studies, this model is sensitive enough to detect toxic compounds at
relatively low concentrations. This illustrates that this model is sensitive enough to detect
even low-level effects in FCs. Furthermore, my results suggest that most of the FCs in my
study were generally not developmentally toxic.

In this study of 41 FCs, 24 of the chemicals did not induce adverse effects. The 17
that did induce a significant increase in any assessed endpoint had a relatively low percent
incidence (approximately 40% or less). Only one or two chemicals had a malformation
incidence percent above that, but even for those chemicals, it never reached 100%. In this
model, at low concentrations other chemicals have been able to induce 100% incidence rate
of one particular abnormality [32, 33, 35]. Therefore, although the malformations are
statistically significant because there was never a 100% incidence rate, it implies that the
observed effect is generally not developmentally toxic. In addition, FCs that did induce
statistically significant malformations only displayed one or two abnormalities, with a maximum
of four. Typically, a chemical that is developmentally toxic will induce multiple abnormalities at
once rather than just one or two. At higher concentrations (25-200 ng/mL), a direct dose
correlation with heart malformation was observed. This observation confirms a portion of my
hypothesis that certain FCs induce developmental malformations with a positive association
with dose, but these concentrations are not regularly detected in the environment, biota or
human serum. The data generated in this study suggets no overall dose or structure-

response relationship for the chemicals in this model.
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This is the first systematic study of the potential developmental toxicity of structurally
diverse FCs. This study is the first to examine a large number of FCs (41) by two routes of
exposures at various concentrations. At all concentrations tested in this study, no structure or
dose response relationship was identified. However, an increase in pericardial edema was
observed at concentrations that are 100 fold higher than at environmental and human health
exposure levels, which implies that those select few FCs have the potential to perturb the
pathways involved in development of the heart. An investigation of direct devliery of higher
concentrations of certain FCs induced a statistically-significant increase in malformations for
three FCs with carboyxlated “head” group. This demonstrates that there may be a structure-
response relationship among the FCs specific to a certain route of exposure. Upon further
investigation, the new data did not support the structure-response relationship for the
carboxylated “head” group. However, a structure-response relationship was discovered for
two FCs with eight-carbon backbone. This suggests that there may be a relationship between
carbon length and induced developmental toxicity, but until other FCs with eight-carbon
backbone (regardless of “head” groups) are studied, this relationship cannot be determined.
Regardless, this observed potential developmental toxicity was at a concentration significantly
higher than the reported concentrations in tissues and environment.

The initial waterborne exposures (0.01-10 ng/mL) were concentrations that are
relevant to detected FCs in human serum level and in wildlife serum or plasma. At these
lower concentrations, some FCs did produce adverse effects, predominately PE and body axis
malformation. Only six of the 39 FCs induced malformations with an incidence rate of
approximately 40%. At these concentration ranges, there was no dose response or structure
relationship. It would be unlikely that the FCs detected in the human body would perturb
pathways primarily because the concentrations at which these malformations occurred was
approximately 10 fold higher than the actual level in the serum level. As a result, the
concentration of FCs found in the environment may not pose concern to the development of

the heart or the spine.
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When embryonic zebrafish are waterborne exposed to 14 FCs at concentrations
ranging between 25-200 ng/mL, which are concentrations relevant to serum levels found in
human occupation exposure and in whole blood of herring gull [18], conger eel and blue gill
[42] a correlation of increase concentration of certain FCs induced pericardial edema. This
demonstrates that at higher concentrations, there is a dose response. This dose response for
the developmental malformation of the heart observed in the embryonic zebrafish implies that
at high concentrations, FCs may interfere with normal heart development. Extrapolating these
data one could infer the possibility that higher concentrations of FCs could affect heart
development in other systems. However, this is unlikely because these malformations were
observed are high concentrations and only in humans living hear a manufacturing who have
worked there for a long time [7]. Without understanding the mechanism of action for these
FCs, these data cannot be extrapolated to infer assessment of these chemicals in the human
population. The zebrafish model serves as a utility to connect the developmental biology with
human population, but this connection cannot exist without understanding the molecular
pathways and mechanism of action for this class of chemicals.

In an effort to understand the mechanism of action of the FCs, a study of direct
delivery of FCs at concentrations relating to environmental background, human serum levels
and whole blood concentration in wildlife (0.00002, 0.00024 and 0.0024 mg/kg) was
completed. This ensures that the FCs were biologically available to the embryonic zebrafish.
Uptake is an important aspect of developmental toxicity without which the chemical is unable
to associate with pathways or induce malformations. In this study, one method to increase
uptake was to remove the chorion, which may act as a barrier to some chemicals, while the
other method was direct delivery of the FCs into the blood circulation system. The application
of the first method was in the waterborne exposure study at 0.01 — 200 ng/mL, while the other
method was applied by using microinjection techniques with 10 — 1000 ng/mL of FCs. For the
direct injection of the FC, there was no dose response observed, but there was a limited

structure relationship. To further investigate this possible structure relationship, other FCs
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possessing the same structures will need to be directly injected into the embryonic zebrafish
and subsequent studies to determine the mechanism of action will need to be conducted.
These studies must be completed before classifying certain FCs as developmentally toxic.

In conclusion, my data suggests that the 41 FCs | investigated are generally not
developmentally toxic. There was no dose or structure-response relationship observed at
human or environmentally relevant concentrations to suggest that these compounds were
developmentally toxic to zebrafish. Although some FCs did cause embryonic malformations,
the maxium incidence rate observed was only above 80 percent for two FCs while the other
FCs malformation induced an average incidence rate of less than 40%. It is difficult to declare
a chemical developmentally toxic based on a 40 percent incidence rate that occurred
infrequently when this model is sensitive enough to identify chemicals that induce 100 percent
incidence rate at concentrations in low ng/mL. This low percent incidence trend was
consistent for both routes of exposure, through waterborne and direct delivery into the
biological system. A limitation in this study, which may have affected the observed
developmental toxicity, was the solubility of the FCs. In the embryonic zebrafish model,
developmental toxicity was relatively low at higher than observed in environmental conditions.
This is the first systematic study of the potential developmental toxicity, but since it is only a
descriptive study, further investigations will be required. This descriptive study is helpful in
identifying the zebrafish model, as a useful tool to connect all discoveries pertaining to FCs to
the potential implications to the human population. Future studies will need to include cellular
and molecular work to enable results from this model to be translational and implied to human

health.
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CHAPTER 5 - FUTURE DIRECTIONS

Data from this study indicates that FCs are generally not generally developmentally
toxic to zebrafish. However, cellular and molecular response to the FCs will need to be
identified. It will require determining the molecular basis for the different FCs structure and
developmental responses. It has been suggested that the activation of peroxisome
proliferator-activated receptor alpha (PPAR-a) mediates several other toxic effects. To test
this hypothesis in zebrafish, it will require the suppression of PPAR-a by using a moropholino
then observations to see if a significant increase in toxicity occurs.

