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ABSTRACT

Perfluorooctane sulfonate (PFOS) is a persistent organic pollutant that is known for its
surfactant properties and its resistance to degradation. The persistence and lipophilicity of PFOS
in surface waters have led to its bioaccumulation in fish, which in turn leads to its accumulation
and toxic effects in humans that consume fish. PFOS is also hypothesized to perturb
reproduction and survival of low and mid-trophic level zooplankton species such as Daphnia
magna that are food for multiple fish species. In this study, a 21-day D. magna chronic toxicity
test was performed using 1,10, 100, 1000, and 5000 ppb of PFOS to determine the concentration
of PFOS in the whole body and its effects on fecundity, survival, and estimated population
growth. PFOS showed concentration dependent decreases in survival and fecundity in D. magna
and reduced reproductive success at concentrations above 10 ppb of PFOS. Salinity is a
physiochemical property of water that can potentially enhance PFOS accumulation due to the
presence of ions such as Ca* and Mg?* in the water; however, the difference in PFOS
bioconcentration between freshwater and saltwater fish is not well studied. Estuarine fish species
Fundulus heteroclitus (mummichog) is known for its adaptation to both hypertonic and
hypotonic environments, which makes it an ideal organismal model to determine differences in
the bioconcentration of PFOS in saltwater compared to freshwater in the same species. F.
heteroclitus were adapted to both saltwater (23-26 ppt) and freshwater (moderately hard water;
0.143 ppt) conditions for 30 days before being treated with PFOS for 20 days to determine if
bioconcentration of PFOS is higher in the liver, gills, and muscle of saltwater mummichogs
compared to freshwater-acclimated mummichogs. At 100 ppb, PFOS bioconcentrations were
higher in saltwater versus freshwater in the liver and muscle of F. heteroclitus. At 1 ppb PFOS

and below, some of these effects were reserved but rarely statistically significant. The



physiological adaptability of F. heteroclitus in different environments is facilitated by changes in
expression of ionic and xenobiotic transporters within the gills. The glucocorticoid receptor (GR)
showed significant decreases in mMRNA expression when exposed to PFOS in saltwater
mummichogs which can lead to disruption in downstream signaling of the cystic fibrosis
transmembrane receptor (CFTR). Bioconcentration factors for F. heteroclitus and D. magna were
determined and concentrations in the liver and gills of both saltwater and freshwater-acclimated
mummichogs were compared to D. magna. In general, PFOS accumulation was greater in F.
heteroclitus than in D. magna in the liver but was greater in D. magna in the muscle. In
conclusion, PFOS accumulation is exacerbated by salinity at high concentrations in the tissues of

F. heteroclitus and PFOS hinders reproductive success in D. magna.
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value <0.05. * indicates p-value < 0.01. ** indicates p-value < 0.001. *** indicates p-value <0.0001.
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0.01, 1, and 100 ppb treatment groups in F. heteroclitus in 23-26 ppt salinity (saltwater). No
statistical significance was found in any other transporter under either salinity conditions in
response to PFOS exposure. Differences were determined by one-way ANOVA and are

expressed as mean £ SEM (n=3-4). * denotes p-value < 0.05 and ** denotes p-value < 0.01.
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Chapter I: Background

Per- and polyfluoroalkyl substances (PFAS) and Perfluorooctane sulfonate (PFOS)

Per- and polyfluoroalkyl substances (PFAS) are highly fluorinated, anthropogenic
compounds that are characterized by their persistence, mobility, bioaccumulation potential, and
toxicity (Lee et al. 2020). PFAS’s widespread uses in industrial and commercial products can be
attributed to its carbon-fluorine bonds that make them resistant to degradation (Lee et al. 2020).
PFOS was used for its repellent properties in the production of plastics and textiles and has also
been used in many industrial and commercial products, which include lubricants, fire retardants,
pesticides, and surfactants (Khazaee and Ng 2018). The leaching of PFAS into sediment and
waterways has resulted in PFAS continued longevity in terrestrial and aquatic ecosystems.

There are an estimated 4730 known PFAS in existence, with the one’s of most concern
being the long chain PFAS that have carbon fluorine bonds varying from 7-12 carbons in length
(Baldwin et al. 2022). Long chain PFAS tend to persistence in the environment (water, soil, and
food) and have long half-lives within the human body that range between 1-16 years.

A PFAS of particular concern that is one of the most prevalent persistent chemicals in the
environment is perfluorooctane sulfonate (PFOS). Perfluorooctane sulfonate is a fluorosurfactant
that is characterized as a long-chain PFAS that contains a sulfonic acid at the end of its 8-carbon
chain. PFOS has a molecular weight of approximately 500 g/mol and has an octanol-water
partitioning coefficient of 6.3, which adds to its lipophilicity. It was phased out of production in
2002 after its primary manufacturer 3M discontinued it voluntarily ("Drinking Water Health
Advisory for Perfluorooctane sulfonate (PFOS)" 2016). It remains prevalent in surface waters,

sediments, wastewater effluent, etc.



Figure 1. Chemical structure of perfluorooctane sulfonate (PFOS).

PFOS Exposure & Accumulation in Humans

PFOS has been known to bioaccumulate — increase in concentration within an organism
over time, and bioconcentrate — have higher concentrations in the tissues of organisms as
compared to their environment (typically water). Studies have been conducted to test for
increases in concentration of PFAS via dietary uptake, and some have provided evidence of
PFOS biomagnification — incremental increase in concentration due to trophic transfer of energy
from producers to tertiary consumers (Goeritz et al. 2013; Ren et al. 2022).
Perfluorooctanesulfonate (PFOS) is a perfluorinated compound (PFC) that has high energy
carbon fluorine bonds that resist hydrolysis, biodegradation and metabolism (Ji et al. 2008).

PFOS is known to be a persistent organic pollutant that has made its way into surface and
groundwater throughout the globe as a byproduct of the processes that are used to make the
materials that are listed above. Although PFOS is mostly a lipophilic compound, its organic
carbon partitioning coefficient (Log Koc = 3) indicates that it is also mobile in soil. Not only does
PFOS adsorb to sediments, soils, and organics, it also tends to leach into ground water and make
its way into surface water. The leaching of PFOS into water systems not only impacts the
aquatic organisms that inhabit those areas, but also humans that live near those sites. There have

been studies conducted to determine the concentrations of PFCs in drinking water because it is



one of main routes that PFOS enters the human body. A study that analyzed PFAS
concentrations in public water systems (PWS) took place in the state of New Jersey (2006/2009-
2010) where the results detected that PFOS was found in 30% of the sites that were tested for
PFCs (Post et al. 2013). Prolonged exposure to PFCs via drinking water has been known to
substantially increase total human exposure (Post et al. 2013). Another study done in Pensacola;
Florida did a survey on concentrations of perfluoroalkyl acids (PFAAS) in the surface waters
near the various bays in the area because of run off from a military installation that used aqueous
film forming foams (AFFF). It was found that PFOS had the highest concentration of 269 ng/L
(da Silva et al. 2022). A population study that focused on residents exposed to PFASs in AFFF
living near Peterson Air Force Base (AFB) in Colorado Springs, Colorado looked at the
concentrations of perfluoro-carboxylic acids (PFCAS) and perfluoro-sulfonic acids (PFSAS) in
drinking water and human serum. The study found that the recovery of L-PFOS(linear isomeric
PFOS) in residents of Wakefield, Security, and Fountain averaged 103 ng/L and the average
serum concentrations was 7.23 ng/mL in females (n = 132) and 10.09 ng/mL in males (n = 82)
(McDonough et al. 2021).

In previous population studies done to examine the concentration of PFAS in human
blood samples across the United States, the concentrations of PFOS have differed but have been
nearly ubiquitous. In the U.S. National Health and Nutrition Examination Survey (NHANES)
from 2003-2004, the geometric mean concentration of serum for the total population studied was
20.7 pg/L (Calafat et al. 2007). Serum concentrations of PFOS in a Michigan population
showed median concentrations of 31.2 ng/mL (Kannan et al. 2004). Another study, known as the
C8 Health Project, was conducted from 2005-2006 to assess the impact of PFOS as well as other

PFCs in the Ohio River on blood serum concentrations in residents, students and workers in Ohio



and West Virginia. The cause for the study stemmed from the improper waste management by
the DuPont Washington Works Plant that led to pollution of water and aquifer systems and
contamination of well and drinking water in the area. The total population who participated
(69,030) had serum PFOS concentrations ranging from 9.7-30.3 ng/mL with an average
concentration of 23.3 ng/mL (Frisbee et al. 2009).

Uptake of PFOS can occur via food sources that are exposed to contaminated water or
near PFAS production, the main food source being fish. Based on a previous study looking at the
plasma concentrations of PFCs in bottlenose dolphins off the coast of Charleston, South
Carolina, with the average concentration of PFOS being 1,420 ng/ml, it was speculated that the
dolphin food web could result in exposure of humans to PFCs (Fair et al. 2013). In a population
of people where seafood is a large part of their diet, the Gullah African Americans in coastal
South Carolina had PFOS concentrations from ranging from 5-155 ng/mL with a mean of 53
ng/mL in 2003 (Gribble et al. 2015). After the abolishment of PFOS use in 2002, the reduction in
PFOS concentration in the serum of coastal Gullah Geechee populations was approximately 9%
annually from 2003-2013.

Although the main routes of exposure to PFAS chemicals such as PFOS is through
drinking water and contaminated food sources, other potential pathways include direct skin
contact and inhalation of aerosolized PFASSs. In a research study looking at the serum
concentrations of 149 firefighters who are occupationally exposed to AFFF, which contains
various fluorinated surfactants in order to extinguish fires involving highly flammable liquids,
the mean concentration of PFOS found in the serum averaged 74 ng/mL (Rotander et al. 2015).

Levels of PFOS are reported to be higher in individuals that are occupationally exposed



compared to the general population and have been associated with high blood lipids such as total

cholesterol and low density lipoproteins (LDL) (Nilsson et al. 2022).

PFQOS Distribution, Bioaccumulation, and Elimination in Humans

PFOS accumulates because it is recalcitrant to degradation, metabolism, and elimination.
Reasoning for this includes the number of carbon fluorine bonds and binding affinity to proteins
and transporters, specifically the OAT and OATP transporters, in the blood and liver (Baldwin et
al. 2022). A positive correlation between number of carbon fluorine bonds and bioaccumulation
potential serves as evidence that long chain PFASs are cleared from the body less than short
chain PFASs (Martin et al. 2003). In humans, the highest PFOS concentrations are found in the
blood and liver, but can also accumulate in the kidneys and the lungs (Perez et al. 2013). In a
study comparing pharmacokinetic modeling and measured experimental data showed that liver
fatty acid binding proteins and serum albumin are good predictors for long chain PFAS
distribution and concentration (Khazaee and Ng 2018). The estimated half-life of PFOS and
PFOA in humans are 5.4 years 3.8 years respectively, and both PFASs are readily absorbed and
poorly eliminated in both human and wildlife species (Takacs and Abbott 2007). Other PFAS
chemicals have various elimination half-lives. Perfluorobutanoic acid (PFBA), perfluorobutane
sulfonate (PFBS), and perfluorohexane sulfonate (PFHXS) have half-lives of 3.1 days, 25.8 days,

and 5.3-15.5 years respectively (Pizzurro et al. 2019).
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Figure 2. Distribution of PFOS in the human body (according to Perez et. al. 2013).

PFOS Toxicity in Humans

The U.S. Environmental Protection Agency (EPA) stated that the developing fetus and
newborns are sensitive to PFOS induced toxicity and some human studies suggest an association
with bladder, colon, and prostate cancer although the literature is inconsistent and some are
confounded by failure to control certain environmental risk factors (Tsuda 2016). Other effects
include non-alcoholic fatty liver disease and peroxisome proliferation (Di Nisio et al. 2020; Fei
et al. 2009; Hamilton et al. 2021; Takacs and Abbott 2007). The primary effects of PFOS
toxicity that has been the focus in many PFAS literature is association with non-alcoholic fatty
liver disease and steatosis. PFOS has been known to suppress genes involved in lipid metabolism
—such as cytochrome P450 2B6 (CYP2B6) and hepatocyte nuclear factor 4-alpha (HNF4a) —
and upregulate genes involved in lipogenesis — such as peroxisome, proliferation activated

receptor gamma (PPARYy) (Hamilton et al. 2021; Takacs and Abbott 2007). PFOS toxicity takes



different forms within each organ system, to include reproductive toxicity that consists of longer
time-to-pregnancy (TTP) and late age of menarche (menstruation) (Fei et al. 2009). A study that
observed alteration of semen morphology in rats showed that PFOS exposure was tied to lower
levels of testosterone that resulted in the reduction in the maturation and number of Leydig cells
(Mao et al. 2021). PFOS immunotoxicity is also evident through decreases in antibody
concentrations and resistance to vaccines which can increase human susceptibility to diseases

such as diphtheria and tetanus (Grandjean et al. 2012).