Uptake and dose will need to be determined from the tissue of the embryos water-
exposed to FCs. This is crucial for the future work because lack of distribution of the FC could
explain why FCs are not developmentally toxic in this model. FCs tend to bind to lipids and
proteins due to their negative charge, therefore, there is a possibility that the moment the
chemicals enters the biological system, it quickly bound up and did not distribute.
Pharmacokinetic characteristics of FCs, especially during early developmental stages, will
greatly facilitate an understanding of these chemicals dispositions and potential cellular
targets. To understand the pharmacokinetics of FCs, embryonic zebrafish that are exposed to
FCs through the water will have to have its tissues extracted and analyzed with analytical

chemistry [43].
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CHAPTER 6 — CONCLUSION

FCs are generally not overtly developmentally toxic in the embryonic zebrafish model.
Compared to other chemicals (C60 and sodium metam) FCs induced low to no response.
These results demonstrate the utility of the embryonic zebrafish animal model to rapidly
assess the developmental toxicity of environmental and industrial chemicals. Furthermore,

the versatility of this model will allow for mechanistic studies in the future.
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Appendix A. Chemical data on fluorinated chemicals.
Abbreviation: #=not registered nationally, only at manufacturer, NR = not registered, DBI = donated by industry
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. Number of
el il Abbreviation Fluorinated Chemical Structure e BEIED e Source
# Name Formula Number
carbon
Zonvi® FSA Not Available — Mixture of: _
1 fﬁljoro_ FSA N/A 25% fluorosurfactant, 37.5% isopropyl alcohol, N/A 65530-69-0"  Aldrich
2- Not Available — Mixture of: A ,
kyl)ethanol and 30% water
Zonyl™ Not Available — Mixture of: A _
3 FSE Fluoro- FSE N/A 14% fluorosurfactant, 24% ethylene glycol, and N/A 83653-37-6 Aldrich
surfactantl 62% water
4 Zonyl® FSK FSK N/A Not Available — Mixture N/A 80449-64-5" Fluka
F F F F o
Perfluoro- , , | | //
5 pentanoic PFPA 4 F | | | | \ CsHF 40O, 2706-90-3 Aldrich
acid F F F F OH
F F F F F
Perfluoro- | | | //O
6 hexanoic PFHxA 5 F | | | < CeHF 110, 307-24-4 DBl
acid F F F F F_OH
Perfluoro- FF '|: '|: '|: '|: OH
7 heptanoic PFHpA 6 F \/\ C;/HF 30, 375-85-9 Aldrich
acid | | | | O
F F F F F F
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. Number of
Chem.  Chemical Abbreviation Fluorinated Chemical Structure el CAS Source
# Name Formula Number
carbon
R
Perfluoro- V4 )
F _B87-
8 octanoic acid PFOA 7 | | | | | | | \\ CgHF 150, 335-67-1 Aldrich
FFFFFFF O
Per FFFFFFFF OH
9 erfiuoro- PFNA 8 N I O A I I O CoHF 170, 375-95-1  Aldrich
nonanoic acid I | | | | | | | | \\
FFFFFFFF O
FFFFF I|= I|: I|= I|: OH
Perfluoro- - / .
10 decanoic acid PFDA 9 ' | | | | \ C1oHF 150, 335-76-2 Aldrich
FFFFFF O
Perfluoro- FEEEERFE ||: T ||: T /OH
11 undecanoic PFUNnDA 10 F | | | | i\ C11HF2,0, 2058-94-8 Aldrich
acid FFFFFFFFFF O
Perfluoro- FFFFFFFFFFF OH
12 dodecanoic PFDoDA 11 F | | | | { C12HF 230, 307-55-1 Aldrich
acid R O O R | | | | | A\
F FFFF FFFFF O
Perfluoro PR R R on
13 tridecanoic PFTrDA 12 F | | | | | | \ C13HF250, 72629-94-8 Aldrich
acid FFFFFFFFFFFF O




62

. Number of
Ch;m. Cr;‘lemlcal Abbreviation Fluorinated Chemical Structure Lfel BEIED e Source
ame carbon Formula Number
FFFFFFFFFFFTFF OH
oy Feruore S e B R |
etradepanmc PFTDA 13 f | | | | | | | | | | | | \\ C14HF 2,0, 376-06-7 Aldrich
acid FFFFFFFFFFFFF O
Perfluoro- ||: ||: FF |O|
15 butane PFBS 4 F | | ﬁ—OH C4HFSO3 29420-49-3 DBI
sulfonate FEFFFEO
F F F F F F
6:2 | | | 0
16 Fluorotelomer 6:2 FtS 6 | | |\ 0 CgHsF 13S0, 27619-97-2  Apollo
sulfonate F F F F F F ﬁ—OH
@)
Perfluoro- '|: T '|: '|: '|: '|: ﬁ
17 hexane PFHxS 6 F | | | | | | ﬁ—OH CeHF13S03 3871-99-6 DBI
sulfonate F E FEFEEFO
FFFFFFTFF
82 R I I I I T A
18  fluorotelomer 8:2 FtS 8 LT LD N\ C1oHsF17S05 NR DBI
Sulfates FFFFFFFF T

O:
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. Number of
Chem,  Chemical Abbreviation Fluorinated Chemical Structure s ol CAS Source
# Name Formula Number
carbon
Per FFFFFFFTF I(I)
erfluoro-
19 octane PFOS 8 F | | | | S—COH CgF17SO5 2795-39-3 Aldrich
sulfonate ILILILILFFFFED
Perfl FFFFFFFFFFDO
erfiuoro- | | | | | | U 67906-42-7 .
20 decane PFDS 10 F | | | | | | S—H C1oHF21S03 (NH4) Aldrich
sulfonate [l
FFFFFFFFFFDO
O
yerr}?fm' FFF g—N/H
21 butane MeFBSA 3 F ICI) CsHsF7/NSO, NF DBI
sulfonamide F F F
LS
octane F S—NH:
22 sulfonamide FOSA 8 | | | | | | | | I ] CgHoF17NO,S NF DBI
FFFFFFFTFO
psffﬁ?r/l)- FFFFFFFFTF ﬁ
23 octane EtFOSA 8 F I I I I I I I I ﬁ—NH C1oHgF17NO,S 4151-50-2 ABCR
sulfonamide FEFEFEFEFEFEO \—CH3

(sulfluramid)
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Number of
Fluorinated
carbon

Chem. Chemical

# Name Abbreviation

Chemical Structure

Molecular
Formula

CAS
Number

Source

N-acetyl-
perfluoro-
24 octane
sulfonamide

FOSAA 8

M

M——m

C1oH4F17NSO,

NR

DBI

N-ethyl
perfluoro-
25 octanesulfona
mido acetic
acid

EtFOSAA 8

M

M——™

Tn——

C12HgF17NSO,4

NR

DBI

N-methyl
perfluoro-
26 butane
sulfonamido
acetic acid

MeFBSAA 4

M——m

M——m

M—1—m

M—1—m

C7HgFgNSO,

NR

DBI

N-methyl
perfluoro-
27  octanesulfona
mido acetic
acid

MeFOSAA 8

M

T——

M——

Mm——

n——m

n——m

C11H6F17NO4S

NR

DBI

N-methyl
perfluoro-
28 butane
sulfonamido
ethyl

MeFBSE 4

M—

M—t—m

M——m

C7HgFsSO;