Exposure & Accumulation in Aquatic Ecosystems

In an aquatic ecosystem, the bioaccumulation of a chemical can occur by either ingestion
of food or absorption through the gills during respiration. The bioconcentration of chemicals is
the accumulation of the chemical into the organism from the water. In fish, the bioconcentration
of PFOS occurs through respiration. The leaching of PFOS into major bodies of water results in
the accumulation of PFOS in aquatic organisms. PFOS (as well as other PFCs) were found to
accumulate in different animals within the marine food web and PFOS and other long chained
PFCs were shown to accumulate and potentially biomagnify to high concentrations in organisms
positioned higher on the trophic ladder (Ji et al. 2008). The bioconcentration factor (BCF) of a
chemical is the difference in concentration between the environment and the organism. The
concentration of PFOS in waters and coastal sediments is dependent on the sorption coefficient
and site-specific physiochemical characteristics such as pH, salinity and temperature (Jarvis et al.
2021). Because PFOS sorption is affected by the water chemistry such as salinity, the

bioconcentration of PFOS in aquatic species could also be affected by these same properties.



PFOS is known to accumulate in the tissues of fish, specifically the liver, blood, and the
kidneys (Goeritz et al. 2013). The liver has been shown to be the best model organ to show
correlation between PFAAS and protein interactions within organ tissue (Khazaee and Ng 2018).
However, in a study on rainbow trout (Oncorhynchus mykiss), of all of the organ tissues that
were sampled, total PFAS was the highest in the muscle tissue (41% of the whole body burden of
PFOS) and the liver (12% of the whole body burden of PFOS) (Goeritz et al. 2013). By
determining how much PFOS accumulates in the skeletal muscle of fish we will provide more

information on its potential for biomagnification in humans that consume fish.
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Figure 3. Major organs of distribution in estuarine fish (with Fundulus heteroclitus as a model).

Toxicology of PFOS in Fish

Toxicology tests have been conducted on freshwater fish to see how PFOS affects
embryology, fecundity, and survival as well as its distribution to the tissues (Tu et al. 2019;
Sharpe et al. 2010; Goeritz et al. 2013; Squadrone et al. 2015; Chen et al. 2012). The

bioconcentration of PFOS in the gills has not been studied nearly as much as other organ tissues.



According to a study by Consoer et. al., PFOS is eliminated at a higher volume via expiration
through the gills than in the urine (Consoer et al. 2016). However, in a study on rainbow trout
(Oncorhynchus mykiss), the gills carry only 2% of the whole body burden of PFOS (Goeritz et
al. 2013). With higher ventilation rates in smaller fish species, it can be expected that PFOS will
be eliminated at higher rates across the gills (Consoer et al. 2016). Because the gills play a role in
uptake and elimination of toxic chemicals, they also may have a potential role in the
bioconcentration of PFOS in fish. Current data indicates that the gills are not crucial in uptake of
PFOS but are in elimination. PFOS also causes upregulation in gene expression even after
periods of exposure (Oh, Moon, and Choe 2013). Differentially expressed genes (DEGS)
associated with development and metabolism are known to be affected by PFOS
bioaccumulation in adult fish species and miRNA associated with perturbations in development,

lipid metabolism and hormone secretion have been found in fish embryos (Zhang et al. 2011).



Adverse Outcome Pathway

Persistence

PFOS is a persistent organic
pollutant with a half-life of
~b years and in turn has the
potential to bioaccumulate.

Molecular Initiating Event
Activation of PPARs
Activation of other nuclear
receptors and transcription
factors.

Binding to fatty acid binding
proteins (FABP), albumin,
and transporters.

Tissue-level responses
Change in energy
metabolism in the liver.
Generation of reactive
oxygen species (ROS).

Organ-level responses

Fatty liver disease

Reduction in antibody
production

Decrease in reproductive cell
count and prolonged TTP.

Whole organism response
Obesity and diabetes.
Autoimmune diseases.
Reduction in reproduction.

Figure 4. Adverse outcome
pathway for PFOS.
Modified from Baldwin et.
al. 2022.

Largest Issues with PFOS / PFAS

PFOS and other persistent organic pollutants are still considered to
be one of the main problems in toxicology and aquatic toxicology
(Baldwin et al. 2020). The amphiphilic structure of PFOS
contributes to its binding affinity to proteins and transporters that in
turn correlates to decreases in lipid metabolism, hormones, and
other biological functions as well as its lack of clearance from the
body. These forms of inhibition have led to serious health issues and
disease that could lead to cancer. The duration of exposure to PFOS
and its concentrations are the main determining factors for adverse
outcomes. Not only does the risk of exposure increase with those
who rely heavily on seafood in their diet or work closely with these
forever chemicals, but people who live close to the coast or near
bodies of water (to include lakes and rivers) where runoff from

factories and military bases, could also be of high risk of exposure.

Aquatic Model Organisms: Fundulus heteroclitus and Daphnia magna

Fundulus heteroclitus (killifish; mummichog) is an estuarine fish species that has

physiological adaptations to changes in salinity, such as ion uptake and secretion, that allow it to

inhabit both saltwater and freshwater environments (Scott, Schulte, and Wood 2006) and thus

make it a near perfect test subject for this study. F. heteroclitus has been used in previous studies
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that focused on superfund sites because they have a relatively small home range (Di Giulio and
Clark 2015). In turn, they have been used as a bioindicator species at Superfund sites such as
those contaminated with chromium, polycyclic aromatic hydrocarbons (PAHSs), and
polychlorinated biphenyls (PCBs) (Roling et al. 2007; Roling, Bain, and Baldwin 2004; Di
Giulio and Clark 2015; Nacci et al. 2009). Multiple biomarkers of exposure have provided data
on the health of estuarine environments (Roling, Bain, and Baldwin 2004). Furthermore, resistant
F. heteroclitus populations have adapted and evolved to live in these polluted conditions (Meyer,
Nacci, and Di Giulio 2002; Meyer et al. 2003).

Gills in F. heteroclitus function in immune support, osmoregulation, and ion/xenobiotic
transport. F. heteroclitus adapt to salt imbalances with transporters in the gills that absorb and
expel ions such as Na*, K*, and CI". These transporters include Na*- K*- 2CI (NKCC1) which
takes up Cl- along the apical side of the cellular membrane, Sodium Potassium ATPase-1al
(NKATPaselal) which is upregulated in response to decreases in salinity that allows for NaCl
secretion (McCormick et al. 2013), and the cystic fibrosis transmembrane receptor (CFTR) that
secretes ClI" along the basolateral side of the membrane (Shaw et al. 2007). CFTR is directly
regulated by the glucocorticoid receptor (GR)(Shaw et al. 2007). The purpose of using F.
heteroclitus in this study is to see if there are differences in accumulation in the organ tissue
under two significantly different environmental conditions using the same species.

Daphnia magna is a zooplankton that belongs to the superorder Cladocera that are known
for their short-life span, reproduction through parthenogenesis, and large clutch size. D. magna
has been frequently used in toxicology studies due to its ease of laboratory culture (Kovisto

1995) and are considered to be effective bioindicators of PFOS contamination due to the effects
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of PFOS on their survival and reproduction (Ji et al. 2008). The purpose for using D. magna for

this study is to determine its toxicity and compare the PFOS body burden with mummichog liver.

Research Objectives and Specific Aims
The purpose of this research is to:
(1) determine the reproductive effects of PFOS on Daphnia magna and compare PFOS
bioconcentration between D. magna and F. heteroclitus.
(2) Test whether there are significant differences in PFOS accumulation between saltwater and
freshwater fish using saltwater and freshwater adapted F. heteroclitus, and
(3) investigate the distribution of PFOS in tissues with a close look at gills as they may be

important for elimination.

Aim 1: Determine PFOS’s bioconcentration factor and reproductive effects on Daphnia

magna.

D. magna are commonly used to study aquatic freshwater toxicity because they are small,
have short life-cycles and reproduce in large numbers via parthenogenesis (Kovisto 1995). The
current literature indicates that D. magna are not as sensitive to PFOS as fish (Ji et al. 2008).
According to previous studies, PFOS has been shown to impact reproductive success and
survival in D. magna (Seyoum et al. 2020). For this experiment, we will determine the adverse
reproductive effects and body burden of PFOS in the exposed daphnids. This will provide us a
No Observable Effects Concentration (NOEC) of PFOS in D. magna, as well as body burdens
that can be compared to other aquatic organisms. Most research has indicated that D. magna and

other invertebrates are not as sensitive to PFOS toxicity compared to vertebrates most likely
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because of a lack of toxicodynamic effects (lack of PPARS), but toxicokinetic differences have
not been carefully evaluated. Comparison to fish bioconcentration factors will help confirm or
deny this hypothesis. D. magna was be exposed to PFOS in concentrations of 0, 1, 10, 100, 1000,
and 5000 ppb for 21 days to assess how the contaminant affects fecundity, brood number, and

mortality. Tissue analysis was be done to investigate PFOS bioconcentration.

Aim 2: Compare the bioconcentrations of PFOS in estuarine and freshwater-adapted

killifish and determine PFOS organ distribution.

PFOS has been known to accumulate in both freshwater and saltwater fish species
(Baldwin et al. 2020). However, whether saltwater or freshwater species may be more likely to
accumulate PFOS has not been adequately studied. Fish have lower uptake of water in order to
maintain proper osmotic pressure in freshwater (Jeon et al. 2010) and therefore, we hypothesize
that PFOS accumulation is more likely in fish that live in saltwater due to increased drinking and
uptake of water. In addition, saltwater fish may accumulate more PFOS because metal ions in
saltwater, such as magnesium [Mg?*] and calcium [Ca?*], enhance PFOS sorption (Chen et al.
2012).

In contrast, Mg?* and Ca?* also increase PFOS sorption to sediment and PFOS’s sorption
affinity to sediment is approximately 10 times higher in saltwater than in freshwater (Chen et al.
2012) causing an effective drop in saltwater PFOS concentrations. This is not viable in our study
because no sediment is available. However, food or waste in the water may still affect
bioavailability. The lack of sediments reduces the realism of our study but increases our
understanding of direct PFOS bioconcentration and the role of the organism in PFOS

bioconcentration due to reducing the non-organic variables. In summary, the hypothesis for this
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study is that PFOS will have significantly greater bioconcentration factors (BCFs) in saltwater
killifish than freshwater Killifish because of greater retention in the saltwater due to ions and
greater water uptake in the fish due to countercurrent exchange and drinking (Jeon et al. 2010).
To test whether PFOS uptake in fish is affected by salinity, PFOS accumulation will be observed
in the same fish species under freshwater and saltwater conditions following acclimation. A
major plus of F. heteroclitus is their ability to acclimate to both freshwater and saltwater.

PFOS is primarily accumulated in the liver and blood of rodents and humans (Oh, Moon,
and Choe 2013). Uptake and accumulation by the gills have not been extensively studied and
given that the gills are a point of contact, point of excretion, and receive significant blood flow,
they are also an organ of interest. Skeletal muscle will also be investigated because it is critical in
trophic transfer to humans (Chen et al. 2021). Therefore, we will expose F. heteroclitus to PFOS
at 0 ppb, 0.1 ppb, 1 ppb, 100 ppb for 0, 10, 20, and 30 days and monitor bioconcentration in

muscle, gills, liver, and blood.

Aim 3: Test whether PFOS differentially perturbs gill transporter expression in salt- and

freshwater acclimated mummichog.

It is expected that gills are important in the elimination of PFOS because of differences in
ion transporter expression. The response of transporters in the gills of euryhaline fish to PFOS
nor the potential role saltwater versus freshwater plays in the response has not been evaluated.
According to previous research, we hypothesize that the BCF for PFOS will be higher in the gills
of saltwater killifish compared to freshwater killifish. Higher concentrations of PFOS in the
tissues can be attributed to increases in ion pairing of PFOS to inorganics such as Mg*and Ca*,

and the role of the gills in transport and accumulation of xenobiotics (Kropf et al. 2020; Lu et al.