NR

DBI
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. Number of
Chem.  Chemical Abbreviation Fluorinated Chemical Structure Lol et CAS Source
# Name Formula Number
carbon
N-methyl OH
perfluoro- FEFEFFFFEFO —/
29 octane MeFOSE 8 S T SV Ci1HgF17NSO; ~ 24448-09-7  DBI
Sulfonamide- BN
ethanol FFFFFFFFO
OH
N-ethyl FFFFFFFFO /_/
perfluoro- E | | | | | | | | g—N
30 octane EtFOSE 8 R CioHioF17NSO;  1691-99-2 DBI
sulfonamido F FFFFFFFO >
ethanol H3C
N-methyl
perfluoro- o T
octane N
31 . MeFOSEMA 8 F FFFFFTFFO o) CisH12F17NSO, NR DBI
sulfonamido Ll L] g
F —N
ethyl T T T T TN
methacrylate F FFFFFFFO
N-ethyl 4>:
perfluoro- o "
32 octane EtFOSEMA 8 FEFEFEFEEFEFOQ O  CuHuFsNSO,  376-14-7 Acros
sulfonamido e L g_N
ethyl R
methacrylate FFFFFFFFO
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Chem.
#

Chemical
Name

Number of
Abbreviation Fluorinated
carbon

Molecular

Chemical Structure
Formula

CAS
Number

Source

33

N-methyl
perfluoro-
octane
sulfonamido
ethyl acrylate

MeFOSEA 8

A\
0 CysH1oF17NSO,

=0

Mn——

M——

n——

M—1—m
M——m
M—1—
M——m
M—1—m
wn
2

o

~

25268-77-3

DBI

34

N-ethyl
perfluoro-
octane
sulfonamido
ethyl acrylate

EtFOSEA 8

TI
o

/_/ O  CysH42F17NSO4

0
—N
AN

m——m
¢}

423-82-5

Acros

35

8:2
Fluorotelomer
Alcohol

8:2 FtOH 8

M

\ C1oHsF470
OH

678-39-7

Oak-
wood

36

10:2
Fluorotelomer
Alcohol

10:2 FtOH 10

m

M— T

M——™

REEERE
C12HsF210
PrErrEr o

865-86-1

Syn-
Quest
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. Number of
Clizi e e Abbreviation Fluorinated Chemical Structure e L Source
# Name Formula Number
carbon
F F F F F F
1
37  Fluorotelomer 6:2 FtOAcr 6 F F F F F F o C11H7F 130, 17527-29-6 Aldrich
acrylate >—\
¢ N\
F FFFFFTFF
g R
38  Fluorotelomer 8:2 FtOAcr 8 ,|: ,|: ,|: ,|: ,|: i— i— ,|: o) C13H7F170; 27905-45-9 Aldrich
acrylate )
&\
F F F F F F F F //
8:2
39  Fluorotelomer 8:2 FtENE 8 F I I I I I I I I CioHsF 17 21652-58-4 Aldrich
Olefin FFFFFFFF
10:2 FFFFFFFFFF/
40  Fluorotelomer 10:2 FtENE 10 F | | | | | | | / C1oHsF 24 30389-25-4 Syn-
Olefin DEEEEEEEE Quest
FFFFFFFFFF
. F FFFFFFFFTFTFF
i . | RERRERRY/ Syn-
41 Fluorotelomer 12:2 FtENE 12 E Ci4HsF 25 67103-05-3
Olefin ] BEEEEEE Quest
FFFFFFFFFTFFF




Appendix B. 39 FCs broad range waterborne exposure raw malformation data tables.
Abbreviation: YSE = Yolk Sac Edema, NC = Notochord, C-Fin = Caudal Fin, P-Fin = Pectoral Fin, PE = Pericardial Edema, TR = Touch Response

Table B. 1. PFDA broad range waterborne exposure raw malformation data

68

[Concentration [Mortality | YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain | Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 2/48 1/47 - 1/47 | 1/47 - - 1/47 - - 1/47 - - 1/47 - -
0.01 ng/mL - - - 1/7 - - - - - - - - - - - -
0.1 ng/mL - - - - - - - - - - - - - - - -
1 ng/mL - - 117 - - - - - - - - - - - -
10 ng/mL - - - - - - - - - - - - - - - -
Table B. 2. FSA broad range waterborne exposure raw malformation data.

|[Concentration [ Mortality | YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 2/48 1/47 - 1/47 | 1/47 - - 1/47 - - 1/47 - - 1/47 - -
0.01 ng/mL - - - 1/7 - 1/7 - - - - - - - - - -
0.1 ng/mL - 1/7 - 1/7 - - - 1/7 - - - - - - - -
1 ng/mL - - 1/7 - 1/7 - - - - - - - - - -
10 ng/mL 1/7 - - - - - - - - - - - - - - -
Table B. 3. PFDS broad range waterborne exposure raw malformation data.

[Concentration | Mortality | YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain | Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 2/48 1/47 - 1/47 | 1/47 - - 1/47 - - 1/47 - - 1/47 - -
0.01 ng/mL - - - - - - - - - - - - - - - -
0.1 ng/mL - - - - - - - - - - - - - - - -
1 ng/mL 17 2/6 - 16 | 2/6 - 2/6 2/6 - - 2/6 - - - - -
10 ng/mL - - - 17 - - - - - - - - - - - -




Table B. 4. FOSAA broad range waterborne exposure raw malformation data.
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[Concentration [Mortality | YSE [Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 2/48 1/47 - 1/47 | 1/47 - - 1/47 - - 1/47 - - 1/47 - -
0.01 ng/mL - - - 1/7 - - - - - - - - - - - -
0.1 ng/mL - - - - - - - - - - - - - - - -
1 ng/mL - - - - - - - - - - - - - - - -
10 ng/mL - - - - - - - - - - - - - - - -
Table B. 5. PFTDA broad range waterborne exposure raw malformation data.

|[Concentration | Mortality] YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 2/48 1/47 - 1/47 | 1/47 - - 1/47 - - 1/47 - - 1/47 - -
0.01 ng/mL - - - - - - - - - - - - - - - -
0.1 ng/mL - - - 1/7 - - - 1/7 - - - - - - - -
1 ng/mL - - - - - - - - - - - - - - - -
10 ng/mL - 1/7 - U7 | 17 - - 17 - - - 1/7 - - - -
Table B. 6. PFTrDA broad range waterborne exposure raw malformation data.

|[Concentration [Mortality | YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 2/48 1/47 - 1/47 | 1/47 - - 1/47 - - 1/47 - - 1/47 - -
0.01 ng/mL 1/7 - - - - - - - - - - - - - - -
0.1 ng/mL - - - - - - - - - - - - - - - -
1 ng/mL - - - - - - - - - - - - - - - -

10 ng/mL




Table B. 7. MeFBSAA broad range waterborne exposure raw malformation data.
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|[Concentration [Mortality | YSE | Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 2/48 1/47 - 1/47 | 1/47 - - 1/47 - - 1/47 - - 1/47 - -
0.01 ng/mL 2/7 - - - - - - - - - - - - - - -
0.1 ng/mL 1/7 - - 1/6 - - - - - - - - - - - -
1 ng/mL 1/7 - - - - - - - - - - - - - - -
10 ng/mL - - - - - - - - - - - - - - - -
Table B. 8. EtFOSAA broad range waterborne exposure raw malformation data.

|[Concentration [ Mortality | YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 2/48 1/47 - 1/47 | 1/47 - - 1/47 - - 1/47 - - 1/47 - -
0.01 ng/mL - - - - - - - - - - - - - - - -
0.1 ng/mL 1/7 1/6 - 2/6 | 1/6 1/6 - 1/6 - - - - - - - -
1 ng/mL - - - - - - - - - - - - - - - -
10 ng/mL - - 117 - - - - - - - - - - - - -
Table B. 9. MeFOSAA broad range waterborne exposure raw malformation data.

[Concentration | Mortality] YSE [Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 2/48 1/47 - 1/47 | 1/47 - - 1/47 - - 1/47 - - 1/47 - -
0.01 ng/mL - - - 2/7 - - - - - - - - - - - -
0.1 ng/mL - - - - - - - - - - - - - - - -
1 ng/mL - - - - - - - - - - - - - - - -

10 ng/mL




Table B. 10. 6:2 FtS broad range waterborne exposure raw malformation data.
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[Concentration [Mortality | YSE | Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 2/48 1/47 - 1/47 | 1/47 - - 1/47 - - 1/47 - - 1/47 - -
0.01 ng/mL - - - - - - - - - - - - - - - -
0.1 ng/mL - - - 217 - - - - - - - - - - - -
1 ng/mL - - - - - - - - - - - - - - - -
10 ng/mL 17 1/6 - 16 | 1/6 1/6 - 1/6 - - 1/6 - - - - -
Table B. 11. PFDoDA broad range waterborne exposure raw malformation data.

[Concentration | Mortality | YSE | Trunk | Axis | NC | C-Fin | P-Fin | PE Brain | Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 2/48 1/47 - 1/47 | 1/47 - - 1/47 - - 1/47 - - 1/47 - -
0.01 ng/mL - 1/7 - 27 | 17 1/7 - 1/7 - - - - - - - -
0.1 ng/mL 117 - - 2/6 - - - - - - - - - - - -
1 ng/mL 1/7 - - - - - - - - - - - - - - -
10 ng/mL - - - - - - - - - - - - - - - -
Table B. 12. FSN broad range waterborne exposure raw malformation data.

|[Concentration [Mortality | YSE | Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 2/48 1/47 - 1/47 | 1/47 - - 1/47 - - 1/47 - - 1/47 - -
0.01 ng/mL - - - 17 | 17 - - - - - - - - - - -
0.1 ng/mL - - - 1/7 1/7 - - - - - - - - - - -
1 ng/mL 117 - - - - - - - - - - - - - - -
10 ng/mL 1/7 - - 2/6 - - - - - - - - - - - -




Table B. 13. PFPA broad range waterborne exposure raw malformation data.
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[Concentration

Mortality | YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 5/44 1/39 - - - 1/39 - - - - - - - - - -
0.01 ng/mL - - - 1/7 1/7 - - - - - - - - - - -
0.1 ng/mL - - - 107 | 17 - - - - - - - - - - -
1 ng/mL 1/7 - - - - - - - - - - - - - - -
10 ng/mL 1/7 - - 2/6 - - - - - - - - - - - -
Table B. 14. PFHxS broad range waterborne exposure raw malformation data.

[Concentration | Mortality| YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 5/44 1/39 - - - 1/39 - - - - - - - - - -
0.01 ng/mL 217 - - - - - - - - - - - - - - -
0.1 ng/mL 217 - - - - - - - - - - - - - - -
1 ng/mL 17 1/6 - - - 2/6 2/6 1/6 - - 2/6 - - - - 2/6
10 ng/mL 1/7 - - - - - - - - - - - - - - -
Table B. 15. PFBS broad range waterborne exposure raw malformation data.

[Concentration | Mortality | YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain | Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 5/44 1/39 - - - 1/39 - - - - - - - - - -
0.01 ng/mL 2/7 - - - - - - - - - - - - - - -
0.1 ng/mL 3/7 - - - - - - - - - - - - - - -
1 ng/mL - 1/7 - 17 | 1/7 - - 1/7 - - 1/7 - - - - -
10 ng/mL - 2/7 - 217 | 217 - - 2/7 - - - - - - - 2/7




Table B. 16. 8:2 FtS broad range waterborne exposure raw malformation data.
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[Concentration | Mortality] YSE [Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 5/44 1/39 - - - 1/39 - - - - - - - - - -
0.01 ng/mL - 1/7 - 217 - 1/7 - 1/7 1/7 - - - - - - 1/7
0.1 ng/mL 3/7 - - - - - - - - - - - - - - 1/7
1 ng/mL - 17 - 17 | 117 - - 1/7 - - 1/7 - - - - -
10 ng/mL - 2/7 - 217 | 217 - - 2/7 - - - - - - - 117
Table B. 17. PFHpA broad range waterborne exposure raw malformation data.

|[Concentration | Mortality] YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 5/44 1/39 - - - 1/39 - - - - - - - - - -
0.01 ng/mL - - - - - - - - - - - - - - - -
0.1 ng/mL 2/7 - - - - - - - - - - - - - - 1/5
1 ng/mL 1/7 1/6 - - - - - 1/6 1/6 - 1/6 - - - - -
10 ng/mL - 17 - - - - - 1t | ur - 117 - - - - 117
Table B. 18. PFHxA broad range waterborne exposure raw malformation data.

[Concentration | Mortality] YSE [Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 5/44 1/39 - - - 1/39 - - - - - - - - - -
0.01 ng/mL 1/7 - - - - - - - - - - - - - - -
0.1 ng/mL 1/7 - - - - - - - - - - - - - - -
1 ng/mL 17 1/6 - 1/6 - - - 1/6 1/6 - 1/6 - 1/6 - - 1/6
10 ng/mL - - - - - - - - - - - - - - - -




Table B. 19. FSE broad range waterborne exposure raw malformation data.
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[Concentration | Mortality] YSE [Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 5/44 1/39 - - - 1/39 - - - - - - - - - -
0.01 ng/mL - - - - - - - - - - - - - - - -
0.1 ng/mL 1/7 - - - - - - - - - - - - - - -
1 ng/mL - - - - - - - - - - - - - - - -
10 ng/mL 1/7 - - - - - - - - - - - - - - -
Table B. 20. FSK broad range waterborne exposure raw malformation data.

|Concentration | Mortality] YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 5/44 1/39 - - - 1/39 - - - - - - - - - -
0.01 ng/mL - - - - - - - - - - - - - - - -
0.1 ng/mL 1/7 - - - - - - - - - - - - - - -
1 ng/mL - - - - - - - - - - - - - - - -
10 ng/mL - - - - - - - - - - - - - - - -
Table B. 21. PFUnDA broad range waterborne exposure raw malformation data.