14



2021). We expect concentration dependent increases in PFOS in the gills, increased transporter
expression due to saltwater, and in turn potential for greater transporter expression with the
combination of saltwater and PFOS compared to freshwater and PFOS. This may help increase
clearance of PFOS in saltwater acclimated fish. If there is significant difference between the
concentrations of PFOS in the gills of killifish, then the transporters that contribute to the
expression of PFOS excretion will be determined such as organic anion transporters (OAT),
organic anion transporting proteins (OATP), and ATP binding cassettes (ABC) transporters
using targeted gPCR. Significant differences in the expression of xenobiotic transport genes will

be determined by two-way ANOVA.
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Chapter 11: Salinity alters PFOS bioconcentration and distribution in Fundulus

heteroclitus - Role of the gills and comparison to the invertebrate Daphnia magna
Abstract

Perfluorooctane sulfonate (PFOS) is a persistent organic pollutant that is known for its

surfactant properties and resistance to degradation. PFOS’s persistence in surface waters has led
to its bioaccumulation in aquatic invertebrates and fish, which in turn leads to its accumulation
and toxic effects in humans that consume fish. In this study, we compare the bioconcentration of
PFOS between the the aquatic invertebrate, Daphnia magna and the estuarine fish species,
Fundulus heteroclitus, and between saltwater and freshwater-acclimated F. heteroclitus.
Differences in PFOS bioconcentration between freshwater and saltwater fish is not well studied
and the estuarine fish species Fundulus heteroclitus (mummichog) known for its adaptation to
both hypertonic and hypotonic environments makes an ideal organismal model to determine
differences in the bioconcentration of PFOS in saltwater compared to freshwater because the
experiments can be performed in the same species. F. heteroclitus were acclimated to both
saltwater (23-26 ppt) and freshwater (moderately hard water; 0.143 ppt) conditions for 30 days
before being treated with PFOS for 20 days to determine bioconcentration in the liver, gills, and
muscle. At 100 ppb, PFOS bioconcentrations were higher in saltwater versus freshwater in the
liver and muscle of F. heteroclitus. At 1 ppb PFOS and below, some of these effects were
reversed but only statistically significant in gills. The physiological adaptability of F.
heteroclitus in different environments is facilitated by changes in expression of ionic and
xenobiotic transporters within the gills and these expression changes of glucocorticoid receptor
(GR), cystic fibrosis transmembrane receptor (CFTR), and organic anion transporter 1 (OAT1)

may play a role in the increased retention of PFOS in the gills of freshwater-acclimated
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mummichog. In PFOS exposures with daphnids, PFOS decreased survival and fecundity in D.
magna and reduced reproductive success at concentrations above 10 ppb of PFOS. Surprisingly,
PFOS bioconcentration was almost as high in daphnids as mummichogs with the exception of
the higher concentration exposures in liver. This indicates previous reports of decreased
sensitivity of daphnids to PFOS is not due to lower bioconcentration. In conclusion, PFOS
accumulation is exacerbated by salinity at high concentrations in the tissues of F. heteroclitus

and PFOS hinders reproductive success in D. magna.
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Introduction

Heptadecafluorooctane sulfonic acid potassium salt (PFOS) is a useful industrial
chemical and surfactant that is used in stain repellents, pesticides, lubricants, and flame
retardants (Khazaee and Ng 2018). However, PFOS’s long chain of carbon-fluorine bonds make
it resistant to degradation and therefore an environmental hazard that persists in sediments and
waterways and bioaccumulates in both terrestrial and aquatic environments (Miranda et al. 2021;

Lee et al. 2020). In turn, it impacts ecosystems primarily because of biomagnification in higher
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trophic ladder organisms (Goeritz et al. 2013). For example, concentrations of linear and
branched (L-PFOS and Br-PFOS) isomers of PFOS (0.49 and 0.09 ng/g whole body wet weight)
in a system of bivalves, fish, and crustaceans resulted in a total biomagnification factor (TMF) of
1.53, which indicates bioaccumulation and biomagnification of PFOS across all trophic levels
(Miranda et al. 2021).

PFOS leaches into drinking water and accumulates in seafood and other food sources and
therefore poses a significant risk to human health ("Drinking Water Health Advisory for
Perfluorooctane sulfonate (PFOS)" 2016; Gribble et al. 2015). PFOS has been found to
accumulate in human serum at an average concentration of 23.3 ng/mL with a long half-life of
5.4 years (Takacs and Abbott 2007; Frisbee et al. 2009). The highest concentrations of PFOS are
found in the liver, blood, and kidney of humans, rodents, and fish (Goeritz et al. 2013). However,
significant concentrations of PFOS are measured in the muscle tissue and this can directly affect
human bioaccumulation, especially in populations that consume fish regularly in their diet. The
Gullah African-Americans in coastal South Carolina had PFOS concentrations ranging from 5—
155 ng/mL with a mean of 53 ng/mL in 2003. After the abolishment of PFOS use in 2002, serum
concentrations reduced about 9% annually from 2003-2013 (Gribble et al. 2015). The
accumulation and distribution of PFOS in an aquatic organism are influenced by its uptake and
elimination, and PFOS is predominantly eliminated via the urine and gills in fish. Therefore the
gills are also key organs to study when investigating bioconcentration or biomagnification
(Consoer et al. 2016).

PFOS and other perfluorinated compounds (PFCs) can disrupt ion homeostasis in fish
and cause lesions within the gills of Oryzias melastigma (rainbow trout) with greater damage in

freshwater fish than saltwater fish (Lu et al. 2021). In contrast, PFOS increases in concentration
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relative to salinity in the liver and blood of Black Rockfish (Jeon et al. 2010). Considering the
rate of uptake and elimination, the BCF of PFOS in Black Rockfish is about 10 - 35 practical
salininty units [psu](Jeon et al. 2010). The chemical species that form between Mg?*, Ca*, and
PFOS increase its hydrophobicity, which may increase its uptake by transporters at higher
salinities. PFOS bioaccumulation and Na* and Mg* ion concentrations in water (Chen et al.
2012) are associated, which suggests that tissue concentrations of PFOS would most likely be
higher in the saltwater-acclimated fish compared to the freshwater-acclimated fish. In addition,
marine fish species drink much more water than freshwater fish because they lose water through
the gills due to osmosis; instead freshwater fish uptake greater amounts of water through the gills
because of osmotic differences between the freshwater and tissues (Wood and Marshall 1994;
Smith 1930). Therefore, PFOS exposure and ultimately organ bioconcentration may differ
betweeen saltwater- and freshwater-acclimated species.

One of the major plusses of studying F. heteroclitus (mummichog; killifish) is their
hardiness and ability to live in diverse saline environments (Burnett et al. 2007). In saltwater, F.
heteroclitus take in more water to maintain osmotic pressure and actively excrete ions into the
water to maintain ion balance within their cells. Euryhaline fish gill epithelial cells undergo
morphological changes that either facilitate or prevent uptake of ions depending on the salinity
which allows F. heteroclitus to thrive in hypersaline and hyposaline environments (Laurent,
Chevalier, and Wood 2006). This allows us to study and compare bioconcentration between
saltwater and freshwater-acclimated fish using the same species. In turn, increased
bioconcentration in one of these groups or in specific tissues us understand PFOS

bioconcentration and help inform human risk from consumption of freshwater or saltwater fish.
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Key xenobiotic transporters function to eliminate chemicals includes ATP binding
cassette (ABC) transporters such as the organic anion transporters (OATS), organic cation
transporters (OCTs), multidrug resistant associated proteins (MRPs), and multidrug resistant
proteins (MDRs). In mammals, PFOS is transported within the kidney and liver by organic anion
transport polypeptides (OATPS); specifically, OATP1B1, OATP1B3, and OATP2B1 (Zhao et al.
2017). Of the homologous transporters with the potential to transport PFOS, F. heteroclitus
express organic anion transporter 1 (OAT1) and P-glycoprotein (P-gp); both of which are
inducible by several xenobiotic activated transcription factors such as the pregnane-X-receptor
(PXR) in mummichogs (Grans et al. 2015). OAT1 has been shown to transport PFAS chemicals;
however, P-gp does not (Weaver et al. 2010; Kim et al. 2016; Zhao et al. 2017). The expression
of P-gp and OAT1 in response to PFOS has yet to be determined.

Key transcription factors and ion transporters that regulate salt balance under osmotic
stress within the gills include the glucocorticoid receptor (GR), cystic fibrosis transmembrane
receptor (CFTR) and sodium potassium ATPase-1al (NKATPaselal). The activation of cortisol
by GR in fish has been known to increase the gene expression of CFTR that in turn increases CI
secretion as a physiological adaptation to seawater (Shaw et al. 2010; Shaw et al. 2007) and CI-
absorption as a physiological adaptation to freshwater (Marshall and Singer 2002). CFTR
channels located on the apical side of the plasma membrane secretes Cl™ back into seawater as a
measure to maintain NaCl homeostasis in environments of high salinity (Shaw et al. 2007).
NKATPaselal channels take up Na* into the basolateral side of the plasma membrane inside the
gills (Scott et al. 2005); NKATPaselal is highly expressed in freshwater compared to saltwater

(McCormick et al. 2013).
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In general, PFOS toxicity is higher in vertebrates that invertebrates (Ji et al. 2008). For
example, the no observable effect concentration (NOEC) for reproduction of D. magna is 1.25
mg/L while hatchability for the Japanese medaka (Oryzias latipes) significantly decreases at
concentrations as low as 0.01 mg/L (Ji et al. 2008). The primary hypothesis for this difference is
the lack of peroxisome proliferator activated receptors (PPARS) in protostomes (Litoff et al.
2014; Capitao et al. 2020). However, there are other modes of action of PFOS such as inhibition
of fatty acid oxidation and perturbation of triglyceride and cholesterol homeostasis (Fragki et al.
2021). Furthermore, the bioconcentration of PFOS in invertebrates has not been well studied and
therefore it is possible that some of the differences in toxicity is due to reduced bioaccumulation.
Therefore, in addition to evaluating bioconcentration between saltwater and freshwater
acclimated F. heteroclitus, we will also measure and compare bioconcentration between D.
magna and F. heteroclitus.

The purpose of this study was to determine if there are differences in BCF between D.
magna and F. heteroclitus, and between F. heteroclitus adapted to saltwater or freshwater. We
determined the chronic toxicity of PFOS in daphnids and measured PFOS bioaccumulation.
Furthermore, we exposed mummichogs to PFOS for 20-days and measured bioconcentration at
day 10 and 20 at three different PFOS concentrations in saltwater and freshwater-acclimated fish.
Bioconcentration was compared between species and saline-acclimated fish. Differences in
tissue bioconcentration was measured in liver, muscle, and gill of fish and compared between
groups. Lastly, the expression of key transporters was measured before and after PFOS exposure
to determine if transporter expression differs in saltwater versus freshwater-acclimated fish with

and without exposure to PFOS.
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Materials & Methods

D. magna Culture & Maintenance

A culture of D. magna has been maintained in the Department of Biological Sciences for
greater than 25 years (Baldwin et al. 2001). The artificial media used to house D. magna was
moderately hard water composed of 60 mg/L MgSQO4, 60 mg/L CaSQO4, 96 mg/L NaHCOs3, and 4
mg/L KCI in Millipore water kept at a pH between 8.2 and 8.4 (Ginjupalli, Gerard, and Baldwin
2015). The artificial media was aerated continuously before being used. D. magna were kept in a
controlled environment that was maintained at 21.0°C with a 16:8-hour light:dark photoperiod.

and fed a mix of fish food and Pseudokirchneriella subcapitata.

Pseudokirchneriella subcapitata Culture

P. subcapitata was cultured in medium containing 5 ml of each of the salt solutions #1-5.
Salt solution #1 was made of 1.85 g MgCl», 2.2 g CaCl, ¢ 2H,0, and 12.75 g NaNOs in 500 mL
of deionized (DI) water. Salt solution #2 was made of 7.35 g MgSQO4 e 7H,0 in 500 ml of DI
water. Salt solution #3 was made of 0.684 g KoHPO4 e 3H20 in 500 ml of DI water. Salt solution
#4 was made of 7.5 g NaHCOs in 500 ml of DI water. Salt solution #5 was made of 92.8 mg
H3BOs3, 2.08 mg MgCl. e 4 H20, 79.9 mg FeClz e 6 H20 in 150 ml NaEPTA e 6H20. NaEPTA e
6H.0 was made by combining 0.5 ml ZnSO4 e 7H,0 (690 mg in 100 ml of DI water), 0.5 ml
CaCl, e 2H,0 (60 mg in 580 ml of DI water), 0.5 ml CaCl; ¢ 6H20 (142.8 mg in 100 ml DI
water), 0.5 ml NaSeOsz ¢ 5H,0 (333.0 mg in 100 ml of DI water), and 0.5 ml Na,MgOs e 2H>0
(18.3 mg in 10 ml of DI water). P. subcapitata was cultured using a previous stock containing 3
x 107 cells/mL. P. subcapitata that was rapidly mixed with a stir bar in ~3.5 L of sterilized DI

water under fluorescent light and aeration for 24 hours a day over 12 days. On the twelfth day,
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the cultured algae were centrifuged out of the medium to be reconstituted in a 1 L autoclaved

flask of Millipore water. All cultures were diluted to 30,000,000 cells / mL for feedings.

D. magna Chronic Toxicity Test with PFOS

A chronic toxicity test was performed using an adaptation of the standard methods for
static renewal chronic toxicity tests for D. magna (Biesinger, Williams, and van der Schalie
1987). Twelve neonates (<24 hours old) were collected for each treatment group. Each daphnid
was placed into separate 50 mL beakers containing 40 mL of culture media. PFOS was serial
diluted to concentrations of 0, 1, 10, 100, 1000, and 5000 ppb (ug/L) from a stock solution
dissolved in dimethyl sulfoxide (DMSO). All daphnid media solutions contained 0.1% DMSO.