[Concentration | Mortality] YSE | Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 5/44 1/39 - - - 1/39 - - - - - - - - - -
0.01 ng/mL - - - - - - - - - - - - - - - -
0.1 ng/mL - - - - - - - - - - - - - - - -
1 ng/mL - - - - - - - - - - - - - - - -

10 ng/mL




Table B. 22. PFNA broad range waterborne exposure raw malformation data.
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[Concentration [Mortality | YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 5/44 1/39 - - - 1/39 - - - - - - - - - -
0.01 ng/mL 2/7 - - - - - - - - - - - - - - -
0.1 ng/mL 17 - - - - 1/6 - - - - - - - - - -
1 ng/mL 1/7 - - - - - - - - - - - - - - -
10 ng/mL - - A B I A - 17 - 17 - - - - -
Table B. 23. 10:2 FtENE broad range waterborne exposure raw malformation data.

|[Concentration [ Mortality | YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL
a e DMSO) 1/36 - - a3 - - - - - - - - - - - -
0.01 ng/mL - - - - - - - - - - - - - - - -
0.1 ng/mL - - - - - - - - - - - - - - - -
1 ng/mL - - - - - - - - - - - - - - - -
10 ng/mL 17 1/6 1/6 16 | 1/6 1/6 1/6 - - 1/6 - 1/6 - - 1/6
Table B. 24. 12:2 FtENE broad range waterborne exposure raw malformation data.

|[Concentration [ Mortality | YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL
a o/f’ DMSO) 1/36 - - a3 | - - - - - - - - - - - -
0.01 ng/mL - - - - - - - - - - - - - - - -
0.1 ng/mL 117 - - - - - - - - - - - - - - -
1 ng/mL 1/7 - - - - - - - - - - - - - - -
10 ng/mL 117 16 | 1/6 | 116 | 176 | 1/6 1/6 - - 1/6 - 1/6 - - 1/6




Table B. 25. 8:2 FtENE broad range waterborne exposure raw malformation data.
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[Concentration [Mortality | YSE [Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL
(1% DMSO) 1/36 - - 2/35 - - - - - - - - - - - -
0.01 ng/mL 117 - 16 | 1/6 | 1/6 - - - - - - - - - - -
0.1 ng/mL - - - - - - - - - - - - - - - -
1 ng/mL - - - - - - - - - - - - - - - -
10 ng/mL - - - - - - - - - - - - - - - -
Table B. 26. 8:2 FtOAcr broad range waterborne exposure raw malformation data.

[Concentration | Mortality | YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain | Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL
(1% DMSO) 1/36 - - 2/35 - - - - - - - - - - - -
0.01 ng/mL 117 - - - - - - - - - - - - - - -
0.1 ng/mL - - - - - - - - - - - - - - - -
1 ng/mL 117 - - - - - - - - - - - - - - -
10 ng/mL - - - - - - - - - - - - - - - -
Table B. 27. 8:2 FtOH broad range waterborne exposure raw malformation data.

|[Concentration [Mortality | YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL
(1% DMSO) 1/36 = = 2/35 = = = = = - - - - - - -
0.01 ng/mL 17 - - - - - - - - - - - - - - -
0.1 ng/mL - - - 17 - - - - - - - - - - - -
1 ng/mL - - - 117 - - - - - - - - - - - -
10 ng/mL - - - - - - - - - - - - - - - -




Table B. 28. MeFOSE broad range waterborne exposure raw malformation data.
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[Concentration [Mortality | YSE [Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL
(1% DMSO) 1/36 - - 2/35 - - - - - - - - - - - -
0.01 ng/mL - - - - - - - - - - - - - - - N
0.1 ng/mL - - - - - - - - - - - - - - - -
1 ng/mL - 117 117 17 | 117 117 - 117 - - 1/7 - - - - 17
10 ng/mL - - - - - - - - - - - - - - - -
Table B. 29. MeFOSEA broad range waterborne exposure raw malformation data.

|Concentration |Mortality | YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL
(1% DMSO) 1/36 - - 2/35 - - - - - - - - - - - -
0.01 ng/mL 177 1/6 1/6 2/6 | 1/6 1/6 - 1/6 - - 1/6 - 1/6 - - 1/6
0.1 ng/mL 117 - - - - - - - - - - - - - - -
1 ng/mL 17 1/6 1/6 1/6 | 1/6 1/6 1/6 1/6 1/6 1/6 1/6 1/6 1/6 1/6 1/6 1/6
10 ng/mL - - - - - - - - - - - - - - - -
Table B. 30. MeFOSEMA broad range waterborne exposure raw malformation data.

|[Concentration [ Mortality | YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL
(1% DMSO) 1/36 - - 2/35 - - - - - - - - - - - -
0.01 ng/mL - - - - - - - - - - - - - - - -
0.1 ng/mL 117 - - - - - - - - - - - - - - -
1 ng/mL 217 - - - - - - - - - - - - - - -
10 ng/mL 1/7 - - - - - - - - - - - - - - -




Table B. 31. EtFOSE broad range waterborne exposure raw malformation data.
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[Concentration [Mortality | YSE [Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL
(1% DMSO) 1/36 - - 2/35 - - - - - - - - - - - -
0.01 ng/mL 1/7 - - 2/6 - - - - - - - - - - - -
0.1 ng/mL 17 - - - - - - - - - - - - - - -
1 ng/mL 1/7 - - 1/6 - - - - - - - - - - - -
10 ng/mL - - - - - - - - - - - - - - - -
Table B. 32. EtFOSEA broad range waterborne exposure raw malformation data.

[Concentration [Mortality | YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL
(1% DMSO) 1/36 = = 1/35 = = = = = - - - - - - -
0.01 ng/mL 17 - - - - - - - - - - - - - - -
0.1 ng/mL - - - - - - - - - - - - - - - -
1 ng/mL 117 - - - - - - - - - - - - - - -
10 ng/mL - - - 1/7 - - - - - - - - R - - _
Table B. 33. EtFOSEMA broad range waterborne exposure raw malformation data.

[Concentration [Mortality | YSE [Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL
(1% DMSO) 1/36 - - 1/35 - - - - - - - - - - - -
0.01 ng/mL - - - - - - - - - - - - - - - -
0.1 ng/mL 1/7 - - - - - - - - - - - - - - -
1 ng/mL 217 - - - - - - - - - - - - - - -
10 ng/mL - - - - - - - - - - - - - - - -




Table B. 34. MeFBSA broad range waterborne exposure raw malformation data.
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[Concentration | Mortality] YSE | Trunk] Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL
(1% DMSO) 1/36 - - 1/35 - - - - - - - - - - - -
0.01 ng/mL - - - - - - - - - - - - - - - -
0.1 ng/mL - - - - - - - - - - - - - - - -
1 ng/mL 217 - - - - - - - - - - - - - - -
10 ng/mL - - - - - - - - - - - - - - - -
Table B. 35. MeFBSE broad range waterborne exposure raw malformation data.

[Concentration | Mortality | YSE | Trunk]| Axis | NC | C-Fin | P-Fin | PE Brain | Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL
(1% DMSO) 1/36 - - 1/35 - - - - - - - - - - - -
0.01 ng/mL 117 - - 1/6 - - - - - - - - - - - -
0.1 ng/mL 17 - - - - - - - - - - - - - - -
1 ng/mL - - - - - - - - - - - - - - - -
10 ng/mL - - 1/7 1/7 - - - - - - - - - - - -
Table B. 36. 6:2 FtOAcr broad range waterborne exposure raw malformation data.

[Concentration [Mortality | YSE | Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL
(1% DMSO) 1/36 = = 1/35 = = = = = - - - - - - -
0.01 ng/mL - - - - - - - - - - - - - - - -
0.1 ng/mL 217 - - - - - - - - - - - - - - -
1 ng/mL 117 - - - - - - - - - - - - - - -
10 ng/mL - e | ur | T | - 107 | 17 - - 1/7 - - ] - ;




Table B. 37. 10:2 FtOH broad range waterborne exposure raw malformation data.
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[Concentration

Mortality

YSE

Trunk

Axis

NC

C-Fin

P-Fin

PE

Brain

Somite

Head

Eye

Snout

Jaw

Otic

0 ng/mL
(1% DMSOQ)

1/36

1/35

0.01 ng/mL

0.1 ng/mL

17

1 ng/mL

17

10 ng/mL

Table B. 38. FOSA broad range waterborne exposure raw malformation data.

[Concentration

Mortality

YSE

Trunk

Axis

NC

C-Fin

P-Fin

PE

Brain

Somite

0 ng/mL
(1% DMSQ)

1/36

1/35

0.01 ng/mL

0.1 ng/mL

1 ng/mL

17

10 ng/mL

Table B. 39. EtFOSA broad range waterborne exposure raw malformation data.

|concentration

Mortality

YSE

Trunk

AXxis

NC

C-Fin

P-Fin

PE

Brain

TR

0 ng/mL
(1% DMSO)

1/36

1/35

0.01 ng/mL

17

17

0.1 ng/mL

1 ng/mL

10 ng/mL
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Appendix C. 14 FCs waterborne exposure at higher concentration raw malformation data tables.
Abbreviation: YSE = Yolk Sac Edema, NC = Notochord, C-Fin = Caudal Fin, P-Fin = Pectoral Fin, PE = Pericardial Edema, TR = Touch Response

Table C. 1. PFDA waterborne exposure at higher concentration raw malformation data.

[Concentration [Mortality| YSE | Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |[Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 3/24 - - - - - - - - - - - - - - -
25 ng/mL 3/24 - - 1721 - - - 2/21 - - - - - - - -
50 ng/mL 1/24 - - - - - - - - - - - - - - -
100 ng/mL - 1124 - 124 | - - - 124 | 1/24 - 124 | 1/24 | 1/24 | 1/24 - -
200 ng/mL 2/24 - - - - - - - - - - - - - - -

Table C. 2. FSA waterborne exposure at higher concentration raw malformation data.
[Concentration [Mortality] YSE | Trunk | Axis | NC | C-Fin | P-Fin | PE Brain [Somite | Head | Eye | Snout | Jaw | Otic | TR

0 ng/mL 2/48 - - - - - - 2/46 - - - - - - - -
25 ng/mL 1/24 - - - - - - - - - - - - - - -
50 ng/mL 1/24 - - - - - - 1/23 - - - - - - - 1/23
100 ng/mL 2/24 - - - - - - 3/22 - - - - - - - 1/22
200 ng/mL 1124 - | 34| - - - 1124 - - 124 | - 1124 - - 1124

Table C. 3. FSN waterborne exposure at higher concentration raw malformation data.
|Concentration |Mortality| YSE | Trunk | Axis | NC | C-Fin | P-Fin | PE Brain [Somite | Head | Eye | Snout | Jaw | Otic | TR

0 ng/mL 4/48 1744 | 1/44 | 2/144 | - | 1/44 - 1744 | 1/44 - 1/44 | 1/44 | 1/44 | 1/44 | - 1/44
25 ng/mL 3/24 - - - - - - 2/21 - - - - - - - 1/21
50 ng/mL 3/24 1/21 - |2t | - | 121 - 2/21 - - - - - - - -

100 ng/mL 3/24 - - - - - - 1/21 - - - - - - - -




Table C. 4. PFPA waterborne ex

posure at higher concentration raw malformation data.
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[Concentration [Mortality| YSE | Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |[Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 2/48 1/46 - 2/46 - 1/46 - 2/46 - - 1/46 - - - - -
25 ng/mL 2/24 - - - - - - - - - - - - - - -
50 ng/mL 1/24 2/23 | 1/23 | 1/23 | 17 | 1/23 - 2/23 | 2/23 - 2/23 | 1/23 | 1/23 - - 2/23
100 ng/mL 1/24 3/23 - 1/23 - 1/23 | 1/23 | 1/23 - - 3/23 | 1/23 | 1/23 1/23 - 1/23
200 ng/mL 324 | 2/21 - l221] - - - 1121 - - - - - - - 1/21
Table C. 5. PFHxS waterborne exposure at higher concentration raw malformation data.

[Concentration | Mortality] YSE | Trunk | Axis | NC | C-Fin | P-Fin | PE Brain [Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 5/48 - - - - - - - - - - - - - - -
25 ng/mL 1/24 - - - - - - 1/24 - - - - - - - 1/24
50 ng/mL 2/24 - - - - - - - - - - - - - - -
100 ng/mL 1/24 - - - - - - - - - - - - - - -
200 ng/mL 1/24 - - 2/23 - - - 3/23 | 1/23 - 1/23 - 1/23 1/23 - 2/23
Table C. 6. PFBS waterborne exposure at higher concentration raw malformation data.

[Concentration [Mortality| YSE [Trunk | Axis | NC | C-Fin | P-Fin | PE Brain |[Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 4/24 3/20 - - - - - 3/20 | 3/20 - 3/20 - 3/20 | 2/20 - 1/20
25 ng/mL 1/24 - - - - - - 9/23 | 1/23 - 1/23 - 1/23 1/23 - 1/23
50 ng/mL - 4/24 - 2/24 - - - 11/24 | 4/24 - 4/24 | 1/24 | 4/24 3/24 - 3/24
100 ng/mL 324 | 4/21 - 321 - - - | 12721 421 - 5/21 | 3/21 | 4/21 | 4/121 - 3/21
200 ng/mL 3/24 2/21 1/21 | 2/21 - - - 5/21 | 2/21 - 221 | 2121 | 2/21 2/21 - 2/21




Table C. 7. FSE waterborne exposure at higher concentration raw malformation data.
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[Concentration [Mortality] YSE | Trunk | Axis | NC | C-Fin | P-Fin | PE Brain | Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL 1/24 1/23 - - - - - 3/23 | 1/23 - 1/23 - 1/23 - - 2/23
25 ng/mL 1/24 5/23 - - - - - 5/23 | 4/23 - 3/23 | 2/23 | 3/23 3/23 - 3/23
50 ng/mL 2/24 1/22 - 1/22 - - - 6/22 | 1/22 - 1/22 - 1/22 1/22 - 1/22
100 ng/mL - 5/24 - - - - - 9/24 | 5/24 - 5/24 | 2/24 | 5/24 | 5/24 - 5/24
200 ng/mL 1124 3/23 - 1123 | - 1123 - 7/23 | 3/23 - 3/23 | 3/23 | 3/23 | 3/23 - 2/23
Table C. 8. MeFOSE waterborne exposure at higher concentration raw malformation data.