D. magna were fed 3,000,000 cells per day (100 pL) of P. subcapitata for the first week
of the experiment, 4,500,000 (150 pL) cells per day for the second week and 6,000,000 (200 pL)
cells per day for the third week. Daphnid feedings were supplemented with 0.25 mg dry weight
TetraFin Fish Flakes (Masterpet Corp., Australia) dissolved in a 50 pL agqueous suspension
throughout the experiment. PFOS and control media were changed every other day at which time
death, age at first brood, presence of a new brood, and number of neonates were monitored and
quantified. The net reproductive rate for each exposure group at age 15- and 21-days was
determined by multiplying the percent of survival by the number of offspring for each adult
daphnid (Siegel, Swanson, and Shryock 2004). On the last day of the experiment, whole-body D.
magna were weighed and stored at -80°C as groups of three for bioconcentration analysis. The
BCF of PFOS in D. magna was determined by taking a ratio of the PFOS concentration in the

whole daphnid and the PFOS concentration in the media.
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F. heteroclitus Collection and Acclimation

F. heteroclitus were collected (wild-caught) from the brackish waters off the coast of
South Carolina at the Baruch Institute of Marine & Coastal Science at the North Inlet Estuarine
Research Reserve (NERR) at Georgetown, SC. Before experimentation, F. heteroclitus were
divided into two large system tanks that were enough to house 64 fish in each tank. All fish were
housed at 20 parts per thousand (ppt) in artificial saltwater (Instant Ocean Sea Salt, Spectrum
Brands Pet LLC, Blacksburg, VA) until acclimation for the PFOS studies. The fish were fed a

normal diet of TetraMin Tropical Fish Flakes (Masterpet Corp., Australia) daily.

F. heteroclitus Freshwater and Saltwater Acclimation

Freshly obtained mummichogs were separated into tanks for acclimation to saltwater or
freshwater. Fish to be tested for PFOS bioconcentration in saltwater were acclimated for a week
at a salinity of 23 ppt. The salinity of the water during the saltwater study was kept between 24-
26 ppt throughout the 30-day testing period. For the freshwater study, the fish were acclimated
over a four-week period in a step wise fashion in a slightly modified method described
previously (Shaw et al. 2007). The fish were kept at 20 ppt during the first week and stepped
down each week to 10, 3.5, and finally were housed at 0.143 ppt (moderately hard water). F.
heteroclitus were further acclimated for 5 days in the moderately hard water before they were
introduced to the testing environment for the freshwater studies. Moderately hard water was
made in 45-gallon barrels of reverse osmosis (RO) water containing 10.2 g of magnesium sulfate
(MgSO0.), 10.2 g of calcium sulfate (CaSQOas), 16.32 g of sodium bicarbonate (NaHCO3), and 680

mg of potassium chloride (KCI).
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F. heteroclitus Bioconcentration Testing with PFOS

Bioconcentration of PFOS in mummichogs was quantified for 30-days at several
different concentrations of PFOS. Wild-caught F. heteroclitus [n=64] were separated into sixteen
5-gallon tanks each containing four fish (sixteen fish for each treatment group). The fish were
treated with PFOS suspended in DMSO solvent to create water concentrations of 0 ppb, 0.01
ppb, 1 ppb, and 100 ppb. On days 2, 10, 20, and 30, one fish was taken from each tank for
necropsies and dissection. Four fish from each treatment group were dissected on day 0 to

determine baseline concentrations before PFOS exposure.
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Figure 5. Diagram of 30-day bioconcentration testing of F. heteroclitus in saltwater and
freshwater environment. On days 0/2, 10, 20, and 30, one fish was taken from each tank for
dissection of the liver, muscle, and gills. The 30-day saltwater tests were performed before the
30-day freshwater tests. The dissection process and schedule were the same for both the
saltwater and freshwater bioconcentration tests.

Fish were housed in saltwater/brackish (25 ppt) or freshwater (0.143 ppt). The fish were
exposed to a 12:12-hour light:dark photoperiod and 50% water changes with fresh PFOS were

administered three times a week. During testing, the fish were fed a normal diet of TetraMin
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Tropical Fish Flakes (Masterpet Corp., Australia) daily and water quality testing was performed
using the API Saltwater (or Freshwater) Testing Kit (Aquatic Pharmaceuticals, Inc., Chalfont,

PA).

F. heteroclitus Necropsies

On days 0, 2, 10, 20, and 30, one fish from each treatment group were anesthetized in 1-
1.5 g/L of tricane methanosulfonate (MS-222) solution buffered with calcium carbonate
(CaCO0s3). The total body weight of each F. heteroclitus was measured and then the fish were
decapitated to confirm euthanasia prior to the necropsy. Liver, gills, and muscle tissue were
dissected, weighed, placed in 2-mL vials, and snap frozen in liquid nitrogen until they were

stored at -80°C.

PFQOS Water Extractions

To extract PFOS from the water media, 160 ml of media for every four Daphnia and 160
ml of media for every fish (640 ml for each tank) in each PFOS treatment group was vacuumed
through a 500 mg/6mL Bond Elut SPE column (Agilent Technologies, Santa Clara, CA[Part. No.
12255021]). The columns were conditioned with 15 mL of methanol and 18 mL of millipore
water before running the sample water through a 12-position solid phase extraction (SPE)
vacuum manifold at a flow rate of 1 drop/1-2 seconds. The columns were washed with 2 mL of
millipore water for the D. magna media and 5 mL for the F. heterocltus media before drying the
filter for 5 minutes at high vacuum. PFOS that remained in the filter was eluted with 8 mL of
methanol. The methanol-PFOS was concentrated under a stream of nitrogen in a 40°C water bath

to dryness using the OA-SY'S heating system and N-EVAP 111 nitrogen evaporator
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(Organomation Associates, Inc., Berlin, MA) and stored at -80°C in autosampler vials to be

brought up in 200 ul of 50:50 acetonitrile:water before running the samples through LC-MS.

PFEOS Tissue Extractions

Tissue samples were prepared using the QUEChERS Extraction Method for PFAS with
modifications from other previously used methods (Chang et al. 2017; Marques et al. 2021)
where respective amounts of tissue samples were spiked with 100 ng/mL of 13C internal
standard (5,000 ng/mL PFOS [Lot # MPFOS0122] in acetonitrile) and homogenized in 2 mL
OMNI vials containing ceramic beads in Millipore water with the Bead Ruptor Elite Bead Mill
Homogenizer (OMNI, Bedford, NH, SKU 19-042E). Following homogenization, 100% LC/MS-
grade acetonitrile was added to the vials and then vortexed for 30 seconds. The ratio of
tissue:water:acetonitrile was 1 g: 10 mL: 10 mL. Once vortexed, the supernatant was then added
to an RNase-free 2 mL tube containing a ratio of roQ Extraction Kit-Original Salts (4g MgSO4
and 1g NaCl). The ratio of tissue sample : salts was 1 g : 5 g. The solution was then vortexed
again for 20-30 seconds and centrifuged for 20 mins at 5000 rpm at 23°C. 150 pL of the
resulting top layer of PFAS supernatant in acetonitrile was transferred into 650 pl RNase-free
tubes containing 30 mg of roQ dSPE powder (150mg MgSO4 and 50mg PSA, KSO-8920),
vortex for 30 seconds, and then centrifuged for 20 minutes at 5000 rpm at 25°C. 100 uL of clean
acetonitrile was pipetted out into another 2 mL tube for storage at -20°C. The extracts were
eluted through a 200 mg/3 mL Strata SBD-L 100 um Styrene-divinylbenzene SPE column
(Phenomenex, Torrance, CA) and washed with methanol. The methanol-PFOS was concentrated

under a stream of nitrogen in a 40°C water bath to dryness using the OA-SY'S heating system
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and N-EVAP 111 nitrogen evaporator (Organomation Associates, Inc., Berlin, MA and

reconstituted to its original extract volume prior to evaporation.

RNA Extraction and cDNA Synthesis

RNA was isolated from 50-100 mg of gill tissue using TRIzol Reagent according to the
manufacturer’s instructions (Invitrogen, Waltham, MA). RNA was quantified with a
NanoDrop™ One® Microvolume UV-Vis Spectrophotometer (ThermoFisher Scientific,
Waltham, MA, Cat. No. ND-ONE-W) before storage at -80°C. RNA quantity was confirmed
with a Qubit 4 Fluorometer (Invitrogen, Waltham, MA) using the RNA Broad Range assay
(Invitrogen, Waltham, MA). RNA (2 ng) was synthesized into cDNA by reverse transcription
using Moloney Murine Leukemia Virus-Reverse Transcriptase (MMLV-RT), dNTPs, 5xRT
Buffer and random hexamers. Samples were then incubated at 37°C for 1 hour and stored at -

20°C.

Quantitative Polymerase Chain Reaction (gPCR)

Quantification of transporter expression was determined by real-time quantitative
polymerase chain reaction (qQPCR). gPCR was performed using primers specific for
glucocorticoid receptor (GR), cystic fibrosis transmembrane receptor (CFTR), organic anion
transporter-1 (OAT1), Sodium potassium ATPase-1lal (NK-ATPaselal), P-glycoprotein (P-gp),
18S and p-Actin. Master mix was generated using 1 pL of diluted cDNA (1:10 cDNA/Millipore
water) mixed with 1 puL each of forward and reverse primers, 9.5 pL of Millipore water, and 12.5
uL of RT?2 SYBR Green (Qiagen, Frederick, MD) to get a total volume of 25 pL in each well.

Primers were denatured at 95°C for 30 seconds, lowered to their respective annealing
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temperatures (Table 1) for 30 seconds, and extended at 72°C for 30-45 seconds for 50 cycles to

determine threshold cycle (Ct). For the standard curve, serial dilutions of 1:4 (from 1:1-1:1024)

was used for all primers including the housekeeping genes. Samples were diluted 1:10 prior to

gPCR. The target genes were normalized to B-Actin as previously described using the inverted

Muller’s equation (Muller et al. 2002; Roling, Bain, and Baldwin 2004).

Table 1. gPCR Primer Information for Selected Transporters & Receptors.

Transporter 1
(OATY)

AGG AAC TTA GA-
3 b

GCT ACATAATC-3

Primer Forward Sequence Reverse Sequence Annealing
Temperatures (°C)
*B-actin 5’-CAG GGC TGT 5’-TCC ACG AGA 59
GATCTCCTTC-3 CCA CCT ACAAC-3°
*18S 5-TTT CTC GAT 5’-TAG TTA GCA 57
TCT GTG GGT GGT | TGC CGG AGT CTC
GGT-3’ GTT-3’
Glucocorticoid 5’-GTA CCA AAA 5’-CCT TGATGT 53
Receptor (GR) GAA GGC CTG AAG | AAGTCATCC TGA
TG-3° TCT CA-3°
Cystic Fibrosis 5’-AAT CGA GCA 5’-AGC TGT TTG 54
Transmembrane GTT CCC AGACAA | TGCCCATTGC-3’
Receptor (CFTR) | G-3’
Na/K/ATPaselal | 5’-AAG ATC ATG 5’-CACCTCCTC TGC 57
GAG TCCTTT AAG | ATT GAT GCT-3’
AAT CTG-3’
P-glycoprotein (P- | 5>-GGC TTC ACC 5>-ATACTGCTT 54
ap) TTCTCCTTCTC-3 | CCACAT CCATCC-
3,
Organic Anion 5’-TCG CTG AGG 5’-TGC AGC CCA 56

Liquid Chromatography/Mass Spectrometry

The liver, muscle and right gills were run on the SCIEX Triple Quadrupole 4500 Liquid

Chromatography Tandem Mass Spectrometer (LC-MS/MS) System (SCIEX, Framingham, MA)
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using a modification of methods described previously (Marques et al. 2020). The solvent used
for the samples was 50% acetonitrile and 50% Millipore water. Dilutions were made for samples
that were above the upper limit of quantification (ULOQ). The diluted samples were produced
and transferred into autosampler vials for analysis. The buffers used to run the samples through
the LC-MS was 1% ammonium hydroxide in methanol and 1% ammonium hydroxide in water.
The Waters X-Bridge C18 (100 mm x 4.6 mm, 5um) column was used to separate solutes in the
mobile phase. A calibration standard composed of acetonitrile and internal standard (IS) with
concentrations ranging from 500 ng/mL to 1 ng/mL of PFOS were used to verify PFOS retention
time (approximately 4.5 seconds). The product ion was optimized by injecting 10 pL of each
calibration standard. Using Analyst, a LC-MS data system software, a linear regression
calibration curve was constructed based off 6 calibration standards (500, 250, 100, 15, 5, and 1
ng/mL) with an r? =0.99. 10 pL of each environmental sample was injected into the mass
spectrometer. The solvent gradient started at 40% of 0.1% ammonium hydroxide in methanol
from 0.01-0.1 mins, up to 80% at 0.6 mins, up to 100% at 2 mins and remained at 100% until 3.5
mins, dropped back down to 40% at 3.51 mins and remained at 40% until the controller stopped

the program at 6.5 mins. The MRM ion pair used to quantify PFOS was 498.9/79.8.
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Figure 6. Gradient curve for running solvents (0.1% ammonium hydroxide in methanol &

Results

PFOS reduces fecundity in Daphnia magna

water).