[Concentration | Mortality] YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain [Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL
(1 0/2 DMSO) 1/24 3/24 - - - - - 4/24 | 1/24 - 1124 | 1/24 - - - 2/24
25 ng/mL - 3/24 - - - - - 6/24 | 3/24 - 3/24 | 1/24 | 2/24 1/24 - 1/24
50 ng/mL 3/24 1/21 - - - - - 721 | 1/21 - 1/21 - 1/21 - - 1/21
100 ng/mL 3/24 5/21 - 321 - - - 7/21 | 521 - 5/21 | 5121 | 5/21 | 3/21 - 3/21
Table C. 9. MeFOSEA waterborne exposure at higher concentration raw malformation data.

|Concentration |Mortality| YSE | Trunk | Axis | NC | C-Fin | P-Fin | PE Brain | Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL
(1 0/? DMSO) 2/24 1/22 - 1/22 - 1/22 - 2122 | 2/22 - 2/22 | 1/22 - 1/22 - -
25 ng/mL 2/24 6/22 | 1/22 | 2/22 - 1/22 - 10/22 | 6/22 - 6/22 | 2/22 | 5/22 5/22 - 3/22
50 ng/mL 4/24 2/20 | 1/20 | 2/20 - 1/20 - 15/20 | 2/20 - 2/20 | 1/20 | 1/20 | 2/20 - 1/20
100 ng/mL 2/24 3/22 - - - - - 16/22 | 4/22 - 4/22 | 2/22 | 4/22 2/22 - -
200 ng/mL 7/24 117 - M7 | - 117 - 147 | 117 - M7 | - 117 | 117 - -
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Table C. 10. MeFOSEMA waterborne exposure at higher concentration raw malformation data.

[Concentration [Mortality| YSE | Trunk | Axis | NC | C-Fin | P-Fin | PE Brain | Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL ) ) ) ) _ ) ) ) ) ) ) ) ) ) ) )
(1% DMSO)
25 ng/mL - - 2/24 - - - - 2/24 - - - - - - - -
50 ng/mL - - - - - - - 1/24 - - - - - - - -
100 ng/mL 1/24 2/23 | 1/23 - - - 1/23 | 10/23 | 4/23 - 4/23 | 4/23 | 4/23 | 3/23 - 3/23
200 ng/mL - - - 124 | - - - 5/24 - - - - - - - 1124
Table C. 11. EtFOSE waterborne exposure at higher concentration raw malformation data.

[Concentration | Mortality] YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain | Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL
(1 0/? DMSO) - 2/24 - 1/24 - - - 2/24 | 1/24 - 2/24 - 1/24 - - -
25 ng/mL 1/24 1/23 - 1/23 - - - 4/23 | 1/23 - 1/23 | 1/23 | 1/23 1/23 - -
50 ng/mL - 2/24 - - - - - 6/24 | 2/24 - 2124 | 2124 | 2/24 - - 1124
100 ng/mL - 6/24 | 1/24 | 1/24 | - - - | 14724 | 5/24 - 6/24 | 6/24 | 6/24 | 524 | - | 6/24
Table C. 12. FOSA waterborne exposure at higher concentration raw malformation data.

[Concentration [Mortality| YSE | Trunk | Axis | NC | C-Fin | P-Fin | PE Brain | Somite | Head | Eye | Snout | Jaw | Otic | TR
On
( 10/&3/5",\'580) 124 | 223 | - - - - - | 323 | 323 - 323 | - | 223 - - -
25 ng/mL 2/24 | 3/22 - |222] - - - 9/22 | 3/22 - 322 | - 3/22 - - -
50 ng/mL 2/24 3/22 | 1/22 | 1722 | 1722 | 1/22 | 1/22 | 9/22 | 3/22 1/22 3/22 | 1722 | 1/22 1/22 | 1/22 | 3/22
100 ng/mL 1/24 2/23 - - - - - 12/23 | 2/23 - 2/23 | 1/23 | 2/23 1/23 - 2/23
150 ng/mL 1/24 2/23 | 1/23 | 1/23 - - - 14/23 | 2/23 - 2/23 - 2/23 | 2/23 - 3/23




Table C. 13. PFOA waterborne exposure at higher concentration raw malformation data.
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Concentration | Mortality | YSE | Trunk | Axis | NC | C-Fin | P-Fin | PE Brain [Somite | Head | Eye | Snout | Jaw | Otic | TR

0 ng/mL 3/24 - - - - - - - - - - - - - - -
25 ng/mL 2/24 1/23 - - - - 1/23 | 1/23 | 1/23 - 1/23 | 1/23 | 1/23 1/23 - 2/23
50 ng/mL - - - - - - - - - - - - - - - 1/24
100 ng/mL 2/24 1/22 | 1/22 | 1/22 - - 1/22 | 1/22 | 1/22 - 1722 | 1722 | 1/22 1/22 - 1/22
200 ng/mL 2/24 - - - - - - - - - - - - - - -
Table C. 14. PFOS waterborne exposure at higher concentration raw malformation data.

Concentration | Mortality| YSE | Trunk | Axis | NC | C-Fin | P-Fin | PE Brain | Somite| Head | Eye | Snout | Jaw | Otic | TR

0 ng/mL 2/24 - - - - - - - - - - - - - - -
25 ng/mL 1/24 - - - - - - 1/23 - - - - - - - -
50 ng/mL 1/24 - - - - - - - - - - - - - - -
100 ng/mL 124 | 3/23] - - - - - | 1023 3/23 - 3/23 | 3/23 | 2/23 - - | 3/23
200 ng/mL 2124 [ 222 2/22 | 222 - | 122 | 2122 | 3/22 | 1/22 - 122 | 1722 | 122 | 122 | - -
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Appendix D. Six FCs initial microinjection raw malformation data tables.
Abbreviation: YSE = Yolk Sac Edema, NC = Notochord, C-Fin = Caudal Fin, P-Fin = Pectoral Fin, PE = Pericardial Edema, TR = Touch Response

Table D. 1. PFDA initial microinjection raw malformation data.

Concentration Mortality| YSE | Trunk | Axis | NC | C-Fin | P-Fin | PE | Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
?Ohf‘;;mIISMSO) 324 | 21| - o I - | 221 - - - - 221|221 - | -
(1(?_ Jom N N 2 - | 524 | 324 524 | 524 | - | 1024
(1(?.(())(?(?2/Thwg/kg) o4 | 3ns|1i1s |25 |2ms] - |ans | - | ans | - | as| - | ans| ss| - | 25
ggggzzg/m;/kg) 124 | 123123 | 123 [123| 123 | 123 | 223] a3 | - | 23 | 23| a3 | 23| - | 123

Table D. 2. PFDS initial microinjection raw malformation data.