A 21-day chronic toxicity test was performed to determine the reproductive effects of

PFOS. PFOS decreased daphnid survival in a concentration-dependent manner with significant

decreases at 1000 and 5000 ppb (Fig. 7). None of the 5000 ppb-exposed daphnids survived past

day 3.
Survival Rate
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50+

Percent survival

%%

0 3 6 9 12 15 18 21
Days

Fted

¢

0 ppb (Control)
1 ppb

10 ppb

100 ppb

1000 ppb

5000 ppb

Figure 7. Effects of PFOS on mortality.
Data were determined by chi-squared
analysis and are expressed as the total
number of deaths from an original
population of 12. Statistical differences
between the survival curves were assessed
using Mantel-Cox test, Logrank test for
trend, and Gehan-Breslow-Wilcoxson test.
** denotes significant difference with p-
value<0.0001, * denotes significant
difference with p-value<0.05.

Fecundity was also reduced in a concentration-dependent manner in daphnids exposed to

higher PFOS concentrations by day 13 (Fig. 8a) in the 100 ppb (29.7%) and 1000 ppb (33.9%)
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exposure groups. By day 21 the 100 ppb and 1000 ppb groups showed 16.9% and 39.2%
reduction of fecundity compared to the control, respectively. This is consistent with previous
results with D. magna that demonstrated concentration-dependent reductions in fecundity
starting at about 40 ppb (Lu et al. 2015). From survival and reproduction, the net reproductive
rate (Ro) was determined (Fig. 8b). Ro is a ratio of the number of offspring produced over an
organism’s entire lifespan that also takes survival into consideration. Because it combines the
effects of survival and fecundity, it is a more sensitive marker of the adverse effects of a
chemical that estimates the effects of PFOS on total population growth (Lu et al. 2015). Net
reproductive success (Ro) was reduced by PFOS in D. magna in a concentration-dependent

manner starting at 10 ppb (Fig. 9).

Neonates / Daphnid Figure 8. PFOS decreases
fecundity and in a concentration-

70 - dependent manner. (a) Fecundity
ab**** was determined as described in the

60 - —¢- 0 ppb (Control) Materials & Methods. Differences
-= 1ppb were determined by ANOVA

50 - followed by Fisher LSD and are
-+ 10 ppb expressed as mean + SEM (n = 12).

Asterisks denote an overall
404 - 100 ppb ' p

significant difference from the
control. The treatment groups that
are statistically different are noted
with an ‘a’ (100 ppb) or ‘b’ (1000
ppb),and **p-value <0.01, ***p-
value<0.005, and ****p-
value<0.0001.
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Figure 9. PFOS reduces reproductive
0 success and population size in D. magna.
- - Over one lifespan, reproductive success
. declined with higher concentrations of PFOS;
% 40 - determined as described in the Materials and
Methods. Differences were determined by one-
20 - P way ANOVA followed by Fisher’s LSD and
= il are expressed as mean + SEM. Significant
| differences are denoted by ** (p<0.01), ***
0= . (p<0.005), and **** (p<0.0001).
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Parameters that may affect fecundity such as age at first brood, number of broods, and
neonates/brood were determined. The most sensitive parameter was neonates / brood, which was
reduced in D. magna treated with 100 and 1000 ppb PFOS (Fig. 10a). The number of broods
produced per daphnid (Fig. 10b) was not significantly altered and the age at first brood was only
weakly increased in the 100 ppb group (Fig. 10c). Overall, The Ro indicates reproductive success
is 35.77% and 86.50 % lower in the 10 ppb and 1000 ppb PFOS-exposed groups, respectively.
The decline in reproductive success, in combination with high mortality rate, will reduce
population size. Most of this drop is due to mortality in the 1000 ppb group making adult
survival the key factor in reproductive success. Of the parameters that measure reproduction, the
primary driver of reduced reproduction is a change in the number of neonates produced in each
brood. Other studies have also shown reduced survival due to similar concentrations of PFOS
although not as powerfully as our data and the key driver of reproductive success was neonates

per brood. (Ji et al. 2008; Lu et al. 2015).
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Figure 10. PFOS primarily decreases fecundity by reducing the number of neonates per brood in a
concentration-dependent manner. (a) Neonates produced per brood. (b) Number of broods produced per
adult daphnid. (c) Age of the average daphnid when they produced their first brood. Data were determined
by ANOVA followed by Fisher’s LSD and are expressed as mean £ SEM (n = 12). * denote significant
difference from the control (p-value < 0.05).

Bioconcentration of PFOS in D. magna

PFOS concentrations were measured from pooled samples of 3 whole daphnids in each
treatment group of 12 (n = 4). PFOS concentrations increased in a concentration-dependent
manner (Table 2). However, concentrations at the 10, 100, and 1000 ppb concentrations were
above our standard curve limitations and therefore are in part estimated. These concentrations
were compared to measured PFOS concentrations in the media (Table 3) to determine
bioconcentration factors (BCFs) [BCF = Concentrationwater / Concentrationdapnid]. BCFs were
determined at each concentration over 21-days and found to decrease with increasing
concentrations. Lower BCFs at higher concentrations are due to higher amounts of PFOS
accumulating in the tissues over time compared to the steady concentration in the water. Few
studies have performed BCFs in invertebrates (Xia et al. 2015) and none have evaluated
bioconcentration in D. magna at different concentrations to our knowledge. The bioconcentration

factors for D. magna are 0.372 + 0.139 (mean + SEM) for 0 ppb, 0.659 + 0.331 for 1 ppb, 0.267
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+ 0.001 for 10 ppb, and 0.399 + 0.132 for 100 ppb. There was no significant difference found in

the BCFs of D. magna at any treatment of PFOS.

Table 2. Measured concentrations of PFOS in whole body of D. magna.

Concentration (ppb) Measured (ppb)
0 0.192 £ 0.109
1 1.076 + 0.280
10 3.556 + 0.435%
100 25.80 + 3.630%

Data expressed as mean + SEM

# indicates data that is above the upper limits of detection.

Table 3. Nominal and measured concentrations of PFOS in the D. magna media.

Concentration (ppb) Measured (ppb)
0 0.558 + 0.193
1 3.231+£1.921
10 22.82 £9.540
100 64.65 + 10.33*
1000 1244 + 631.7%

Data expressed as mean + SEM

# indicates that some samples are above the quantitative upper limits of detection using the

standard curve and are therefore estimated.

$ Efficiency of water extractions were not determined and based on liver we might expect them

to be about 70%.
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Bioconcentration of PFOS in F. heteroclitus

PFOS concentrations in the saltwater and freshwater media were measured by LC-MS
(Table 4-5). Concentrations were higher than expected in the controls of both concentrations,
especially the saltwater acclimated water suggesting that there may be PFOS contamination
trapped within the seawater salts. The bioconcentration of PFOS in F. heteroclitus was
determined in liver, gill, and deskinned muscle from fish tested at 0, 10, and 20-days post initial
laboratory exposures from saltwater and freshwater acclimated fish trapped from the NERR site
in Georgetown, SC. The purpose of this experiment was to compare bioconcentration between
freshwater and saltwater fish and use F. heteroclitus as a model because of its ability to adapt to

either saltwater or freshwater conditions (Shaw et al. 2007).

Table 4. Nominal and measured concentrations of PFOS in F. heteroclitus saltwater.

Concentration (ppb) Measured (ppb)
0 1.899 +1.399
0.01 0.358 + 0.079
1.00 22.000 + 1.446

Data expressed as mean + SEM

Table 5. Nominal and measured concentrations of PFOS in F. heteroclitus freshwater.

Concentration (ppb) Measured (ppb)
0 0.015 + 0.005
0.01 0.071 £ 0.006
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1.00 24.476 £ 4.040

Data expressed as mean + SEM

PFOS concentrations were the highest in the liver tissue out of the tissues that were
analyzed (Table 6-8). Liver PFOS concentrations increased over time and exposure
concentration with only the 100 ppb concentration showing statistically significant increases by
two-way ANOVA probably because of high background concentrations in the wild captured fish
(Table 6; Fig. 11). The concentration of PFOS in the liver tissue was higher in saltwater
acclimated mummichogs than freshwater acclimated mummichogs in the 100 ppb treatment
group (Table 6; Fig. 12). PFOS concentrations were also significantly increased in the 1 ppb
relative to control and group if the analysis was performed by one-way ANOVA (p-value <
0.001). Previous studies have shown increases in PFOS at higher salinities in the liver of other

euryhaline fish species (Jeon et al. 2010).
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Table 6. PFOS Concentrations in the liver of freshwater and saltwater acclimated fish.

Freshwater Saltwater

Concentration

(ppb) Day 10 Day 20 Day 10 Day 20

0 0.119 + 0.076 0.579+0.121

0.01 1.092 + 0.289 2.429 +1.134 0.075+0.024 0.225 + 0.064 2™
b***

1.0 1.932 +0.612 2.379 + 0.656 0.527 £ 0.073 7.086 + 1.337
b*** b***

100 7.755 + 1.731¥ 11.78 + 32.10+15.77% 61.21 + 26.23

3 ] 733a**b**c* a***c*

‘a’ indicates difference from day 0.

* indicates p-value < 0.01.
** indicates p-value < 0.001.

*** ndicates p-value < 0.0001.

‘c’ indicates difference between salinity.

Letter with no asterisk indicates p-value <0.05.

‘b’ indicates difference over time in corresponding treatment.

Data presented as mean + standard error mean. Statistical significance was determined by 2-
way ANOVA followed by Uncorrected Fisher’s LSD and ordinary one-way ANOVA.

PFOS concentrations in the gills were lower than the liver but higher than the muscle

tissue in F. heteroclitus (Table 6-8). The concentration of PFOS in the gill tissue differs from

that of the liver tissue in that the freshwater, not the saltwater-acclimated mummichogs, showed

the greatest increase in comparison to day 0. There were no significant differences in gill

concentrations caused by salinity (Table 7; Fig. 11). However, gill PFOS concentrations were

only measured in the 0, 0.01, and 1 ppb groups; not the 100 ppb group because of loss of

individual samples (death and small gill size in which extractions were not possible). Liver

concentrations were also often greater in the freshwater fish at lower concentrations (day 10 —

0.01 and 1.0 ppb) similar to gills (Table 7,8; Fig. 12).
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Table 7. PFOS concentrations in the gill of freshwater and saltwater acclimated fish.

Freshwater Saltwater

Concentration

(ppb) Day 10 Day 20 Day 10 Day 20

0 0.391 +£0.185 0.179 £ 0.094

0.01 2415+ 0.980 + 0.251° 0.447 +£0.318°" | 0.278 £ 0.141
0.74237°

1.0 1.523 + 0.281% 1.672 +0.320* | 0.766 + 0.228 0.594 +0.337°¢

100

‘a’ indicates difference from day 0.

* indicates p-value < 0.01.
** indicates p-value < 0.001.

*** ndicates p-value < 0.0001.

‘c’ indicates difference between salinity.
Letter with no asterisk indicates p-value <0.05.

‘b’ indicates difference over time in corresponding treatment.

Data presented as mean + standard error mean. Statistical significance was determined by 2-way

ANOVA followed by Uncorrected Fisher’s LSD and ordinary one-way ANOVA.

The concentrations of PFOS in the muscle tissue are lower than the other tissues

measured (Table 6-8). Once again, saltwater tissue concentrations were higher than the

freshwater muscle concentrations at the highest concentration of 100 ppb (Table 8; Fig. 12).
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Table 8. PFOS concentrations in the muscle of freshwater and saltwater acclimated fish.

Freshwater Saltwater
Concentration
(ppb) Day 10 Day 20 Day 10 Day 20
0 0.108 +0.043 0.926 + 0.415
0.01 0.626 + 0.465 0.276 + 0.086 0.609 + 0.308 0.196 £ 0.116
1 0.542 +0.232 0.553 +0.208 0.223 £ 0.070 0.221 + 0.063
100 1.494 +0.329°™ | 1.902 + 0.616 6.242 + 3.849 + 1.136%"
4,359

‘a’ indicates differences from day 0.

* indicates p-value < 0.01.

** indicates p-value < 0.001.

‘c’ indicates difference between salinity.

Letter with no asterisk indicates p-value <0.05.

‘b’ indicates difference over time in corresponding treatment.

Data presented as mean + standard error mean. Statistical significance was determined by 2-way
ANOVA followed by Uncorrected Fisher’s LSD and ordinary one-way ANOVA.

*** ndicates p-value < 0.0001.

The BCF was calculated by comparing the dry weight (ng/mg) of tissue to the
concentration of PFOS in the media (ng/mL). The BCF of F. heteroclitus gills, liver, and muscle
significantly decreased from the lowest treatment group in freshwater while the BCF of the

corresponding tissues in saltwater show no significant difference (Table 9).
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Figure 11. PFOS concentration in
tissues of F. heteroclitus are affected by
salinity. Concentrations of PFOS in the
liver, gills, and muscle in both freshwater
and saltwater over 20 day tests show that
PFOS concentrations differ between
saltwater and freshwater among PFOS
treated groups. Significant differences
determined by 2-way ANOVA followed
by Uncorrected Fisher’s LSD. An*®
indicates difference from day 0. An®
indicates difference in time. An ° indicates
difference in salinity. Letter with no asterisk
indicates p-value <0.05. * indicates p-value
<0.01. ** indicates p-value < 0.001. ***
indicates p-value < 0.0001.
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Figure 12. PFOS concentration in tissues
of F. heteroclitus differ between saltwater
and freshwater. Concentrations of PFOS in
the liver, gills, and muscle in both freshwater
and saltwater over 20 days show that PFOS
concentrations differ between saltwater and
freshwater between PFOS treated groups.
Significant differences determined by 2-way
ANOVA followed by Uncorrected Fisher’s
LSD. An ® indicates difference from day 0 of
either saltwater or freshwater. An ® indicates
difference in salinity among the treatment
group. Letter with no asterisk indicates p-value
<0.05. * indicates p-value < 0.01. ** indicates
p-value < 0.001. *** indicates p-value <
0.0001.




Table 9. PFOS Bioconcentration Factor (BCF) in F. heteroclitus.

Freshwater Saltwater

Concentrati Muscle Muscle
on (ppb) Gill (ppb) Liver (ppb) (ppb)  Gill (ppb) Liver (ppb) (ppb)
14.839 + 34.568 + 4.092 + 1.155 + 5.038 + 0.746 +

0.01 6.196 19.207 1.582 0.741% 1.671%" 0.460%"
1.00 0.078 £ 0.108 + 0.029 + 0.031 + 0.333 t 0.010 +
0.022™ 0.029%"™" 0.017% 0.020*" 0.079%™ 0.003%"

0.118 + 0.019 + 0.612 + 0.038 +

100 0.037%"" 0.006%" 0.262%" 0.011%

Data expressed as mean + SEM

Statistical differences determined by two-way ANOVA followed by Uncorrected Fisher’s LSD.
 indicates differences from 0.01 ppb freshwater.

* indicates p-value < 0.01.

** indicates p-value < 0.001.

*** indicates p-value <0.0001.

Comparison of Bioconcentration between D. magna and F. heteroclitus

The concentration of PFOS in the liver and muscle tissue of F. heteroclitus at 1 ppb and
100 ppb PFOS was compared to the whole-body burden of PFOS in D. magna at the same
corresponding concentrations and times (20/21-days). Invertebrates are often thought to be much
less sensitive to PFOS and lower bioconcentration may play a factor in this reduced toxicity (Ji et
al. 2008). This also allowed us to compare the bioconcentration of PFOS between two organisms
at different trophic levels. The comparison of whole-body D. magna to both F. heteroclitus liver
and muscle provides ratios to high and low concentration tissues in the fish, respectively.
Between F. heteroclitus and D. magna, the accumulation of PFOS was greater in D. magna
(zooplankton) than in the muscle tissue compared to freshwater and saltwater-acclimated F.

heteroclitus. PFOS accumulation in D. magna was less than that of F. heteroclitus liver in both
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concentrations of saltwater-acclimated fish and the 1 ppb treatment group of the freshwater-
acclimated mummichogs. Only the 100 ppb PFOS liver group in freshwater mummichog showed

lower bioconcentration in mummichog liver than D. magna (Table 10).

Table 10. Ratios of 20-day F. heteroclitus muscle and liver - to - D. magna tissue concentration.

Freshwater Saltwater
Concentration
(ppb) Muscle Liver Muscle Liver
1 0.514 2.211 0.205 6.586
100 0.074 0.457 0.149 2.372

Data presented as mean

Expression of ionic and xenobiotic transporters in response to PFOS

gPCR was performed on GR, CFTR, OAT1, NKATPaselal, and P-gp to determine if
changes and salinity or exposure to PFOS alter ionic and xenobiotic transporter gene expression
as this may potentially change PFOS bioaccumulation. All the transporters and GR showed
significant differences in expression between fish gills exposed to saltwater or freshwater. NK-
ATPaselal is a key biomarker of changes in salinity, and it is expected that freshwater will
enhance expression (McCormick et al. 2013), which was the case at day 2 or 20. PFOS. The

baseline expression of NKATPaselal, OAT1 and P-gp are significantly upregulated in F.
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Figure 13. In freshwater conditions without PFOS
DAY 2 DAY 20 treatment, gene expression of all transporters F.
heteroclitus are upregulated. At 0.143 ppt of salinity at
NKATPasetat day 2, all transporters were upregulated. By day 20, all
40+ ® 80 ¥ but GR and CFTR either increased in differential
ol : w0 expression. GR and CFTR expression in freshwater were
reduced by day 20. Differences were determined by
20+ “ unpaired t-test and are expressed as mean + SEM (n=3-
104 p” 4). * denotes p-value < 0.05 and ** denotes p-value <
0.01.
0- 0
GR heteroclitus at day 2 and 20. The increase in

*%

expression of ion channels such as NKATPase and
CFTR is supported by transcriptomic analysis that

CFTR showed freshwater gills of euryhaline fish show a

higher percentage of gene homologs for ion channels,
G-couple protein receptors, and transmembrane

receptors than saltwater gills (Lam et al. 2014). In
P-gp
3500
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2000 increases with decreases in salinity, vice versa to
1500
10007 i NKATPaselb (McCormick et al. 2013). OAT1 has

previous literature, the expression of NKATPasela

60
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been previously shown to eliminate PFOS, so this

Relative Fluorescence
o N »

OAT1
10 A = *x result may provide a mechanism by which freshwater
8
. = fish could eliminate PFOS faster than saltwater-

15
: . " adapted fish. GR and CFTR showed significant
;&”‘ e :@\é"@ & differences in expression at day 2 of the experiment,
<« <
ity but not day 20. This might be caused by further

acclimation to the freshwater and lesser need for the transcriptional changes induced by GR that
help the acclimation to freshwater (Shaw et al. 2007). There is some uncertainty as to whether

GR and CFTR are good markers of changes in salinity over a long period of time (Fig. 13)
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because MRNA expression is not reflective of the number of transporter proteins present (Scott

Relative Fluorescence
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Relative Fluorescence

manner, however, there are not any statistically significant changes. No other significant

alterations were found in the expression of the five genes involved in xenobiotic or ion transport.

To our knowledge, no research has been conducted on the effects of PFOS on GR in F.
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heteroclitus gills. In rodents, PFOS inhibits the
release of corticosteroids in the hypothalamic-
pituitary-adrenal axis (Salgado-Freiria, Lopez-
Doval, and Lafuente 2018). Because GR functions
to increase MRNA expression of CFTR in
response to being activated by cortisol and aids in
acclimation to changes in salinity, the
downregulation of GR in freshwater-acclimated
killifish at day 20 could be the result of cortisol
inhibition (Shaw et al. 2007). Furthermore, this
data suggests that PFOS may reduce normal
environmental plasticity and in turn hinder the fish
from responding to normal salinity changes in an

estuarine environment.

Figure 15. PFOS alters the expression of the
glucocorticoid receptor (GR) under saltwater
conditions in F. heteroclitus. PFOS showed
significant reduction in the expression of GR in the
0.01, 1, and 100 ppb treatment groups in F.
heteroclitus in 23-26 ppt salinity (saltwater). No
statistical significance was found in any other
transporter under either salinity conditions in
response to PFOS exposure. Differences were
determined by one-way ANOVA and are expressed
as mean = SEM (n=3-4). * denotes p-value < 0.05
and ** denotes p-value < 0.01.
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Discussion

PFOS concentrations in the liver and the muscle tissues at 100 ppb were significantly
higher in the saltwater-acclimated mummichogs than the freshwater-acclimated mummichogs,
indicating greater bioconcentration in the saltwater-acclimated fish. The ratio of liver and muscle
concentrations in the saltwater-acclimated mummichogs compared to the freshwater-acclimated
mummichogs were 5.2:1 and 2.02:1 at 100 ppb, respectively. This trend was not as strong and in
fact slightly reversed at some of the lower concentrations. The ratio of liver, gill, and muscle
concentrations in the saltwater-acclimated mummichogs compared to freshwater-acclimated
mummichogs were 2.98:1, 1: 2.81, and 1: 2.5 at 1 ppb and 1: 10.80, 1: 3.5, and 1: 3.19 at 0.01
ppb, respectively.

In other studies, salinity has been shown to act as a protective mechanisms against
xenobiotic uptake due to molecular competition with other ions such as Ca* and Mg?* (Loro et
al. 2012). Marine fish species drink significant amounts of water because of osmotic water loss
through the gills. Freshwater fish species drink markedly less water as they deal with increased
osmotic water uptake of water through the gills in these hypoosmotic condition (Wood and
Marshall 1994; Smith 1930). Therefore, PFOS exposure and ultimately bioconcentration may be
greater in saltwater-acclimated species through the intestine from drinking water with a first-pass
through the liver (Vidal et al. 2019). However, freshwater-acclimated species may be exposed
more through the gills without first pass through the liver. Therefore, liver and bioconcentration
would be expected to be greater in saltwater-acclimated species through greater influx volume
from the gut, and gill bioconcentration greater in freshwater species by uptake through the gill
filaments. Muscle tissue levels may be greatly influenced by the greatest influx volume into the

fish and therefore may not be altered as much as gill or liver by the route of exposure as by the
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amount of water entering the fish. This is what we observed with some caveats. In general,
freshwater-acclimated mummichogs showed greater bioconcentration at 0.01 ppb in all tissues
and saltwater-acclimated mummichogs showed greater bioconcentration at 100 ppb in all tissues.
However, at 1 ppb, freshwater-acclimated mummichogs showed greater bioconcentration in gills
and saltwater-acclimated mummichogs showed greater bioconcentration in liver (Tables 6, 7;
Figures 11, 12). This is likely caused by the different modes of exposures; gills via freshwater
and drinking via saltwater (Wood and Marshall 1994).

PFOS accumulation in the tissues of F. heteroclitus by organ are similar to that of other
studies that observed PFOS distribution that ranged from highest to lowest from the liver, to the
gill, and then lastly to the muscle (Chen et al. 2021). The magnitude of distribution, specifically
from muscle-to-liver is greater in the saltwater than in the freshwater-acclimated mummichogs.
Although a previous study concluded that 41% of PFOS is proportionally distributed in the
muscle tissue of rainbow trout, PFOS concentrations in the muscle tissue were relatively low
compared to the gill and the liver (Goeritz et al. 2013). The comparison between PFOS
concentration in the liver, gill and muscle tissue are reflected in the results of this study.

The mechanisms by which PFOS transports into or is eliminated out of the gills differs
from that of the liver or the muscle to where PFOS’s bioaccumulative potential isn’t hindered by
other molecules in the water. In a study observing the branchial clearance and uptake of PFOS in
rainbow trout, the branchial clearance rate is reportedly higher than the renal clearance rate
(Consoer et al. 2016). Higher bioconcentrations of PFOS in freshwater tissues at lower levels
compared to saltwater could result from the abundance of ion channels and receptors in

freshwater-acclimated gills of teleost fish that can accumulate more ions (Lam et al. 2014).
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Organic anion transporters (OATS) and their corresponding peptides (OATPS) contribute
to the elimination of PFAS through the kidneys in fish species, the upregulation of OAT1 in the
gills of freshwater acclimated mummichogs might provide insight into why concentrations of
PFOS are lower in freshwater than saltwater acclimated mummichogs. According to another
study that conducted toxicokinetic modeling of PFOS in rainbow trout, reportedly >99.99% of
ionic PFOS accumulates in the gills (Vidal et al. 2019). Not only are the gills a potentially
important route of uptake in fish, low concentrations of PFOS can be absorbed into the gills,
which can further explain why PFOS concentrations were quantitatively higher in freshwater
than in saltwater at low concentrations. The uptake and elimination of PFOS in the gills can only
be speculated by the results of this study. In addition, variations in individual weight must be
taken into account because higher ventilation rates in small fish could result in greater rates of
PFOS elimination and therefore less bioconcentration (Consoer et al. 2016).