Concentration Mortality| YSE |Trunk | Axis | NC | C-Fin | P-Fin | PE Brain | Somite| Head | Eye | Snout | Jaw | Otic | TR
?0?19 °//om|6Mso) 3/24 - - - | - - - - - ; ; ] ] ] ] ]
zgg%/()nalé mg/kg) 6/24 1/18 | 1/18 | 1/18 | 1/18]} 1/18 | 1/18 | 1/18 | 1/18 - 1/18 - 118 | 1/18 - 1/18
(1(?.8(;](?2/21;9/@) 4124 ) ) ) ) } B} - - - - - - - - -
(138822%’?2;/@) 524 | 119 | 119 | 119 |119] 1119 | 119 | 119 9| - | 119 | 19| a9 | 119 | - | 119




Table D. 3. PFHxA initial microinjection raw malformation data.
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Concentration Mortality| YSE | Trunk| Axis | NC | C-Fin | P-Fin | PE Brain | Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) )
(0.1%DMSO0)

10 ng/mL

(0.0.0002 mgkg) | 82% | - - o B - - - - - - - - - -
100 ng/mL aa |0l - | - | -] - - |0l 0| - |20 - | w20 | - N
(0.00024 mg/kg)

1000 ng/mL ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) )
(0.00245 mg/kg)

Table D. 4. MeFOSEA initial microinjection raw malformation data.

Concentration Mortality| YSE | Trunk| Axis | NC | C-Fin | P-Fin | PE Brain | Somite | Head | Eye | Snout | Jaw | Otic | TR
0 ng/mL

(0.1%DMSO) s i - o - - - - - - - - - -
10 ng/mL

(0.0.0002 mgkg) | 824 | - - o B - - - - - - - - - | 116
100 ng/mL

(0.00024 mg/kg) 3/24 1721 ] 1/21 | 1/21 - 1/21 - 17121 | 1/21 - 1/21 - 1/21 1/21 - 1/21
1000 ng/mL 2/24 ) ) ) ) ) ) ) ) ) ) ) ) ) ) )

(0.00245 mg/kg)




Table D. 5. PFOA initial microinjection raw malformation data.
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Concentration Mortality| YSE | Trunk| Axis | NC | C-Fin | P-Fin | PE Brain | Somite | Head | Eye | Snout | Jaw | Otic | TR
?oﬂg °/A>mDLMSO) 2/24 i i i i i i i i i i i i i o
zgc;]%/ona; mg/kg) 7124 i ) i o - - - - 117 - 117 - - -
(1886‘(?2/2“;9 g | 924 |ams| - |ans| - | - - ans|ans | - |sn5|215| 315 [ 215 | - |35
(188322%/ m; g | 1024 el - |- | -] - - ana] - - | e f e s |- - | a4
Table D. 6. PFOS initial microinjection raw malformation data.

Concentration Mortality| YSE | Trunk| Axis | NC | C-Fin | P-Fin | PE | Brain |Somite | Head | Eye | Snout | Jaw | Otic | TR
?0n1g ‘;)rrE)LMSO) 3124 i i i i i i i i i i i i i i )
235‘_%8'5 makgy | 824 || - [me] - | - - e - - |11 | - ] ] ] ]
(1886‘(?2’?;9 g | 924 |s| - || -] - - s - - s |- : . - | s
1000 ng/mL 3/24 ) ) ) ) ) ) ) ) ) ) ) ) ) ) )

(0.00245 mg/kg)
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Appendix E. Four FCs microinjected at higher doses raw malformation data tables.
Abbreviation: YSE = Yolk Sac Edema, NC = Notochord, C-Fin = Caudal Fin, P-Fin = Pectoral Fin, PE = Pericardial Edema, TR = Touch Response
HD = Hatch Delay

Table E. 1. PFDA microinjected at higher doses raw malformation data.

Concentration | Mortality | YSE |Trunk | Axis | NC | C-Fin |P-Fin| PE Brain | Somite | Head | Eye |Snout | Jaw | Otic| TR | HD
?OT]?"//OmID_MSO) olza [W18] - S I I O il i S I N I I I
(102_'053”51@”/"@) si24 |39 | 119 |19 - | 119 | e f2ne | e | - | e [ e | 19 [1me | - |ane| -
ob ok | 324 |s2t| w2t [er| - | et e fsee| e |-l | - | - | - o] -] -
(58-102“% e | 524 |ene| - S A N R PTITY . S IR N I N I

Table E. 2. PFHxA microinjected at higher doses raw malformation data.

Concentration |Mortality | YSE | Trunk | Axis| NC | C-Fin| P-Fin| PE | Brain | Somite| Head | Eye |[Snout| Jaw | Otic| TR | HD
?Of‘fo/A)”E)LMSO) aa 20| - | - | - | - |20 |220]| 220 [ - [220 220|220 |220] - |220] -
Zdéoq%/m;/kg) 1024 | 314 | 114 2114 - | 114 | - 214 - - - - | 314 114 - |14 -
Z(igsggrggll_kg) 8/24 6/16 | 2/16 |2/16| - 116 | 2/16 | 2/16 | 1/16 - 116 | 2/16 | 2/16 | 2/16 | - |3/16] -
orsmak | 424 feo| - | - | - -] -] - o e R I R I N




Table E. 3. PFOA microin

ected at higher doses raw malformation data.
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Concentration |Mortality| YSE | Trunk | Axis| NC | C-Fin| P-Fin| PE Brain | Somite] Head | Eye | Snout | Jaw |Otic | TR | HD
0 ng/mL

©01%Dmso) | 324 | - - o e - - - - -] - - o e e
10.0 ng/mL

(0.024 mg/kg) 524 3/19 - - - - - 3/19 - - - - - - - - -
20.0 ng/mL

(0.049 mg/kg) 9/24 4/15 - 4115 - - - 4/15 | 4115 - 3/15 | 2115 3/15 | 215)] - |3/15| -
40.0 ng/mL

(0.098 mg/kg) 10/24 | 1/14 - - - - - 4/14 - - 114 | 114 | 1/14 - - 1141 -
Table E. 4. PFOS microinjected at higher doses raw malformation data.

Concentration | Mortality] YSE | Trunk | Axis| NC | C-Fin| P-Fin| PE Brain | Somite| Head | Eye | Snout | Jaw |Otic | TR | HD
0 ng/mL

(0.1% DMSO) 2/24 3/22 - - - - - - - - - - - - - 1221 -
12.5 ng/mL

(0.03 mg/kg) 19724 | - - o - - - - - - - - ol R I
25.0 ng/mL 11/24 | 113 | 113 | 113 | - 113 | 113 | 313 | 1/13 - 113 | 113 113 | 1/13 | - | 1/13 | -
(0.06 mg/kg)

50.0 ng/mL 1324 |21 | - A - et | - i N i A I I

(0.12 mg/kg)