In the F. heteroclitus gills, the upregulation of CFTR in this experiment contrasts several
studies that indicate higher expression of CFTR in saltwater in the apical membrane of F.
heteroclitus (Marshall, Lynch, and Cozzi 2002; Scott et al. 2005). However, through
immunostaining of mitochondrial rich cells, a potential isoform of CFTR is highly expressed on
the basolateral membrane and in the cytosol of F. heteroclitus gills adapted to freshwater
(Marshall, Lynch, and Cozzi 2002; Scott et al. 2004). Over time, the mRNA expression of both
GR and CFTR decline after 20 days post acclimation (Scott et al. 2004). Similar results were
found after 20 days in freshwater-acclimated killifish gills (Fig. 11). No known research has
been conducted on the expression of P-gp and the teleost ortholog to mammalian OATL1 in the

gills of F. heteroclitus. Although both P-gp and OAT1 are known to be found in the kidney of
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most fish, P-gp has been identified in cultured epidermal cells of teleost fish Oncorhynchus
mykiss (Shuilleabhain et al. 2005).

The ratio of liver: gill: muscle concentrations at day 20 is 32.1: 2.7: 1 in the 1 ppb group
in the saltwater-acclimated mummichogs and 4.3: 3: 1 in freshwater-acclimated mummichogs.
The ratio of liver: gill: muscle concentrations at day 20 is 1.1: 1.4: 1 in the 0.01 ppb group in the
saltwater-acclimated mummichogs and 3.9: 1.6: 1 in freshwater acclimated mummichogs. The
ratio of liver: muscle concentrations at day 20 is 15.9:1 in the 100 ppb group in saltwater-
acclimated mummichogs and 6.2:1 in freshwater acclimated mummichogs. The general trend at
0.01 ppb and 1 ppb of PFOS treatment, concentrations were higher in the freshwater than in the
saltwater for muscle and gill and less so with liver.

PFOS accumulation in liver of F. heteroclitus was greater than that of D. magna in both
concentrations of saltwater-acclimated fish and the 1 ppb treatment group of the freshwater-
acclimated mummichogs. Only the 100 ppb PFOS liver group in freshwater showed lower
bioconcentration in F. heteroclitus liver compared to D. magna (Table 10). F. heteroclitus have
a greater propensity to accumulate PFOS than D. magna because the comparison is between the
liver of F. heteroclitus, tissue with a great propensity for retention, compared to whole D.magna
that includes tissues with less propensity for retention such as muscle. It is possible that D.
magna eggs increased this retention, but they were not measured separately. Previous research
validates the increase in PFOS concentration from species in lower trophic levels to higher,
factors such as animal length and size should also be taken into account determine a tighter
correlation behind the increased contamination load on more complex organisms (Miranda et al.
2021). In an aquatic food web, zooplankton were reported to have the lowest concentrations of

PFOS accumulation while prey fish that mainly consumed zooplankton had the lowest
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concentrations of PFOS compared to other fish with the same fatty acid content, but consumed
both zooplankton and other small prey fish(Ren et al. 2022). Positive correlation between
proteins, fatty acids, and PFOS accumulation, biomagnification of PFOS from D. magna to prey
fish and then to predatory fish is possible in a food web where prey fish predominately consume
D. magna (Ren et al. 2022).

D. magna and invertebrates in general show less sensitivity to PFAS chemicals including
PFOS with a high LC50 value of 22.43 mg/L. ("Draft Agautic Life Ambient Water Quality
Criteria for Perfluorooctane Sulfonate (PFOS)" 2022). It should be noted that D. magna are less
sensitive to PFOS toxicity than most invertebrate species ("Draft Agautic Life Ambient Water
Quality Criteria for Perfluorooctane Sulfonate (PFOS)" 2022). We hypothesized that this could
be due to either significantly lower bioaccumulation or the lack of a target such as PPARs.
Because our data indicates high bioconcentration in D. magna, the lack of PPARSs or another
unknown target is more likely the reason for less sensitivity in invertebrate species such as D.
magna. In general, the BCFs in D. magna were similar to or lower than BCFs of algae,
amphipods and zebra mussel that were determined by the wet weight concentration compared to
the media (Kannan et al. 2005). However, the dry weight comparison to these low trophic
organisms cannot be concluded.

PFOS perturbation of fecundity, specifically the number of neonates produced per
daphnid as well as neonates per brood, was similar to that found in other studies with D. magna
(Lu et al. 2015). The reproductive success rate (Ro) at the end of the 21-day toxicity test
indicated that population size would be significantly reduced by PFOS exposure and can
therefore be a good indicator of PFOS toxicity within an ecosystem that includes D. magna as

one of its key primary consumers.
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Further research is needed to determine the pathways of PFOS transport and distribution
in F. heteroclitus as well as its potential mechanisms of toxicity that can lead to reduction in
activity and reproduction or an increase in mortality. The same is also true for D. magna as it
appears that D. magna lack some mechanisms of PFOS clearance that may occur in many fish
species based on its high whole body BCF. The downregulation of mRNA expression in GR
needs to be further investigated to find how PFOS disrupts the CFTR signaling pathway. The
increase in expression of P-gp and OAT1 in untreated F. heteroclitus in freshwater, as well as
other teleost fish, needs further investigation since the expression of xenobiotic transporters in
the gills is not well known.

In conclusion, at the highest levels of PFOS in the water, the concentrations of PFOS
found in the tissues of F. heteroclitus were higher in saltwater-acclimated mummichogs than in
freshwater-acclimated mummichogs. At lower levels of PFOS, concentrations were higher in the
freshwater-acclimated mummichog compared to the saltwater-acclimated mummichog. The
downregulation of GR in the gills of F. heteroclitus might be an indicator of PFOS’s effect on
the CFTR signaling pathway. Lastly, PFOS accumulates more in the liver of F. heteroclitus than
in the whole body of D. magna while PFOS accumulates less in the muscle of F. heteroclitus

than in D. magna.

Acknowledgements
Research funded by NIEHS grant R15ES017321 awarded to WSB. Education funded by Air

Force scholarship and the Air Force Institute of Technology (AFIT) awarded to TD.

59



Disclaimer Clause
The views expressed in this thesis are those of the author and do not reflect the official policy or

position of the United States, Air Force, Department of Defense, or the U.S. Government.

60



References

Baldwin, W. S., R. Bailey, K. E. Long, and S. Klaine. 2001. 'Incomplete ecdysis is an indicator
of ecdysteroid exposure in Daphnia magna', Environ Toxicol Chem, 20: 1564-9.

Biesinger, K. E. , L. R. Williams, and W. H. van der Schalie. 1987. "Procedures for Conducting
Daphnia magna Toxicity Bioassays. User’s Guide." In, edited by Environmental
Protection Agency. Las Vegas NV 89114-5027.

Burnett, K. G., L. J. Bain, W. S. Baldwin, G. V. Callard, S. Cohen, R. T. Di Giulio, D. H. Evans,
M. Gomez-Chiarri, M. E. Hahn, C. A. Hoover, S. I. Karchner, F. Katoh, D. L. Maclatchy,
W. S. Marshall, J. N. Meyer, D. E. Nacci, M. F. Oleksiak, B. B. Rees, T. D. Singer, J. J.
Stegeman, D. W. Towle, P. A. Van Veld, W. K. Vogelbein, A. Whitehead, R. N. Winn,
and D. L. Crawford. 2007. 'Fundulus as the premier teleost model in environmental
biology: opportunities for new insights using genomics', Comp Biochem Physiol Part D
Genomics Proteomics, 2: 257-86.

Capitao, A., M. Lopes-Marques, 1. Pascoa, R. Ruivo, N. Mendiratta, E. Fonseca, L. F. C. Castro,
and M. M. Santos. 2020. 'The Echinodermata PPAR: Functional characterization and
exploitation by the model lipid homeostasis regulator tributyltin', Environ Pollut, 263:
114467.

Chang, S., B. C. Allen, K. L. Andres, D. J. Ehresman, R. Falvo, A. Provencher, G. W. Olsen, and
J. L. Butenhoff. 2017. 'Evaluation of Serum Lipid, Thyroid, and Hepatic Clinical
Chemistries in Association With Serum Perfluorooctanesulfonate (PFOS) in Cynomolgus
Monkeys After Oral Dosing With Potassium PFOS', Toxicol Sci, 156: 387-401.

Chen, H., C. Zhang, Y. Yu, and J. Han. 2012. 'Sorption of perfluorooctane sulfonate (PFOS) on
marine sediments', Mar Pollut Bull, 64: 902-6.

Chen, M., L. Zhu, Q. Wang, and G. Shan. 2021. 'Tissue distribution and bioaccumulation of
legacy and emerging per-and polyfluoroalkyl substances (PFASS) in edible fishes from
Taihu Lake, China', Environ Pollut, 268: 115887.

Consoer, D. M., A. D. Hoffman, P. N. Fitzsimmons, P. A. Kosian, and J. W. Nichols. 2016.
"Toxicokinetics of perfluorooctane sulfonate in rainbow trout (Oncorhynchus mykiss)’,
Environ Toxicol Chem, 35: 717-27.

"Draft Agautic Life Ambient Water Quality Criteria for Perfluorooctane Sulfonate (PFOS)." In.
2022. edited by United States Environmental Protection Agency, 1-696. Washington,
D.C.

61



"Drinking Water Health Advisory for Perfluorooctane sulfonate (PFOS)." In. 2016. 1-88.

Fragki, S., H. Dirven, T. Fletcher, B. Grasl-Kraupp, K. Bjerve Gutzkow, R. Hoogenboom, S.
Kersten, B. Lindeman, J. Louisse, A. Peijnenburg, A. H. Piersma, H. M. G. Princen, M.
uhl, J. Westerhout, M. J. Zeilmaker, and M. Luijten. 2021. 'Systemic PFOS and PFOA
exposure and disturbed lipid homeostasis in humans: what do we know and what not?',
Crit Rev Toxicol, 51: 141-64.

Frisbee, S. J., A. P. Brooks, Jr., A. Maher, P. Flensborg, S. Arnold, T. Fletcher, K. Steenland, A.
Shankar, S. S. Knox, C. Pollard, J. A. Halverson, V. M. Vieira, C. Jin, K. M. Leyden, and
A. M. Ducatman. 2009. 'The C8 health project: design, methods, and participants',
Environ Health Perspect, 117: 1873-82.

Ginjupalli, G. K., P. D. Gerard, and W. S. Baldwin. 2015. 'Arachidonic acid enhances
reproduction in Daphnia magna and mitigates changes in sex ratios induced by
pyriproxyfen', Environ Toxicol Chem, 34: 527-35.

Goeritz, 1., S. Falk, T. Stahl, C. Schafers, and C. Schlechtriem. 2013. '‘Biomagnification and
tissue distribution of perfluoroalkyl substances (PFASSs) in market-size rainbow trout
(Oncorhynchus mykiss)', Environ Toxicol Chem, 32: 2078-88.

Grans, J., B. Wassmur, M. Fernandez-Santoscoy, J. Zanette, B. R. Woodin, S. I. Karchner, D. E.
Nacci, D. Champlin, S. Jayaraman, M. E. Hahn, J. J. Stegeman, and M. C. Celander.
2015. 'Regulation of pregnane-X-receptor, CYP3A and P-glycoprotein genes in the PCB-
resistant killifish (Fundulus heteroclitus) population from New Bedford Harbor', Aquat
Toxicol, 159: 198-207.

Gribble, M. O., S. M. Bartell, K. Kannan, Q. Wu, P. A. Fair, and D. L. Kamen. 2015.
‘Longitudinal measures of perfluoroalkyl substances (PFAS) in serum of Gullah African
Americans in South Carolina: 2003-2013', Environ Res, 143: 82-8.

Jeon, J., K. Kannan, H. K. Lim, H. B. Moon, and S. D. Kim. 2010. 'Bioconcentration of
perfluorinated compounds in blackrock fish, Sebastes schlegeli, at different salinity
levels', Environ Toxicol Chem, 29: 2529-35.

Ji, K., Y. Kim, S. Oh, B. Ahn, H. Jo, and K. Choi. 2008. 'Toxicity of perfluorooctane sulfonic
acid and perfluorooctanoic acid on freshwater macroinvertebrates (Daphnia magna and
Moina Macrocopa) and fish (Oryzias lapites)’, Environ Toxicol Chem, 27: 2159-68.

62



Kannan, K., L. Tao, E. Sinclair, S. D. Pastva, D. J. Jude, and J. P. Giesy. 2005. 'Perfluorinated
compounds in aquatic organisms at various trophic levels in a Great Lakes food chain’,
Arch Environ Contam Toxicol, 48: 559-66.

Khazaee, M., and C. A. Ng. 2018. 'Evaluating parameter availability for physiologically based
pharmacokinetic (PBPK) modeling of perfluorooctanoic acid (PFOA) in zebrafish’,
Environ Sci Process Impacts, 20: 105-109.

Kim, S. J., S. H. Heo, D. S. Lee, I. G. Hwang, Y. B. Lee, and H. Y. Cho. 2016. 'Gender
differences in pharmacokinetics and tissue distribution of 3 perfluoroalkyl and
polyfluoroalkyl substances in rats', Food Chem Toxicol, 97: 243-55.

Lam, S. H., E. Y. Lui, Z. Li, S. Cai, W. K. Sung, S. Mathavan, T. J. Lam, and Y. K. Ip. 2014.
'Differential transcriptomic analyses revealed genes and signaling pathways involved in
iono-osmoregulation and cellular remodeling in the gills of euryhaline Mozambique
tilapia, Oreochromis mossambicus', BMC Genomics, 15: 921.

Laurent, P., C. Chevalier, and C. M. Wood. 2006. 'Appearance of cuboidal cells in relation to
salinity in gills of Fundulus heteroclitus, a species exhibiting branchial Na+ but not CI-
uptake in freshwater', Cell Tissue Res, 325: 481-92.

Lee, Y. M., J. Y. Lee, M. K. Kim, H. Yang, J. E. Lee, Y. Son, Y. Kho, K. Choi, and K. D. Zoh.
2020. 'Concentration and distribution of per- and polyfluoroalkyl substances (PFAS) in
the Asan Lake area of South Korea', J Hazard Mater, 381: 120909.

Litoff, E. J., T. E. Garriott, G. K. Ginjupalli, L. Butler, C. Gay, K. Scott, and W. S. Baldwin.
2014. 'Annotation of the Daphnia magna nuclear receptors: comparison to Daphnia
pulex’, Gene, 552: 116-25.

Loro, V. L., M. B. Jorge, K. R. Silva, and C. M. Wood. 2012. 'Oxidative stress parameters and
antioxidant response to sublethal waterborne zinc in a euryhaline teleost Fundulus
heteroclitus: protective effects of salinity', Aquat Toxicol, 110-111: 187-93.

Lu, G. H., J. C. Liu, L. S. Sun, and L. J. Yuan. 2015. "Toxicity of perfluorononanoic acid and
perfluorooctane sulfonate to Daphnia magna’', Water Science and Engineering, 8: 40-48.

Lu, W.,, L. Long, P. Zhao, X. Zhang, C. Yan, S. Dong, and Q. Huang. 2021. 'Perfluorinated
compounds disrupted osmoregulation in Oryzias melastigma during acclimation to
hypoosmotic environment', Ecotoxicol Environ Saf, 223: 112613.

63



Marques, E., M. Pfohl, A. Auclair, R. Jamwal, B. J. Barlock, F. M. Sammoura, M. Goedken, F.
Akhlaghi, and A. L. Slitt. 2020. 'Perfluorooctanesulfonic acid (PFOS) administration
shifts the hepatic proteome and augments dietary outcomes related to hepatic steatosis in
mice', Toxicol Appl Pharmacol, 408: 115250.

Marques, E. S., J. Agudelo, E. M. Kaye, S. M. S. Modaresi, M. Pfohl, J. Becanova, W. Wei, M.
Polunas, M. Goedken, and A. L. Slitt. 2021. 'The role of maternal high fat diet on mouse
pup metabolic endpoints following perinatal PFAS and PFAS mixture exposure',
Toxicology, 462: 152921.

Marshall, W. S., E. M. Lynch, and R. R. Cozzi. 2002. 'Redistribution of immunofluorescence of
CFTR anion channel and NKCC cotransporter in chloride cells during adaptation of the
killifish Fundulus heteroclitus to sea water', J Exp Biol, 205: 1265-73.

Marshall, W. S., and T. D. Singer. 2002. 'Cystic fibrosis transmembrane conductance regulator in
teleost fish', Biochim Biophys Acta, 1566: 16-27.

McCormick, S. D., A. M. Regish, A. K. Christensen, and B. T. Bjornsson. 2013. 'Differential
regulation of sodium-potassium pump isoforms during smolt development and seawater
exposure of Atlantic salmon', J Exp Biol, 216: 1142-51.

Miranda, D. A., J. P. Benskin, R. Awad, G. Lepoint, J. Leonel, and V. Hatje. 2021.
'‘Bioaccumulation of Per- and polyfluoroalkyl substances (PFASS) in a tropical estuarine
food web', Sci Total Environ, 754: 142146.

Muller, P. Y., H. Janovjak, A. R. Miserez, and Z. Dobbie. 2002. 'Processing of Gene
Expression Data Generated by Quantitative Real-Time RT-PCR', BioTechniques, 32.

Ren, J., A. D. Point, S. F. Baygi, S. Fernando, P. K. Hopke, T. M. Holsen, and B. S. Crimmins.
2022. 'Bioaccumulation of polyfluoroalkyl substances in the Lake Huron aquatic food
web', Sci Total Environ, 819: 152974.

Roling, J. A, L. J. Bain, and W. S. Baldwin. 2004. 'Differential gene expression in mummichogs
(Fundulus heteroclitus) following treatment with pyrene: comparison to a creosote
contaminated site', Mar Environ Res, 57: 377-95.

Salgado-Freiria, R., S. Lopez-Doval, and A. Lafuente. 2018. 'Perfluorooctane sulfonate (PFOS)
can alter the hypothalamic-pituitary-adrenal (HPA) axis activity by modifying CRF1 and
glucocorticoid receptors', Toxicology Letters, 295: 1-9.

64



Scott, G. R., J. B. Claiborne, S. L. Edwards, P. M. Schulte, and C. M. Wood. 2005. ‘Gene
expression after freshwater transfer in gills and opercular epithelia of killifish: insight
into divergent mechanisms of ion transport’, J Exp Biol, 208: 2719-29.

Scott, G. R., J. G. Richards, B. Forbush, P. Isenring, and P. M. Schulte. 2004. 'Changes in gene
expression in gills of the euryhaline killifish Fundulus heteroclitus after abrupt salinity
transfer', Am J Physiol Cell Physiol, 287: C300-9.

Shaw, J. R., J. M. Bomberger, J. VanderHeide, T. LaCasse, S. Stanton, B. Coutermarsh, R.
Barnaby, and B. A. Stanton. 2010. 'Arsenic inhibits SGK1 activation of CFTR CI-
channels in the gill of killifish, Fundulus heteroclitus’, Aquat Toxicol, 98: 157-64.

Shaw, J. R., K. Gabor, E. Hand, A. Lankowski, L. Durant, R. Thibodeau, C. R. Stanton, R.
Barnaby, B. Coutermarsh, K. H. Karlson, J. D. Sato, J. W. Hamilton, and B. A. Stanton.
2007. 'Role of glucocorticoid receptor in acclimation of killifish (Fundulus heteroclitus)
to seawater and effects of arsenic', Am J Physiol Regul Integr Comp Physiol, 292: R1052-
60.

Shuilleabhain, S. N., M. Davoren, C. Mothersill, D. Sheehan, M. G. Hartl, M. Kilemade, M.
O'Brien N, J. O'Halloran, F. N. Van Pelt, and F. M. Lyng. 2005. 'Identification of a
multixenobiotic resistance mechanism in primary cultured epidermal cells from
Oncorhynchus mykiss and the effects of environmental complex mixtures on its activity’,
Aquat Toxicol, 73: 115-27.

Siegel, Jacob S., David A. Swanson, and Henry S. Shryock. 2004. The methods and materials of
demography (Elsevier/Academic Press: Amsterdam ; Boston).

Smith, Homer W. 1930. 'THE ABSORPTION AND EXCRETION OF WATER AND SALTS
BY MARINE TELEOSTS', American Journal of Physiology-Legacy Content, 93: 480-
505.

Takacs, M. L., and B. D. Abbott. 2007. 'Activation of mouse and human peroxisome
proliferator-activated receptors (alpha, beta/delta, gamma) by perfluorooctanoic acid and
perfluorooctane sulfonate', Toxicol Sci, 95: 108-17.

Vidal, A., M. Babut, J. Garric, and R. Beaudouin. 2019. 'Elucidating the fate of
perfluorooctanoate sulfonate using a rainbow trout (Oncorhynchus myekiss)
physiologically-based toxicokinetic model', Sci Total Environ, 691: 1297-309.

65



Weaver, Y. M., D. J. Ehresman, J. L. Butenhoff, and B. Hagenbuch. 2010. 'Roles of rat renal
organic anion transporters in transporting perfluorinated carboxylates with different chain
lengths', Toxicol Sci, 113: 305-14.

Wood, C. M., and W. S. Marshall. 1994. 'lon Balance, Acid-Base Regulation, and Chloride Cell-
Function in the Common Killifish, Fundulus-Heteroclitus - a Euryhaline Estuarine
Teleost', Estuaries, 17: 34-52.

Xia, X., Z. Dai, A. H. Rabearisoa, P. Zhao, and X. Jiang. 2015. 'Comparing humic substance and
protein compound effects on the bioaccumulation of perfluoroalkyl substances by
Daphnia magna in water', Chemosphere, 119: 978-86.

Zhao, W., J. D. Zitzow, Y. Weaver, D. J. Ehresman, S. C. Chang, J. L. Butenhoff, and B.
Hagenbuch. 2017. 'Organic Anion Transporting Polypeptides Contribute to the
Disposition of Perfluoroalkyl Acids in Humans and Rats', Toxicol Sci, 156: 84-95.

66



Chapter I11: Summary and Conclusions

Although the use of PFOS in manufacturing processes was phased out in the early 2000s
("Drinking Water Health Advisory for Perfluorooctane sulfonate (PFOS)" 2016), the longevity
of PFOS in the environment and its ability to bioaccumulate in aquatic organisms, such as
zooplankton and fish, makes it a continued risk to human populations that consume seafood as a
regular staple in their diet (Gribble et al. 2015). It is important to determine how physiochemical
properties in water affect its accumulation in aquatic organisms, as concentrations of PFOS in
fish tissues have been reported to be affected by salinity (Jeon et al. 2010). High salinity
environments may protect against toxicity of some environmental contaminants (Loro et al.
2012), however, other studies have reported that PFOS sorption to surfaces and accumulation in
the tissues increases with the concentration of Ca* and Mg?* in the water (Chen et al. 2012; Jeon
et al. 2010). Understanding how salinity affects PFOS bioconcentration from the water into other
organisms is relevant to determining how PFOS will accumulate in humans.

Daphnia magna serve as an effective biomarker for PFOS toxicity due to its lack of
PPARs which are key receptors and targets of PFOS toxicity (Litoff et al. 2014). In Daphnia
magna, PFOS reduces survival, the number of neonates produced per daphnid and reproductive
success in a concentration dependent manner with the greatest perturbations in reproduction
found at 100 and 1000 ppb. These findings verify previously identified indicators of PFOS
toxicity in Daphnia magna while the mortality rate experiences in this study is greater than other
chronic toxicity tests performed in the past (Lu et al. 2015).

The accumulation of PFOS solely from the media has not been the focus of other studies
on PFOS bioconcentration, mainly because PFOS’s main route of accumulation is through food

(Goeritz et al. 2013). However, the impact of PFOS in the water should be taken into account
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since its accumulation in water and ability to be taken up through drinking, contributes to the
total body burden of PFOS in aquatic organisms (Wood and Marshall 1994). The focus for this
study was to determine the bioconcentration of PFOS from the water in the tissues of D. magna
and is the first study, to our knowledge, to determine the BCF of PFOS in Daphnia magna. The
BCF found for D. magna was lower than other reported BCFs determined in other invertebrate
species, however, this study aimed to determine the dry mass of PFOS in the tissue and eliminate
the additional burden of PFOS in water contained within the body cavity.

The overarching effect of salinity on PFOS accumulation is that bioconcentration of
PFOS in the tissues of teleost fish are greater in a hypersaline environment compared to
hyposaline environment (Jeon et al. 2010). PFOS concentrations in F. heteroclitus were
markedly higher in the liver and muscle of saltwater-acclimated fish than in the same organs in
the freshwater-acclimated fish when present at higher levels in the water. But the contrasting
results found at 0.01 and 1 ppb of PFOS treatment in all tissues must be further explained.
Because the presence of ions in the water can affect the activity of larger molecules, water
partitioning and sorption models might be useful in determining how the uptake of PFOS into the
gills of F. heteroclitus is either inhibited or facilitated, depending on the concentration in the
water.

The importance of comparing the bioconcentration of two species of different trophic
levels is to determine if complexity, size, and ability to metabolize and eliminate PFOS plays a
role in its accumulation (Miranda et al. 2021). This study is the first to compare
bioconcentrations of PFOS between a vertebrate and invertebrate species. The accumulation of
PFOS in the liver and muscle of F. heteroclitus was compared to the whole-body burden of D.

magna. The observed ratios between the tissues and species showed greater accumulation in F.
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heteroclitus liver at higher concentrations while D. magna had greater accumulation of PFOS
compared to F. heteroclitus muscle. To get a better representation for the total accumulation of
PFOS between species, the body burden of PFOS in F. heteroclitus should be measured. Overall,
PFOS accumulation in the aquatic environment is dependent on its concentration, the
physiochemical properties of the water system, and the organisms that are found within the

affected ecosystem.
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